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SUMMARY

Some

Aspects of the Biochemistry of Fibrous Proteins in Brain

Recent

the fibrous

investigations in

variety of laboratories have shown that

proteins actin and tubulin

of cellular activities,
across

a

involved in

are

a

wide spectrum

including motility and the transfer of materials

cell membranes.

The

investigation that forms the subject of this thesis used the

wealth of background information on events
XIIth cranial
and tubulin

boutons:

to

(hypoglossal)

nerve

following section of the

in the rat, to see what part actin

play in the withdrawal and re-establishment of synaptic
investigate

modelling.

synapse

Quantitative protein changes were measured by polyacrylamide gel

electrophoresis.

Cellular location of the changes

immunofluorescence
This work

was

shown by

microscopy.
extended to include

amount of human material.

Using the

employed in the experimental work
is made of the material

an

same

investigation of

a

small

analytical techniques

on rats, a

that forms the

presenile and senile dementia.
and

was

as were

tentative identification

neurofibrillary tangles in

Suggestions

are

made about the nature

origin of these diseases.
Some observations

are

also made about the protein skeletin, but

because isolation and characterization methods

currently available

give conflicting results about the true nature of this important
cellular component,
more

it

was

excluded from

detailed information about it.

an

in depth study pending
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INTRODUCTION

i)

General approach
Biochemistry attempts to reconcile observations made

on

purified

components, extracted from cells and tissues, with information about
the structure and function of intact cells.
direct observations,

means

that

of physical and chemical analysis.

study of the biochemistry of fibrous proteins in mammalian brain

necessarily follows this pattern.
an

usually

by looking down a microscope, form the logical

conclusion to periods
A

This

The work presented here starts with

attempt to measure the amounts of several fibrous proteins in a

defined set of

experimental conditions, using physico-chemical methods.

It concludes with

effort to

an

identify the cellular location of the

changes observed, using a microscope.
Science

rarely

progresses

in

an

orderly fashion.

A short sketch is

given of the development of the concept of fibrous proteins in general,
to

place what is currently known about fibrous proteins in brain

so

as

in

particular, in

of the
the

broader context.

This puts

in perspective

some

prejudices and preconceived ideas that form the background of

project.
The

on

a

subsequent sections

fibrous

proteins in

nerve

on

fibrous proteins in animal cells, and

cells

are

offered

as an

attempt to show

what fibrous elements there are, and why they may be important, as
well

as

this

study.

to

indicate what is and what is not covered

A section

role of fibrous

on

the

by the limits of

experimental system used for investigating the

proteins in brain tries to explain why it

was

considered

that

an

examination of the events following nerve axotomy might yield

important information about some of the fibrous elements in rat brain.
The introduction concludes with

done in the way

Some material

not covered in the intro¬

is considered for the first time in the discussion section

which ends this

study.

A great deal

This is because the introduction
name

experimental

it is described in the sections headed "materials

and methods" and "results".
duction

discussion of the

it offers a brief and partial explanation of why the work

approach:
was

a

more

is not mentioned at all.

is intended to

serve

the purpose

its

suggests, and not as a complete review of fibrous protein

biochemistry.

Likewise, the discussion is intended

the work done, as well

as

an

optimist's view of

some

as a

critique of

of the

more

interesting things suggested for the future by the results obtained.

ii)

The concept of fibrous proteins
The

composition of proteins

nineteenth century.
amino

acids\

suggested

a

established in the

Following the isolation of the first constituent

Mulder carried out accurate elemental analyses which

minimum molecular weight for

\vauquelin
1819

was to some extent

serum

albumin of about

& Robiquet 1806 (Asp); Wollaston 1810 (Cys); Proust

(Leu); Braconnot 1820 (Gly); Liebig 1846 (Tyr); Strecker 1850

(Ala); Gorup-Besanez 1856 (Val); Cramer 1865 (Ser); Ritthausen 1866
(Glu); Schulze & Barbieri 1879 (Phe); Schulze & Steiger 1886 (Arg);
Drechsel
1901

1889

(Lys); Hedin 1896 (His); Kossel 1896 (His); E. Fischer

(Pro); Hopkins & Cole 1901 (Trp); Ehrlich 1903 (lie); Muller 1921

(Met); Rose et al. 1935 (Thr)).

40,000 (Mulder 1839), and he also proposed the name 'proteins' for
the class of

high molecular weight nitrogenous compounds composed

predominantly of carbon hydrogen
of

oxygen

and nitrogen, with just traces

sulphur and phosphorus (1839, ibid.).

arrived at

a

correct solution to the

covalent linear aggregates

By 1900 Fischer had already

primary structure of proteins as

of amino acids joined in amide linkage

(Fischer 1902; Hofmeister 1902; Fischer 1906).
confirmed when the
insulin

was

His ideas were fully

primary (covalent) structure of the small protein

determined, half

a

century later, by Sanger (1955).

Impetus was given to the search for methods of establishing
the

mass

and linear dimensions of

theoretical
set of

calculations of Einstein

(1905-1911), who worked out

a

physical equations describing the diffusional behaviour of

molecules in solution
motion:

biological molecules by the

deduced from

as

the saltation of minute

molecular collisions

particles exhibiting Brownian

particles in

a

fluid due to random

(Brown 1828).

This theoretical

apparatus immediately allowed quantitative

estimates to be made from

previously existing data.

Einstein (1911)

calculated, from observations made by Graham (1861), that a sucrose

molecule must be about 8.3

sugar
Graham
such
had

as

(1861, ibid.),

on

gelatine must be

indicated.

name

very

much larger, perhaps

Graham called the kind of

for boiled

Other results obtained by

across.

diffusion rates, had suggested that proteins

included Mulder's proteins,
the old

A

as

large

Mulder

as

large molecules, that

by the generic name of "colloids", using

gelatine glue for these substances of

very

high molecular weight.
Using Einstein's equations, Svedberg (1925) and his associates

(Svedberg & Pedersen 1940) began to examine

a range

of nearly

pure

proteins in the ultracentrifuge (Svedberg & Rinde 1924).
allowed them to conclude that each kind of
molecular

one

Most

a

though the

million daTtons

dimensions

characteristic molecular weight and shape

rather than

molecular

range was

from a few thousand daltons to more

(Svedberg & Pedersen, loc. cit.).

commonly of the order of tens of

were

Angstroms, and

some were

notably asymmetrical:

weight of

egg

Their linear

Angstroms by
behaving

spheroids in the ultracentrifuge.

of 34,500 daltons,
from

a

protein was composed of only

proteins examined had molecular weights of tens of thousands

of daltons,

than

species, with

Their results

as

gave a

close to the minimum value proposed for
a century

ellipsoids

A determination of the

albumin (Svedberg & Nichols 1926)

compositional analysis nearly

tens of

serum

value
albumi

earlier (Mulder 1839).

Early physical experiments on proteins were partly associated
with the

"salting out" and "salting in" of protein solutions:

Hofmeister

(1888) showed that there was a series of salts of increasing

effectiveness for
that these

precipitating proteins from solution.

He considered

operated by removing solvent water from the solute molecules

Hardy (1905) pointed out that addition of salt causes a shift in the
isoelectric
the

proteins

charged

point, (that pH at which the surface charge is minimal and
are

groups on

least soluble),

so

he considered that titration of

the protein surface played

precipitation phenomena.

an

important part in salt

Current opinion favours Hofmeister's view,

in that

charge density and ionic volume

factors

(Edsall & Wyman 1958).

seem

predominantly important

It is nevertheless of interest that

proteins deviate significantly from Debye-HLickel conditions since their

dipole moment indicates that proteins in solution rarely have
2-5 free

charged

groups at

bases.

than

their surface (Netter 1969), in spite of the

large number of residues that titrate readily
or

more

on

the addition of acids

The

valuable

experiments of Hofmeister (Toe. cit.) and others provided
procedures for the separation of proteins (by salt precipita¬

tion) and these

are

cation methods.

still used as a first step in present day purifi¬

Surface charge

properties

are

predominant in subsequent

steps such as column chromatography (Peterson and Sober 1956) and

electrophoresis (Ornstein and Davis 1961).

It was shown by Hardy

(1899, 1900) that the movement of proteins in an electrical field
depended

upon

the pH of the solvent system.

been made for the

Use of this property has

separation of proteins in both preparative (Tiselius

1937; Morris & Morris 1963) and analytical (Weber & Osborn 1969;
Laemmli

1970) electrophoresis.

Following

a

period when biochemical research

concerned

was

chiefly with the identification of metabolic pathways in extracts and
'ferments'
with its

(Warburg 1913), the discovery of cytochrome by Keilin (1925)

spectral absorbancy maxima like the haem of blood pigments

aroused intense interest in

referring physical, chemical and biochemical

data back to elements that

one

inside cells examined live

(Keilin, loc. cit.)

dyes (everybody else).

could isolate, as well
or

as

identify

stained with coloured

After Szent-Gyorgyi (1938) had successfully

isolated Vitamin C from red peppers

(Svirbely & Szent-Gyorgyi 1933;

Szent-Gyorgyi & Haworth 1933), he turned his attention from oxidative
metabolism to
extraction

an

investigation of how muscle contracts.

Using a salt

procedure, he isolated first myosin (Gerendas & Szent-Gyorgyi

1940) then actin (Straub 1942), and showed that these proteins together
would form fibrils that contracted when
mixture

a

buffered (saline)

(Szent-Gyorgyi 1941).

It became clear
up a

given ATP in

(Szent-Gyorgyi 1947) that actin and myosin made

vastly much greater proportion of the structure of the intact

muscle fibril, visible in the
such
and

the

as

glycolytic

light microscope, than did anything else,

enzymes.

Szent-Gydrgyi therefore named actin

myosin "structural" proteins (Szent-Gyorgyi 1940; Banga & Szent-

Gyorgyi 1940).

He originally conceived of them as a class of

dimensionally asymmetrical fibrous proteins capable
criss-cross meshwork,

give
the
of

a

of forming a

analogous to matchsticks thrown together, to

stiff ground substance to cytoplasm; whereas he thought that

proteins of body fluid and more mobile structures would be composed

globular proteins.

At about the same time that Szent-Gyorgyi was

conducting his researches in Hungary, Bernal, and Astbury, began to
get their first satisfactory X-ray diffraction pictures from proteins

(Bernal & Crowfoot 1934; Astbury & Lomax 1934).
When vonLaue first obtained diffraction patterns

from inorganic

crystals (Friedrich, Knipping & vonLaue 1912), it seemed likely that
they

produced in

were

some way

from the interaction of Rontgen's X-rays

(Rontgen 1898) with the elemental structure of matter.
the structure of rock salt
was

major achievement,

a

atoms
were

as

The solution of

(Bragg & Bragg 1913) in the following year
it allowed the first realization that the

postulated by Dalton (1808) as the units of chemical combination
identical with tbe

physical entities then being studied by

Rutherford

(1911) and Bohr (1913).

measurable

configuration of the constituent atoms within the confines of

an

ionic

It further presented an accurately

crystal, and showed for the first time the relationship

between atomic coordination and chemical
structure determination of

atomic

composition.

From the

simple inorganic compounds made

up

of two

species, like rock salt, to determining the structure of

complex organic molecules like proteins which, (as

a

wealth of

contemporary information suggested), had very high molecular weights,

and

composed of thousands of atoms (of at least six different

were

kinds),
A

was a very

large step indeed.

prerequisite for successful X-ray work of this kind

obtain well

orientated material, which

large flawless crystals of
obtained

protein (Perutz 1969).

pure

crystalline proteins

America had obtained several

generally meant

as

early

Schimper had

1881, while workers in

as

Between 1922 and 1928, Willstatter

(1928a,b) had attempted to purify several

enzymes,

which he believed

polysaccharides, but the first successful isolations of

which
to

had to grow

crystalline forms of haemoglobin in the

first decade of this century.

were

one

was to

found to be

were

proteins,

crystallize jack bean

of pure

urease,

made when Sumner (1926)

were

enzymes,
was

able

and Northrop (1930) grew crystals

pepsin.

Fine structural

little by

information about

proteins began to accumulate

little from the X-ray work.

Astbury, working in Leeds in

a

department largely interested in textile chemistry (Astbury 1950),
carried out many of his

early researches

His studies contributed very
structure.

Without them, neither

stereochemistry,
of

greatly to

nor

on
an

wool and hair keratin.
understanding of protein

Pauling's ideas

on

polypeptide

the subsequent solution of the atomic structure

globular proteins (Kendrew et al. 1960; Perutz et al. 1968) would

have matured when

they did.

kinds of X-ray pattern
called the
Street

from his keratin

samples;

the first, which he

alpha pattern, from unstretched wool fibres (Astbury &

1931), while the second kind,

diffraction
steamed

He found that there were two predominant

or

image he got when the fibres

(Astbury & Woods 1933).

beta pattern,
were

was

the

stretched, heated

or

Such observations led on to a study

of the denaturation of other kinds of

protein.

Astbury's studies

on

protein denaturation (Astbury, Dickinson & Bailey 1935) suggested
that 4.65 A

spacings

were

attributable to the protein backbone, 9.8

A

spacings to the side chains; but perhaps their most important deduction
was

that the denaturation of

globular proteins

gave

fibres,

so

that

a

linear

polypeptide chain folded through the molecule is what forms the

native

globular structure.

A further study

on

hydration and denaturation

(Astbury & Lomax 1935) indicated to Astbury that the protein backbone
was

held

together by weak CO-NH linkages.

These studies
with

were

continued by

Pauling & Mirsky (1936) who agreed

Astbury that a protein consists essentially of a single polypeptide

chain folded in
while

a

characteristic

proteins

some

are

manner

composed of two

independently, and held together by
static interactions.
of chemical

van

to

give the molecule its shape,

or more

subunits folded

der Waal's forces

or

electro¬

Pauling's detailed knowledge of the thermodynamics

bonding (Pauling 1938), allowed these authors (Pauling &

Mirsky 1936) to reach the further important conclusion that the ordered
structure within

polypeptide chains

was

essentially held together by

a

system of internal hydrogen bonds between peptide nitrogen and oxygen
atoms.

It

was

another ten years

before, when he

was

ill in bed in

Oxford, Pauling first thought of the alpha helix, (so called (Pauling &

Corey 1951a) because he believed it might correspond to Astbury's alpha
diffraction pattern

pieces of

paper

from unstretched wool), while doodling on rolled up

(Hodgkin & Riley 1968).

(Pauling & Corey 1951b)

was one

Pauling's beta structure

which he believed might correspond to

Astbury's beta diffraction pattern from stretched wool.
By 1938 Astbury had obtained his most important diffraction

pictures of keratin (Astbury & Bell 1938) from human hair, (among the

samples of hair which he later photographed, he included hair from

W.

A.

Mozart),

material
is almost

hair

analysis.
from

It

that they offer very favourable material for fibre

so
soon

became evident that the X-ray diffraction patterns

Szent-Gyorgyi's

new

proteins shared

obtained from keratin and fibrin.

proteins".

They

were

features with pictures

many

Actin and

myosin

were

"fibrous

placed by the crystallographers in the k-m-e-f

proteins which shared diffraction pattern features with keratin

group:

myosin-epidermin- and fibrin.
decided that the proteins

wool,

The keratin fibres in such

uniquely parallel to the long axis of the larger structure,

quill,

or

porcupine quill.

as

only present in very large amounts, their orientation

not

are

well

as

were

actually
called

which made

"fibrous proteins".

means,

'fibrous

has stuck.

This

up

macrofibres, such

name,

hair and

as

which implies more than it

The k-m-e-f proteins

still usually

are

proteins' for this largely historical

The Second World War
It did,

Astbury and his co-workers had early on

reason.

interrupted protein studies to

a great extent

however, become the occasion for providing two most important

pieces of equipment for subsequent research.

The cryptographers at

I

Bletchley, needing to decode German military despatches with the
greatest possible urgency, developed the first high-speed electronic
computers for this purpose, in 1943, in collaboration with Post Office
telecommunication
use

of computers

engineers (Calvocoressi 1977).

for calculating the very large number of Fourier

transforms from the Fraunhofer

images of high resolution X-ray

photographs, to construct Patterson difference
condensed the

After the war, the

maps

(Patterson 1935),

repetitive manual operations of calculation from

undertaking of decades to
electronic machines.

a matter

The second

of minutes thanks to the

an

new

piece of equipment was the electron

microscope, which had been developed in

some secrecy

just prior to the

(von Borries & Ruska 1932), and which became available as a research

war

instrument in the West just after the war was over
With these additional
many

(Ruska 1944, 1964).

research resources, it soon became clear that

of the "fibrous" structural proteins

were

in fact composed of linear

aggregates of globular subunits (Hanson & Lowy 1963; Bear 1945; Davison
&

Taylor 1960; Grimstone & Klug 1966; Cohen, Harrison & Stephens 1971),

so

that

Astbury's term should really be changed to "fibre-forming"

proteins.

Szent-Gyorgyi1s classification,

valuable and may

structural
in

be refined:

proteins and

enzymes.

high molar concentration,

may

be numbered in

whereas

many

so

are two

cell (Table I).

the other hand, is

major classes of proteins,

The structural proteins

are present

that the molecules of particular species

millions within

intracellular enzymes are more

two to four orders of

per

there

on

a

single cell of

a

given type,

commonly present in concentrations

magnitude lower in terms of numbers of molecules

Only where enzymes

are

being produced for exocrine

secretion, by such organs as the pancreas, do their numbers anything
like

approach the numbers of structural protein molecules in a cell.

Such

a

many

'structural' proteins also exhibit enzymatic activity, while some

classification is artificial

important structures, such

as

and

misleading to the extent that

cell membranes,

numbers of

particular protein species at least

classed

enzymes on

as

It is

may

contain only moderate

some

of which would be

the basis of their predominant function.

clearly evident, (Table I), that the fibrous proteins are

widespread, and various in function.

It is equally clear that in many

types of cell they are far and away the most abundant proteins in terms
of molar concentration.

in 1955 by a
this time

one

The realization of these facts

was

celebrated

symposium of the Society for Experimental Biology.
may

date the coming of

age

From

of the "fibrous proteins" in
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the consciousness of the greater part

of the scientific community.

people perhaps realize that what Astbury (1945,

Fewer

called

'molecular biology', had been

launched thanks

methods that he had worked out for the

which he

326) had

p.
very

largely to

study of wool structure, and

subsequently adapted for looking at nucleic acid fibres

(Astbury 1947) as a study secondary to his work on "fibrous proteins".

iii)

Fibrous proteins in animal cells
Fixed and stained

preparations of cells and tissues examined under

high magnification with
which makes up a

on

light microscope, show

a

fibrillar network

large part of the cytoplasm, especially during

division when there is
somes

a

the division

a

basketwork of fibrils suspending the

spindle (Boveri 1887) while other fibres fan

outwards from each of the two centrioles, and appear to

spindle during division.
extent to which

chromo¬

anchor the

At first there was some doubt as to the

such meshworks

were

artifacts

produced from dispersed

protein sols by the action of fixatives (Hardy 1899).
quently become clear, both from observations

on

It has subse¬

live cells by

polarization (Allen 1972) or interference microscopy (Bajer & Mole;
Bajer 1972, p. 42) and from aldehyde fixed material examined by electron

microscopy (Goldman 1971), that fibrous elements are major intracellular
Efforts to isolate them

constituents.
have shown that
some

progress

they

are

identifiable

by cell fractionation procedures
as

biochemical entities, while

has been made towards defining the physiological

functions associated with them.
In his

comprehensive study on the fixation of protoplasm, Hardy

(1899) found that osmium tetroxide

vapour

caused the least distortion

of cellular structure.

were

was

the

one

chosen by most

during the first two decades of electron microscopy after

workers
the

This fixative

war:

because of their toxicity

and volatility, osmium solutions

kept tightly stoppered, in brown glass bottles, stored at 4°C in

refrigerators, and brought out only briefly for immediate
fume

use

in

a

It so happens that the largest of the three kinds of

cupboard.

fibrillae found in almost all
dissociates at 4°C

cell

types is temperature sensitive, and

(Inoue 1952a; Tilney 1965; Tilney & Porter 1957;

Ventilla, Cantor & Shelanski 1972).
Bensch & Barrnett

Glutaraldehyde fixation (Sabatini,

1963) is carried out at room temperature in buffered

isotonic solutions with

a

carefully controlled ionic composition, and

because the fixative is

a

bifunctional

aldehyde, structures such

as

proteins or nucleic acids which offer amino groups for the formation
of Schiff bases
carbon linked

(and to

hydroxy!

a
or

lesser extent carbohydrates and lipids with
aldehydic

products) will become covalently
Filachione
treatment.

1972)

so

After

groups

cross

free to form condensation

linked (Korn, Feairheller &

that they are stabilised during any subsequent

glutaraldehyde fixation

was

introduced in 1963

(Sabatini, Bensch & Barrnett 1963), the quality of electron micrographs
improved dramatically.
240

A in.diameter with

Among other things, "microtubules", fibrils
a

140

&

'hole'

(or light staining core) down the

middle, began to be noticed in electron micrographs of a wide variety
of material, of both animal
Ledbetter & Porter
A second

cells,

was

1963).

type of intracellular fibril, common to many kinds of

first isolated from

Young of giant unmyelinated
made

and plant origin (Slautterback 1963;

possible

a

nervous

axons

tissue.

The discovery by J. Z.

in Cephalopods (Young 1936a) rapidly

whole series of notable advances in understanding the

molecular mechanisms that

underly the electrical transmission of

nerve

impulses.

In that year, he read a second paper on giant axons (Young

1936b), to

a

this

symposium held at Cold Spring Harbor.

Schmitt, who heard

presentation and was excited by the prospect of investigating

nerve

biochemistry, persuaded Young to spend

to look at nerves

from the small

Atlantic

some

time at Woods Hole

squid Loligo.

They found

(Bear, Schmitt & Young 1937) that the nerve axoplasm showed positive
axial

birefringence when viewed by plane polarised light between

crossed Nicol

prisms, which seemed to imply the presence of fibrous

anisotropic elements, probable fibrous proteins,

to investigate

nerve

biochemistry, Bear and Schmitt required large numbers of squid on

regular basis.
and there is

America,

so

Unfortunately, most squids
wide continental

a

are

a

oceanic (Clarke 1966),

shelf off the Eastern coast of North

that it is not easy to get squid from Woods Hole even at

times when shoals

are

present that far North; when boats did bring them

in, the squids had more often than not been dead a considerable time.

Shortly after this, however, the Sears Foundation for Marine Research
opened

a

marine biological field station in Chile (Schmitt 1968).

Western South America there is

no

continental

Off

shelf, the continental

margin sinks straight down into a deep oceanic trench, and the giant
squid Dosidious is abundant close in to shore all year round.
American field station could thus obtain

a

The

new

steady, plentiful supply of

material, all the year, and it was arranged that extruded giant axonal

protoplasm should be collected
Chile to Boston,

Massachusetts

isolating

a

so

every

week, frozen, then flown from

that Bear and Schmitt could work

Institute of

Technology.

on

it at the

They did indeed succeed in

fibrous protein from this material (Maxfield 1954), seen

in the electron

microscope (Schmitt 1969) as long strands 100

A

in

diameter, composed of spirally wound globular subunits in van der Waal's
contact at their adradial

1968).
cell

These 100

surfaces

A filaments

(Davison & Taylor 1960; Schmitt
known to occur in a variety of

are now

types (Goldman 1971; Goldman et al. 1973), not just in nerve.
The third kind of filament

in other cells.

was

Szent-Gyorgyi"s

found in muscle, and only much later

success

in biochemically isolating and

characterising the two main structural proteins in muscle, was followed
by his demonstration of the role of ATP in the contraction cycle (SzentGyorgyi 1941a; Straub 1941), but a full understanding of how actin and
myosin interact physically
microscopy.

from two sets of workers using

came

H. E. Huxley, at

M.I.T.

,

(1953; Hanson & Huxley 1953),

comparing the electron microscopic images obtained from pieces of muscle
fixed either stretched

(relaxed)

that the contraction process

sliding past

one

or

shortened (contracted), concluded

resulted from fibrils of actin and myosin

another (Huxley & Hanson 1954).

A. F. Huxley, working

independently, inCambridgeknew from Szent-Gyorgyi1s work that the fibrils
of actin and
the

myosin interacted during muscle, contraction.

changes in banding that could be seen by phase contrast microscopy,

he too

proposed a sliding-filament model of muscular contraction

(•Huxley & Niedergerke 1954).
&
so

Interpreting

H. E. Huxley and his co-workers (Huxley

Zubay 1960; Huxley 1963) next used the negative staining procedures,

successfully adopted for the electron microscopy of virus particles

(Huxley 1956; Home & Brenner 1958; Brenner & Home 1959), to examine
actin and

myosin at higher resolution.

that the actin filament

of

was

a

two

globular subunits wound round

diameter

(Hanson & Lowy 1963).

These investigations confirmed

ply structure, composed of two strands
one

another to give

a

fibre 70

A

in

To make the biochemical

analysis of the giant myosin molecule

(m.w. 500,000) more easy, it was subjected to brief digestion with
proteases such as trypsin (Perry 1951; Gergely 1953; A. G. Szent-

Gyorgyi 1953; Cohen & Szent-Gyorgyi 1957), papain (Kominz et al. 1955;
Lowey et al. 1969), chymotrypsin (Weeds & Taylor 1975), which cut the

hydrophilic globular enzymatic heads from the inert structural
hydrophobic stalks (Lowey 1971).

It was then found that the heavy

meromyosin (heads) could be used to 'decorate' actin filaments (Moore,
Huxley & DeRosier 1970), which in negatively stained electron micrographs
now

appeared in herring bone formation, with the HMM molecule attached

to the actin subunit at an

angle to form

indicating that actin fibrils
'Microfilaments'
in the "contractile

70

&

possess a

'arrowheads' pattern

an

clearly defined polarity.

in diameter had been observed

ring" of dividing

sea

urchin

eggs

by Schroeder

(Schroeder 1969).

Next Schroeder also showed that the function of these filaments was

disturbed by the action
interacts with actin

(Schroeder 1970).

microfilaments in the
with

of cytochalasin B,

drug that specifically

a

It was then found that

cleavage furrow of newt

eggs

would 'decorate'

heavy meromyosin (Perry, John & Thomas 1971) as would similar

microfilaments in many other types of

cell (Ishikawa, Bishop & Holtzer

1969; Spooner, Yamada & Wessells 1971; Pollard & Korn 1971).
interacts

specifically with actin, the fact that the 70

decorate with

That microfilaments

from

a

very

microfilaments

heavy meromyosin and are affected by cytochalasin B is

generally accepted

demonstrated

A

As myosin

as

proof positive that they

are

indeed

range

composed of actin.

composed of actin has subsequently been

by biochemical separation from
wide

are

numerous

cells and tissues

of organisms from slime moulds (Adelman & Taylor

1969; Nachmias, Huxley & Kessler 1970) to birds (Tilney & Mooseker 1971)

and mammals

(Gruenstein, Rich & Weihing 1975).

third and most
all

Microfilaments form the

recently discovered category of fibrils found in almost

cells.

Having defined microtubules, intermediate filaments, and
microfilaments

(Fig. 1), it may be useful to survey briefly

some

of

what is known of their

biochemistry and to indicate wherever possible

what is known of their

physiological function before summarising what

is known about each type

of fibril in

scheme is offered for

experimental investigation into the

and function of

occurrence

a)

some

of the fibrous

tissue.

After that,

a

proteins in brain.

Microtubules and tubulin
Colchicine

The
is

an

nervous

binding and the isolation of microtubule protein

analysis of what microtubules do, and what they are made of,

closely connected with the action

them of the drug colchicine.

upon

Belgian cytologist Dustin had observed that the application

In 1934 the

of colchicine, obtained from the roots of the autumn crocus Colchicum,
to animal

tumour cells gave

preparations in which

large numbers of mitoses (Dustin 1934).
stimulated mitosis, but Lits

one

could observe

Dustin thought that colchicine

(1934) showed that in cells which had

begun mitosis colchicine application arrested it, so that what Dustin
had observed
at that

was

the accumulation of cells

stage by the action of the drug.

entering mitosis and halted
This

was

confirmed by the

finding that injection of colchicine into tumours caused their regression
in mice and
arrest

On

was

dogs (Amoroso 1935).
established

rare

soon

The effective dosage

after this

range

for mitotic

(Brues &~Cohen 1936).

occasions in favourable circumstances,

hollow 240

A

filaments, (later called microtubules by Porter (1966)), had been

Fig, 1
Fibrous elements

in animal

cells

a) microtubule; b) intermediate filament; c) microfilament

100

A

observed in the electron

microscope

even

before the introduction of

glutaraldehyde fixation, in particular in the mitotic spindle (e.g.
Porter
at

1957, p. 224).

temperature, it had become clear that these microtubules in fact

room

formed

By 1964, with buffered glutaraldehyde fixation

a

very

large bulk of the mitotic spindle (Robbins & Gonatas

Inoue (1952b) had already shown that colchicine caused the

1964a).

disappearance of the birefringent spindle fibres from live cells
examined under the

the

was now seen

that

principal change in terms of ultrastructure observed in the

electron

microscope

& Gonatas

pharmacological
microtubules

they

the disappearance of the microtubules (Robbins

was

1964b).

The natural

that

polarising microscope, while it

pressure

and the

sensitive

what form the division spindle; also

during mitosis (Mcintosh, Hepler & van Wie 1969).

assumption that the binding of colchicine to

These facts

Because

disappear after colchicine treatment, it also seemed

cellular component

microtubule

are

appearance

probably the organelles responsible for the movement of

the microtubules

reasonable

is that the cold and

response,

(Inoue 1952a)

are

chromosomes

inference from the ultrastructural

some

a

intra¬

prevented its assembly into filaments (Mazia 1955).

suggested to E. W. Taylor

protein:

a

method for isolating

he began to study quantitative aspects of

colchicine arrest, and the

binding of tritiated colchicine to protein

(Taylor 1965; Borisy & Taylor 1967a).
radioactive colchicine bound

Having established that

strongly to

a

protein of the mitotic

spindle (Borisy & Taylor 1967b), Taylor and his co-workers (Adelman
et al.

1968) carried out

of different tissues.

protein

was

a survey

of colchicine binding to homogenates

They found the amount of colchicine binding

highest in brain:

in this tissue, the amount of colchicine

bound

as

was

high

higher than levels of binding in tumour cells,

or

tissue culture fibroblasts maintained in

log phase growth (Borisy &

Taylor 1967b; Adelman et al., loc. cit-)slightly

Grey matter appeared to bind

colchicine than did the white matter of brain (ibid.).

more

Taylor's studies

colchicine binding to the proteins of the flagellum

on

(Shelanski & Taylor 1968) proved puzzling, and
that there

central

doublets

might be

heterogeneity

a

among

gave

the first hint

microtubule proteins:

the

singlets of the flagellum bound colchicine whereas the outer

(like

Brain

other intact microtubules) did not.

many

was

obviously the tissue of choice from which to isolate

the colchicine

binding proteins, in bulk, for biochemical analysis.

"In the U.S.A.

there

are

whole cities that

seem

dedicated almost

entirely to the slaughter of pigs" (F. Trollope 1832)
slaughterhouses in such cities
in the world.

as

a

Cincinnati

carcass

starting material:

large quantitites.
succeeded in

as

are

-

the pig

probably the largest

Pig brain is not commercially marketed, in fact it is

usually discarded when the
brain

or

is dismembered.

Taylor chose pig

it could be obtained cheaply and in

By 1968 (Weisenberg, Borisy & Taylor) he had

isolating

a

colchicine binding protein from pig brain

homogenates, subjected to ammonium sulphate fractionation (Green &
Hughes 1955; Dixon & Webb 1961) followed by column chromatography on
DEAE cellulose

(Peterson & Sober 1956; Peterson & Sober 1962;

Peterson & Chiazze

Early work

on

1962).
isolated mitotic spindles (Mazia & Dan 1952)

suggested that the main protein

was

of high molecular weight

(Zimmerman 1960), while the amino acid composition seemed (Mazia 1955)
to be

closely similar to that of the protein isolated from

Chlamydomonas flagella (Jones & Lewin 1960).

Work

on

the pig brain

30

protein (Weisenberg, Borisy & Taylor 1968) indicated that the colchicine

binding unit

dimer with

was a

molecular weight of about 120,000,

a

composed of two approximately equal subunits with molecular weights
close to 60,000, calculated from the

specific volume of 0.73.
mole of

Each dimer

value, assuming a partial

found to bind two moles

was

per

guanine nucleotide, one readily exchangeable and one not

The fact that only

readily exchangeable.

subunits of the 120,000 m.w.

one

of the 60,000

m.w.

dimer bound colchicine did not necessarily

suggest that the two subunits were dissimilar (Weisenberg, Borisy &

Taylor 1968).

Centrifugation of the protein in 5 or 8 M guanidine

hydrochloride, in the
any

of mercaptoethanol, had not indicated

molecular weight difference between the subunits, and only one

band of

protein

The amino acid

that of

a

was

visible

on

their 8 M

tails.

tion from this first
the microtubule

A section

polyacrylamide gels.

protein isolated in smaller amounts from
In the main, these

previous workers had found.

Gel

urea

composition of the pig brain protein, closely resembled

microtubule

urchin sperm
what

presence

new

sea

data confirmed, and enlarged

Mohri (1968), summarising the informa¬

phase of research, proposed the

name

'tubulin' for

protein.

electrophoresis and tubulin subunit stoichiometry

concerning gel technology and ideas

on

microtubule

structure, may help to explain part of the experimental approach to the
work that forms the subject of this thesis.

interpretation of

some

It is also crucial to the

gel data which relate to the nature of presenile

dementia.

Quite early on, it began to be suspected that there was more than
one

kind of tubulin present

in

any one

organism.

Behnke and Forer

31

(1967) showed that there were four classes of microtubules in insect
spermatids, judged both
from their

this work

on

the basis of their thermal stability and

susceptibility to trypsin digestion.

Stephens (1970a) took

step further by showing that the A and B subfibres (vide

a

infra, and Fig. 2c) of sea-urchin sperm tail outer doublets could be
heat fractionated into two

kinds of tubulin, with distinct amino acid

compositions, but from his study he
the subunit

SDS

say

came

anything about

The next

from the application of

new

polyacrylamide gel electrophoresis.

polyacrylamide gels had been used for

Vinuela & Maizel

some

time (Shapiro,

1967) before their value was fully appreciated.

introduction of SDS

mination

unable to

composition of these two kinds of tubulin.

development in tubulin biochemistry
methods in

was

The

polyacrylamide gels for molecular weight deter¬

(Weber & Osborn 1969) greatly reduced the time and labour that

had

previously been involved when such measurements had to be made in

the

ultracentrifuge (Williams et al. 1958; Schachman 1959) or by

chromatography

on

Sephadex columns (Porath & Flodin 1959).

polyacrylamide gel method

was not

only much

more accurate

The

new

(Laemmli

1970; Weber, Pringle & Osborn 1972), it also required less starting
material, and
as

was

far less susceptible to error due to minor contaminants

these separate out

with SDS and

obtain

mercaptoethanol the proteins unfolded,

so

that

one

could

precise molecular weight determinations for each polypeptide

subunit.

An additional

suitable stain

benefit could be obtained

provided

one

used

a

(Gorovsky, Carlson & Rosenbaum 1970), and the amount of

protein applied to any
one

readily during the electrophoresis, while lastly,

could then get

one

gel did not exceed

an

appropriate limit,

valuable information about subunit stoichiometry.

as

Fig, 2
Flagellar structure

a) cutaway diagram of flagellum; b) transverse section viewed
surface; c) arrangement of subunits in

sarkosyl separated partition).

outer doublet

from basal

(arrows indicate

The

be
a

advantages of using particular dyes for special purposes cannot
Coomassie Blue (Chrambach et al. 1967) shows

sufficiently stressed.

strong Beer's law deviation, and for this reason it is a sensitive

stain

admirably suited for molecular weight determinations, as small

amounts of

This

protein will give
sensitivity

same

most kinds of
to

use

quantitation.

To determine stoichiometrics, it is best
Beer's law deviation

no

et al.

over

the concentration

Acid Fast Green FCF (Gorovsky

of the protein to be measured.

range

1970, loc. cit.) has an absorbancy which is linear against

protein concentration
"results"
per

however, that it is wholly unsuited for

means,

dye which shows

a

maximally intense staining reaction.

a

over

the whole range of concentrations (see

section) with which gels

be loaded (1 to 200

can

yg

protein

gel), which means that while it is an ideal dye for the purposes of

quantifying relative amounts of protein on a gel, it is less sensitive
for the purposes

of molecular weight determination,

of minor components
intense

in working out

a

or

the detection

purification procedure, where the

staining of elements present in

low molar concentration is

very

desirable, and may well require the use of a dye (such as Coomassie

Blue) with

as

large

Failure to
be obtained
purpose

a

Beer's law deviation

by using protein stains appropriate for

only, has led

they present.

a

one

particular

number of authors to draw conclusions from

altogether be trusted from the evidence

Unfortunately,

microtubule stoichiometry

tion and dye

possible.

recognise the separate but conflicting advantages, to

their results which cannot

on

as

very

little of the published information

indicates whether the protein concentra¬

intensity lie within the

staining system they adopt.

range

of linear absorbancy of the

In such circumstances, one must be

extremely cautious of accepting

some

results which

are

widely

propounded as self-evident truths, but which are actually

no more than

entrenched ideas, and have not been established in fact.
In addition to these niceties

concerning staining, two different

systems for running SDS polyacrylamide gels are available.
discontinuous system, the

One is

first to be introduced by Ornstein and Davies

(1961), where a short length of a dilute "stacking" gel with
similar to the

running buffer is cast

gel" which has

a

a

pH

the top of the main "analytical

on

higher acrylamide content (smaller pores) and has

markedly different from the running buffer and the stacking gel.
other, the

more

a

recent to come into general

use,

is

a

a

pH

The

continuous

system where the whole gel is of the same acrylamide content, and the

gel buffer and the electrode buffer
very

close to neutrality.

differences between

species

as

are

of the

pH, commonly at or

same

For high resolution work, minor charge

closely related proteins

can

be used to separate

independent bands by the discontinuous system, though the

dominant factor
of molecular

determining mobility

weight.

on

Continuous gels

such gels still remains that

run

at pH 7 have a slightly lesser

capacity to separate closely similar proteins, but where the determina¬
tion of molecular

this may

weights of purified proteins is the sole consideration,

well be the method of choice.

Using discontinuous gels, Olmsted et al. (1971) found that tubulin
from both kinds of subfibre

(A and B) of the flagellar doublets of

Chlamydomonas separated into two kinds of subunit,
with

an

a

slower moving

one

apparent molecular weight of 56,000 and a faster moving

species with

an apparent

molecular weight of 53,000.

Olmsted et al.

(1971) also confirmed Weisenberg, Borisy and Taylor's (1968)
observation that brain and neuroblastoma tubulin
gave one

band.

run

on

urea

gels only

However, when brain tubulin was run on SDS-urea gels,

the two characteristic subunits

separated out, and had the

apparent molecular weight as the Chlanrydomonas protein.
Olmsted et al.'s
intense

(1971) figures show the slower peak

as

same

In each

case,

giving a more

staining reaction than the faster component.

Bryan and Wilson (1971) used continuous SDS-urea gels at pH 8.0
and likewise found,
two

subunits:

that chick embryo brain tubulin separated into

they named the slow moving "upper component" the

subunit, and the faster component the 3 subunit.
densitometer

scan

(Fig. 4,

a

Although their

1764, loc. cit.) showed that the

p.

staining reaction of the slower (a) subunit was more intense, these
authors nevertheless

proposed

a

1:1 stoichiometry for the tubulin

subunits, and they suggested that the 120,000 molecular weight
colchicine

binding dimer (Weisenberg et al. 1968) was composed of two

dissimilar subunits.

Bryan and Wilson (1971) found that the amino acid

composition of the two subunits
were

minor

ones:

the slower

were

nonidentical but the differences

(alpha) subunit appeared to have one

more

cystein, four fewer serine, one less methionine, and two more
isoleucine residues than the faster
also

ran

samples of their tubulin

concentration.

Plots of

on

the

These authors

gels of increasing acrylamide

mobility against gel concentration

parallel lines for the two subunits.
differ

(beta) subunit.

This indicates that the subunits

only in charge, and not in real molecular weight.

gel strength decreases the

that for two

pore

gave

Increasing

size in the gel (Shuster 1971), so

species of different molecular weight the heavier subunit

ought to be proportionally more retarded in
and in this case, a

more

plot of gel concentration

give divergent lines.

concentrated gels,

versus

mobilities would

As they did not find this, Bryan and Wilson

(1971) concluded that the two subunits (with apparent molecular weights

of 53,000 and
to

56,000)

were

of identical real molecular weight, close

55,000, but differed slightly in amino acid composition and hence

in surface

charge properties.

Feit, Slusarek and Shelanski
discontinuous SDS

(1971) ran high resolution

gels, and employed the system of Laemmli (1970) for

comparative molecular weight determinations
from

pig brain,

mouse

on

the tubulin subunits

brain, neuroblastoma cells, and the A and B

subfibres of the outer doublets from sperm tails of the
urchin

cyanogen

indicated similar but nonidentical amino acid

two subunits.

Though they present

no scans,

bromide peptide

sequences

for the

these authors (using

Coomassie Blue and amido black stains, both of which show very
deviations from Beer's
the two subunit bands

is not

sea

Here again, the tubulins

Strongylocentrotus dreobaohi-ensis.

separated into fast and slow components, and
maps

cold-water

marked

Law), claim that the staining intensities of
were

equal.

In the absence of

more

evidence it

possible to judge this question absolutely, but the photographs

of stained

gels which they offer indicate

which

the stains

case

information

on

heavy protein loading in

employed could not be used to obtain reliable

stoichiometry.

when these authors

a

employed

an

What is much

more

interesting, is that

electrofocussing technique

on

baby

brain tubulin, the protein was resolved into five different

mouse

bands.

This raises the

possibility that though there

classes of subunits, there may

tubulin.

be

a

are two

major

number of different kinds of

Other observations enhance this view.

Witman et al.

(1972) worked out

a

fractionation of the outer doublets of

procedure for the isolation and
Chlamydomonas flagellum:

by

using increasing concentrations of the detergent Sarkosyl, they could
solubilise first the B subfibre, then the A subfibre, to leave just

the

partition between the two subfibres of the doublet, composed of

just three protofilaments.
amide

discontinuous polyacryl-

to stain their gels, so that their quantitative information

be relied on, as this

concentrations in

dye shows
of what is

excess

Significantly, they

gel.

ran

gels, and (unlike other authors, see Table II), they used acid

fast green
can

These authors

microtubule structures:

no

Beer's law deviation to protein

usually loaded onto

come to a very
not

a

polyacrylamide

different conclusion about

only do they fail to find

a

1:1 overall

stoichiometry of the subunits, they also find that there is only
kind of subunit in the
kinds of subunit
that there

only.

are

are

one

partition between the subfibres, while both

found in each subfibre, but in amounts

pairs of protofilaments composed of

one

suggesting

kind of tubulin

Electrofocussing indicated that five bands of microtubule

proteins could be resolved from Chlamydomonas flagellum, the same
number of components as

for

mouse

Feit, Slusarek and Shelanski (1971) had found

brain tubulin.

fi laments indicated that

Electrofocussing of the partition proto¬
only

one

tubulin subspecies

was present.

This, then, represents rather strong evidence that, in Chlamydomonas
at

least, tubulin is not composed of heterodimers.

(Linck 1976), but using thiocyanate
that in

sea

resistant

flagella.

as

Sarkosyl, indicates
are

detergent

triplets like those found by Witman in Chlamydomonas
Linck also finds that a-tubulin from these animal doublets

Studies

together and these lead him to
on

accessory

associated with the stable
structure

well

urchin and Pecten outer doublets there

tends to extract
model.

as

A recent study

proteins show that

query
many

the heterodimer
of them

are

protofilament triplet, and he reports

a

lying within the A-tubule that backs this partition region.
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Instead of
which from the
is

asserting that the subunit stoichiometrics

published data they

instructive to calculate the

1:1,

are

manifestly not (Table II), it

are

proportions

on a

different basis.

Tilney and Porter (1967) suggested that cytoplasmic microtubules in
Heliozoa

are

composed of 13 protofilaments.

When they cooled these

protozoons the protofilaments changed pitch, and the microtubules
became

bigger prior to disassociating.

found that microtubules from

a

wide

Since this date, it has been

variety of other

also

sources are

composed of 13 protofi1aments (Tilney et al. 1973) although there are
some

are

exceptions, such

as

microbutules from

some crustacean nerves

which

composed of 12 protofilaments (Burton & Hinkley 1974; Burton,

Hinkley & Pierson 1975), and microtubules from the epidermis of the
cockroach which
If

one

are

makes

made up of

15 protofi1aments (Nagano & Suzuki 1975).

tracings of published gel

and takes measurements of the relative

scans,

cuts out the peaks,

weights of the

areas

of paper

corresponding to each of the subunits, then calculates from this the
stoichiometrics of a:B, on the basis of a total
to the number of

data

give

a

protofilaments),

ratio of 7:6.

one

This fits

of 13 units (equivalent

finds (Table II) that all the
very

closely to what

one

would

expect from Witman et al.'s (1972) analysis of the structure of the

Chlamydomonas flagellar outer doublets, with three protofilaments

composed of the slow moving

a

subunit, paired protofilaments of

subunits, in alternation to complete the tubule (giving 7
ments, and 6 3 protofilaments, Fig.

3b,

p.

a

microtubule

composed of heterodimers.

(Behnke 1967) that when blood platelets
disappear.

are

and 3

protofila-

40).

Two further lines of evidence make this
than

a

a

a

more

likely structure

It has been observed

chilled, the microtubules

On re-warming, incomplete C-shaped microtubules appear

Fig, 3

Microtubule Structure
Witman

Model

Heterodimer
Model

first, suggesting that the microtubule polymerizes in two non-equivalent
halves.

Secondly, it is found that the binding of vinblastine to

microtubule
Bouck

protein induces the formation of macrotubules (Warfield &

1974) in which paired protofilaments coil side by side.

lateral

association of the macrotubules formed from these

The

paired

protofilaments is what gives rise to vinblastine paracrystals (Tyson
&

Bulger 1973).

induced

paracrystals produced at different drug concentrations.

These

possibly, represent macrotubules formed in the one case from pure

may,
a

Starling (1976a,b) has observed two kinds of vinblastine

protofilament doublets, in the other macrotubules from B-protofilament

doublets

only, but unfortunately this author does not

samples of his material
associated

on

gels.

protofilament doublets is in

if the structure for microtubules

supra)

were

The natural

of general

Amos and

as

appear to

occurrence

any case

of laterally

what one would expect

occurrence.

Klug (1974), Linck and Amos (1974) have studied optical

They have constructed

a

negatively stained microtubules.

low resolution model of the microtubule, and

start with

the

molecule.

However, the only structural evidence in favour of a

the

run

proposed by Witman et al. (vide

transforms made from surface views of

heterodimer is

have

assumption of a heterodimer structure for the tubulin

a

slight axial displacement of alternate subunits in

protofilament, of the kind first observed in X-ray studies by

Cohen

(1971).

Displacements of this kind could well

occur

if the

successive, irregularly shaped subunits of a homopolymeric protofilament
were

turned

of all

through

some

predetermined angle to

lying in the

same

orientation

one

one

another, instead

above the next.

Erickson

(1974) also interprets his high resolution optical transform data in
terms of

a

presumed heterodimer model.

He finds that the microtubule

subunits

are

elongated rather than globular.

each subunit is

bilobate structure

a

He also suggests that

split symmetrically by

a

longitudinal cleft.
To date the least

equivocal piece of evidence that

appears to

suggest that the tubulin molecule may be a heterodimer is the
observation

by Luduena, Wilson and Shooter (1974) that cross-linking

of isolated soluble tubulin in vitro with

produce roughly twice
homodimers.

as many a$

dimers

dipropionimidate

as

the equivalent

seems to
aa or

BB

These authors claim that the amount of intramolecular

(aB) cross-linking is greater with
claim that with

a

long diimidate molecule, and they

short chain diimidate there ismore intermolecular

a

(aa, BB) cross-1inking.

This conclusion might be subject to question.

Such results need to be

interpreted with

particularly valuable to know

more

some

caution:

about the arrangement of available

cross-linking sites, and the exact arrangement of
dimer with respect to the

other.

complete primary amino acid

it would be

For

sequence

an

one

member of the

interpretation of this kind,

data would be valuable.

So far

only short sequences close to the amino terminal are known for one
kind of

alpha, and

one

kind of beta subunit (Luduena & Woodward 1973,

1975) from each of two organisms (la, IB from chick brain; la, IB from
sea

urchin sperm

flagellum).

The balance of the evidence available at present, suggests
the

stoichiometry of the

lies close to 7:6.

constructed from
each

This

a

that

and B subunits in most cells is not 1:1, but

probably

means

that most microtubules are

protofilaments composed of only

one

kind of subunit,

protofilament associating laterally on one side with a similar

protofilament, and

on

for

a

a

set of three

the other with

a

dissimilar protofilament except

protofilaments together down one side of the

microtubule, which may serve to give the structure a defined polarity
and asymmetry

(Fig. 3b).

of subunit appear to
in the 3 subunit
seen

in

there

The differences in mobility of the two kinds

be due in part to the

(Eipper 1972).

at least 4 classes of

the most

carefully prepared

did not appear to

contain

2

of

a

phosphoserine

The nature of the minor components

electrofocussing is obscure.

are

presence

The experiments of Behnke suggest

intracellular microtubule.

Although

microtubule protein (Eipper 1972, 1974)

more

than

one

residue

per

mole protein of

covalently bound carbohydrate, several authors (Margolis, Margolis &
Shelanski
a

1972; Feit & Shelanski 1975) have claimed that tubulin is

glycoprotein.

It is possible that

tubulins have bound

some

carbohydrate, whereas others do not.

This, with other minor

compositional differences might account for the extra components
resolved by

electrofocussing.
Microtubules and cell

Having considered how microtubules
turn to

an

examination of what they do.

are

motility

constructed,

one may

As with the interpretation of

structure, so in the interpretation of function, there are conflicting
views.
From the

early days following the identification of microtubules

(Porter 1966), it
associated with

was

observed that rapid particle saltations

regions of cells which when subsequently fixed and

examined in the electron

microtubules

2

were

microscope

were seen to

(Freed & Lebowitz 1970).

contain

arrays

The rapid transport of

Preparation with pyrophosphate buffer removes carbohydrate

and nucleic acid contaminants.

of

chromosomes onto and off the mitotic
Wie

spindle (Mcintosh, Hepler & Van

1969) is also associated with microtubules, as is the motility

of cilia and
In all

flagella (Satir 1963; Warner 1974).
these instances

(Mcintosh 1974), the motility is associated

with arm-like structures which

project from a microtubule, and

crossbridge either to another microtubule or to some other structure
or

organelle, such

flagella contain
an

the

additional

membrane bound vesicle.

as a

Nearly all cilia and

arrangement of 9 outer microtubule doublets, with

an

pair of microtubule singlets running centrally along

flagellum axis (Ruska 1939; Porter 1957; Gibbons & Grimstone 1960).

It has been demonstrated

(Gibbons 1961) that cilia beat perpendicular

to the line

passing through the middles of the central pair of

microtubule

singlets, in several organisms (Satir 1963; Tamm & Horridge

1970).

During the beat, the ends of the tubules overlap first to one

side then the other,
can

be shown

this disrupts the

spoke linkages that act as a constraint upon flagellar movement,

without

damaging the microtubule doublets.

preparation, produces
observed by

a

doublets
hand side

surface,

are

several fold lengthening of the

that

p.

one

32) when

a

a

pair of

arms

axoneme,

towards the right

section is viewed from the basal

subfibre of each doublet (the A subfibre) bears

while the other (the B subfibre) does not.

A subfibre,

a

quite early (Gibbons 1961) that the outer

asymmetrical and bear

(Fig. 2,
so

Addition of ATP to such

dark field microscopy.

It had been shown

arms,

This slidi

readily after light trypsin treatment of isolated axoneme

(Summers & Gibbons 1973; Summers 1974):

structures

radial

suggesting sliding (Satir 1965, 1968).

As noted above, the

like other microtubules, has 13 protofilaments (Ringo 1967;

Warner & Satir

1973) while the B subfibre has 10 protofi1aments plus

three
the

protofilaments which are shared with the A subfibre and form

partition wall between them (Fig. 2c, p. 32).
It had been known for

ATPase

a

long time that

tails contained

sperm

an

(Lardy, Hansen & Phillips 1945; Engelhardt 1945) and that

glycerinated

tails could be activated with applied ATP

sperm

1955) before the site of the ATPase could be

(Hoffmann-Berling
demonstrated.

Gibbons

(1965) used

detergent-EDTA dissection of

a

flagellar structure, made in conjunction with

an

electron microscope

study of the various stages of the chemical extraction.

In this way

it

protein of

was

shown that the ATPase

(Gibbons & Rowe 1965)

which composed the arms attached to the A subfibres.

500,000

m.w.

Gibbons

(1965) called this protein "dynein".

ATPase

an

kind that

produces

a

adjacent structure,

just

The association of the

activity with fibril sliding (supra), suggests that the

breakdown of ATP is associated with
a

was a

as

is known to

a

mechanochemical

transduction of

change in the angle at which the arm contacts
as

occur

well

as

in the

a

shift in the point of contact,

case

of that well studied ATPase,

myosin (vide infra), which interestingly enough also has a molecular
weight of 500,000.

The importance of these dynein arms in providing

motility has been clearly shown by the recent demonstration that some

patients with infertility associated with nonmotile sperm, the dynein
arms

were

axonemes

missing (Afzelius 1976; Pedersen & Rebbi 1975).
from cilia of the tracheal

also lacked

dynein

arms.

The cilia

epithelium in the
were

same

The
individuals

nonmotile, and the patients

appeared to be unusually susceptible to bronchial complaints in
addition to their

infertility.

Attempts to study the precise changes in configuration of dynein
arms

associated with microtubule

generated movement (Mcintosh, Ogata &

Landis 1973; Mcintosh

1973) have proved less

easy

than for the

sequential positioning of myosin during muscle contraction.
examined the
which

Mcintosh

axostyle of the cockroach-gut protozoan, Saccinobaoculus

propels itself by passing

a wave

of contraction along

microtubular array situated like a ribbon

(Mcintosh, Ogata & Landis 1973).
Saooinobaoculus fixed

along

one

a

,

large

side of the cell

examining thin sections of

By

during motion, one should be able to see all

stages of the contraction cycle as one passes back along the standing
wave

propagated in the axostyle.

different regions
tion

(Mcintosh 1973) gave no very clearly defined informa¬

changes in dynein

on

However, optical transform data from

arm

positions, but did suggest

in the structure of the microtubule

protein subunits:

some

flexibility

this is reflected

in the molecular structure of tubulin.

Circular dichroism studies
show that at 37°C the

(Ventilla, Cantor & Shelanski 1972)

polypeptide backbone of microtubule protein is

mostly (70%) present in the form of random coil, and there are only
short

regions of alpha helix, and

a

small amount (^30%) of beta

structure.

Inoue's

(1952a) light microscope studies had shown that

microtubule

protein

was

temperature sensitive, and the electron

microscope observations of Tilney and Porter (1967) had shown that cold
exposure

of Actinosphaevium led to the formation of 'macro-tubular'

microtubules in this heliozoan, reminiscent of the effects of
vinblastine treatment
Shelanski

(Warfield & Bouck 1974).

Ventilla, Cantor and

(1972) showed that at 4°C the structure of microtubule

protein had undergone a significant change:
had decreased to 48% and there

was

an

the amount of random coil

increase in the amount of a-helix

(22%) while the amount of B-structure (30%) remained
same.

One is

left with the

more or

less the

impression that the predominantly random

coil

structure of tubulin makes

it

rather

a

"rubbery" molecule, whose

shape is rather sensitive to physical conditions, mechanical deformation
or

the

binding of ligands.

factor in

providing

This rubbery rigidity

be

may

an

important

restorative force in various kinds of cell

a

motility.
Cell

motility generally implies the capacity of

The role of microtubules in ciliar and

move.

is clear, as

are

other, while
chromosomal

a

a

spindle:

here one set of continuous microtubules
running from

one

polar centriole to the

second set of fibres attaches to either face of the

centromere

When chromosomal
in

employed in the movement of materials within

basketwork of fibres

a

flagellar motile systems

Mention has been made of the transport of chromosomes onto

and off the division
forms

whole cell to

it is for the axostyle of Saccinobacculus, but the same

kind of mechanisms
the cell.

a

(or 1kinetochore1) (Mcintosh & Landis 1971).

replication is complete, the kinetochore regions split

plane orthogonal to the spindle fibres,

so

that the force couples

developed by dynein crossbridges between the continuous and chromosomal
fibres, carry the chromosomes to either pole, during which sliding
process,

the ends of the chromosomal fibres appear to disassemble as

they approach the polar region (Inoue 1960, 1964).

Perhaps the most interesting

of microtubule involvement with

case

rapid intracellular motion, is that of the feeding mechanism of the
protozoon Tokopkrya (Rudzinska 1965, 1967, 1970).
stalked cell, with a corona of
arrays

of 20 microtubules.

organism touches the tip of

feeding

When
a

a

arms

along which

run

cylindrical

Paramecium or some other suitable

feeding

arm,

rapid circulation of protoplasm passing
cylinder and down the centre of the

This suctorian is a

arm,

up
so

the Tokophrya sets up a
the outside of the microtubul
that the cell contents of

48

the prey are

sucked into the body of the Tokophrya

intake tube of
There is

a

cleaner.

vacuum

some

divergence of opinion to the degree of active

involvement of microtubules in cellular processes
Authors

movement.

of microtubules

direct

(1966) incline to the view that alignments

a net transport

are

themselves

of cellular material towards

a

actively involved in the rapid transport of

within the cell.

different activities will

Some of the evidence for these

be discussed in the section

on

microtubules

nerve.

It is clear that there

there appear to be
there
as

amoeboid

as

rigidity and asymmetry to the cell that allows

a

most kinds of material

in

such

Others (Mohri 1976) consider that in most instances, the

moving front.
microtubules

like Porter

give

other systems to

though down the

as

are

only

not all

several

kinds of microtubule, just as

several kinds of tubulin subunit.

microtubules with

some

one

are

dynein

arms,

and others without, just

of the outer doublets of the cilia bears

the sites for

dynein attachment

Within the cell

appear to

arms.

Further,

be occupied in

some

systems (Mcintosh 1974), for although these are generally spaced at

multiples of 80
of 160

A,

240

A

A intervals along the microtubule, periodicities
or

320

A

found, variously in different systems.

are

Some kinds of microtubule may serve to
others

are

give mechanical support, while

involved in active transport

crossbridges.

In at least

one system

via

a

dynein ATPase system of

(Porter 1973) it has been

suggested that the transport of granules along the fine
erythrophores of the squirrel fish Holocentrus
assembly and disassembly of
more

recent

a

may

processes

of

be effected by the

class of rather labile microtubules.

A

investigation, in Fundulus, suggests that the movement of

pigment granules in the melanophores of this fish

are

associated with

a

stable microtubule system

(Murphy 1975), and suggested that the

disappearance of microtubules in previously investigated fishes might
be due to the

experimental

abnormally high concentration

exposure to an

of adrenaline.

Microtubule self

assembly, and intracellular

pools of microtubule protein
Part of what microtubules do,
of their

is related to thermodynamic aspects

assembly and disassembly.

In developing eggs (Borisy & Taylor

1967a; Fulton, Kane & Stephens 1971; Bryan 1972) there is
of

unpolymerized tubulin, which provides

new

protein, during

the cell
as

large pool

supply of material that

be used to form division spindles without requiring the synthesis

may
of

a

a

very

rapid cell proliferation:

cycle period in developing Drosophila eggs may be as short

10 minutes

cell

period of

a

(Sonnenblick 1950).

cycle there exists

a

at at least two distinct

Similarly, through the mammalian

pool of tubulin which

appears to

be synthesized

periods with catabolism of tubulin during

early S phase followed by peaks of synthesis in late S and during

(Klevecz & Forrest 1975).
are

three separate

separate function.

This raises the question of whether there

populations of tubulin in the cell, each with

a

An elegant investigation of this kind has been

carried out with respect to

tubulin changes occurring during the

metamorphosis of the Myxamoeba Naegler-ia gvuberi (Kowit & Fulton 1974;
Fulton &

Simpson 1976).

ftlaegleria is amoeboid in nutrient medium but acquires flagella
when transferred to poor

nutritional medium.

One

can

thus cause

metamorphosis and flagellar growth simply by diluting the medium in
which the amoebae

are

suspended.

Analysis of labelling patterns

suggests (Fulton & Simpson 1976) that the protein forming the outer
doublets is synthesized

mainly, if not entirely, during differentia¬

tion, which takes place in about an hour, and there is also a unique

antigenic determinant present in the flagellar protein.
about 12% of the
doublets

protein of the amoeba is tubulin, and the flagellar

comprise only about 0.15% of the total cell protein, the

flagella do not
a

appear to

preexisting pool.

be synthesized from protein available from

Fulton and Simpson's experiments make it unlikely

that their results could be

tubulin,

Although

as messenger

translated in

a

explained by

a

modification of preexisting

RNA synthesized during metamorphosis, when

rabbit

reticulocyte in vitro system, showed the

antigenic determinant characteristic of the flagellar tubulin.
raises the

question

mammalian cells
in this way:

as to

This

whether the pattern of synthesis observed in

(e.g. Klevecz & Forrest 1975) might also be interpreted

namely that the tubulin present in

G-j and degraded in S

might be different from the protein synthesized in late S, while the
tubulin

forming the mitotic spindle might be related to the peak of

synthesis occurring in

G2.

Bearing in mind that there may be distinct

pools of different tubulins in

a

tubulins in different tissues of
some

of the factors which

are

cell type, (and possibly also different
one

organism),

one may

known to influence the

examine briefly

assembly of soluble

"pool" tubulin into microtubule fibres.
The first

quantitative information

on

the thermodynamics of

microtubule assembly came from studies of birefringence changes

in

metaphase arrested oocytes, at different temperatures (Inoue 1952a,

1960).

Studies of this kind (Inoue & Sato 1967) suggested there was a

dynamic balance between

a

pool of dissociated protein molecules, and

system of aggregated polymeric fibres.

The total free energy change

a

51

between the

polymerized state and the free protein appeared to be

very

small, (less than 1 Kcal/mole), with positive activation enthalpy of
29 Kcals/mole.

Temperature increase gives a high entropic term

favouring aggregation, but the equilibrium is readily shifted to
dissociation
The entropy

by low temperature

or an

increase in hydrostatic

pressure.

term (+100 e.u.) on polymerization, gives a free energy

change of -0.8 Kcals/mole at 25°C.

Other work on spindles of eggs

which, because they normally develop at low temperatures (Stephens

1973), divide slowly, and do not need to be subjected to metaphase
arrest to take

following
Inoue.

satisfactory observations

a temperature

The free energy

on

equilbrium birefringence

shift, has largely confirmed the results of
change for spindle aggregation at 8°C in

Strongylocentrotus dreobachiens'Ls eggs was 0.5 Kcals/mole, with an
activation

enthalpy of 65 Kcals/mole and

(Stephens 1973).

In both these

appeared to be first order,
the

a

cases,

an entropy

e.u.

the monomer-polymer equilibrium

result not altogether expected in view of

apparently complex nature of the polymer.

in vivo studies, much

change of 233

Following the initial

subsequent work has been done in vitro

on a

variety of factors affecting the polymerization equilibrium.

Shortly after tubulin had been purified and characterised, it was
reported that in the
monovalent salt,
would

presence

of GTP, 10 mM magnesium and low (0.15 M)

high concentrations of column purified rat brain tubulin

spontaneously polymerize to give microtubules (Weisenberg 1972)

provided that the concentration of calcium

was

kept

very

low (<?1 mM).

Borisy and Olmsted (1972) using pig brain tubulin found that pure
tubulin did not
290

&

diameter

polymerize, but that low speed supernatants, containing
ring structures would spontaneously induce polymerization.

A number of papers

followed these

early reports, and introduced

complications such as the requirement of high molecular weight
tubulin components
Keates & Hall

that

non-

for microtubule polymerization (Murphy & Borisy 1975;
More recent studies (Herzog & Weber 1977) suggest

1975).

polymerization requires only magnesium and GTP in suitable

conditions, just as Weisenberg reported.
Several
of microtubule
studies
Mohri

pieces of information derived from these in vitro studies
assembly

1972) indicated that

association.

quite

The earliest

flagellar singlet reassembly (Stephens 1969; Miki-Nomura &

on

formation of linear

is

of considerable interest.

are

a

first step in polymerization was the

protofilaments which then assembled by lateral

More recent reports on

neurotubule protein show that this

general phenomenon (Erickson 1974):

a

ribbons or sheets of

protein, composed of a variable number of protofi1aments, increase in

length, then add strands laterally until

a

total of 13 protofilaments

is achieved, when the ribbon-like structures roll

up

to form closed

During the early phases of assembly there are numbers of

cylinders.

incomplete tubules with

a

C-shaped cross-section, resembling the

profiles observed during in vivo polymerization following the chilling
of blood

platelets (Behnke 1967).

Erickson (1975) also finds that

"nucleating discs", similar to those of Borisy & Olmsted (1972), are in
fact low temperature
presence

spiral rings of microtubule protein which in the

of glycerol will uncoil to give protofilaments that will

associate

laterally

as

described.

Secondly, Kuriyama and Sakai (1974) showed that free sulphydryl
groups are

only

one or

of importance in the polymerization

process.

Blockage of

two out of a total of seven free -SH groups completely

eliminated the capacity of
Reduction of -SH groups

tubulin for in vitro polymerization.

with CI ell and's reagent reversed this block.

Sulphydryl oxidation

may,

therefore, have important consequences

in vivo.

Lastly, the effects of various alkaloids and divalent metals on
the

polymerization of tubulin have been widely investigated.

Weisenberg's (1972) finding that microtubule polymerization took place
in the presence

low,

of magnesium, provided the calcium concentration was

complementary to the finding of Wilson et al. (1970) that

was

calcium ions,
Olmsted and

divalent

like vinblastine, caused

a

superprecipitation of tubulin.

Borisy (1975) found a tight binding site on tubulin for

magnesium, and these various results have to

put into context by Solomon (1976).

binding site;
calcium per

one

of them tight

some extent

been

He found two classes of calcium

(K^ 2.0x10

^

mole of tubulin, the other class

M), bound one mole of
(K^ 2.0x10

-4

) was of lower

affinity and potentially bound 14 moles of calcium per mole of tubulin.
However, the binding of magnesium inhibits calcium binding, and
Solomon

(ibid.) considers that at the probable physiological intra-

cellular levels of
fluxes of calcium
& Vincenzi

magnesium (^1.0x10

_3

M in brain; Veloso et al. 1973),

(probably present at less than 4x10

-5

M; Schatzmann

1969) are not likely to provide a significant control for

microtubule

polymerization in vivo.

However, it is difficult to

predict local concentrations of calcium.

Some early work (Fujii 1954)

suggested that divalent zinc might be important in the assembly and
function of the mitotic

spindle.

Some recent reports (Morisawa & Mohri

1972; Larsson, Wa11in & Edstrom 1976) have resurrected this possibility,
and there

are

some

interesting infertility syndromes where zinc

deficiency leads to lack of
Battersby 1976).

sperm

motility in

rams

(cf. Chandler &

The

Colchicine

question of alkaloid binding is an interesting one.

binds with

high affinity to tubulin (binding constant

a

dissociation constant
vinca alkaloids:

5.10~^ ML~^),

(Wilson 1975).

LM

;

Tubulin also binds

vincristine and vinblastine compete

but do not compete

2x10^

with each other

for the colchicine binding site (Wilson 1970).

Podophyllotoxin, by contrast, binds competitively with colchicine

(Bryan 1972b).

Tubulin also appears to be affected:

by griseofulvin

(Weber, Wehland & Herzog 1976), which, however, does not appear to
bind to the

protein (Grisham, Wilson & Bensch 1973), and by the cactus

alkaloid mescaline

(Harrisson, Page & Keir 1976), which

inhibit microtubule

protein self assembly.

It is widely assumed that

the

binding of colchicine to tubulin is specific.

has

a

that

appears to

However, colchicine

tropolone ring, and it is well known (Cooper, Bloom &

tropolones will bind with high affinity to

tetrahydrofolate cofactors.
binds

more

to tubulin than

than most other

colchicine interacts

requiring

While it is probably true that colchicine
to

anything else in the cell, this is

probably due rather to the fact that there is
the cell

enzymes

Roth*1973)

proteins (Table I,

tubulin present in

more

p.

exclusively with tubulin.

20), and not because
For this

reason,

experiments identifying the presence of minor amounts of tubulin
solely

on

the basis of colchicine binding (Stadler & Franke 1972)

should be treated with caution.
themselves with the

Few authors

seem

to have concerned

question of what, if anything, binds to the

colchicine site in nature.
The action of colchicine,

(as of cold

or pressure,

Cartwright 1975) on microtubules seems to vary.

It

was

Brinkley &
thought

(Shelanski & Taylor 1967, 1968) that most assembled microtubules do
not bind

*P.112

colchicine; but Tilney (1968) found that high concentrations

of the
The

drug would cause their depolymerization in Actinophrys axopodia.

sensitivity of

some

assembled microtubules to colchicine, and the

insensitivity of other classes was also noted by Behnke (1967).
The function of tubulin in animal

cells

Bearing in mind the reservation that drug effects may not be

interaction with fibrous structural

wholly specific, but that

any

proteins will represent

numerically

one

what

a

they do inside the cell.

tubules form

It is shown, above, that the 250

semi-rigid structures, in dynamic balance with

unpolymerized protein.
tubulin within the

As there is

a

the

the

Some bear side

interact with other tubules without

organelles (Mcintosh 1974).
dynein crossbridges

motive force

arms, or

composed

Arm-bearing

with other

be associated with the production of

by a mechanochemical transduction, that results either in

intracellular
What is

one

another,

or

in the movement of

particles.
interesting is that microtubules appear to possess an

directionality specified by organising centres (Pickett-Heaps

1971), and from these cytoplasmic microtubules
the

arms

In all cases, so far investigated,

appear to

sliding of tubules past

oriented

pool of

a

number of different kinds of

high molecular weight ATPase, dynein, others do not.

tubules may

A

organism (Bibring et al. 1976), so there are several

kinds of microtubule within the cell.

cell

large molecular population,

suggest some salient features of what microtubules are, and

can

of the

very

plasma membrane (Osborn & Weber 1976).

grow

outwards towards

It is known that in cells

in tissue culture, microtubules are associated with the formation of

'microspikes' (Taylor & Robbins 1963) from the cell surface, while
drug studies (Bacunbes et al. 1972) indicate that colchicine disrupts

the

polarity of the cell, so that instead of maintaining an advancing

ruffled

edge (Abercrombie, Heaysman & Pegrum 1970), the cellular

contents become

uniformly spread in a disoriented manner, radially
Whether this is the effect of disrupting a dynamic

around the nucleus.

transport system that actively jet-streams new material to the advancing
cell

front,

or

is instead the result of destroying a structural girder

system that contains and directs cell activities in one direction
like

a

cytoskeletal corset, is not wholly clear.

Other observations

that the role of the microtubules may be to provide

tend to suggest

girders that supply the backbone for an active compression transport
peripherally, by

way

of their dynein

arms.

Many kinds of secretion are prevented by the action of colchicine

(Poisner & Bernstein 1971; Poisner 1973; Allison 1973; Malaisse et al.
1975).

Though

balance of the

one must treat

drug experiments with caution, the

phermacological evidence (taken in conjunction with the

morphology, the anatomy and the biochemistry of microtubule protein)
suggests that one of the most important roles of microtubules within
the cell

is to

provide

one

within the cell, and in

element for the active transport of materials

particular outward transport for exocytosis and

secretion.

b)

Intermediate filaments
Intermediate filament

Filaments 100

A

in diameter,

variety of cells (Fawcett 1966).

are

They

protein, "skeletin"

conspicuous elements in
are present

a

wide

in large numbers in

epidermis cells (Brody 1960), and show characteristic patterns of
orientation in different

areas:

in facial

skin

they

are present as a

hollow basketwork left
keratinization

by the extrusion of the cell nucleus as

mostly lie parallel to the epithelial surface.
intermediate fibres collect in
desmosome

three dimensional

a

Frequently, bundles of

fascicle that terminates in

a

fibres

a

(Kelly 1966).

In smooth-muscle cells

form

A

proceeds, while in digital skin cells, the 100

membrane and nodal

A

(Small & Squire 1972) the 100

fibrillar network with

endings

on

filaments
the cell

points, the dense bodies, at intracellular gatherings

that lie between the actin filaments and
contractile apparatus,

myosin ribbons of the

apparently serving

as a

cytoskeletal support

system (Cooke 1976; Small & Sobieszek 1977).
Nature of the

Intermediate filaments

protein

first isolated from

were

squid

axons

(Davison & Taylor 1960; Schmitt & Samson 1968), at a time when the
characterisations of tubulin
inverse relation

was

were

it

that the tubules and filaments
same

protein.

in progress.

was
were

suggested (Peters & Vaughn 1967)
merely alternative aggregation forms

appeared

as

35

A

diameter globules with

linking linear sections, whereas microtubule subunits
and of

an

Wuerker and Palay (1969) pointed out that the

subunits of neurofilaments

across,

Because

observed between the abundance of microtubules

and neurofilaments in brain,

of the

still

were

about 40

A

somewhat irregular shape.

a

Comparison of microtubule protein (Davison & Huneeus 1970) from
squid
the

axons

same

with the intermediate filament protein, "filarin", from
showed that these

source,

The tubulin had

a

'filarin1

molecular

had

a

molecular

were

distinct and markedly different.

weight of about 60,000, whereas the squid

weight close to 80,000 and

was

also distinct

from the

squid microtubule protein in terms of immunological behaviour,

chemical

characteristies and amino acid

composition.

.

In nerve, microtubules are most abundant in dendrites, whereas

neurofilaments
Because most
to

a

rather

are

axons

present in much greater number in the axons.
in the brain have

fatty myelin sheath, this led

a

lengthy isolation procedure (Shelanski et al. 1971) by
floated free of denser material

which

axons

Raine

1972), then further homogenised and the fibrils isolated from the

axonal

were

starting material on sucrose step gradients.

obtained in this way from cow brain was

weight of

c.

(1946*) to
squid.

The protein

reported to have

a

molecular

54,000.

Some marine

polychaete worms, like Myxioola, were shown by Young

possess

giant

of dimensions comparable to that in a

axons,

The Myx-Ccola giant axons possess an internal helical band of

material
filaments
from

(DeVries, Norton &

that is

composed of

axon

using

a

A

series of densely packed 100

(Gilbert 1972, 1975), and this ribbon

length of

a

a

be lifted whole

can

pair of fine tweezers.

Analysis of this

Myxioola protein, indicated that it had a molecular weight of 160,000

(Gilbert, Newby & Anderton 1975).
taken

If, however, precautions

during isolation, this high molecular weight protein

down by a

Ca++

was

broken

activated protease.

Molecular

This raises the

lengthy isolation procedure.
in the electron

microscope

(m.w. 68,000) and

are

are

product resulting from the rather

The 35

&

neurofilament subunits visible

about the size of

smaller than the 40

*Nicol J.A.C. & Young J.Z.
fibre of

weight

question of whether the low molecular weight

mammalian protein is a breakdown

nerve

were not

a

A tubulin

1946 Nature, Lond. 158:
Myxioola infundibulum (Grube)."

haemoglobin molecule
subunits

167-168 "Giant

(m.w. 55,000), but then the tubulin molecule is a very loosely-packed
composed mostly of random coil polypeptide, and has in

structure

addition

large cleft through the molecule (supra).

a

It is not known,

either, what part the linear links between the neurofilament globules

it could be that each molecule

represent in terms of the molecule:
was

complsed of

shaped with

one

globule and

bar at

a

bar,

or

that the molecule was dumb-bell

More carefully controlled work is

end.

one

a

required before the proteins from invertebrates can be compared with
the intermediate filament
such studies

proteins isolated from vertebrates.

Until

complete, there remains the possibility that the lower

are

molecular weight vertebrate proteins

stand for broken rather than

entire molecules.
Observations from electron

(1970) that the 100
were

A

micrographs had suggested to Wuerker

filaments from glia (predominantly astrocytes)

slightly smaller in diameter and

square

in

cross

section, when

compared with neuronal filaments which seemed slightly larger and
rather rounder in
stain

more

cross

section.

As the neuronal

cytoplasm tends to

densely than that of astrocytes (Peters & Vaughn 1967), and

since there may

be different

filaments in the two types

accessory

proteins associated with the

of cell, this difference

have been

may

more

apparent than real.
A soluble
et al.

1971)

protein extracted from gliotic

gave

weight

was

(Bignami et al. 1972), and it

might be the glial fibrillary acid protein.

initially given

must have been

1976).

of brain (Eng

antisera which stained glia specifically by indirect

immunofluorescence methods
that this

areas

as

42,000, but it

the subject of extensive

A protein purified from

cow

seems

was

suggested

The molecular

that this product

proteolysis (Holtzer et al.

brain glia (Dahl 1976) had an

60

apparent molecular weight of 54,000.

glia (Johnson & Sinex 1974), gave two bands that comigrated

from rat

with the two subunits of tubulin
maps

Purified fibres, reported to be

on

polyacrylamide gels, and the peptide

of the glial protein apparently resemble tubulin as well.
Behaviour and biochemical

This raises

new

characteristics

difficulties of identity.

Subsequent to the

suggestion of Peters and Vaughn (1967) that microtubules and neuro¬
filaments

are

merely alternative polymeric forms of

one

and the

same

protein, there have been recurrent reports showing that colchicine
treatment results

filaments, in

a

in the accumulation of

large numbers of 100

wide variety of different kinds of cell

A

(nerve cells,

Bunge & Bunge 1968; bone cells, Holtrop, Raisz & Simmons 1974; fibro¬
blasts, Goldman & Knipe 1973; melanocytes, Moellmann & McGuire 1975;
and

myoblasts, Holtzer et al. 1976).

This has led several groups

(Moellmann & McGuire 1975; Holtzer et al. 1976) to resurrect Peters
and

Vaughn's hypothesis of identity.
Using

a

neurofilament

modified

axon

flotation technique (Yen et al. 1975),

a

protein has been isolated, and its molecular weight of

about 53,000 reduces to 51,000 on storage.

Comparison with Dahl's

(1976) bovine glial protein, showed that the axonal neurofilament
protein comigrated with it
with

or

on

slightly behind the 3 tubulin band from

determination of the molecular
6 M

guanidine-HCl

gave a

Gels of neurofilament

155,000

urea-SDS gels, and both migrated either

m.w.

cow

brain.

Centrifugal

weight of the neurofilament protein in

value of 52,000 (Shelanski, Yen & Lee 1976).

preparations frequently had

a

faint band at about

which gave an immunological cross reaction with sera

prepared against the 52,000

m.w.

main band.

One is reminded by this of

both the

progressive breakdown of the protein on storage, and of the

finding of Gilbert that Myxicola neurofilament protein had an initial
m.w.

of 160,000, but that this was

Peptide

rapidly reduced by proteolysis.

of the glial and neurofilament intermediate proteins

maps

(Shelanski, Yen & Lee 1976) showed a high degree of similarity:

Differences of

spots in common, as against about 5 unique spots each.
this kind

are

28

necessarily indicative of two kinds of protein:

not

if

proteolysis is occurring during preparation, there might just as easily
be two

proteases with slightly different specificities in the two cell

types, each of which could give slightly different digestion cores from
and the

one

same

protein.

A comparison of the peptide map of their

neurofilament protein with the a and g

fingerprints in

common,

but

a

(Shelanski, Yen & Lee 1976).
gave a

majority of spots

shared

on

Ouchterlony immuno¬

plates, when the axonal protein and the bovine glial protein

placed in comparable concentrations in adjacent wells, suggesting

complete immunological identity.
with staggerer mouse

this

was not

some

Antibody against the neurofilament protein

continuous precipitin line without spurs,

diffusion
were

subunits of tubulin showed

serum

The

glial protein.

also reacted identically

serum

There

was no cross

reaction of

with tubulin, actin or ovalbumin.

Identity and function
The results obtained

far about intermediate filament

so

protein

seem

inconclusive.

The molecular

seem

satisfactory.

The remote possibility must be borne in mind that

doublet strands of tubulin would
the neurofilaments
in

a

weight data, in particular, do not

approach the physical dimensions of

isolated by the flotation method.

selective isolation of

a

rare

If this resulted

'minor tubulin', serum crossreactivity

or

peptide map identity might not be obtained with remaining tubulin

Equally possible is that the present studies relate to

subspecies.

digested 'cores' from

higher molecular weight protein that has yet

a

satisfactorily characterized.

to be

Extreme
to all

100

sensitivity to protease digestion seems a feature common

A

filament proteins so far

studied.

collagenase rapidly eliminates all the 100
treated smooth muscle cells
of

a

A

Brief digestion with

filaments from detergent

(Small 1974), and caused the disappearance

55,000 molecular weight protein band from polyacrylamide gels.

When amino acid

analyses of intermediate filament protein from hog

stomach and chicken

gizzard (Small & Sobieszek 1977) are compared with

analysis of material from human astrocyte filaments (Eng et al. 1971)
and calf brain neurofilaments

(Table III)
of the

(Davison & Winslow 1974), the results

be strikingly similar.

are seen to

Amino acid analyses

squid neurofilament protein and of rhinoceros horn keratin and

two mammalian

comparison.

tubulins

are

included in the

same

table for purposes of

It is clear that the intermediate filament protein,

skeletin, does not resemble keratin in amino acid composition, though
the apparent

molecular weights of the two proteins

are not

widely

different.
The

reported characteristics of skeletin changed dramatically

during the period in which the present study
seems

was

in progress.

It

probable that much remains to be learnt about this protein, and

without reliable molecular
it in detail.

Some aspects

filaments in brain

likely to be

an

are

weight data it

of the distribution of intermediate

discussed in

important element in

conspicuous component in

practicable to study

was not

nerve

a

following section.
nerve

structure.

Skeletin is

function, just as it is a
It is

a

protein that is

63

TABLE III
Neurofilament

(?Core) Protein Compared with Keratin,

"Filarin", Skeletin and Tubulin

Calf
brai
Rhino
horn
keratin

n

neuro-

Human

Hog

Squid

fi lament

astrocyte

filarin

protein

filaments

stomach
skeletin

Rat
brain

tubulin

Pig
brain
tubulin

! Lys

15

58

24

25

20

21

19

His

3

7

8

8

5

12

12

§ Arg

34

35

41

36

36

23

22

£ Glu

59

109

70

77

82

67

71

Asp

34

87

40

38

39

50

51

2 Thr

19

33

20

20

22

31

31

! Ser

31

56

14
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55,000

55,000
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55,001

Fraser, MacRae & Rogers 1972;

Winslow 1974;

^Weisenberg,
NOTE:

^Eng

et al. 1971;

2

Huneeus & Davison 1970;

^Small

& Sobieszek 1977;

3

Davison &

^Eipper

Borisy & Taylor 1968.

Dash, believed

no

residue; dotted line,

no

determination

1974;

difficult to characterize:
to bind any

effect of

it does not bind nucleotide, nor is it known

pharmacological reagents

or

particular metal ions.

aery1 amide (Prineas 1969), in altering 100

is

likely to be

it

seems

indirect

an

one, as

in the

case

c)

filament number

of colchicine.

Indeed,

probable that the microtubule cytoskeleton is in some way

responsible for maintaining the order of the 100
many

A

The

A

filament array in

types of cell.

Actin, its discovery and biochemical nature
Actin

the second of the structural,

was

from muscle

(Straub 1942).

proteins to be isolated

It was found to behave as a globular

protein (Feuer et al. 1948), but in concentrations above 10 mg/ml it
was

discovered that it underwent

a

rapid transition in the

presence

of

nondenaturing salts and ATP to give solutions with a high specific
viscosity and

strongly marked flow birefringence (Straub 1942),

a

suggesting a transformation from globular (G-actin) monomeric protein
to fibrous

of this

(F-actin) polymeric threads (Astbury 1942).

interpretation

in the electron

observation,

was soon

salts caused the

A further interesting

that very low concentrations (0.002 M) of calcium

precipitation of F-actin (Straub, ibid.).

Interference observations,
Hanson

made possible from direct observations

microscope (Jakus & Hall 1947).

was

Confirmation

in the light microscope (Huxley &

1957), of muscle fibrils extracted progressively with the

salt solutions
& Straub

as

used in the isolation of actin and

were

same

myosin (Guba

1943), showed that after brief irrigation with Hasselbach

Schneider solution

(Hasselbach & Schneider 1951), which extracts

myosin but not actin,

a

peak associated in photomicrograph densitometer

tracings with the A band, disappeared, indicating that the fine fibrils

composing the I bands, either side of a Z-line, were composed of actin,
whereas the main component

of the A-bands

time before, muscular contraction was

was

myosin.

Only

short

a

interpreted in terms of the

sliding filament model (Huxley & Hanson 1954; Huxley & Niedergerke 1954),
and it

was

then realised that

myosin acted

as

the principal muscular

ATPase, with its globular head changing in its angle of contact with
the thin actin fibre,
heads and their
the
that

flexible hinge region between the myosin

hydrophobic stalks (Lowey 1971), (self-associated in

produced sliding (Huxley & Simmons 1971).

kinds of cell
The

be

Since this period, an

actomyosin-1ike interactions has been claimed for

many

motility.

globular myosin heads (heavy meromyosin, HMM) which are polar,

digested from the hydrophobic stalks (light meromyosin, LMM) by

brief protease

filaments

digestion, and these

can

be used to 'decorate' actin

(Moore, Huxley & De Rosier 1970) giving arrowhead complexes,

which demonstrate the
out

a

myofibril thick filaments), to give the mechanochemical transduction

involvement of

can

about

polarity of the actin fibrils.

Surveys carried

using heavy meromyosin, (Ishikawa, Bischoff & Holtzer 1969;

Goldman et al.
appear to

be

an

1975), indicated that actin

was so

widespread as to

universal component of cells, and not just

a

protein

of muscle fibrils.
With

complete
& Collins

improved biochemical characterization, ultimately leading to
sequence

data for

species of skeletal muscle actin (Elzinga

1973; 1975), a correct molecular weight (42,000) could be

assigned to the protein.
molecular

a

Following

a

period, when SDS gels for

weight determination (Weber & Osborn 1969) came into

increasing use,

reports of large amounts of actin from cells as

diverse

fibroblasts

as

(Anderson & Gesteland 1972) and brain, (Fine &

Bray 1971) became commonplace.
At this

tissues

time, peptide maps of actins isolated from different

(Carsten & Katz 1964) seemed to suggest a high degree of

homology and
of the

same

molecular
differed

probable identity between actins from different parts

a

organism (Bray 1973a).

Equally apparent, was that the high

weight myosins (500,000) or their equivalent ATPase cousins,

smooth muscle myosin

significantly from tissue to tissue:

(Kendrick Jones 1973)
biochemical

not identical in structure, composition,

physiological behaviour (Barany et al. 1966; Kendrick

or

Jones et al.

was

1971), with skeletal muscle myosin (Perry 1967).

The

myosin of fibroblasts appeared to resemble smooth muscle myosin

(Allison 1973).
The apparent
been
of

superficial.

one

similarity between actin species now seems to have
Closer study of the protein from different tissues

organism is beginning to reveal differences that indicate several

related genes

that code for this protein in different tissues (Lu &

Elzinga 1976), a situation analogous to the five genes for haemoglobin
each of which is functional

for

only

a part of

the life history in

man

(Braunitzer et al. 1964; Huehns et al. 1964; Lehmann & Carrell 1969).
Comparative

analysis of

sequence

cyanogen

data gathered from the careful amino acid

bromide fragments, show that bovine skeletal and

cardiac muscle actins differ in residue 357 close to the

terminal

by the substitution of

a

threonine for

a

serine, respectively,

and that bovine brain actin differs from muscle actins
threonine instead of valine at residue 129.

Human

carboxyl

in

having

platelet actin

resembles bovine brain actin in this respect, and differs from human
cardiac actin which,

(like bovine cardiac actin), has 129 valine.

There are,

therefore, at least three different actins in different

bovine tissues, and the tissue differences resemble those so far
established between the

same

tissues in

man.

The interaction between actin and the
of

myosin:

Globular actin
Feuer et al.

can

Ca++

activated ATPase

structure and regulatory functions

associate

(by electrostatic interaction;

1948) to form fibrils when it is usually combined with

tropomyosin in

a

two-ply structure.

The tropomyosin molecule

(m.w. 35,000) is long in comparison with the (m.w. 42,000) actin
monomers:

one

tropomyosin molecule is in contact with

actin molecules

(Weber & Bremel 1971),

over a

seven

distance of 385

pairs of

A

(Spudich, Huxley & Finch 1972), and there are tropomyosin molecules
in each of the two grooves

Attached to each
molecule of
subunits

troponin.

of the two-ply actin double-helix.

tropomyosin molecule, in skeletal muscle, is

a

The troponin molecule, in this tissue, has three

(Drabikowski et al. 1973; Greaser et al. 1973),

one

of 35,000

(TN-B) which binds to tropomyosin (or to actin, Drabikowski et al.
1973),

one

of 24,000 (TN-I) which inhibits actomyosin ATPase, and

TN-C subunit of 17,000 m.w. which binds calcium.
the

In skeletal muscle,

depolarisation of the membranes of the T-tubule system (Andersson-

Ca++

from the cisternae of

(Franzini-Armstrong & Porter 1964).

Calcium binds to the

Cedergren 1951) results in the release of
the triads

TN-C subunit and this results in
to

a

a

position 15

double filament,

A

a

closer to the centre of the

(Haselgrove 1973),

interaction of the

shift of the

so

tropomyosin molecule
groove

of the actin

uncovering the sites for the

myosin heads with parts of the actin molecules

previously covered by tropomyosin (Moore, Huxley & De Rosier 1970).

The structure of the actin filaments has been shown
diffraction studies
contraction

(Huxley & Brown 1967) not to change during the

cycle.

In tissues other than skeletal

somewhat different.
have

an

peptide

in low angle X-ray

The

muscle, the regulatory system is

tropomyosins of platelets, brain and pancreas

apparent molecular weight closer to 30,000, their chymotryptic
maps are

all identical, and each has an isoleucine C-terminal

blocked N-terminal

and

a

map

differed from that of skeletal muscle tropomyosin.

looks at present as

if there

skeletal muscle, and one
The calcium

(Bremel 1974)

(Fine & Blitz 1975).

are two

The chymotryptic peptide

sorts of tropomyosin:

one

kind in

other kind for all the remaining tissues.

binding system is also different.

Ca++

It therefore

In smooth muscle

is bound not by a troponin attached to protein

associated with the

(actin) thin filaments, but binds, instead, to the

light chains (Sobieszek & Small 1976) of the myosin head.
The

myosin molecule is

the two 212,000 m.w.
there is

heads.

weights

hexamer (Clarke & Spudich 1977).

Besides

heavy chains (Gershman, Stracher & Dreizen 1969),

pair of (unlike) light chains in each of the two myosin

a

In skeletal

molecular

a

muscle these

light chains

are

25,000 and 16,000 in

weight, while in cardiac muscle, the corresponding molecular

are

27,000 and 19,000 (Weeds & Frank 1973).

Ca++

however, where the

regulatory property

In smooth muscle,

appears to

reside in the

myosin light chains (Bremel 1974; Sobieszek & Small 1976), the
molecular

weights

are

20,000 and 17,000.

It is known (Burridge & Bray

1975; Hartwig & Stossel 1975; Brandon 1976; Shibata et al. 1975),
that there

are

most of these

several
cross

myosins in different tissues, in mammals, but

react with antisera to smooth muscle

(cf. Allison 1973), and they also

appear to

myosin

have light chains with
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molecular weights

of 20,000 and 17,000, like smooth-muscle myosin

(Kendrick Jones 1973).
The report

(Fine et al. 1975) of a 17,000 m.w. troponin-1ike

protein from brain is thus of interest.
in the

Ca++

regulation resides

myosin head rather than in a troponin binding to tropomyosin,

would not expect to

one

If the

molecular

find troponin in this tissue.

The similarity

weight between this TN-C like protein and the 17,000 m.w.

regulatory light chain of smooth muscle is suggestive.

It

may

perhaps

be, that the troponin subunit TN-C and the 17,000 m.w. light chain of
smooth muscle

myosin

The tissue

are

the same protein, or one closely related.

specific differences in regulatory proteins, are to

degree matched by differences in the actins themselves.

some

skeletal

muscle has what is

now

non-muscle cells contain g actin

known

as

a

actin

different mobilities
to

Coen

urea-SDS

on

&

Rich

=

These actins have slightly

gels (Storti & Rich 1976) which allow
way

(Storti,

1976).

Free actin

(K

actin

than one kind of

distinguish brain actin from muscle actin in this

The

Feuer

more

y

particular cell type (Abramowitz, Stracher & Detwiler

a

1975; Gallagher, Detwiler & Stracher 1976).

one

(Whalen et al. 1976),

(Rubenstein & Spudich 1977) and

(Garels & Gibson 1976), and there may in fact be
actin within

Whereas

monomers

polymerization of actin

bind 1

mole ATP per

mole protein (Straub &

1950) which is split to give ADP bound tightly to the protein
2.3x10

6

M

polymerization

-1
,

Asakura 1961) and free inorganic phosphate, and

occurs

readily

as

the ionic strength is raised (Murphy

1971), suggesting that electrostatic interactions
process.

Both the bound nucleotide and 1 mole of

are

Ca++

important in this
per monomer are

required for the stability of the protein, and if either is removed,
the

(monomeric) protein denatures irreversibly (Maruyama & Gergely
Whereas in the monomer, ATP, readily exchanged with the solvent

1961).

(Martonosi, Gouvea & Gergely 1960), in the assembled fibrous protein
the rate of

exchange of bound nucleotide is much reduced (Moos,

Eisenberg & Estes 1967).
It has

recently been shown (Rich & Estes 1976) that the binding

of ATP to actin
level

digestibility by proteases to

like that of the assembled F-ADP

change
The

reduces its

monomer

polymer,

that

so

a

a

conformational

the binding of ATP, prior to the polymerization step.

occurs on

enthalpy accompanying this conformational alteration is about

6 Kcals/mole

(Asakura 1961), but this is counterbalanced by

enthalpy for the binding and breakdown of ATP (AH
and there is

further

a

=

a

high

-24 Kcals/mole)

entropic term favouring polymerization, due to

the release of about 6 moles of bound

water/mole actin

monomer

(Asakura,

Kasai

& Oosawa

m.w.,

50,000, is too high, so their estimate has been adjusted for the

correct

(1960) estimate 8 moles water/mole actin; but their

of

m.w.

42,000).

The overall free energy change favouring the

polymerization of F-actin fibrils (Asakura 1961) approximates to
-12 Kcals per
The

round

monomer.

physical properties of the F-actin duplex

There is

axis

mole of

an

electrical

(Kobayashi 1964).
one

and the

If,

another to

seems

skeletal muscle

inquire

as to

interesting.

dipole maximum at right angles to the polymer

The two strands of the F-actin fibril wind

give

a

polymerized fibrils
as

are

right handed structure (Depue & Rice 1965),
are

rather markedly flexible (Ooi 1960).

likely, the tropomyosins in tissues other than

are

not

involved in calcium

the function they

serve.

regulation,

There is

a

one may

distinct possibility
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that in addition to
others

are

some

involved in

tropomyosins being ATPase regulatory proteins,

controlling the polymerization of actin.

It has been noticed that the

190,000

m.w.

protein dimer, a-actinin,

(which combines with actin to form the Z discs of skeletal muscle), will
compete with tropomyosin (Stromer & Goll 1972) for attachment to actin.
The

availability of tropomyosin

the

polymerization

process,

or

and to

a-actinin

may,

therefore, regulate

extent determine whether the

some

polymeric form is in strands (tropomyosin) or sheets (a-actinin).

The

length of the F-actin fibres (with tropomyosin) may to some extent be
controlled by the

1965).

small molecular weight g-actinin (45,000; Maruyama

In the presence of g-actinin, the average length of F-actin

filaments is reduced.
Within the cell,
membrane

are

held at the cell

by plaques of a-actinin (Lazarides 1976), and a-actinin also

appears to
the thin

bundles of actin filaments

form "dense-bodies" holding together the nodal points of

(actin) filament network in' smooth muscle.

Recent attempts

(Bray & Thomas 1976) to

actin in the supernatant and

the amounts of

particulate fractions of cell homogenates,

following centrifugation, suggest that

(^50%) of the total cell actin
this way.

measure

may

a

relatively large proportion

be released

as

monomeric G-actin in

It is not possible to be certain that all this actin is

unpolymerized in the undamaged cell, but it is not unlikely; the
so

as

more

actin-containing extracts have been shown to undergo sol-gel

transitions

(Kane 1975; Pollard 1976), in which

case not

all

unpolymerized actin need necessarily be 'free monomer' when contained
in

a

thixotropic gel state.
Tilney and Detmers (1975) have shown that there is a large amount

of membrane associated actin

in human red-cell

ghosts.

It is combined,

in

amorphous form,

an

the 200,000 m.w.

the inner surface of the cell membrane, with

on

protein (470,000. m.w. dimer) spectrin which Guidotti

(1972) has compared with myosin.
releases the protease
be decorated with

Trypsin treatment of the ghosts

resistant F-actin fibrils, which

heavy meromyosin,

as may extracts

to F-actin formation

Gratzer

(Tilney & Detmers, ibid.).

prepared from

Pinder, Bray and

(1975) have also examined the interactions of spectrin and

actin in vitro and conclude that the

effect

an

subsequently

powders of ghosts, and treated with KC1 in conditions favourable

acetone

has

may

on

high molecular weight spectrin

the polymerization of actin:

in their experiments

spectrin enhanced F-actin polymerization.
Various toxins and
but in few

clear.

cases

pharmacological reagents interact with actin,

only is the precise nature of the interaction at all

Cytochalasin B, from the fungus Helminthospovium dematioideum

(Aldridge et al. 1967), has been found to affect
processes

(Carter 1967), and the drug

(Spudich & Lin 1972), and
(Spudich 1973).
the cell

causes a

appears to

number of cellular

a

bind to actin

change in the morphology of F-actin

It may lead to the breakdown of actin filaments within

(Spooner & Wessells 1970; Pollack & Rifkin 1976), but it is not

clear that all

the effects of this

interaction with actin alone.

drug result from

Another

a

direct and specific

fungal animetabolite, the

cyclic peptide phalloidin, from the deadly poisonous toadstool Amanita
phalloides, seems to act
stabilize F-actin

against

as an
a

antagonist to cytochalasin B,

can

A curious relationship

also exists between actin and the nuclease DNase I:
I

it

variety of mechanically and chemically

disruptive agents (Low, Dancker & Wieland 1975).

DNase

as

(Lazarides & Lindberg 1974), and DNase I

depolymerization of filamentous actin,

as

well

as

actin inhibits

can cause

the

preventing the

polymerization of G-actin (Hitchcock, Carlsson & Lindberg 1976).
DNase binds

loc.

tightly to actin

monomers

(K

^

10

8

M

-1

;

The

Hitchcock et al.,

cit.) but the precise physiological function of such a droll

interaction is not

entirely understood:

it is not yet known to what

extent, if any, DNase I regulates actin polymerization in animal cells.

The distribution and

probable functions

of actin within the cell

It is difficult, at present, to

give

a

satisfactory account of

the distribution of actin within cells from microanatomical

evidence.

Preparations of cells made pervious with glycerine, decorated with
immersion in solutions of
for electron

heavy meromyosin and subsequently prepared

microscopy (Ishikawa, Bischoff & Holtzer 1969; Goldman &

Knipe 1973; Goldman 1975) yield results that do not wholly accord with
a

second set of

preparations.

with the reagent
then

The latter

are

prepared by fixing cells

formaldehyde, coagulating them in cold acetone, and

applying antisera to specific protein components (Lazarides &

Weber 1974, actin;

Lazarides 1975, tropomyosin; Lazarides & Burridge

1975, a-actinin; Weber & Groeschel-Stewart 1974, myosin).
first procedure,
elements

the actin filaments

in association with cell

seen as

rather short

(Abercrombie, Heaysman & Pegrum 1970)

extensions

antibody preparations, the filaments

loc.

mostly

lying peripherally, and mostly in close association with the

cell membrane at ruffled edges

running

are

In the

across

(Mooseker 1976).
appear as a

In the fluorescent

series of long streaks

the cell, beneath the cortex (Lazarides & Weber 1974,

cit.; Goldman, Schloss & Starger 1976) and they may form a

meshwork of fibrils

or

along apparent lines of stress.
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In the

there appear

caution.

case

of

glycerinated preparations for electron microscopy,

to be two main grounds for interpreting the results with

Glycerination (Szent-Gyorgyi 1949) is a mild extraction

during which much cellular material may be lost, and what

process

remains of the cell

contents may

have collapsed in

itself, to lie in

on

wholly unnatural relation to other intracellular elements, which in
vivo would not be

This applies particularly to such

juxtaposed.

flexible intracellular elements

as

actin fibrils.

The second

reason
#

for caution is that osmium tetroxide appears to
and may to some extent cause

Fujiwara 1975).

attack actin filaments,

their breakdown (Szamier, Pollard &

This could, in certain instances, lead to an under-

representation of actin filaments in material fixed and stained for
electron
to

microscopy.

With these reservations in mind, one can attempt

reconcile biochemical
In

and

microscopical information to

glycerinated preparations of dividing cells,

some

some extent.

authors

(Gawadi 1971; Forer & Behnke 1972) have claimed that they found
microfilaments present
interactions may

within the spindle, and suggest that actomyosin

be responsible for chromosome movement (Forer 1976).

However, cytochalasin B does not inhibit mitosis (Schroeder 1976),
and the very

mitotic

small number of microfilaments present in

or

about the

spindle, could easily be accounted for by 'glycerination

collapse';

they do not appear to make precise contact with the

kinetochore

regions of chromosomes, while there

are,

on

the contrary,

excellent

grounds, set out above, for believing that microtubules, not

actin

the active elements

loc.

are

involved in mitosis

(cf. Schroeder 1976,

cit.)
In

et al.

interphase cells both antibody stained preparations (Goldman

1975), and cells fixed with glutaraldehyde (Goldman, Schloss &

Starger 1976), show microfilament bundles aligned as "stress fibres",
which become

rearranged during cell motion

microfilament bundles have been shown by
at their

a-actinin

or

cell detachment.

Such

antibody staining to be held

point of attachment to the cell membrane by a plaque of

(Lazarides 1976) and similar 'dense bodies' are seen at

surface attachment

points in intestinal microvilli (Mooseker 1976)

and in smooth muscle cells

(Small & Sobieszek 1977).

The

occurrence

of microfilament bundles adjacent to the surface of attachment of
fibroblasts grown

in culture (Goldman et al. 1975) suggests that

bundles of this kind may
substrate adhesion
The

provide the motive force for breaking cell-

prior to forward streaming in cell locomotion.

finding (Rubenstein & Spudich 1977) of all three actins in chick

embryo fibroblasts, suggests to these authors that there may be more
than

one

give

a

kind of microfilament present

This might

graded calcium regulatory control, with 'quick' and 'slow'

microfilaments
More
et al.

in some bundles.

intermixed in

varying proportions.

interesting, perhaps, is the recent elucidation (Kersey

1976; Mooseker & Tilney 1975) of some microfilament polarities.

In the green

alga Nitella flexilis the direction of streaming is

opposite to that in which the heads of 'decorating' HMM arrowheads

are

pointing (Kersey et al., loc. cit.), and this is in turn away from
the
loc.

points of attachment at the cell surface (Mooseker & Tilney 1975,

cit.).

Similar orientations

are seen

in cell-cell contacts

(Goldman, Schloss & Starger 1976), and while these

are

being

established notable readjustments occur in the submembranous

microfilament system.
The overall

is that

a

picture of actin distribution within animal cells,

large amount of this protein is present peripherally, either
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in the form of microfilament bundles attached to the cell

membrane by

plaques of a-actinin, and running back from these within the cell
cortex, as polymeric protein attached to or incorporated
membrane in association with
as

into the cell

high molecular weight protein, or else

monomeric actin in the form of

a

subcortical

thixotropic gel.

Experiments with cytochalasin B indicate that actin may be actively
involved in the passage
& Allison

1972).

that

may

they

of material

across

the cell membrane (Orr, Hall

The flexible nature of actin microti laments suggests

function

as

pliant tension cords which do not

intrinsic ATPase, but with which,

instead,

a

carry an

variety of high molecular

weight myosin-like mechanochemical transducer molecules (associated
in bundles, or membrane

bound)

can

interact.

orientation of microfilaments suggests
intracellular termini
while

nearer

The polarity and

that close to their free

they should be associated with endocytosis,

to their membrane attachments

they could be involved with

exocytosis.
A

Because

comparison of actin and tubulin

impure preparations of microtubule protein, contaminated

with actin, were found to stimulate
& Renaud
some

of

1975), there

were a

myosin ATPase activity (see Alicea

number of early reports which suggested

degree of homology between the two proteins,

claiming they

were

even to

the extent

alternative aggregation states of the

protein (see Stephens 1970b).

For this

reason a

same

number of authors

(e.g. Stephens & Linck 1969) have compared actins and tubulins isolated
from the

same

It is
are

in

no

now

way

organism.
perfectly clear, (Table IV, p.
related, in spite of

77), that the two proteins

a recent attempt

(Alicea & Renaud
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TABLE IV
A

Rabbit

Comparison of Actin with Tubulin
PROTEIN

Rat
brain

Amino
acid

muscle
actin

| Lys

20

21

£His

9

12

2Arg

18

23

£Glu

26

67

Asp

22

50

SThr

27

Ser

24

Gin

12

Asn

12

lieu
; Leu

30

23

25

35

§Val

21

36

~A1a

29

37

<*Gly

28

40

2Jyr
Sphe

16

19

12

23

gTrp

4

6

Cys

5

11

1 Met

16

15

Pro

19

24

PROPERTIES

tubulin

Molecular

<

!

j

OO
■

•

weight

42,000

Bound metal

Ca

31

Disulphide bonds

None^

29

Free energy

•

Circular dichroism
studies:

•

Mg++++
(or Zn )
None

12 Kcals/M

G-actin

101

8

r

F-actin

2

-0.8 Kcals/M"

4°C11

37°C

29%

22%

0%

B structure

26%

23%

30%

30%

random coil

48%

48%

CO

o

l

D_

++4

++6

26%

a

helix

55,000

GTP5

ATP

of
polymerization

1

4

Bound nucleotide

GO

Tubulin

Actin

Met13

Asp12

N-terminus

Methylated amino
acid residues

3-Me His

14

None

(at residue 73)

o_

=

'

1

Elzinga & Collins 1973;

^Straub

A 2-ply,
stable^

Fibres

?

Eipper 1974;

70

250

A tubules,

labile^6

3

Weisenberg, Borisy & Taylor 1968;

^Stephens, Renaud & Gibbons 1967; ^Barany, Finkelman
& Therattil-Antony 1962; ^Elzinga 1970; 8Asakura 1961; ^Inoue & Sato 1967;
^°Murphy 1971; ^Ventilla, Cantor & Shelanski 1972; 12Alving & Laki 1966;
^3Luduena & Woodward 1975; ^Elzinga 1971; ^Depue & Rice 1965;
16

& Feuer

Porter 1966.

1950;

1975) to resuscitate interest in some possible homology, by suggesting
that the smaller 42,000 molecular

the

larger 55,000

molecular

m.w.

tubulin molecule by

of intra¬

some process

That this is not remotely likely is quite evident

pruning.

from circular dichroism studies
show that at

weight actin, might be excised from

(Table IV).

37°C, tubulin is almost wholly

Observations on tubulin
a

random coil protein

(Ventilla, Cantor & Shelanski 1972) whereas actin at the same
temperature (Murphy 1971) is almost entirely an a-helical protein.
is known
the

(Davies 1964) that secondary structure accurately reflects

genetically determined primary

sequence

of amino acids, so the

circular dichroism data indicate massive sequence
the two

It

proteins.

differences between

Direct confirmation of this is not possible at

present, for although the complete sequence of rabbit skeletal muscle
actin is known
has yet
no

one

(Elzinga & Collins 1973),

been obtained for

any

tubulin.

no

Indeed, it

kind of tubulin has been obtained in

indirect evidence

as

has been obtained

complete amino acid sequence
seems

probable that

complete homogeneity.

Such

(Stephens & Linck 1969; Fine &

Bray 1971) from the peptide mapping of actins and tubulins from the
same

organism suggest differences as large as would be expected from

the circular dichroism data.
Actin binds ATP and divalent calcium;

tubulin binds GTP and

magnesium (or perhaps zinc).

The free energy of polymerization of

actin is at least

magnitude higher than that of tubulin:

microfilaments
Toasmall

proteins:

order of

relatively stable, microtubules

extent there

are

similarities

reduction of temperature, while both

superprecipitated

as

are very

labile.

in kind between the two

the polymerization of each is reduced by

pressure or a
extents

are

an

an

increase of

are to

differing

gels by calcium; the differences in

degree, of response by the two proteins to each of these factors, is
however very

The intracellular distribution and function of the

large.

proteins is also quite distinct, as are the responses to pharmacol¬

two

ogical reagents.

Tubulin binds colchicine, and some microtubules may

disaggregate as a result of the action of this drug.

cytochalasin B, which

Actin binds

the ultimate breakdown of microfilaments

causes

in vivo.
In almost every

characteristic from amino acid composition and

structure, to nucleotide and metal binding, actin and tubulin are very

distinctively different proteins.
organization
differences

appear
more

Their intracellular function and

equally well contrasted.

clearly

seen

Nowhere

are

such

than in the various cells of the nervous

system.

iv)

Fibrous proteins in
The cell

and Schwann

a

(1839),

soon came

result of observations

neuron

cell

cells

theory, which evolved from the ideas of Schleiden (1838)

then known about the

was

nerve

body and its

into conflict (Gerlach 1871) with what

physiological function of
on

the meshwork of

processes

nerves,

largely

as

protein fibrils within the

made visible by staining with

molybdenum (Donaggio 1896), gold (Apathy 1897) or silver salts

(Bielchowsky 1902).
hung

on copper

twitched
that

a

Galvani's observations (1791) that frogs' legs,

hooks from

a

railing outside his house in Bologna,

spontaneously whenever the breeze caused them to swing

toe came

into contact with

one

of the iron

so

uprights of the

fencing, led him to conclude that muscular contraction might be induced
by

an

electrical

process.

He further showed (Galvani 1792) that

application of

an

electric current to a nerve, resulted likewise in a
From this he deduced that

muscular twitch.

conduct electrical

nerves

impulses which in turn stimulate muscles and cause their contraction.
From what

learnt in the nineteenth century,

was

that electrical

conduction

it seemed clear

required the physical continuity of elements

along which the current passed, especially when these

were

of small

diameter.

It

and others

(supra) published their silver staining procedures and

showed

was

perhaps understandable that when Bielchowsky (1904)

wiry ramifications of neurofibri11ae passing from the

dendrites round the cell

body and along the

axon,

(1897) should conclude that the neurofibrillae
elements
this

workers like Apathy

were

the conducting

carrying the electric current through the nervous system.

were

so,

then, Apathy concluded, the neurofibrillar net must be

continuous, and the
continuous
Had

If

nervous

system must itself be a physically

syncytial reticulum, to

Apathy known what

assure

was common

electrical continuity.

knowledge to contemporary

physicists, that electrical charge is always densest at the outer
convex

surface of maximum curvature of

construction of the

van

der Graaf

a

structure,

(the principle of

generator), his ideas might have

seemed less

likely to him.

origin of

great controversy which in fact proved a most valuable

a

stimulus to

As it

was,

this misunderstanding

was

the

sorting out and accurately defining the rich store of

facts, about the cellular structure of
introduced metallic

nervous

tissue, that the newly

staining techniques provided.

Cajal (1888), against a wealth of seemingly reasonable evidence
adduced

by Apathy and Camillo Golgi, refused to accept that the

nervous

system was composed of anything but discrete cells, and thus

upheld with invincible obstinacy, the ideas previously put forward by

the inventor of the microtome, His

silver dichromate
would stain in

nothing"

way

a

(1888).

Cajal, using Golgi's (1873)

procedure, found that only
piece of tissue, in

few

a

neurons at a

time

analogous to the "all

a manner

in which electrophysiologists observed that

neurons

or

fired

(Adrian 1932).
The nets

versus

cells

dispute achieved its undignified nadir in

1906, when at the Nobel presentation Golgi stressed in his lecture
the

complete lack of evidence supporting the independent

neuron

hypothesis, and Cajal in his talk which followed immediately after,

bluntly retorted that the reticular concept of the
wholly without foundation.

Cajal

nervous system was

right, because he based his

was

argument on such factors as the response of single neurons to injury.

Golgi
from

of the light microscope.
with the

the basis of what could be established

A complete solution of the question

discovery of the chemical nature of transmission at most

(Loewi 1921*, for adrenergic

synapses

for

wrong on

exclusively anatomical observations, using the limited resolving

power
came

entirely

was not

cholinergic

junctions;

von

synapses

in the frog; Dale 1934,

synapses

in sympathetic ganglia and at neuromuscular

Euler 1946, for noradrenergic synapses in mammals), and

by the demonstration in the electron microscope that cell boundaries in
neurons

the

were

membrane limited to

body (Palay & Palade 1955).

give discrete cells

The fact that

shows all

provides
is

the features of normal
a

a

appropriate buffer

an

'electrical conduction'

nervous

function of events at the outer membrane surface

(Baker, Hodgkin & Shaw 1962), where membrane depolarization
channels for the passage

of ions,

neurofilaments directly as
*Loewi 0.

axon

neurotransmission when stimulated,

practical confirmation that

principally

elsewhere in

squid giant

a

emptied of protoplasm and filled instead with

as

so

that

one

opens

need not invoke

"conducting elements".

1921 Pflugers Arch. ges. Physiol 189:
Ubertragbarkeit der Herznervenwirkung."

239 "Qber humorale

As the fibrillar net stained

by silver methods is apparently not

primarily concerned with the conduction of the nerve impulses, one is
led to ask first whether it is in fact

(if it is), then what does it do?

a

real

structure, and second

There is a variety of evidence that

points to the real presence of fibrillar structures in live nerve;
there

are

also strong

fibrillae is

one

suggestions that the physiological role of the

of great

importance,

as

disturbances in their

arrangement are associated with gross nervous malfunction.
Striated

birefringent structures were observed by Goth!in (1913)

in the teased

nerves

from the

animal.

same

in live chick

of the lobster, Homarus, mounted in
Other observers have

seen

body fluid

similar structures

ganglion cells in tissue culture (Weiss & Wang 1936),

and in sciatic

nerve

preparations from frogs, and dogs (Schmidt 1937).

Quantitative estimates on squid giant axons (Bear, Schmitt & Young

1937) suggested that the structural birefringence was only about 1/30
of values found in muscle:
axon

a

that is to say

is loose knit, with rather few

rather thin watery

axonal

function.

'neurofibrillae'

matrix,

a

that the structure of the

longitudinally oriented fibres in

significant composition in terms of

Evidence of the kind cited is sufficient to show that
are

real

structures

present in live nerve.

It also

suggests that the elements seen by silver staining procedures are
likewise

representative of something real in the living cell.

The German
silver

staining procedure observed in formalin fixed post-mortem

material
fibrils
in

an

neurologist Alois Alzheimer (1907) using Bielchowsky's

from dementia
was

patients, that the regular meshwork of

profoundly disturbed:

neuro¬

instead of the fibrillar net passing

orderly fashion around the neuronal nucleus, and along the

dendrites and axons, there were instead extensive

tangles of fibrous

83

material

in many

That

a

is,

fibrils'

3

morphological disturbance in the regular array of 'neuro¬

was

the mental

of the neurons of patients with presenile dementia.

associated with

a

profound physiological disturbance of

apparatus of his patients.

that the fibrous elements of the

This

nervous

was

the first real hint

system might indeed play an

unusually important role in the overall function of the nervous system,
though it

was

already clear that the fibrils

were not

electrical

conducting elements.
To understand the

and

nerve

one

probable nature of the fibrous elements in brain

must look more

closely at recent information

tubules, intermediate filaments and actin in these tissues.

on

micro¬

Then

one must

try to set this in the perspective of the biochemical and physiological
functions of the
The

elements

principal fibrous proteins in brain and

be

can

nerve.

The principal fibrous proteins in nerves and brain, their
distribution and

In the work

probable functions

reported

gold stained preparations
aid to

electron

3

on

here, in the "results" section, silver and

were

examined in the light microscope as

interpreting fluorescence images.

information could be

now

in other organs and other organisms.

following section tries to summarise what is known and what

deduced about the

v)

same

An

makes

patients.

microscopy

A great deal of additional

gained from electron micrographs.
was

an

done in this study, it

may

be

As
a

no

original

help to

improvement (vonBraunmuhl 1929) of the Bielchowsky technique,
it much easier to observe

neurofibrillary changes in dementia

summarise

some

They, too, help the

published results at this point.

interpretation of subsequent fluorescence results.
The main features of the ultrastructure of the cellular elements
of

nerve

and brain have been known for about

1968; Wendell-Smith, Blunt & Baldwin 1966).
identified

the basis of heavy

on

decade

a

(Sotelo & Palay

The cell types first

metal staining procedures (Golgi

1886; Cajal 1916; Rio-Hortega 1921; Rio-Hortega & Penfield 1927), were
examined in the electron
manner,

microscope after treatment in the classical

(Fegerslev et al. 1971; Vaughn & Pease 1967; Kruger & Maxwell

1966; Mori & Leblond 1969a), and a similar approach was made to the

investigation of the staining of special organelles such as the zinciodide-osmium

modified by

procedure for 'boutons terminaux1 of Champy (1913) as

Mail let (1959; Akert & Sandri 1968).

A summary
for

of the information gained in this way, provides a basis

discussing other information about the distribution of fibrous

proteins in brain and

nerve.

By subsequently referring these data to

the framework of what is known from other systems, one can
see

what the

probable functional significance of the fibrous proteins

is with

regard to the physiology of

One may

begin with

a

nerve,

some

fibrous
an

and,

more

especially, brain.

description of the ultrastructure of glia, before

turning to the fine structural anatomy of
by

begin to

neurons.

This is followed

information about special aspects of the biochemistry of brain

proteins.

The section concludes with

a summary

which attempts

interpretation of the function of fibrous proteins in brain and

nerve.
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a)

Fibres in glial ultrastructure
Astrocytes

The observations

by Cajal (1916) on brain, fixed in formalin-

ammonium bromide and stained by
that astrocytes
There

was

contained

his gold-sublimate procedure, suggested

large amount of finely fibrillar material.

a

much of it in astrocytes

so

termed fibrous astrocytes,

of white matter that they

whereas the astrocytes of grey matter

contained rather less fibrous material

extensions,

Electron
Peters

gold

they

so

and had rather broader

cytoplasmic

called protoplasmic astrocytes.

were

microscope observations (Vaughn & Pease 1967; Vaughn &

1967) show that the Cajal staining procedure (Fig. 4) deposits
the intermediate filaments about 80 A in diameter, with

on

slightly lighter staining

core.

about the nuclear

envelope.

fibrous astrocytes
of the nuclear

some

Protoplasmic astrocytes have round nuclei,

The cytoplasm of well fixed cells is not

watery, though organelles are sparse.

The Golgi apparatus lies in the

perikaryon at the base of the broadest cell

Immature

clumping of the chromatin

tend to have irregular nuclei, with deep infoldings

envelope.

associated with

a

Astrocyte nuclei in electron microscope

preparations stained palely, and showed

mature

were

some

process,

and is often

neighbouring rough endoplasmic reticulum.

astrocytes have many microtubules, and the cytoplasm of

astrocytes contains some microtubules in addition to the

intermediate filaments.
In grey matter
to wrap

(Peters & Palay 1965) astrocyte

processes are seen

round synapses, and in addition, several processes may come

together to form

a

fibrous astrocytes

lamina.
have

more

In white matter (Peters & Palay 1966),
rounded processes, and form thicker

i\

Fig.

astrocye

gold-subimate

Cajal
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Ben ath

laminae which separate nerve

and/or cell bodies

come

fibres into bundles, while processes

together beneath the pia and round blood

vessels, forming a 1g1ia limitans1.
Studies

on

astrocyte-astrocyte contacts (Brightman & Reese 1969)
o

show that these may

between the

take the form of

gap

apposed leaflets, which in

junctions with 20-30 A

spaces

places are held together

some

by desmosomes.
Astrocytes appear to differentiate before oligodendroglia (Vaughn

It is interesting that following some types of nerve injury

1969).

(Watson 1972) astrocytes, likewise, seem to be the first type of glia
to show

definite response.

a

In addition to their rich

supply of intermediate filaments, and

their moderate endowment with microtubules, astrocytes are

with

appreciable amounts of glycogen.

material

in well-fixed electron

This

supplied

granular

appears as a

micrographs (Vaughn & Peters 1971).

01igodendrocytes
Oligodendrocytes

(Tsujiyama 1963) and
discovered
Maxwell

are
were,

or

perhaps for that

(Rio-Hortega 1921).

1966), oligodendroglia

cytoplasm, the density
round

rather sensitive to post-mortem changes

oval

as

dark

reason,

late in being

In the electron microscope, (Kruger &
appear as
as

(conic sections of

cells with

a

that of the nucleus.
an

dense staining
The nucleus is

ellipsoid), often eccentric in

position, and with the chromatin markedly clumped next to the nuclear
envelope, while there

are

often

some

The cisternae of the nuclear
those of the

dark patches in the karyoplasm.

envelope

are

clearly visible,

as are

Golgi apparatus and the rough-endoplasmic reticulum

(Mugnaini & Walberg 1964).

There

are many

free ribosomes

as

well as

those attached to
are

rough endoplasmic reticulum.

Stubby mitochondria

present, and there are multivesicular bodies and dense bodies

comparable to the lipofuscin bodies of neurons.
Intermediate filaments and

1968).

glycogen

are scarce

(Sotelo & Palay

There is an abundance of microtubules, so that oligodendroglial
sometimes look like dendrites in the electron microscope,

processes

except that these glial processes have a darker staining cytoplasm

(Wendell-Smith, Blunt & Baldwin 1966).
As
tend to

oligodendrocytes become active, the nuclear chromatin clumps
disappear, while

a

prominent nucleolus

appears,

and there is

marked increase in the number of microtubules, the amount of

a

rough

endoplasmic reticulum, and the number of mitochondria (King 1968).
Although there

are

immediately adjacent to
to

considerably

Leblond
rat

more

1969b).

optic

nerve

postnatal day

relatively small numbers of oligodendroglia
neurons,

in

nerve

fibre tracts they

than 60% of the total glial population (Mori &

01igodendroglia develop late.

nerve

Thus in the developing

(Vaughn 1969) while 70% of the glia on the first

are astrocytes,

the oligodendroglia do not begin to

proliferate in number until postnatal day 7.
of

may amount

Following certain types

injury (Watson 1972), the oligodendroglia also respond later

than the astrocytes.

Microglia
"Microglia"

are

small

mossy

cells with

an

oval nucleus that is

densely stained by silver methods for light microscopy (Rio-Hortega

1932).

Microglia become abundant about 4 days after brain injury in

the rabbit

(Russell 1929), and they take

but not when

they

are

resting.

up

trypan blue when active,

In the electron

microscope (Vaughn & Peters 1968; Mori & Leblond

1969b) they appear as cells with spindle shaped, more or less irregular
nuclei

that contain

large chromatin clumps.

The cytoplasm is less

dense-staining than that of oligodendroglia, there
and there
the

axes

are

are

few microtubules,

long ribbons of smooth endoplasmic cisternae running along

of the cell

processes,

"microglia"

are

which

may

possibly act

as secretory

channels.
The

most abundant at about day 9 in the injured

nucleus, following axotomy of the hypoglossal nerve in the rat

(Watson 1974a).

b)

Fibres in neuronal ultrastructure
Wuerker and

Kirkpatrick (1972) have summarised much of what is

known about the distribution of filaments in

shows that while microtubules
in the

of

axons

myelinated

hypoglossal nucleus) there
rather

are

nerves,

are

neurons.

Their survey

abundant in the neuronal

(such

as

dendrites,

those issuing from the

smaller numbers of microtubules, and

neurofilaments, which tend to be arranged peripherally

more

in clusters.
The intermediate filaments
often with

a

to terminate

spiral

course

(neurofilaments)

along the

axons

(Wuerker & Kirkpatrick 1972), and tend

in wreath-like arrays

(Guillery & Gray 1961).

pass

inside the boutons terminaux

It is probably the deposition of metal onto the

intermediate filaments that

causes

the

staining reaction of the

Champy-Maillet (Fig. 5) zinc-iodide-osmium procedure (Akert & Sandri

1968).

Large

neurons

(D. E. Smith 1971).

tend to contain large packets of neurofilaments

90

Fig. 5

Champy (MaiMet) Rat Hypoglossal Neuron

bt:

small

BT:

large (inhibitory) boutons terminaux

(stimulatory) boutons terminaux

Original photograph from preparation by Dr. R. Cull.

Most

electron

neurons

cannot be fixed

microscopy:

brain to allow

properly with glutaraldehyde for

there is too much fatty membrane and myelin in

adequate penetration of the fixative.

however, the whole of the central

(Bertolini 1964).

In lampreys,

system is unmyelinated

nervous

Perfusion of the lamprey nerve cord with buffered

glutaraldehyde, yields beautifully fixed material (Smith, Jarlfors &
Beranek 1970;

cholinergic
and

D. S. Smith 1971; Smith, Jarlfors & Cameron 1975).

nerves

In

the vesicles are often round, and resemble in size

morphology the synaptic vesicles characteristic of nerves of this

type.

In adrenergic nerves, the vesicles tend to be flattened or

pyriform, like synaptic vesicles in
Microfilaments
Wessells

are

abundant in

nerves

growth cones (Yamada, Spooner &

1970) and the application of cytochalasin B (Wessells et al.

1971) stops the movement of the growth
found

of this second kind.

cone.

Bray (1973b) has also

large numbers of microfilaments in growth

cones

(Bray 1970, 1973c;

Bunge 1973a,b), and interprets their function in an interesting way in
relation to the mode of action of the

c)

growing

nerve

tip.

Some biochemical characteristics of the fibrous protein in brain
Microtubules and tubulin

The identification of

crossbridges from microtubules to cell

organelles, in well fixed lamprey

nerve

followed by the identification of dynein
tubulin associated ATPase,

cord (D. S. Smith 1971) has been

(Gaskin et al. 1974), the

from vertebrate brain.

whether the dendritic microtubules bear

arms

to the

It is not yet clear
same

extent

as

axonal microtubules, or whether the tubulins of axon and dendrite
are

different.

For

time, rapid transport along axons has been associated

some

with microtubule function

as

the fast transport component can

eliminated by colchicine, or its
colcemid
no

less cytotoxic methyl derivative

(Marchisio, Aglietta & Rigamonti 1973).

effect

on

be

Cytochalasin B has

rapid transport (Banks, Mayor & Mraz 1973).

Recently (Walters & Matus 1975) a major protein of molecular
weight 54,000, which comigrates in electrophoresis with tubulin, has
been found to be

a

major component of the membrane structure at

The protein also appears to share antigenic

synaptic junctions.

determinants with tubulin
tubulin
to

being

(Matus 1975).

It would appear, then, that

(rather like actin) is in part a membrane protein in addition
a

There

principal agent in the rapid transport system in
are

conflicting reports concerning the phosphorylation

Eipper (1972)

(Goodman et al. 1970) of microtubule proteins in brain.
found that

one

nerve.

rat brain tubulin subunit carried a

phosphoserine

residue, but her work suggests that the protein kinase activity is
not intrinsic to tubulin.
no

A later report

(Solomon et al. 1975) found

phosphoserine in tubulin from calf brain, but noted that there

might have been

some

phosphatase

It is distinctly possible that phosphorylation,

.

contamination of their preparation with

transphosphorylation and dephosphorylation
hitherto

may

play

an

important and

unrecognised role in the function of brain microtubules.
Skeletin and intermediate filaments

Although early reports (Wuerker & Palay 1969) based
microscopy suggested
and neuronal
and

a

on

electron

morphological difference between glial (square)

(round) intermediate filaments,

more recent

immunological

analytical studies (Shelanski, Yen & Lee 1976; Small & Sobieszek

1977) suggest that the proteins from both sources are identical, or
very

closely similar.
It also appears

(Lasek & Hoffman 1976) that a large part of the

protein transported slowly, at from 1-15 mm per day in mammals, is
neurofilament

protein.

low molecular

weight component at 51,000, but shows peaks close to

Direct gel analysis of this material shows

200,000, 145,000 and 70,000
from active nerve,
from

instead.

m.w.,

This direct gel information

strengthens the impression that reports on skeletin

higher organisms, have until

fragments only.

no

now

been dealing with proteolytic

This leaves much to be done before one

can

begin to

study the biochemistry of brain skeletin effectively.
One aspect
In smooth muscle

fine-structural
were

of intermediate filament function is worth comment.

(Small & Squire 1972) early electron microscope
studies seemed to indicate that the

supported by 100

A

filaments.

myosin ribbons

Because tryptic digestion of

detergent treated cells destroys the intermediate filaments, without

abolishing the muscle function (Small & Sobieszek 1977) these authors
conclude that intermediate filaments do not

directly support the myosin

A

ribbons.

This is not

filaments

might well be needed for the correct alignment and orienta¬

tion of the
were

might

held in
no

a

strictly logical conclusion:

the 100

myosin molecules during cell differentiation, but

once

they

register by actin fine filaments, the intermediate filaments

longer play

this alternative

an

essential

or

active role in contraction.

If

hypothesis is correct, then it is altogether possible

that skeletin should be

regarded

as a

myosin 1register-protein1,

analogous to the C-protein of skeletal muscle (Offer 1973) which it may
resemble in molecular
this is so,

then

one

weight (140,000) and other characterisecs.

If

might expect that intermediate filaments should

94

be associated with

be that

one

a

myosin-like ATPase in non-muscle cells:

should examine the 200,000 molecular

fast transport

it

may

weight component of

material (Lasek & Hoffman 1976) as a candidate for

this role.

Actin

Non-muscle actins

are

out for minced skeletal

until

now

provided

a

of actins from other
actin

included

not

muscle

adequately extracted by methods worked

(Clarke & Spudich 1977), and this has

serious obstacle to the isolation and purification
However, non-muscle actins, and brain

sources.

(Fine & Bray 1971),

residues in their amino acid

(Lindberg et al. 1976) and

appear to

differ in only a few

composition from skeletal muscle actin

appear to

be closely related

immunologically.
identified in fibroblasts

Of the three actins

(Rubenstein &

Spudich 1977), the most acid (a-actin) comigrated with cardiac and
skeletal

muscle actin.

The most basic

(y-actin) comigrated with

smooth muscle actin, and the most abundant actin

fibroblasts

was

the intermediate

the most characteristic actin
seems

species present in

mobility g-actin, which

seems

to be

subspecies of non-muscle tissues.

It

probable that brain actin is most closely related to B-actin

(Lu & Elzinga 1976).
In terms of distribution within the
known from the ultrastructural
that actin and microfilaments

nervous

system, it has been

studies of various workers
are

very

while the work of Goldman, Schloss, and

(vide supra)

abundant in axonal growth

cones,

Starger (1976) on cell contacts,

suggests that there should be large amounts of actin in points estab¬

lishing synaptic contact.

Using HMM decoration of cultured

neuroblastoma cells
there is

a

(Chang & Goldman 1973) it has now been found that

significant amount of actin present

on

the internal surface

of the axolemma.

d)

The probable functions of fibrous protein arrays in brain
There has been

microtubules

in

one

recent discussion

as

to the role of

rapid (5-8 ram/hr) axonal transport based on experiments

with colchicine
in this work

some

(Byers 1974).

The concentrations of colchicine used

(nearly 3 mgms/ml) are so great that they exceed by about

thousandfold the doses

assembly (^5 yg/ml).

normally used to prevent microtubule

As colchicine is a highly cytotoxic drug, it is

hard to interpret events in experimental conditions which are

very

anything but 'physiological'.
et al.

with

Almost all other workers (see Dahlstrom

1975) find that low doses of colcemid and vinblastine interfere

rapid transport in

mediated is made

more

nerve.

That this

process

is microtubule

likely both by the morphological evidence that

synaptic vesicles, known to be carried in the rapid transport component,
are

seen

to be

crossbridged to microtubules, under favourable conditions

(Smith, Jarlfors & Cameron 1975), and by the fact that growth
movement

continues, but

tion of colchicine

or

nerve

colcemid

fibre extension

to be
are

a

common

after the applica¬

(Yamada, Spooner & Wessells 1970).

The involvement of microtubules in the

from the site of

ceases

cone

rapid transport of material

synthesis to points where exocytosis

occurs, appears

phenomenon in secretory cells (vide supra), and nerves

secretory par excellence whether secretion occurs in the form of

neurotransmitter release at
hormone from

nerve

synaptic junctions,

or as

terminals into vascular space.

the liberation of

The extent to which

microtubules

directly involved in synaptic vesicle release is not

are

altogether clear.
in the presence

The finding by Gray (1975) that synaptosomes fixed

of bovine

indicate the actual

serum

albumin have microtubules in them, may

of microtubules in synaptic endings in

presence

vivo, but it may also be the result of the chelation of local calcium

by the albumin (cf. Edsall & Wyman 1958) to a level at which micro¬
tubules will
The

polymerize de

If the dynein bridges attached to the tubules, interact

'armless'

then not

from free protein.

finding of microtubule protein in synaptic membranes is also

interesting.
with

novo

tubulin subunits included in the

only does

one

have

a

synaptic vesicle wall,

situation analogous to that in the

flagellar doublet (where 'arm-bearing' B-tubules interact with
'armless'

units

on

the A-tubules via dynein

bridges), but

one

would

expect that as synaptic vesicles empty into the synapse cleft, vesicle
components would become included in the synaptic membrane.
that

The report

synaptic membranes do contain large amounts of tubulin (Matus

1975)

may

be

a

direct

of synaptic vesicle transport by the

consequence

microtubule system.
The fact that neurofilament
the

axon

assemble

along the

as

protein

appears to

be carried along

part of the slow transport system, suggests that it may

proximally, and rely
axon core

upon

fast protoplasmic streaming set

up

by the microtubule system for its alignment.

This would account for the observed effects of intermediate filament
accumulation
The

following drug treatments disruptive of microtubules.

likely polarities of the neurofilament system

If,

as

are

aligned

seems

intriguing.

are

to be the case in systems observed so far, actin filaments
so

that distal attachment sites allow interactions which

would tend to carry

myosin components centrifugally, then

a

myosin
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head carried

limited
a

by an intermediate filament, and acting on a membrane

particle with actin in its surface would be predicted to impart

centripetal force to it.

that the

reverse

acted upon

In that case, it is distinctly possible

motions of particles observed within neurons are being

by two separate fibre systems:

centrifugal motion imparted

by microtubules, and centripetal motion by the intermediate filaments.
Interaction between actin in the cell membrane and

by the 100

A

intermediate filaments could result in peristaltic pulsing

of the type seen

in time lapse photography of both glia and neurons

(Weiss 1972; Pomerat 1952; Lumsden & Pomerat 1951).
tion of microfilaments accords
with

myosin carried

The known orienta¬

perfectly with the model of Bray (1973b),

endocytosis occurring at the base of the growth

transfer of membrane vesicles to the

and the

cone,

growing tip where they become

The position of actin as an overwhelmingly important

exocytosed.

component in a variety of membranes makes it likely that this fibrous

protein is largely involved in membrane mediated
directions

across

the cell

It would appear

boundary, in

both within the cell

vi)

elsewhere.

that the principal role of most of the fibrous

proteins in brain is that of providing

one

nerve as

in both

processes

and

across

a

the cell

series of transport systems,
membrane.

Disruption of

system may result in acute nervous disorder.

An experimental system for investigating the role of
fibrous

protein in brain

Much of what is known of the function of the

nervous

system in

general, and of the brain in particular, has been gained from
of

any

changes consequent

localisation of the

upon

lesion.

In

many cases,

such

as

a

study

the

specialised control centres (Penfield & Roberts

1959), the information has come from the study of patients, in neuro¬
surgical
or

suffering from damage due either to mechanical accident,

care,

to disease

(such

as

the disturbance produced by a localised tumour).

Experimental injury to
about

became doctor to the

forms

a

second

The Levantine Greek, Nikon

function.

nerve

nerves

source

of facts

(130-200 A.D.)

gladiatorial school in Pergamon where he had

ample opportunity to observe serious accidental injury to spinal
of the kind which led him to conclude that there might be a

nerves,

segmental arrangement, with separate motor and sensory

(Voiculescu & Steriade 1963).

organ

Nikon became

sobriquet Claudius Galenus (meaning Claud Gentle),

later

generations have usually referred to him

Rome, Galen tested his ideas
nerves

After taking Roman citizenship,

He also acquired the possibly

Septimius Serverus.

sardonic Latin

that

by experimental section carried out

observations by the

on

a

donkeys using

posterior

on

the

nerve

system.

(1810) extended these

a

through lesions

number of experiments

section to investigate function, and he (1821,

and anatomical

nervous

In

pigs (Voiculescu &

sensory roots,

needle; Bell also carried out

1822a) and Magendie (1822) cleared
functional

Galen.

discovery of the natural division of the spinal

into anterior motor and

produced with

as

the arrangement of sensory and motor

on

Steriade, ibid.)Sixteencenturies later, Bell

nerves

to each

personal physician first to Marcus Aurelius, then to the

Roman emperor

so

nerves

up many

questions concerning the

arrangement of the various elements composing

Magendie in

some

of his work, used unilateral

section, and compared function on the damaged side with unimpaired
action

on

the side

Waller
function

opposite.

(1850) introduced

a new

element into understanding

following experimental section.

He showed that after

nerve
a nerve

cut, the distal

was

tion

following

portion degenerated,

that microscopical examina

so

lesion could be used to study the physiological

a

arrangement of the nervous system in frogs (1852a) and cats (1852b).
Waller concluded that there

subsequently

was

a

"nutritive centre", identified

the cell body, which in the case of the anterior root

as

resided in the

spinal cord, but in the

located in the

spinal ganglion.

Waller had begun
in

nerve

by making bilateral sections of the hypoglossal

This is tolerable for

frogs.

of the posterior root was

case

a

frog in winter, when it is

hibernating underwater, and respiration is through the skin.
summer

so

it is not tolerable, for

rib movements would not fill

gulping air into the lungs by
section of the

hypoglossal

therefore fatal

in

summer.

axotomies of the twelfth
intracranial
conditions

in

in such

vex

a

animals subjected to
Bell

thoracic diaphragm

of tongue movements.

the motor

nerves to

Comparison of the effects on one side with

(unaffected) side, seemed to offer the ideal
same

animal.

on

Individual

comparisons between one animal and another should
system, and it offers economy in the number of

experiment.

His dislike of Magendie

unnecessary
was

influenced

degree by the unfeeling attitude which the French

(Gordon-Taylor & Walls 1958).

experiments

the tongue, is

performed unilateral

(1822b) quite rightly objected to performing

considerable

Bilateral

(which is extracranial in frogs,

physiologist appeared to disply in his
work

a

breathing must be done by

Waller therefore

experiments which caused pain.
a

means

lungs:

experiment and control in the

differences that
not exist

the

nerves,

nerve

mammals).

the other

on

situation of

to

frogs do not have

In

very

Bell's

unpleasant experimental
own

attitude

was

that

live subjects should only be carried out if there

100

was

no

alternative method of

obtaining the information he

required.
Section of the

hypoglossal

in mammals is well tolerated

nerve

by the animal, and does not appear to cause marked discomfort.
is also

a

wealth of information about the events which follow

In the rabbit (BrattgSrd, Edstrom

hypoglossal axotomy (Watson 1974a).
&

There

Hyden 1957), following a unilateral crush of the hypoglossal nerve,

it grows

back out to reestablish muscular contact within about three

weeks, during which period there is a doubling of the RNA content in
each

neuron

level

to a

close to 4x10

of intraneuronal

increased level

^

while there is

gms,

protein which shows

a

a

much

maximum rate of

change between days 4 and 7, and reaches a maximum level during the
seventh week after axotomy.
In mice,

section of the hypoglossal generally leads to nerve

degeneration and the death of most of the
nucleus

(Watson 1965).

responses

an

neurons

maxima at

sequence

of

the astrocytes(Watson 1972), show a biphasic

increased synthesis of RNA, incorporation of thymidine

into nuclear material

adjacent

in the hypoglossal

In rats, there is an interesting

(Watson 1974a):
with

response

neurons

(Watson 1965), alteration of their adherence to

(Watson 1966a), and cellular hypertrophy showing

days 4 and days 30 (Watson 1972); the oligodendroglia

present a somewhat similar set of biphasic changes, with a slight
initial

response,

the

neurons

dry

mass

followed by

a

larger

(Watson 1968) indicate

a

response

series of responses in terms of

and RNA content which culminate in

and numbers of

(Watson 1974a).

between weeks 3 and 8;

a

microglia appear at about day 8

maximum by about day 17;
on

the operated side
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What is

perhaps most significant in the pattern of

following axotomy of the hypoglossal

responses

in rats, is that there

nerve

are

changes in the dendritic field of the hypoglossal neurons (Sumner &
Watson

1971) and in the number of boutons

(Cull 1974):
the

the dendritic field undergoes an initial contraction on

operated side, and there is

a

reexpansion of the field and the

withdrawal of boutons, followed by
reappearance

muscular contact is reestablished by the
There

three weeks.
The

are

two main

large boutons (Fig. 5,

p.

flattened vesicles in electron

90)

and go

in

It is the small,

the

capacity of the

and the storage
to

change

are

that accompany

measure

are seen to

significant.

contain
are

contain round
come

It is likely that

system for self-modification, adaptation
no

the

small extent in its ability
way.

changes in fibrous protein concentration

the known cellular responses to axotomy, one might learn

much about the formation and maintenance of
other cells,

seen to

(Sumner 1975a).

of experience resides to

could

one

at about

The smaller boutons

modify its intercellular connections in just this
If

nerve

inhibitory and are

micrographs.

are very

nervous

regenerating

neuro¬

stimulatory, boutons which appear to

response to axotomy

These kinds of

of boutons when

a

types of bouton involved (Sumner 1975a).

stimulatory, and in electron micrographs
vesicles.

the neuron cell bodies

on

synaptic connections:

in

fibrous proteins are indeed the principal elements involved

in the maintenance of shape, the

control of cellular extension, and the

transport of material within the cell.

This would still leave the

problem of determining in which cells the protein changes occurred.
Successful

solution of this second stage of the

subsequently allow
and the way

some

insight into the

question might then

processes

of

synapse

modelling,

in which circuitry is established and maintained within the
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nervous

of the

system, using as a basis for interpretation what is already known

physiological and biochemical roles of the relevant fibrous

proteins.
It

was

decided, for

reasons

discussed below, that the protein

changes might be measured by polyacrylamide gel electrophoresis, while
the identification of the intracellular location of such

changes could

possibly.be made by raising antibodies against individual fibrous
proteins, and using immunofluorescence microscopy for the second stage
The

of the research.

the obex seemed

a

hypoglossal nucleus of the male rat rostral to

peculiarly favourable subject for such

an

investiga¬

tion, for in addition to the wealth of background information about
the
p.

changes caused by axotomy, it is a compact structure (Fig. 6,

103), with of the order of 7,000 neurons, that can be readily

dissected out whole

(Watson 1976).

The hypoglossal nucleus predomin¬

antly contains large neurons, which supply a largely motor nerve
with

myelinated fibres of

7 to 9pmin diameter
some

a

(Haggqvist 1938; Kirkpatrick 1968).

afferent fibres in the

but in

general it is

rather homogeneous type, mostly with axons

hypoglossal

a motor nerve

nerve

There are

(Green & Negishi 1963),

that supplies muscles giving

mobility to the tongue (Fig. 7, p. 105).
For technical

limited to
This is

reasons,

looking at changes occurring within the hypoglossal nucleus.

unsatisfactory in

examining

the investigation described here was

a

closed system:

of the cells'

mass,

apply to studying

some ways, as

means

information from the

is excluded.

any one part

Some of the limiations of this

However, the

of the

nervous

that

one

is not

nerve axons, some

same

75%

criticism would

system in isolation.

approach will be considered further, in

the discussion that concludes the

study.

it

description of the work done in this
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Fig, 6

GOLGI

(COX) RAT MEDULLA

L. HYP. NUCL.

L.

HYP.

NUCL.:

left

hypoglossal nucleus

Original photograph from preparation by Dr. B. E. H. Sumner.
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vii)

Experimental approach and instrumental limitations
Many of the events following hypoglossal axotomy in the male rat

have been

previously worked out by members of the department (Watson

1965, 1966a,b,c, 1972, 1974a,b; Sumner 1974, 1975a,b; Sumner &
Sutherland 1973; Sumner & Watson 1971; Cull

department possessed

one

1974, 1975).

The

MSE High Speed centrifuge, an SP. 500

spectrophotometer, interference and fluorescence microscopes, and an
old A.E.I,
The

electron

microscope, but

project, to

no

other biochemical apparatus.

changes in tubulin and actin following

measure

axotomy could not therefore rely to any extent on scintillation

counting,

or

separations using chromatographic

or

ultracentrifugal

techniques.
However, I

was

fortunate enough to learn that the Scottish Blood

Transfusion Service had suffered

premises at Liberton, and that
would for that
Service most

interim

reason

some

building delay in moving into

gel electrophoresis equipment

by lying in store for several months.

kindly allowed

period.

a

me

The

the use of this equipment during the

I was able to obtain gel scanning facilities in the

department of Molecular Biology for which I thank Professor K. Murray
and Dr.

R.

Glass.

Approximate calculations suggested that from
of 1

mgm.

proteins.

mass, one

a

hypoglossal nucleus

should expect about 13% (130 yg) to be composed of

The published results suggested that

a

large part of this

protein (up to 50%) (65 yg) should be structural protein, and that in
some

conditions such

as

nerve

development the amounts of tubulin and

actin, might make up a large bulk (nearly all of it in developing
chick nerve, vide

supra) of this structural protein;

say

15

yg

of each
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Fig, 7
Lateral

view of rat head,

showing position of hypoglossal nucleus

HYP. NUC.

hyp.

NUC.:

hyp.

N.

hypoglossal nucleus (a ventral nucleus

XII:

hypoglossal

nerve

the medulla)

(XIIth cranial nerve) innervating

intrinsic musculature of the tongue.

\

in
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of these fibrous

structural

proteins

proteins

per

as some

From the work of many

nucleus if they amounted to 50% of the

results cited above suggested they might.
people using polyacrylamide gels (vide

supra) it is well known that amounts of as little as 1
can

readily be detected,

so

of protein

yg

it seemed likely that gel electrophoresis

might provide the most satisfactory approach for the quantitative
measurement of

changes in two proteins of known molecular weight.

Particularly since these

same

proteins

major fibrous structural

were

proteins with molar concentrations likely to exceed most other
intracellular components.
This

approach has been used with apparent success by Brenner

(Waterston, Epstein & Brenner 1974) in identifying the number of
proteins present in the small nematode Rhabditis.
organism

can

portion of
to prove

be analysed in this

one organ

way,

it

seems

should be susceptible to

considerably much

more

If

an

entire

likely that
an

a

small

analysis that ought

simple.
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microscope, and provided human brain material.
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and
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Ross gave me
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on

matters of microscopy
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work.
the

A.

Dr.

use

Paton and Dr.

M.

of their Reichert

fluorescence

Elaine Sauve very kindly allowed me

Zetopan microscope

on

photographs included in this thesis

Professor D.

F.

Lovell, of the

Howard

Mr.

table of discrimination
the electron

same

taken.

some

gave me some

of the numerical

department, kindly computed the

(Table VII) for

using measurements from

me,

micrograph montages.

The staff of the Central

Medical

Library in Edinburgh, and

particularly Miss J. A. Adams, have earned
I

were

Kerridge of the Dept. of Statistics

good advice, and helped with the presentation of
data.

which all of the

have also received much kind

help

my

especial thanks.

over many years at

the reading room

of the British Museum

(Natural History), South Kensington, and

particular thanks
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library there.
Finally, I
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an

are

my

am

deeply indebted to Kathleen M. Horton who

illegible writing into

an

ordered typescript, using

IBM Selectric 868.

ix)

Abbreviations and definitions

Actin

=

a

globular protein of 42,000 daltons molecular weight that

makes up

the thin filaments in skeletal muscle, and forms

microfilaments in other tissues.
o

Angstrom Unit = 10
ATP

=

adenosine

-8
cms.

triphosphate.

6.02252x10^

mole

^.

If two solutions of the

same

coloured

Avogadro's number,
Beer's Law
in the

=

same

=

solvent,

one

compound

are

made

twice the concentration of the other,
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the

absorption due to

should be
dalton

equal to that of twice the thickness of the second.

1.6498x10

=

1.66033x10

filarin

a

=

-24

(the

gms

12

of

C).

serine rich protein of 80,000 daltons

m.w.,

gms

(1/12 the nuclidic

absorption maximum at 495

Gibbs'

free energy,

Gas constant,

and an emission maximum at 520 nm.

nm

-2

(as in

R

=

AG

AH

=

1.9872 cal deg

TaS or AG

-

^

mole

=

-RT In K.

=

molar concentration of

.

guanosine triphosphate.

GTP

=

H

enthalpy.

EMM

apple-green fluorochrome with

centrifuge).

a

=

that polymerizes

local gravitational acceleration equivalent to 9.807 m S

g = a

=

mass

(in the squid Dosidicus).

fluoresceine isothiocyanate, an

=

an

G

of a hydrogen atom) or

mass

-24

to form neurofilaments
FITC

given thickness of the first solution

a

hyeavy meromyosin.

-

Ionic concentration,

i^

species and

I

z =

K

=

equilibrium constant.

X

=

wavelength.

microfilament

=

^

1
=

—

2

/ c^-z.,

where c

ionic charge of

filament 40

A

to 70

A

itln

species.

in diameter composed of the

protein actin.
microtubule

=

cylindrical filamentous structures, often of considerable

length, with
core

an

external diameter of 250

(or "hole") 140

A

across;

A

microtubules

and a light staining
are

made

up

from

protofilaments (often 13 in number) formed from dimers of the
microtubule
m.w.

=

in

molecular
a

protein "tubulin".

weight, the

molecule.

sum

of the atomic weights of the atoms

Ill

myosin

protein with a molecular weight close to 500,000, consisting

= a

of two

heavy chains and four light chains per molecule.

different

There

are

light chains in slow and fast fibrils in skeletal muscle.

Na = Avogadro's number (q.v.)
neurofilament = a 100 K intermediate

filament in brain.
o

neurofilament protein
neurotubule
PBS

pH

R

Dulbecco's

=

=

=

s20

the negative logarithm of the hydrogen ion concentration,

log

a

quantitative measure of the acidity or alkalinity of

=

an

=

phosphate buffered saline.

-

gas constant

RB200

s

H+,

skeletin composing the 100 A brain filaments.

brain microtubule.

a

=

=

emission maximum at 595

an

absorption maximum at 575

=

nm

and

nm.

svedberg unit, having units of time, 10
w

solution.

(q.v.).

red fluorochrome with

a

a

-13
sec.

sedimentat"i°n coefficient corrected to sedimentation through

water at 20°C.
S

=

SDS

entropy.
=

the

spectrin

detergent sodium dodecyl sulphate.
= a

many
T

=

membrane protein, with

a

molecular weight of 500,000, with

characteristies of the protein myosin.

absolute temperature,

tonofilament

=

according to which water freezes at 273°K.

filament 100

X

in diameter acting as

a

structural

component in the maintenance of rigidity of a cell.
tubulin

=

Mohri's

molecular

units
V

=

(1968)

name

for microtubule protein, which has

weight of 55,000, and which dimerises to 110,000

a

subunit

m.w.

prior to the polymerization of dimers to form microtubules.

partial specific volume, (an accurate knowledge of which is crucial
to the calculation of molecular

but which in fact is

weights by sedimentation analysis,

rarely known).
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MATERIALS AND METHODS

i)

Axotomy of the XIIth (hypoglossal) nerve
Male Wistar rats

ether, and

a

allowed the

pretracheal and sternomastoid muscles to be separated

a

at a

point where it

were

anaesthetized with diethyl

were

small midline incision in the skin of the throat

with

seeker,

At

aged 3 months

that the hypoglossal

so

crosses

(XIIth)

nerve,

could be cut

the carotid artery (Fig. 8).

periods following axotomy (Table V,

taken for the measurement of

p.

117) samples of medulla

protein changes by polyacrylamide

gel electroph.oresis, and for the cellular localisation of protein
changes by immunofluorescent staining.
For the

polyacrylamide gel sampling, selected rats

The animal

stunning.

was

then perfused with

warm

(Dulbecco) saline, to clear the brain of blood and

killed by

phosphate buffered
serum

proteins.

medulla

was

under

dissecting microscope into left and right halves which

a

then removed

were

(Fig. 9,

The

115), and divided longitudinally

p.

were

placed in separate small petri dishes, (marked L and R), filled with
saline.

The separate

time onto

slips of aluminium foil,

point of filter

rapidly to
100 pi
tube

hypoglossal nuclei

a

paper,

weighed

excess

on a

of SDS buffer (Laemmli 1970).
mgm

of

bromphenol blue mixture.
twice with 50 pi
boiled in

a

urea,

dissected out,

one

at a

moisture drained off with

a

microgram balance, then removed

microhomogeniser (Fig. 10,

containing 96

were

p.

119) and homogenised in

The homogenate

was

added to

a

10 pi of glycerol, mercaptoethanol and

The homogeniser was then carefully rinsed

of the SDS buffer and the labelled sample tubes were

water bath

for 2 minutes,

prior to applying the entire

Fig, 8
Rat

axotomy operation

POSVB/MG: Mh-P°po°?lr!o?ebeV?ivP„RfTE?CH;-M-:

STERNOM. H.:

HiirnSSstoJS^muscle.

Pret™heal ™scle;

dl9aSt"C mUSCle'

m

sample to

polyacrylamide gel (see section ii).

a

The whole process

stunning and the transfer of homogenate took from between five

between

to ten minutes.

For immunofluorescence

and
in

microscopy the rats

The medullas

perfused with saline as before.
a

holder and lowered into

frozen medullas

a

thermos flask of

then mounted

were

killed by stunning

were

were cut out,

placed

liquid nitrogen.

The

cryostat chucks in 3% "Polycell"

on

wallpaper cement and the left side of the medulla marked by truncation
of the outer border and
on

a

Pearse Slee

fixed at

Cryostat microtome

in

once

by a pinhole in the same area.
up on

coplin jars of ice cold acetone.

each of two baths of acetone the slides

silica gel

picked

were

were

Sections cut
glass slides and

After 10 minutes in

air dried and stored

over

at 4°C prior to immunofluorescent staining (materials and

methods, section v.b).

ii)

Polyacrylamide gel electrophoresis
Gel

Gel

electrophoresis
12

tubes

barometer

and 11

in

cms

was

length

on

were

emery

sealed with two
thumb and
at the

made, with

the outside of the top

The bottom ends of the

(No. 00)

cloth.

mm
a

(internal diameter)
writing diamond at 10

cms

end of each tube.

gel tubes

were

carefully smoothed with fine

Each time they

were

used, the bottom end

was

first

layers of parafilm kneaded tightly onto the glass between

forefinger.

lower end,

they

When the number of tubes required had been sealed
were

tucked into

corrugated cardboard wrapped round
bands top

from 6

were cut

tubing, and marks

cms

carried out according to Laemmli (1970).

and bottom:

a

holder made from

an empty reagent

a

piece of

bottle with rubber

the gel tubes fitted snugly into the vertically

aligned corrugations, and

were

held in place by the rubber bands.

-4

115

Fig, 9
Latero-posterior view of rat medulla

VAG.

NUC.:

vagal nucleus

HYP.

NUC.:

hypoglossal nucleus

HYP.

N.

XII:

hypoglossal

nerve
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The

gel

gels

First a 10 cms long analytical

in two stages.

were cast

poured to the lower of the two marks on the tube, then when this

was

had set, a second

stacking gel 1

cm

long

made

as

was

poured

top to the

on

uppermost mark.
The 10%

analytical gel

composed of 30

14.4 gms

water.

buffer

gms

of

was

follows, from

of reagent grade acrylamide made
urea

crystals

were

made

up to

a

gel stock

up to

100 mis with

20 mis with

a

pH 8.8

containing 6.8 gms of Tris HC1 and 1.5 gms SDS per litre, so that

when this buffer

aliquot had 10 mis of the 30% analytical gel stock

added to it, the

resulting solution

of resultant

mixed in
pump

a

The 30 mis

acrylamide-buffer solution (enough for about 12 gels) was

round bottomed

through

10% in acrylamide.

was

a vaccum

quickfit flask attached to

line fitted with

a

Buchner filter

blowback trap, and the mixture

a

degassed gently for 10 minutes.

was

15 yl
to the

of N'N'N',N1-tetramethylethylenediamine (TEMED), were added

degassed solution and mixed in gently, then 0.3 mis of 10%

ammonium

persulphate (made freshly during the degassing).

polymerizing reagents

were

added, gels

were

poured at

After these

once,

using

tiny funnel inserted into the top of each gel tube in turn.

degassed gel

was

poured to just above the mark in each

overlayered carefully, but quickly with
This

gives

a

on

after which the
had been

of

then

urea

buffer.

a

horizontal

bench top.

The gels set in about

stacking gel could be added

stacking gel

acrylamide, and 0.6

now

polymerize

Care was taken to stand the gel holder

gently removed with

The 3%

few drops of

The

case

completely flat top to the gel, which should

just to the marker point.
undisturbed

a

a

a

hour,

the overlayering buffer

Pasteur pipette.

was made

gms

once

an

from a gel stock containing 11.4 gms

bisacryalamide made

up to

100 mis with
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TABLE V
Samples Following Axotomy
10%

Polyacrylamide Gels

(Total 64; 1 left, 1 right)

6 ym & 8 ym

Cryostat sections

(Total 24 rats)

day

2 days

(4 rats)

(4 rats)

1

4

days

(4 rats)
8

days

(2+2 rats)

4

days

(3+1 rats)
9

days

(4 rats)

11 days

(4 rats)
14

days

(4 rats}
18

14

days

(2+2 rats)

days

(3+1 rats)
21

days

(4 rats)
39

21

days

(4 rats)

days

(4 rats)
52

days

(4 rats)

118

14.4 gms urea were

distilled water.
tris buffer

containing 20

mis of the 12%
The solution

stack-gel stock

SDS

bench

was now

on a

Polymerization is complete when

a

the gel
urea

firm
sharply

gel and the

the gel.

Gels made up one

layering buffer
parafilm seal

was

day

were

used

on

the day following.

removed carefully with

a

The

Pasteur pipette.

over-

The

taken off the bottom of each gel and the tubes

was

were

gently through the rubber 0-rings of the electrophoresis chambers,

which could

upper

be filled with electrode buffer:

now

lower chamber,

chamber.

urea

per

the upper

completely in the

and to just below the level of the gel tubes in the

tained 3.02 gms
of

7.5

The overlayering buffer again gives a completely

overlying buffer.

fed

on

overlayered with pH 6.8

polymerize, with the gel holder set

before.

as

of the two diamond marks

defined refractile meniscus becomes visible between the

flat top to

litre.

per

added to the urea-buffer aliquot.

were

upper

acrylamide stack

buffer and allowed to

horizontal

gms

pH 6.8

a

degassed, polymerizing agents added and the gel was

was

The 3%

tube.

22.5 mis with

up to

of Tris HC1, 1.3

gms

poured to just above the

now

made

The electrode buffer was adjusted to pH 8.3, and con¬
Tris-HCl, 14.4

litre.

As the gels

chamber rested

on

gms

glycine, 1

were

gm

of SDS and 360

gms

somewhat longer than standard,

pipettes placed above the normal support

flanges.
The
and

urea,

with glycerol

tracking dye added to the SDS-mercaptoethanol buffer and homogenate)

were

which
were

complete homogenisation samples (8 M in

added to the spaces at

sample
run

in

was

the top of the gels, and

a

record made of

added to which position in the gel box.

duplicate, and two in each set

standards and molecular

weight markers.

were run as

The samples

All samples

concentration

were

carefully
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Fig, 10

GLASS

CAPILLARY

MICROHOMOG ENIZER

SET.
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overlayered with electrode buffer, and
till

the tops

4 mA per

of the gel tubes

were

more

electrode buffer

covered.

The gels

added

was

at

were run

gel, constant current, until the bromphenol blue marker reached

the bottom.
The

gels

were

then removed from their tubes

by

one

one,

using

a

hypodermic syringe to squirt electrode buffer gently between tube and
gel.

With care, the gels could be eased out and were placed into test

tubes which

were

labelled at

once

with

a

writing diamond giving the

date, the gel number and the details of the material.
acetic acid

was

left to fix

overnight at

50% trichloro¬

poured into each of the test tubes, and the gels
temperature.

room

were

The gels were then stained

with acid Fast Green FCF in 7% acetic acid for 2 hrs, and destained on
a

rotator made from

attached to the

tilted base.
tubes which

spindle of

For this,
were

filter.

a

The

a

circular board
on a

gels had fresh 7% acetic acid poured into their

day for

Fisons Vitatron

one

The acetic acid

week, after which the gels

scanner

fitted with

sensitivity of this machine

ovalbumin band gave a

on a

electrical kymograph motor mounted

an

capped with rubber stoppers.

changed three times
scanned in

clip clamps arranged radially

a

was set so

was

were

620 my band pass

that

a

25

yg

full scale deflection.

Using the stained standard gels, unknown amounts of protein in
bands

on

the

terms of yg

iii)

experimental gels could be quantified and expressed in

ovalbumin equivalent.

Purification of proteins
1

The

object of purifying the proteins under study was primarily

to

produce samples of material suitable for innoculation into animals

to

produce antisera against the components concerned.

A rather high
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degree of purity was considered necessary, as relatively minor
components may produce as large an immune response as elements in
much

higher molar concentrations.
Antisera

in the

manner

were

produced against tubulin, actin and heavy meromyosin,

described in the next section.

The purification

proteins will be described here in that order.
tions

of the

As the protein separa¬

required large capacity high speed centrifugation for extended

periods, most of this work was carried out in equipment made available
by the Departments of Biochemistry and Pharmacology of Edinburgh

University.

a)

Purification of tubulin (Fig. 11)
To

begin with, small amounts of tubulin

prepared from a few

were

rats, to give microgram yields of pure protein.

Use of this material

failed to

found

give satisfactory antisera, and it

resort to batch

preparations

so

was

necessary to

that milligram amounts could be used

for innoculation.
Brains

cold

removed from rats, minced with scissors

were

an

phosphate buffer pH 6.5, (10 mM in sodium phosphate, 10 mM

0.24 M sucrose,

0.1 mM GTP).

this buffer in the cold.

sulphate

was

added to

MgCl^.

homogenate
pellet

was

was

then centrifuged at 16,000 g

discarded.

Neutral ammonium

added to the supernatant to bring it to 40% saturation.

This fraction stood 30 mins
for 20 mins.

ice-

The mince was thoroughly homogenised in

The

for 30 mins, after which the

was

into

The

pellet

was

on

ice, and then

discarded, and

was

more

centrifuged at 10,000
ammonium sulphate

bring the supernatant to 50% saturation.

further 30 mins

on

ice this fraction

was

After

a

centrifuged for 20 mins at

10,000 g, the supernatant was discarded, and the pale amber coloured

g
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Fig. 11
PREPARATION

OF

TUBULIN

Rats killed by stunning. Brains
removed to ice-co!J buffer,
minced with scissors, then

homogenised by hand.

10,000

rpm

20 mins

Discard pellet

Bring Supernatant to 40% Satn.
with
on

ice

10,000 rpm

(NH4)2 S04 • Stand

20 mins

30 mins

Discard pellet

Bring Supernatant to 50% Satn.
with
on

ice

(NH

j

S04- Stand

30mins

10,000 rpm

~™

mins

Discard

Resuspend

by

pellet
Column

in buffer.

Fractionate

Chromatography.

Supernatant
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pellets

redissolved in a small amount of phosphate-magnesium

were

buffer with GTP

GTP).

(10 mM sodium phosphate, pH 6.5, 10 mM MgCl^, 0.1 mM

The redissolved pellet material

Edwards Hi-Vac

was

(Peterson & Sober 1962).

sink into 1
This
was

filtered at

acid with
in 1

once

and the

in

Buchner

a

no more

colour

on

DEAE

was

allowed to

was

removed.

separation funnel, and washed free of

The cellulose

was

then resuspended

filtered, washed free of alkali with distilled water,

pH was adjusted to 6.5 using 0.2 M acid sodium pyrophosphate,

after transfer to several
sodium

carried out

brief wash in 1 N HC1, after which the cellulose

copious amounts of water.

N NaOH and

was

Dry DEAE cellulose

N NaOH, and was washed till

followed by a

was

an

lyophilizer in quickfit round bottomed flasks.

Chromatography of the crude tubulin
cellulose

then lyophilised in

volumes of phosphate-magnesium buffer

pyrophosphate, 10 mM

MgClp, pH 6.5).

(10 mM

The cellulose then stood

overnight in several volumes of pyrophosphate-magnesium buffer, and
the buffer

changed several times

Crude tubulin
and

applied to

one

litre of

cellulose.

a

was

taken up

50 mis of buffer,

DEAE cellulose column (preequi1ibrated overnight with

then

phosphate buffer.
a

0.5 ml

40

cms

per

protein

a

was

eluted with

gradient from 0.3 to 1.0 M NaCl in

The eluant

was

pyro¬

fed through the column under gravity

min, and 5 ml fractions

samples

(wet weight)

per gm

30 mis 0.3 M NaCl/buffer step was applied,

hydrostatic head, which generally

fraction collector,
0.5 ml

mgms

loading the column, unbound protein

followed by a 100 mis salt

with

use.

in 10 mM sodium pyrophosphate buffer

buffer) at the rate of 25
After

period of days before

over a

were

gave a

flow rate of

collected, with

an

LKB Uvicord

into glass tubes.
were

with buffer and 0.5 ml

taken from the fractions, diluted fourfold

of diluted

sample used for Lowry determinations

m

of
3

protein,

A^qq absorbancy measurements, chloride determination and

H colchicine

binding.

Chloride
meter.

measured with

was

Evans Electroselenium Ltd.

an

chloride

A^gg measurements were made using quartz microcells in an

SP 500 Camlab

spectrophotometer.

Lowry protein determinations were carried out according to Layne

(1957) (using the method of Lowry et al. 1951, derived from Wu 1922,
using the tyrosine/tryptophan ("phenol") reagent of Folin & Ciocalteu

1927).

Reagent A was made from 2% anhydrous disodium carbonate in

0.10 N sodium

hydroxide; reagent B from 1%

copper

hydrate; reagent C from 2% trisodium citrate.
in the ratio

were

0.2 ml

set up in duplicate, and 1 ml

reagent D was added to each sample tube, mixed well, then stood

for 10 mins at

mixer,

as

rapidly

allow the blue

0.1 ml of 1:1 water:BDH Folin-

temperature.

room

Ciocalteu "Phenol"

A

A, B, and C were mixed

100:1:1, to give reagent D, and used the same day.

aliquots of diluted fraction sample,
of

sulphate penta-

reagent was added and mixed at once on a Vortex
as

The samples then stood for 30 mins to

possible.

phosphotungstate/phosphomolybdate colour to develop.

reagent aliquot was read in the reference cell, and absorbancies of

this and the

samples taken at 750

A series of bovine

serum

albumin reference samples with concentrations

of from 1

to

provide

standard calibration

a

100 yg

Colchicine
in assay

protein/ml

binding

was

filter paper

-fi

M.

measured

on every

occasion to

curve.

carried out in duplicate at 37°C

assays were

tubes incubated 1 hr in

cine at 2.5x10

in the SP 500 spectrophotometer.

my

a

water bath, with tritiated colchi-

Next, the tubes

were

filtered onto OEAE-cellulose

discs, (Borisy 1972), and each tube washed out with four

volumes of phosphate-magnesium pH 6.5 buffer.

The filters

were

then

125

dried

on

a

peg-board, placed into scintillation vials with 10 mis each

of triton-toluene scintillant and counted in

Packard Scintillation

a

counter, in the Dept. of Zoology, at King's Buildings, Edinburgh.
Counts

lasting 10 mins

Information

tubulin,

was

ice-cold buffer,

were

batch purification method (Fig.

a

killed

by stunning, the brains

per gm

122)

removed to

according to the schedule in the figure legend.

on a

magnetic stirrer, at

a rate

of 50

mgms

protein

wet cellulose.

Elution with
three steps.

pyrophosphate buffer and salt

First the protein loaded cellulose

with four volumes of buffer for 10 minutes

cellulose spun down
Both these washes

gently

were

discarded.

down

as

before.

a

was

washed twice

stirrer, with the DEAE

Next, two washes of pyrophosphate

given in the

were

previous washes, and stirred for the
spun

on

carried out in

was

low speed centrifuge between washes.

on a

buffer 0.35 M in sodium chloride

same

These washes

0.6 M sodium chloride-buffer wash

was

time.

were

same

volumes

the

as

The DEAE cellulose

also discarded.

Next

a

given, twice, and these washes

retained, precipitated with 50% neutral ammonium sulphate,

redissolved in buffer, desalted on a G20

protein lyophilised and stored
Tubulin
the

p.

protein loading onto DEAE cellulose was carried out at 4°C in a

large beaker placed

were

were

11,

and the homogenisation and ammonium sulphate precipi¬

tations carried out

was

one recount.

gained from small scale purifications of rat brain

used to evolve

For this 300 rats

The

taken, with at least

were

prepared in this

preparation of antisera,

as

before.

way was
as

Sephadex column and the

innoculated into rabbits, for

described below.
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Purification of actin (Fig. 12)

b)

Actin

prepared from acetone powders of rat skeletal muscle

was

(Feuer et al. 1948).
vols of reagent

A muscle mince was washed three times with 10

grade acetone at

room temperature,

for 10 mins each

wash, keeping the mince stirred in a beaker, using a glass rod.

The

supernatant acetone was poured off and the muscle was spread out on
filter paper to

dry they

dry at

room temperature.

ground to

were

Aliquots of 20

gms

a

When the residues were quite

powder in a mortar.

of the acetone powder

were

then extracted

(Spudich & Watt 1971; Rees & Young 1967; Mommaerts 1952) with 5 volumes
of

ATP buffer

an

(composed of 0.2 mM ATP, 0.2 mM

2-mercaptoethanol, and 2 mM Tris HC1, pH 8.0)

ice, with continuous

Extraction at 2°C minimizes the tropomyosin

stirring for 30 mins.
contamination of the

on

CaC^, 0.5 mM

resulting actin preparation (Drabikowski &

Gergely 1962).
The extract

pellet

was

was

centrifuged at 15,000

for 1 hr at 2°C, the

discarded and the supernatant was transferred to

and made 0.6 M in KC1

left

g

(4.47

overnight at 4°C.

the form of

a

gms

added

per

a

flask

100 mis of supernatant) and

The next morning the F-actin was collected in

pellet by centrifugation at 85,000

g

for 3 hrs.

Facilities for this step were kindly provided by the Brain Metabolism
Unit in the

further
1

Dept. of Pharmacology.

The F-actin

cycle of F to G and G to F transitions.

litre of ATP buffer for 24 hrs, with

again, this

was

purified by

a

Dialysis against

stirring, gave free G-actin

again made 0.6 M in KC1, stood overnight and the pure

F-actin collected
Actin

was

as

before.

purified by 2 cycles of polymerization and dissociation

used for the

production of antisera by innoculation into chickens.

was

v:^"i^

.

.

■

<
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Fig. 12
PREPARATION

Mince

Make

AUTN

muscle

Extract with 5
ATP

CF

vols

Tris

Buffer 30 mins,

4°C

centrifuge

15,000g 1 hr

then discard

pellet

Supernatant

0-6 M

in KCI then

stand

overnight

4°C

centrifuge

at

discard

85,000g

3hrs

then

n

supernatant

Pellet is
F-Actin

Lyophilize and store
at

-20°C.
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c)

Purification of myosin and the preparation of HMM
A

coarse

mince

was

made from the

New Zealand white rabbit and chilled

thigh and back muscles of
on

crushed ice.

This mince

extracted with 3 volumes of ice-cold Guba-Straub solution

0.1 M

a
was

(0.3 M KC1,

K^PO^, 0.05 M K^HPO^, pH 6.85, adjusted with 50% KOH, 1 mM

EDTA) with gentle stirring for 13 minutes (Huszar & Elzinga 1971).
An
the mix

equal volume of water at
was

filtered

distilled water at
and the
was

large flask

collected by

in 0.6 M KC1,

room temperature was

then added, and

through a cloth and pressed out.

6.5 volumes of

room

was

temperature were then added within minutes,

stood at 4°C for 3 hrs.

gentle centrifugation, and the precipitate redissolved

10 mM Tris, pH 7.0, 1 mM EDTA.

was

then

all

actomyosin, and the mixture

mins to

brought to 4 mM ATP, 6 mM

remove

The

The resultant solution

MgC^ (Weber 1956) to dissociate
centrifuged at 100,000

was

g

for 40

F-actin.

Saturated neutral
at

The loose flocculum

ammonium

sulphate

was

added to the supernatant

4°C, and the fraction between 27% and 50% saturation
precipitate

was

redissolved in 0.5 M KC1,

was

collected.

10 mM Tris, pH 7.0 and

dialyzed several times against this solvent with the addition of 5 mM
2-mercaptoethanol.

The solution

was

clarified by centrifugation at

120,000 g for 40 mins.
After

dialysis and clarification by centrifugation, part of the

myosin not immediately required was lyophilised after the addition of

powdered

sucrose

solution

(Yount & Koshland 1963).

equal to twice the amount of protein present in
Heavy meromyosin

was

prepared, as

was

added to 10 mis

required, according to Lowey and Cohen (1962).
1
of 1.5%

ml

of 0.05%

trypsin dissolved in 0.001 M HC1

myosin in 0.5 M KC1, 0.03 M phosphate, pH 6.2, with stirring.
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Digestion

stopped after 4 minutes by the addition of 1 ml of 0.1%

was

soybean trypsin inhibitor in 0.2 M sodium bicarbonate (Young, Himmelfarb
&

Harrington 1965).

0.007 M

phosphate buffer pH 7.

collected
with the

The light meromyosin flocculate was

by gentle centrifugation and discarded.

The supernatant,

heavy meromyosin was centrifuged at 15,000 g for 15 minutes to
It was then dialyzed against 0.5 M KC1, precipitated with

clarify it.
neutral

The digest was dialyzed against 10 volumes of

ammonium

sulphate between 50% and 60% saturation at 4°C,

centrifuged out, and dialyzed against 0.1 M Tris, 0.05 M KC1, pH 7.6.
Heavy meromyosin was innoculated into chickens at 5 mg/ml with
Freund's adjuvant to raise antisera.
reasons

given below, but

was

It was not extensively used for

useful for confirming results obtained

in other ways.

iv)

Immunology
New Zealand white rabbits

tubulin.

Control

bleedings

beginning the innoculation

were

were

used for

taken by cardiac puncture before

programme.

3 mis of 5 mgms/ml batch

purified tubulin dissolved in P-Mg-GTP buffer
with

an

were

hand homogenised

equal quantity of Freund's complete adjuvant (Freund &

McDermott

emulsion

raising antisera against

1942; Freund 1947) and 2 mis of thoroughly mixed white
were

in neck skin
with Freund's
with trial

drawn into

a

syringe and injected into multiple sites,

flaps and into leg muscle.
incomplete adjuvant

bleeds by

precipitin lines

were

Booster injections made
given at

one

up

month intervals,

cardiac puncture between them, until well marked

were

immunodiffusion plates

visible to 256 fold dilution

(Ouchterlony 1949, 1967).

on

Ouchterlony
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Antisera

against actin and heavy meromyosin were raised in

chickens, by innoculation of 5 mgms/ml protein with Freund's incomplete

An initial 5

adjuvant into the wing vein of white Thornber hens.
dose

was

followed by two

amount of

bleeds

protein made

boosters at 1 month intervals, with

in Freund's incomplete adjuvant.

up

taken before and

were

Sera from the rabbits

collected

during the innoculation

in

a

a

Test

programme.

by cardiac puncture, and allowing it to clot in sterile

freed from the

tip of

equal

prepared by taking whole blood,

were

glass universal vials for 30 mins at 37°C.
was

an

mgm

After this period, the clot

glass wall of the universal by 'rimming' with the
The universals

Pasteur pipette.

were

then left overnight

4°C refrigerator, and the sera drawn off and clarified by low

speed (1,500 rpm) centrifugation in a refrigerated centrifuge for
30 mins to
collected

remove

any

remaining erythrocytes.

by pipette, and put

bleedings

were

formation,

serum

0.1

gm

taken from the

wing vein, but terminal
The procedure for clot

clarification and storage followed the method already

Immunodiffusion

1

then

-20°C until required.

made following decapitation.

described for rabbit

(1967).

were

serum was

in 1 ml amounts in plastic tubes,

up

dated and labelled, and stored at

Chicken test bleeds

The

preparation.

serum

plates

were

prepared according to Ouchterlony

of Difco No. 2 Ion Agar, 0.1

M citric acid, 41 mis of 0.2 M disodium

50 mis of distilled water

were

gms

sodium azide, 9 mis of

hydrogen phosphate and

put into each of several screw top

bottles, and steam-autoclaved for 20 mins at 120 p.s.i. to melt the
mixture.

Plates

of hot agar,
on

a

were

then

poured to

a

3

mm

thickness from the bottles

into plastic disposable petri dishes, and left to cool

flat, horizontal surface.

Plates for testing fresh chicken sera
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were

made up

with the inclusion of 1.5 M sodium chloride, whereas

stored chicken

did not require the

sera

addition of high salt

(cf. Williams & Chase 1967) in the immunodiffusion plates.

v)

Light microscopy
The

light microscopical observations served a dual purpose.

First, traditional staining methods, using heavy metal salts, were
used

on

a

variety of fixed tissues to gather some information on cell

morphology.

This

then used,

was

fluorescent elements in the

so as to

be able to recognise

hypoglossal nucleus, (stained with the

antibody 'sandwich' technique), in that part of the research programme

designed to identify the cellular location of actin and tubulin changes
previously quantified
of

polyacrylamide gels.

on

gold and silver stained material

was

The introductory survey

found most helpful in the

subsequent interpretation of fluorescence images.
that measurements from electron

elucidation of at least

a)

one

It also suggested

micrographs might be required for the

question.

Conventional methods for the identification of cellular elements
Astrocyte techniques

The
of Cajal

principal method employed,

(1916).

4

mm

slices of brain

formal in/ammonium bromide

were

fixed for 48 hrs in

100 mis with distilled water).

gms

Frozen

15-20 ym thick were cut and floated onto a bath of formalin

ammonium bromide.
were

the gold-sublimate procedure

(15 mis pyridine neutralised formalin, 2

ammonium bromide, made up to
sections

was

transferred

When sufficient sections had been obtained, they
one

at

a

time

briefly through two baths of distilled
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glass 'hockey stick' section lifter.

water, using a

then transferred to
0.5 gms

bath of

50°C, when 10 mis of
were

gold-sublimate solution (containing

into

a

made fresh

was

Sections

1% brown gold chloride

a

added while the solution

filtered and put
.solution

warm

were

crystalline mercuric chloride, and 50 mis of distilled water

warmed to
solution

a

The sections

were

was

still

(HAuCl^)
This

warm.

was

clean glass dish to a depth of 2 cms.
on

then

The

each occasion.

flattened

separately

sublimate dish, and the bath was

on

the bottom of the gold-

placed in the dark in

a warm

(22°C)

incubator for 3 hrs,

by. when

Sample sections

examined from time to time under the low power of

a

microscope.

were

Astrocytes appeared

required depth of colour, they

a

pale pink

were

washed in distilled water, then

Cajal's fixative (70 mis of distilled water with 30 mis of

95% ethanol
until

dark stars against

as

When sections had been left long enough to achieve the

background.

fixed in

the sections had become purple-red.

with the addition of 5 mis of saturated sodium

the sections became flexible.

distilled water, and transferred

The sections

were

bisulphite)

then rinsed in

through 95% alcohol (2 changes) to

carbol-cresol-xylol (10 gms carbolic acid, 10 mis creosote, 80 mis

xylol) prior to mounting.
Cajal's gold chloride method was found to work particularly well
on

human material.

The neutral

(aurichloric acid) solutions
rat

formalin and the brown

were

gold chloride

kept in dark glass bottles.

For

preparations, Tsujiyama's (1963) silver cyan-ide procedure was the

method of choice.
Material

was

fixed in 10% formalin

of brain left to fix for several
microtome.

Sections

were

days,

washed well

by perfusion, and small pieces
were cut at

25

ym on

the freezing

in distilled water and transferred
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for 40 mins to

a

bath of 5%

potassium cyanide.

The sections

were

then

passed through two changes of distilled water and placed for a few
seconds in

a

bath containing 12 mis of 2% silver nitrate, 7 mis of 96%

ethanol, and 6 drops of pyridine.

The section

distilled water, and soaked in 3%

was

then washed in

potassium cyanide for

then transferred to distilled water.

If the

few seconds,

a

cyanide soak

was

suffi¬

ciently long the section changed from brown to white, in the water.
After three further baths of distilled water, the section was

for 30

sees

in

a

impregnated

solution, made by adding a mixture (of 6 drops of

pyridine- in 2 mis of ammonium hydroxide) drop by drop to 10 mis of 10%
silver nitrate until
was

the silver bath became

opalescent.

The section

then reduced in 2% formalin, washed in distilled water, toned in

0.1% yellow
sodium

gold chloride (sodium aurichloride) solution, fixed in 5%

thiosulphate, washed in distilled water, dehydrated, cleared

and mounted.

Oligodendrocyte techniques
Two methods

found useful

were

different material.
method worked well

for

showing oligodendroglia in

Rio-Hortega's (1921, 1942) silver carbonate
for

developing oligodendroglia in baby rat brain.

Tsujiyama's (1963) oligodendrocyte silver cyanide procedure worked
best

on

For

adult rat material.

Rio-Hortega's method, 2

in formalin/ammonium bromide,

following day.

mm

overnight, and sections

fixed

were

were cut

the

Just before sectioning, the material was placed in

fresh formal in/ammonium bromide at
Frozen sections

thick slices of tissue

were

50°C and left for 15 minutes.

then cut at 10 ym.

in distilled water made alkaline with

a

They
few

were

washed for 30 sees

drops of ammonia (10 drops

134

to 50 mis

water).

of this bath.

The sections were blown to agitate them on the top

They

and transferred to

a

a

second bath of distilled water, before

in 95% alcohol

the sections
sections

then transferred to distilled water, washed

were

were

for 24 hrs.

impregnated for 10 mins in

leaving

After this period, the
a

small glass vessel containing

strong silver carbonate solution, (made by adding 5 mis of 20% silver

nitrate to 40 mis of

(filtered) 5% sodium carbonate and mixing, then

adding enough strong aqueous ammonia to just dissolve the cream
coloured

precipitate,

there is

no

smell

added to make up

shaking; the flask is further shaken till

upon

of ammonia, and at this point

the stock to 90 mis).

distilled water is

Sections

are

removed at

intervals, rinsed briefly with distilled water and placed in a bath
of 0.4%

formaldehyde (1% formalin), to reduce, for 1 min, without

agitation.

The section becomes grey/black following a successful

impregnation.
0.002%

Sections

are

then washed in distilled water, toned in

yellow gold chloride for 10 minutes,

or

longer, at

room

temperature, then fixed in 5% sodium thiosulphate for 1 min, or until
the section becomes flexible.

well

in water,
The

After this, the sections are washed

dehydrated, cleared and mounted.

Tsujiyama method for oligodendrocytes (Tsujiyama 1963) was

used to stain

oligodendroglia in the rat hypoglossal nucleus.

procedure resembles the "macroglia" method for astrocytes in

The
some

respects, but the oligodendrocyte method produces very different
results,

as

elements other than oligodendroglia remain completely

unstained.
Small

pieces of brain,

formalin, sectioned at 25
sections

or

brain slices

ym on

placed for 30 mins in

a

a

were

fixed in neutral 10%

sledge freezing-microtome, and the
5% KCN solution.

After two changes

of distilled water,

the sections were soaked for 4 sees in a bath of

opalescent silver solution (made by adding ammonia water drop by drop
to a

10% silver nitrate solution, shaking continuously,

became
at

opalescent).

Next, the sections were reduced in 5% formalin

45°C until they became a crisp toast-brown.

in distilled water, toned in 0.1%

sodium

until it

They

then washed

were

yellow gold chloride, fixed in 5%

thiosulphate, "washed in distilled water again, dehydrated in

alcohol, cleared in carbol-xylol, and mounted.

Neuronal

Two different

(1902) method
axons,

and

was

neurofilament

procedures

were

techniques
the original Bielchowsky

used:

used for staining neurofibrils in rat hypoglossal

Braunmuhl's (1929) method was used for staining senile

von

plaques and neurofibrillary tangles in sections of human brain.
For the

Bielchowsky procedure, small pieces of brain

in 10% neutral

washed, in
this the
over

a

formalin for 3 weeks.

a gauze

pieces

The

pieces of brain

covered pot, in running water for

were

one

were

fixed

were

then

hour.

After

passed through four changes of distilled water,

period of 24 hrs.

Frozen sections

were cut at

10

into

ym

a

bath of distilled water, and transferred from there to a 10% silver
nitrate bath,

kept in a dark cupboard, for 6 hrs.

sections

taken

were

through

a

From this, the

distilled water bath lasting

a

few

seconds, then put into a silver bath (made by adding five drops of
40% sodium hydroxide to 10 mis 10% silver nitrate, drop by

drop, and

shaking the mixture vigorously after each drop; after which, strong

(0.880) ammonia

was

added drop by drop until the brown precipitate

just disappeared, and without any excess ammonia) until golden brown,
which

was

usually after about 10 mins.

Next, the sections were taken
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through two rapid changes of distilled water, reduced in 1% sodium
citrate until

slate grey,

toned in

solution of 4 drops of yellow

a

gold chloride in 10 mis of distilled water, until the colour changed
from brownish to

grey-violet, and fixed in 5% sodium thiosulphate

until

After that, the sections were washed for 2 hrs in

flexible.

distilled water,
few minutes
in this

gold,

in

passed through an ethanol series and cleared for a

carbol-cresol-xylol, before mounting.

procedure is critical:

so

smaller

reduced silver

The gold toning

causes a

reduction of

that large silver complexes become gold-plated, whereas
ones

dispersed,

are

silver chloride

reduced silver is replaced by white

as

(Wolman 1955).

This should give a heightened contrast

between dark stained filaments,

and

clear background when used

a

successfully.
Human brain

technique.
weeks.

samples

stained by

were

Small pieces of brain

Frozen sections

were

were

von

Braunmiihl's (1929)

fixed in 10% formalin for two

cut at 20 ym,

and collected into distilled

water, rinsed through two changes of distilled water lasting 5 mins

each, and submerged in a 20% silver nitrate solution at 56°C for
30 mins

during which time the silver bath

The bath

was

sections

were

was

kept in

then taken out and allowed to cool.
taken out and put

into

a

an

incubator.

After that, the

dish of ammonia water (made by

adding 16 drops of 0.880 ammonia to 80 mis of distilled water) for
6

sees.

The ammonia water

The sections
into

a

were

was

replaced whenever it became cloudy.

passed rapidly through distilled water, and put

20% solution of neutral

After this the sections

were

formalin in tap water

put back into the ammonia water for two

seconds and from there direct into the formalin bath,
5 mins.

Next, the sections

for two seconds.

were

again, for

rinsed in distilled water for 5 mins,
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and toned in 0.2%

became

gold chloride for about 10 mins (until the background

They were then washed thoroughly in distilled water,

grey).

fixed in 5% sodium

thiosulphate for 20 seconds, rinsed to distilled

water, dehydrated, cleared and mounted.
Some sections

stained for

alcohol
blue.

until

the

cell

neurofibrillary tangles

cell bodies

neuron

were counter-

in toluidine blue, and destained in 90%

few seconds

This showed the

neuronal

b)

a

stained for

were

coloured

Cambridge pale

a

position of the tangles with respect to the

morphology.

Fluorescence microscopy
Cryostat sections were cut as thinly as possible from rat medullae,

at the times

after axotomy

taking sections at

meant

Pearse Slee

p.

machine setting of 6

Cryostat microtome.

number 0, Chance
as

a

shown in Table V,

117.

In practice, this

ym or

8

The sections, taken

up

pm on

onto 3"xl"

glass-slides, and fixed in two baths of cold acetone

described above, were air dried and stored over silica gel

until

the

at 4°C

required.
Antibody staining was carried out as follows.

anti-tubulin,
ammonium

serum was

sulphate

was

used,

a

When rabbit,

precipitate at 50% saturation with

taken, which included all the immunoglobulin

(Minden & Farr 1967), and reduced other components to negligible
amounts.

The

globulin concentrate

was

in 10 mM Tris buffer at -20°C until

thawed
and

more

than once, just

anti-heavy meromyosin,

required.

prior to
were

stored

use.

as a

10 mgms/ml solution

No concentrate

Chicken

sera,

left unfractionated,

tend to show anomalous behaviour and

handling (cf. Williams & Chase 1967).

are

as

was

anti-actin
the globulins

apt to precipitate during
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Sections to be stained
tank with

silica

a

well

left at

were

room

temperature (in a glass

fitting air-tight lid sealed with vaseline) over

gel for several hours.

They

then taken out and the serum

were

applied in various dilutions (rabbit sera) to determine the best
strength for specific staining,

or at

full strength for different

staining times (chicken sera) for the same
rabbit
a

1

globulin concentrates

hr

Sections

were

Anti-tubulin

serum

(Dulbecco) saline from

was

paper

washed off

a

sera were

moist chamber

towel

on

used for

during staining:

the bottom.

gently with phosphate buffered

Pasteur pipette, then the slide and section

a

passed through two washes of phosphate buffered saline (PBS), of

20 mins each,
serum

was

in coplin jars.

then

applied at

continued for 40 mins

gently,

serum,

PBS baths

as

one

anti-chicken

phosphate saline, pH 7.0).
was

before.

Control
serum

washed off and rinsed

for the slides

but they were counterstained with a rabbit

Two PBS washes of 20 mins

were

Both commercial

used at one-fifth dilution.

slides

were

sera

were

used between each stain

examined for autofluorescence, for

staining, for non-specific chick

non-specific chick and rabbit

slide).

as

prior to staining with FITC labelled goat anti-rabbit

serum

counterstain.

rabbit

washing off the anti¬

before, and passing the slide through two further

stained with rabbit serum,

as

fifth full strength, and staining

in the moist box, before

Chicken anti-actin

serum

Fluorescent (FITC) labelled anti-rabbit

prior to mounting in glycerol medium (glycerol containing

5% of Dulbecco

or

left in

plastic luncheon box with wet

were

usually used at about 5 mgms/ml for

staining period, and the undiluted chicken

about 45 mins.
a

were

In practice, the

purpose.

serum

serum

non-specific

staining, and for

staining, (together on the same

For these control slides, non-immune chi.ck and rabbit

sera
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used, which had shown no reactivity with myosin, actin or tubulin

were

Ouchterlony plates.

on

To determine actual

section thicknesses, and the effect of the

glycerine mountant in rehydration,
made by
method

a

small number of observations

were

For this, both Ambrose's bubble

interference microscopy.

(see Davies 1959) and the Barer double immersion procedure

(Barer 1953)

were

used.

Photomicrography of immunofluorescence slides was carried out on
a

Reichert

The system

Zetopan epifluorescence microscope with quartz objectives.
of filters used

manufacturers of the

was

the combination recommended by the

microscope for examining fluoresceine

isothyocyanate (FITC) labelled material.
was

An ultraviolet pass filter

placed in the optical path at the lamp housing, and

filter

was

selected.

The interference beam

a

3BG12 exciter

splitter employed reflected

blue to 490 nm, and included IGG9 + 20G515 elements.

The barrier

filter slide, used in conjunction with the combination described,
carried

an

Sp 2GG33/3+1

To locate the

nuclei
under

in the

mm

precise

Wratten 2B filter.
areas

of the left and right hypoglossal

antibody stained preparations, prior to examining them

epifluorescence conditions,

(used with

an orange

filter)

was

low intensity white light source

a

used with

in conjunction with a XI0 objective.

positively located and identified,

a

transmitted light path

Only when each nucleus had been

were

higher

power

objectives

swung

in, the light source switched to ultraviolet, and the light path
altered to

epifluorescence conditions.

Photographs of fluorescence preparations
Ilford FP4, using
the standard

1 min

exposures.

The film

were
was

taken on 35

mm

developed for double

developing time in 1D-11 developer (13 mins at 20°C), and
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prints

were

made

on

No. 2

or

No. 3 bromide paper.

Careful notes

were

kept of the nature of each exposure, the kind of preparation photo¬

Photographs of

graphed, and the magnification.
at each of the

and

micrometer

objective magnifications used were taken on every film,

prints of the magnifications made

be marked

a stage

directly onto the print

details from the film

so

paper,

that enlargement scales could
together with the experimental

log book, just prior to making the

exposure

of each

fluorescence frame.

vi)

Electron microscopy
No electron

microscopy

was

done in direct conjunction with this

project, but

some measurements were

made up

a

nuclei

from
of 8

who made the
way.

taken from photomontages (each

large number of separate prints) of the hypoglossal

unoperated rats.

I

am

much indebted to Dr. B. E. H. Sumner,

photomontages, for allowing

me to

examine them, in this

m

RESULTS

i)

Gel electrophoresis
The first part

of this project which

measurement of actin and tubulin

of the twelfth cranial
the work

required

no

was

undertaken, was the

changes following unilateral axotomy

(hypoglossal)

nerve

in rats.

As this stage of

prior preparation other than the acquisition of

the

gel apparatus and the requisite axotomy operations, it

out

over

six month

a

and antisera

were

period, during which time proteins

was

were

raised in readiness for the second part

carried

prepared

of the

investigation..
The

gel electrophoresis results

beginning with
used to stain
was

used to

some

experiments

on

This section is followed

molecular weight determinations obtained

gel systems, and the gel electrophoresis results

conclude with sections

a)

the physical properties of the dyes

quantify the results obtained.

with two different

material

presented in four sections,

gels, and the characteristics of the densitometer which

by some brief observations

from the rat

on

are

dealing, respectively, with results obtained

experiments, and

some

results from

an

analysis of human

obtained within 12 hrs post mortem.

Dyes and densitometry
Since the introduction of Coomassie Blue

Webster &

the most

(Fazekas de St. Groth,

Datyner 1963) for staining polyacrylamide gels, it has been

widely used dye for showing small amounts of protein.

However,

reports (Chrambach et al. 1967; Gorovsky, Carlson & Rosenbaum 1970)
suggest that it may not be the most accurate

or

sensitive dye for

m

the purposes

of quantitation, or the determination of stoichiometrics,

because of its anomalous

The latter authors suggest

concentrations.
may

be

more

than

small

very

that acid fast

FCF

green

better dye to use for protein quantitation on gels.

a

To test the
used first.

suitability of different dyes,

Aliquots of 1% dye were made

set of serial
a

light absorption at

dilutions

was

prepared.

a

model system

was

in 7% acetic acid and

up

a

Difference spectra, read against

1% acetic acid blank, were taken at a convenient dilution, and the

peak absorbancies noted.
Coomassie Blue
570 and 590 my
590

nm

(Fig. 13a) has its strongest absorbancy at between

(say 585 nm).

Readings of the absorbancy were made at

(Fig. 13b) at the different concentrations shown in the figure
It is clear from these measurements on the dye, free in

legend.

solution, that there is
at concentrations

as

a

low

very
as

Similar measurements

on

150

marked deviation from linear absorbancy

yg/ml.

acid fast green

FCF, showed that the

maximum

absorbancy lay close to 630

at this

wavelength indicated that the dye showed

Beer's law to concentrations well

my

(Fig. 14a,

above 200

It therefore seemed from these initial

144).

p.
no

Readings

deviation from

yg/ml (Fig. 14b,

p.

144).

experiments on dye free in

solution, that acid green FCF had improved linearity with concentration
when

compared with Coomassie Blue.

same

properties would be shown by the dyes when bound to protein.
If when

some

one

runs

a

polyacrylamide gel,

one

seen

whether the

allows protein to

pass

down the electrical gradient, and then applies another sample,

way
can

one

It remained to be

build up a

series of bands of the

be made to be of different concentration.

dilutions

on

an

"interrupted" gel in this

same

protein, and these can

By applying a set of serial
way,

applying the

more

dilute
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Fig, 13
Coomassie
a)

Blue

Absorption

Spectrum

Wavelength

3.00

nm

6C0

Concentration ;ug /

900

ml

Fig. 14
SC Na
A 3

Acid Fast Green FCF
a)

Absorption Spectrum

Wavelength
b) Concentration

dependent

Concentration

nm

Absorption

;ug

ml
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samples first to avoid 'tailing back' interference of the larger
protein, one can study the behaviour of dye binding to

amounts of

known amounts of
The
has

a

protein, in a fixed and stained gel.

protein chosen for these experiments was hen ovalbumin:

molecular

it

weight (46,000) between those of tubulin and adtin,

and has

a

moderate amount of

3 moles

N-acetylglucosamine

Like tubulin, there are

carbohydrate (five moles D-mannose, and

mole protein, Feeney & Allison 1969).

per

phosphorylated and unphosphorylated isomorphs

(Perlmann 1949), with two moles, or one mole of phosphorus per mole of
ovalbumin,

also at high concentrations hen ovalbumin does

or none;

not show that

would make the

tendency of bovine

serum

quantification of discrete peaks impracticable for

anything other than

very

small amounts of protein.

"Interrupted" gels of this kind,

(Fig. 15) and scanned
weights of

paper

the amounts of
curve

this
of

albumin to polymerize, which

on a

were

densitometer.

stained with Coomassie Blue,

Plots

were

made of the

(integrated optical density) in the peaks, against

protein present.

They showed that the kind of absorbancy

observed in free solution, also

dye is bound to protein.

applies to Coomassie Blue, when

The plot is only linear

up to

about 20

yg

protein, and above this, the relationship between the amount of

protein and the optical density of the protein-dye complex, begins to
turn

over

towards

a

plateau value.

Using the absorbancy measurements of the dye free in solution to
calculate the amount of
the average

dye attached to protein in

value obtained

was

1-5

yg

Converting this to moles of dye bound

dye bound
per

obtained is 84 moles of Coomassie Blue per
This

a

series of gels,

per yg

ovalbumin.

mole of ovalbumin, the figure
mole of hen

happens to exactly equal the number of aspartic

egg

albumin.

(pKa 3.88) and

m

Fig, 15
Coomassie

Blue

Ovalbumin Standards

a) Gel Scan

Dye
Marker

b) Data Plot

•5■

Q

-

o

■3H

■1-

-i

12

1

r~

1

100

50
ug

Protein

glutamic (pK

a

be ionised in

4.25) residues in the protein (Habeeb 1961), which would
acetic acid

an

(pK

a

4.7) solution.

The nature of the

binding of the dye to the protein is not, however, altogether clear.
"Interrupted" gels stained with acid fast
showed very

good linearity of optical density

FCF (Fig. 16),

green
as a

function of

concen¬

tration, right up to protein levels approaching the maximum amount

•(^100

Weber & Osborn 1969) that

yg,

gel, without overloading it.
make acid fast green
tive measurement of

be

can

This is

run as a

a most

on

gels.

on a

useful property, and must

FCF the dye of choice for
proteins

single band

many

kinds of quantita¬

It provided the

reason

for

choosing this dye for the gel quantitations in the present study.
Calculations of the amount of acid fast green
gave a mean

value of 1.82

99 moles of FCF per

the

yg per yg

This suggests

protein.

mole of ovalbumin,

a

bound to ovalbumin
a

value of

somewhat higher value than for

binding of Coomassie Blue to this protein.

Running "interrupted" gels, (with three serial dilutions of
ovalbumin, 100 yg in the uppermost band, 50 yg and 25 yg bands along
the

length, and

a

12

yg

band at the bottom), alongside each series of

experimental gels, provided

staining.

Values in the experimental gels

the calibration values

After
made

on

direct calibration method using FCF

a

the

as

yg

were

expressed in terms of

of ovalbumin equivalent.

examining dye/protein binding relationships,

a

check

was

performance of the densitometer used for gel scanning.

A

step wedge, composed of a Wratten neutral grey filter cut into a series
of

successively shorter strips mounted above

one

another,

gave a set

regular 0.15 O.D. increments to 1.0 O.D. (1/10th light transmission).
Over this entire range,
response

(Fig. 17).

the densitometer gave

As 100

yg

a

completely linear

of ovalbumin stained with acid fast

of

m

Fig, 16
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FCF only gave a reading of 0.6 O.D. on the same instrument,

green

and
on

this

as

much in

was

was

linear

of the investigation.

Molecular weights on gels
When

was

of values for any one protein expected

experimental gel, the performance of the densitometer

an

for the purposes

b)

excess

a

microhomogenate from

applied to

gel,

a

reached the bottom,

run

on

described, the resulting gel showed a

(Fig. 18), about ten of them relatively strong,

number

By running, at the
protein standards

at 4 m.a. until the bromphenol blue marker

manner

finite number of bands
same

whole (weighed) hypoglossal nucleus

fixed overnight, stained in acid fast green FCF,

and destained in the

and about the

a

again much fainter.

same

time, and in the

gels which had

no

boxes,

same

same

time

mental

(homogenate carrying gels),

curves

from the relative mobilities of the standard

known molecular
unknown

series of

homogenate added to them, and

processing these standard marker-gels at the
one

a

as

the experi¬

could construct calibration
proteins, with

weights, and hence calculate the molecular weights of

proteins in gels of the experimental series.

Convenient marker

proteins, because they had molecular weights close to the fibrous
proteins to be investigated, and because they could be obtained
low cost, were conalbumin 1
ovalbumin

at

(m.w. 83,000, Fuller & Briggs 1956),

(m.w. 46,000, Taylor, Adair & Adair 1932), and cytochrome C

(m.w. 12,000, Dayhoff & Eck 1968).
horse ferritin

Bovine

pure

serum

Additional standards

run,

included

(m.w. 720,000, Harrison, Hoffmann & Main Waring 1962).

albumin

haemoglobin (m.w.

a

(m.w. 64,000, Peters & Hawn 1967) and horse
and g subunits, 15,097 and 15,294, respectively,

Dayhoff & Eck 1968) and human immunoglobulin (y chains m.w. 50,000;

Fig, 18
GEL

ELECTROPHORESIS

OF

BRAIN

MICROHOMOGENATE
Gel

Mol. Wt.

Scan

80,000
I

53,000
41, 000
35,000

12,000

k

and A chains

standards gave

points

the

on

the relative

standards

Dayhoff & Eck 1968).

see

Use of these

straight regression lines, with an adequate number of
when the log molecular weight was plotted against

curve,

mobility, and the choice of molecular weights of the

was

the fibrous

22,000,

m.w.

chosen

so

as

to span

the region of molecular weights of

proteins to be determined in the experimental samples

(40,000 to 80,000, with tubulin at 55,000).
The routine
molecular

running, fixation, and staining of quantitation and

weight standards, at the same times and with the same

processing reagents, ensured that
conditions
or

(such

of materials

minor variations in experimental

voltage reductions during power workers' strikes)

as

(from batch to batch)

of each series of

course

any

Results from the

was

compensated for during the

experiments.

experimental gels (Fig. 19) showed that the

rusty red band, with the highest relative mobility of all the dark

staining bands, coincided with the mobility of cytochrome C
standard
in the

gels.

on

the

Because of the high absorption of unstained cytochrome C

region of the wavelength at which the gels were scanned, the

apparent absorption of this protein in stained gels is anomalously high,
and the

protein

was not

Amounts of the other

the

quantifiable in the experiments carried out.

proteins in stained gels

sensitivity of the densitometer to give full scale deflection with

the 25 yg

Peaks

band of the ovalbumin "interrupted", quantitation standards.

corresponding to proteins with apparent molecular weights of

56,000, and 53,000

were

taken

tubulin.

The

molecular

weight of 42,000

some

quantified by setting

were

peak with

a

as

representing the

a

mobility corresponding to
was

instances compound, but in

taken to be actin.

and 3 subunits of
a

protein with a

This peak was in

general the mobility corresponded with

iMP'll

153.

Fig, 19

Relative

Mobility
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that of

a

protein closely resembling B actin (Storti & Rich 1976;

Storti, Coen & Rich 1976).

In almost all of the gels, there was a

conspicuous band at a position corresponding with an apparent molecular
weight of 80,000.

protein.

This

may

have been

a component

of neurofilament

It was particularly obvious as a peak in samples at about

three weeks post axotomy.

Because of the present uncertainties

concerning the true nature, and molecular weight of mammalian neuro¬
filament

protein, detailed presentation of the data from gels must

largely be confined to

a

consideration of the results for tubulin and

actin.
Peaks at the molecular
traced from the

were

out as

indicated in

gel

weights indicated for tubulin and actin,

scans onto

good quality tracing

Fig. 19, and weighed.

The results

paper,

cut

calibrated

were

by referring these weights to scans of the "interrupted" gels carrying
peaks with known amounts of ovalbumin, and expressing 'experimental'
peaks in terms of

c)

yg

of ovalbumin equivalent.

Gel results from rats
Four male rats

indicated in Table V
after it

was

were

killed at each of the times,

(p. 117).

Each hypoglossal nucleus was weighed,

dissected out, and

immediately before homogenisation.

gel results have therefore been multiplied in each
which

brings the measured weight

hypoglossal nucleus) of 1
nuclei

mg.

following axotomy,

up

case

by

a

to a notional weight (of the ideal

The measured weights of hypoglossal

standard deviation 94.3), and the adjustment factors,

required to make measured protein levels directly comparable,
smal1.

factor

lay relatively close to this notional value (mean value

713 ygms,

The

were

in the left hand

Protein values

with values for the
animals.

compared

also made for left and

was

who!ly unoperated rats of comparable

comparison.

were

right hand (control) nucleus, of experimental

A series of measurements

nuclei from

(operated) nucleus

age,

for

right
of

purposes

The results of these gels are not presented here, though

mention is made of them in the discussion section.

Following axotomy (Fig. 20) the amount of tubulin in the left
nucleus rises to reach
values then decline,

a

sharp maximum by post-operational day 4.

but there is

a

second increase in tubulin in the

left nucleus in the second week post axotomy,

gradual decline.
nucleus

bars

followed by another

In the third week, the amount of tubulin in the left

again increases,

for this

The

so

there

appear to

be three separate peaks

protein in the operated nucleus, all of them (judged by the

indicating standard
In the

error

right nucleus,

on

levels of tubulin increase
side of the animal
value at day

values) of

gradually after the
This initial

8, after which there is

right nucleus.

the

low value at day

significant level.

the "control" side of the animal, the

has been cut.

the

a

nerve on

the opposite

increase reaches

a

peak

drop in the tubulin level in

a

This is followed by

a

second slow increase from

11, and tubulin amounts

were

still increasing at

day 39 post axotomy.
Tubulin
appear to
on

the

changes in the nucleus

be triphasic with

a

the injured (left) side therefore

on

large and rapid initial

response.

Changes

unoperated (right) side show a biphasic response which is

considerably slower.
The actin

they
on

are out

changes

on

the left side also

of step with the tubulin changes.

the left side, occurs at

to be

seem to

decreasing.

day 8, at

a

be triphasic, but

The first actin maximum,

time when tubulin levels

appear
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Actin

changes in the right nucleus also appear to be triphasic, but

the first maximum, at
the left nucleus.
with the second

day 4,

before the first peak is reached in

comes

The second peak

peak

on

in the right nucleus corresponds

the operated side.

This second maximum in the

right nucleus is comparable in magnitude to levels in the operated
side.
the

Following

drop in actin content of the right nucleus during

a

early part of the third week, there is

values which

brings levels

the left nucleus,

to

the unoperated side to above those in

in actin and tubulin, between the left and right

(shown at the bottom of Fig. 20) are interesting.

indicate in many

side

steady increase in actin

by the sixth week.

The differences,

nuclei

on

a

instances, that

corresponds with

This raises the

a

activity,

so

the other is

high value for tubulin

a

high value for actin

question of whether there

that actin and tubulin represent

They seem
on one

the opposite side.

on

are reasons

for supposing

alternative aspects of cellular

that when one of these two proteins is being produced,
not.

Further evidence

on

this question will

be

considered later.

d)

Gel results from humans
Four sets of brain

samples

obtained from people coming to

were

autopsy at less than 12 hrs after their time of death.
a

male with senile dementia

cardiac arrest

following

with senile dementia
result of

aged 82

were

yrs,

aged 60

yrs, a man

operation to mend

an

and

a woman

a

yrs

who died of

broken knee,

a woman

of 79 who died as a

peritonitis.

Gels of this material

brain

aged 64

These included

were

run

in two ways.

homogenised in SDS buffer,

one

Small pieces of

set of samples with the
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addition of

ethanol.

mercaptoethanol, the other set of samples without mercapto-

The conditions for

running gels

electrophoresis of the rat samples.

the

were

the

same as

used for

The gel standards used

were

those described above.
Gels from the

'normal'

peaks at 56,000 and 53,000
Gels from the demented

individuals without dementia showed double
m.w.,

and

well defined peak at 42,000

a

m.w.

patients showed features in common of some

interest, and here the gels run with and without mercaptoethanol

interesting changes (Fig. 21, in which the bottoms of the gels

showed

to the

are

right of the diagrams).

Both kinds of

greatly exceeded
thiol

a

gel showed

a

large peak at 53,000

shoulder at 56,000

m.w.

which is absent in gels

m.w.

run

In the latter, the

peak has increased by about the height,

background, of the peak disappearing from the position at

120,000

gels

However, in gels without

mercaptoethanol (lower trance, Fig. 21b).

height of the 56,000
above

which

reagent (upper trace, Fig. 21a) there is a conspicuous peak

(left hand arrow) at about 120,000
with

m.w.

m.w.,

m.w.

were

Peaks in the region of 42,000 m.w. were small, and the

dominated by the

very

conspicuous 53,000

m.w.

From this evidence it seemed that the material

band.

at the

56,000

m.w.

position might be abnormal, and cross-linked through disulphide bonds
in the form of dimers with

a

molecular weight of

120,000.

The

apparent molecular weight of this protein corresponds with that of the
a-tubulin subunit.
The 53,000 m.w.

peak is in the position at which

the S-subunit of tubulin,
an

axonal

neurofilament

but it also falls close to

one
a

would expect

region in which

protein has been reported (Yen et al. 1975).

If, however, the amount of 3-tubulin present were to correspond in any

Fig, 21

b)

With -SH
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way

with the quantity of protein present in the peak at the a-tubulin

position, in gels
53,000

ii)

run

with mercaptoethanol, then nearly all of this

peak would need to be accounted for

m.w.

as

tubulin.

Purification and preparation of proteins
The

the

purification of proteins

means

for

measured by

planned to

carried out in order to provide

identifying the intracellular location of the changes

gel electrophoresis,

described above.

as

antisera against tubulin, for

use

fluoresceine

was

in conjunction with

isothiocyanate (FITC) sandwich technique, and to

lissamine rhodamine

a

use

(RB200) labelled heavy meromyosin for examining

the distribution of intracellular actin.
that this

use

At first, it was

might allow

one to

It

was

thought, initially,

study both tubulin (green fluorescent

FITC) and actin (red RB200) distributions together in fluorescent
counterstained
for
on

practical

preparations.
reasons

myosin, but to

This original plan was abandoned, partly

arising from results associated with experiments

much larger extent for theoretical reasons which

a

suggested that antibody staining for both proteins might yield

more

interesting results.
Myosin figured large, next to tubulin, in the early conceptual
phases of the project associated with the fluorescence-microscopic
identification of the intracellular sites of
this

reason

first.

Then

although it
was

in the
some

was

following subsections tubulin results
observations

used to

are

made

some extent,

abandoned in favour of

chickens.

protein changes.

on

are

For

presented

myosin, which explain why,

fluorescent labelled HMM staining

raising antibodies against actin, in
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There is
an

variety of clinical syndromes in

a

man

which present

autoimmunity against one or other of the fibrous proteins.

autoimmune

hepatitis, there

are

often antibodies in patients'

against smooth muscle myosin (Allison 1973).
patients

may,

In
serum

Myasthenia gravis

by contrast, have relatively high titres of anti-actin

autoantibodies
where the

as

(Douglas et al. 1965).

patients'

serum

Other syndromes are also known

includes anti-tubulin antibodies (infectious

mononucleosis, Whitehouse, Ferguson & Currie 1974) and it has recently
been discovered

(Osborn, Franke & Weber 1977) that there

against 'skeletin' in the
search

was

made among

sera

of

many

are

un-immunized rabbits.

antibodies
A brief

the Edinburgh hospital population for such

autoimmune sera, before

protein purification

that anti-smooth muscle

myosin

serum was

was

begun.

As it appeared

the only kind likely to be

readily available in reasonable quantities locally, this eminently
desirable short-cut to
A

raising antisera did not

seem

practicable.

good deal of experience in the purification and preparation of

fibrous

proteins

was

gained instead.
Tubulin

At the time this

project

was

undertaken, several different

procedures existed either for extracting free microtubule protein

(Weisenberg, Borisy & Taylor 1968; Eipper 1972),
intact polymerized microtubules from brain
On the

for obtaining

(Kirkpatrick et al. 1970).

whole, high molecular weight antigens produce a better immune

response,
so

or

and higher titres of antibodies (Herbert & Wilkinson 1971),

that from this

point of view, whole microtubules, (perhaps stabilized

by glutaraldehyde fixation), would have seemed desirable.

Furthermore,

the flexible nature of the tubulin molecule, with its random coil

162

polypeptide structure, and its lack of disulphide bonds to give it
rigidity, made it likely that free molecules of this rubbery protein
might

rather

prove

poor as an

antigen.

Any environmental change from

temperature to ionic composition, as well as the binding of a wide

variety of ligands, seems to be reflected by steric changes in the

configuration of tubulin:
defining
an

a

are not

of the best for

unique molecular configuration that can be recognised by
Various reports in the literature suggested that other

antibody.

workers had had

obliged to

such alterations

use

difficulty in raising tubulin antisera, or had been

several innoculation doses of

as

high,

as

15

mgms

of

protein each time, over a period of several months (Twomey & Samson

1972).'
However, it seemed likely on theoretical grounds (Inoue 1952a,b)
that much of the microtubule
the form of
free

protein present in cells would not be in

polymerized microtubules, but would exist in the form of

protein (dimers or monomers).

devising

a

Further, there was the question of

procedure for obtaining tissue slices that could be used

for the identification of
from certain that

a

proteins by antibody methods:

it seemed far

satisfactory method could be worked out for getting

frozen sections of brain in which microtubules and other fibrous

proteins would be retained intact, without introducing insurmountable

problems due to the production of brightly fluorescent compounds
during fixation.

Considerations of both these kinds made it

desirable to attempt to

produce

an

seem

antibody that would recognise

unpolymerized protein.
The

question of the purification of free tubulin

approached in two stages.
gave

was

therefore

Small scale column purification (Fig. 22)

valuable information about yields of this protein from known

en

CD

CELUOS

OTDUBENALIN
RAT

ro

ro

Fractions
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amounts of rat

would be

brain, and in addition showed what salt conditions

right for

use

in

a

large scale batch-purification procedure.

Column chromatography of
showed

a

crude tubulin from 50 rats (Fig. 22)

large initial peak that did not bind to DEAE cellulose, and

eluted in the void volume wash.
from this

Weber-Osborn SDS

gels of material

peak showed five principal bands with molecular weights of

about 80,000, 75,000, two bands close to 50,000 and one close to

20,000.

Some of -the material

in this first peak may have included

immunoglobulin, the nature of most of it is unclear.
eluted with

a

0.3 M NaCl

The second peak

step, and SDS gels indicated protein with

components with molecular weights at about 60,000 and 51,000.

higher molecular weight material
The third

may

have included

some serum

The

albumin.

peak eluted at about 0.5 M NaCl (Fig. 22, stippled line),

and Laemmli

SDS-urea

gels showed two components with apparent molecular

weights of 56,000 and 53,000.

The tritiated colchicine binding

activity (Fig. 22, dashed line) was associated with the third, tubulin,
peak, but it
concentration

was

noticed that in all columns
offset

was

by

one or two

colchicine binding in the assay.
the colchicine binds to the

concentration, there is

some

a

the peak of protein

fractions from the peak of

It seems likely that this is because

protein dimer, and that at the peak protein
spontaneous polymerization, which slightly

reduces the amount of colchicine

radioactivity to

run,

binding, and

shifts the peak of

so

slightly lower protein concentration along the

series of fractions.

Lowry determinations (Fig. 23) were carried out
fractions to
for

a

bulk

study yields, and

so

on

protein

calculate the probable requirements

purification of tubulin.- The bovine

Lowry calibrations indicated that this method

serum

was

albumin used for

most sensitive in

LOWRY

PROTEIN
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DETERMINATION

Fig, 23
a)

Low Concentration

Range

'4-1

;ug

b)

Extended

/ ml BSA

Range

•8-1

300
;ug

j ml BSA
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the 0-100 yg

protein

much reduced

(Fig. 23b).

range

(Fig. 23a) above which the sensitivity
Serial dilutions

were

was

therefore used for

Lowry determinations of more concentrated protein solutions, to the
level

required to bring the sample within the high sensitivity range.
The

phosphotungstate-phosphomolybdate "Phenol" reagent in the

Lowry procedure (Folin & Ciocalteu 1927) actually reacts principally
with

tyrosine and tryptophan, and the blue colour of the Lowry reaction

(Lowry et al. 1951) is largely an estimate of the content of these
amino acids in

solution of

a

protein.

Bovine

serum

albumin has 19

tyrosine and 2 tryptophan residues (Peters & Hawn 1967), while rat
brain tubulin has

(Eipper 1972).
a

19

tyrosine and 3 tryptophan residues

per

mole

Bovine serum albumin should therefore represent rather

good protein standard for the estimation of tubulin by the Lowry

method.
Measurement of the

that the small
few hundred

10 mgms

scale

yield in column fractionated material showed

purification of tubulin from 5 rats

gave

only

a

micrograms, whereas using 50 rats, the yield increased to

of tubulin.

When the extraction procedure

was

scaled

up even

further, the yield by batch purification from 300 rats, (killed at a
time when the

about 500 mgms,

was

programme
of

departmental animal-house

a

planned.

an amount

was

undergoing reorganization),

fully sufficient for the innoculation

SDS-urea gels of this material showed that it

was

high degree of purity, with only two principal bands at 56,000

and 53,000 apparent m.w.

in the tris-glycine-SDS buffer system used

(pH 8.3 electrode buffer).

Myosin

Large amounts of myosin could be obtained quite easily, after

killing only
back muscle

A mince of about 100 gms (wet weight) of

rabbit.

one

yielded about 750

of myosin.

mgms

Initial problems with

dissociating the actomyosin flocculum and separating actin from myosin
were

found to be due to

indicated,contained
time

no

a

batch of ATP which,

spectral analysis

nucleotide at all, just phosphate.

From this

only Boehringer GmbH nucleotides were used and were analysed in a

scanning spectrophotometer prior to crucial experiments.
Gels of 2% and 10%
that it

was

polyacrylamide

actin free and that there

run
were

with this material, indicated
three kinds of

light chain

(with molecular weights at about 30,000; 20,000; and 12,000) in addition
to

myosin heavy chains (m.w. ^200,000).
After very

brief trypsin treatment, and separation of the LMM

flocculum from the HMM supernatant,

by centrifugation following the

dialysis step, polyacrylamide gels at 2%, 5% and 10% showed that nearly
all
more

of the molecules
than the

section:

were

broken into 13

fragments.

hinge region between the myosin heads and the LMM rod

it nibbles the ends of the folded

globular heads

as

well.

polypeptide chains of the

The exact configuration of the polypeptide

backbone of the HMM head is not known at present.
may suggest

Trypsin attacks

there could be as

many as

The results obtained

10 folds in the structure.

Labelling HMM with RB200 (by the method of Fothergill 1969)
most

gave

satisfactory preparations, with 1.23 moles fluorochrome/mole

protein.

Conjugated myosin

G-25 column,

was

separated from free fluorochrome

developed with tris/EDTA buffer pH 7.0, which

on a

gave a very

pretty fractionation:

the peak of pink-labelled protein coming off

the column first, well

ahead of

a

second pink peak of unattached
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this way,

and stored in glycerol buffer pH 7.0, with a protein concen¬

mgms/ml, at -20°C.

tration of 10

of this material, suggested that the RB200 labelling

ATPase assays

reduced the
level

lots of RB200 labelled myosin were prepared in

Several

fluorochrome.

enzymic activity of the myosin to about half its original

(^1.0 yM phosphate/mg protein/min reduced to 0.4 yM phosphate/mg

protein/min).

For this reason, as well as the fact that the trypsin

treatment seemed to

consider

anti-HMM

immunological approach to actin staining.

an

conjugates

damage the HMM considerably, it was decided to

used successfully in the fluorescence work, but an

were

serum

RB200-HMM

was

also

prepared for

use

in

an

indirect sandwich

method, and direct antibodies against actin were also prepared and
were

used most often for fluorescence

Acti

Actin

was

made at the
batch
were

prepared from

same

time

as

the

preparation of tubulin.

microscopy.

n

an acetone

powder of rat skeletal muscle

large scale brain homogenates for the
At this time, the

carcasses

of 300 rats

available, after the removal and homogenization of the brains.

Two operators

killed

working together made this possible:

by stunning, the brain

was

after each rat

removed and while it

was

was

being

homogenised in ice cold buffer, the second operator skinned the rat
carcass,

and put

removed the back and thigh muscles, minced them with scissors

the mince into

a

beaker of acetone.

The muscle mince

kept stirred, and when the beaker became full, it

was

decanted and refilled for two further 10 min stirs.
beakers

on

a

shelf,

as

one

was

stirred then
By having1 three

became full, the final wash beaker

was
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emptied, and the acetone extracted mince was spread out onto large
filter papers to

dry at room temperature.

Aliquots of 20
F-actin

actin.

further

further

of
were

buffer to depolymerize them, and the material

excess

purified by repolymerizing it in 0.6 M KC1 followed by

a

cycle of centrifugation.

Muscle-powders extracted at 0°C,
after 2
showed

mgms

pellets obtained from the preparative procedure

dialysed against
was

of muscle powder yielded about 150

gms

single band at

actin preparations

Polyacrylamide gels of this material

cycles of purification.
a

gave very pure

position that corresponded with

a

a

molecular

weight of 42,000.
Pure actin

was

lyophilized and stored at -20°C, and used for

innoculation into chickens, as

iii)

The production of antisera
At the time this work

all
to

required.

was

undertaken, reports in the literature

suggested that whereas tubulins varied significantly from organism
organism,

similar

even

if their amino acid compositions

(cf. Mohri 1968), but that actin

protein, whose primary

sequence was

slime moulds and myxamoebae to man
them

was a very

thought to

vary

were

broadly

highly 'conserved'
but little from

(Weihing & Korn 1972), and all of

capable of being decorated with mammalian heavy meromyosin.
For this reason,

might be relatively
rat actins.

it seemed likely that rat and rabbit tubulins

more

different from each other than rabbit and

To reduce the likelihood of autoimmune

the animals used to

complications in

produce the antisera, rat brain tubulin

inoculated into rabbits, but rat muscle
inoculated into chickens.

myosin and actin

was

were
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Anti-tubulin

The rabbit antiserum
of

5

a

well

tested against fourfold serial

mgms/ml stock of tubulin by placing the

of

marked

serum

dilutions

in the centre

Ouchterlony immunodiffusion plate, and the protein dilutions

an

clockwise around the

edge, with the most concentrated well (5 mgms/ml)

beyond its outer margin by the point of a Pasteur pipette

pushed through the
Sera

were

fold dilution
was

was

agar.

produced

(20 yg/ml)

then fractionated

so

on

that precipitin lines

visible to 256

were

Ouchterlony plates (Fig. 24).

The serum

by taking a 50% ammonium sulphate cut and

retaining the precipitate.
Column

chromatography, of the immunoglobulin enriched fraction

obtained in this way, on

DEAE cellulose (Fig. 25), showed that there

large decrease in the amount of other

proteins present.

was

a

The

proportional enrichment of immunoglobulins in the 50% ammonium

sulphate precipitate

was

concentration in the

starting

by about twelve fold
serum.

stored at -20°C in 10 mM Tris buffer

10

serum

over

their relative

Immunoglobulin concentrate

(pH 7.0) at

a

was

concentration of

mgms/ml.
To test the effectiveness of the antiserum

for tubulin in immunofluorescence

human sperm smear

Using

a

a

microscopy, it

and

a

was

specific stain
used on

a

normal

hospital infertility clinic (Fig.'26).

fluorescent sandwich technique, the

9 outer doublets

did the

prepared in

as

sperm

tails (with their

pair of central singlets) stained brightly, as

post-acrosomal microtubular manchette (cf. Mcintosh & Porter

1967), which appeared

as a

bright bar

across

the

sperm

head.
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Fig, 24
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Fig. 26

Anti Tubulin:

,

1 ^ urn.

*fn

Sperm Smear

Tests for

plates

also

on

Ouchterlony

negative against actin, bovine serum albumin, myosin and

were

rat tail

cross-reactivity of the tubulin antiserum

The staining of the sperm-smear test piece,

tropocollagen.

suggested that the anti-rat brain tubulin, (rabbit), globulin

reacted

specifically with tubulin, and

fluorescence

suitable for

was

use

in

microscopy.
Anti-HMM

Anti-HMM
rabbit

raised in chickens, to avoid the

was

autoimmunity.

(A similar approach

possibility of

used by Lowey & Steiner

was

1972, who raised antibodies against chicken muscle proteins in

rabbits.)
Two booster doses
three out of 4 chickens
the formation of
HMM stock, on
in

some

given after the initial innoculation, and

were

produced high titres of anti-HMM, judged from

precipitin lines to 256 fold-dilution of

Ouchterlony plates (Fig. 27).

anti-actin

staining by

section to be stained

was

more

an

5 mgms/ml
was

used

the tissue

unlabelled HMM solution,

PBS, after which chicken anti-HMM

was

PBS washes, then rabbit anti-chicken

globulin, two PBS washes, and finally
globulin.

This antiserum

fluorescence procedure:

first soaked with

then rinsed in two washes of

applied, followed by two

a

a

an

FITC labelled anti-rabbit

This procedure for staining actin using HMM and chicken

anti-HMM worked well, but as

it gave the same results as a shorter

procedure using chicken anti-actin serum, the latter

was

usually used,

instead.
The

photograph (Fig. 27) shows a high-salt Ouchterlony plate

stained with ami do black.

Before

staining, there

sharp precipitin lines to 256-fold dilution.

were

beautifully

Unfortunately,

even
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Fig. 27

CHICKEN

IgY ANTI RABBIT

HMM.

after several

and not involved in the formation of the

central well
seems

days washing in buffer, transparent protein around the

have been denatured

to

by the high salt.

has shown that it is better to

fresh, without staining.

spoiled in this

It is

precipitin line,

Subsequent experience

photograph immunodiffusion plates
a

pity that the chicken plates

were

way.

Anti-actin

Antisera

against rat muscle actin

innoculation of
into the
very

with the lower

One of these (R4297) became

killed after the first booster injection.

was

showed symptoms

again, produced by

purified protein, with Freund's incomplete adjuvant,

wing veins of four chickens.

thin, and

were,

It

of Marek's disease (fowl pest, caused by an RNA virus),
portion of the sciatic

nerves

turned

grey

and trans¬

lucent, whereas the upper healthy part of the nerve was white and
cross-banded.
into the

This hen

was

killed

gently by injection of Nembutal

wing vein, then bled by cardiac puncture.

anti-actin

hen; and R4257,

a

only saved from accidental

give

a

a

use

in

a

rooster; R4291
on one

,

occasion they

by the timely arrival of the home office licensee
Sera from these

produced anti-actin antibodies, two of them (R4309, R4201)

high titre.
High-salt Ouchterlony plates

dilution of
with other

a

poultry-centre physiology

second booster injection (13th Nov. 1973).

three hens
in

(R4390,

rooster) all flourished, though

class demonstration
to

serum was

negative.

The other three anti-actin chickens

were

The

a

5

mgms/ml stock.

gave

The

precipitin lines to 250 fold

sera

showed

no

cross-reactivity

proteins tested (albumin, collagen, myosin, tubulin).

Use of the anti-actin serum to stain a cryostat

muscle cut at 8 ym, showed

skeletal
stained

one

set of bands

with

a

for

myosin

spacing of about 2

fore considered to show

(Fig. 28) that it selectively

in the muscle,

did not cross-react with

ym.

section of rat

(presumably the I bands,

as

it

the high-salt Ouchterlony plates),

on

The chicken anti-actin

there¬

serum was

high specificity, and was found to be suitable

staining tissue sections, by the indirect FITC 'sandwich' technique,

for fluorescence microscopy.

iv)

Conventional 1ight microscopy
After the

of

protein antigens had been purified, there

waiting for the production of

fluorescence microscopy,

experimental animals.
survey
as

it

of
was

nerve

cell

a

period

suitable titre for

after the initial antigen injections into

It

was

therefore thought useful to

carry out a

elements stained by conventional heavy-metal methods,

felt that this

fluorescent

of

sera

was a

might help

to recognise elements in

one

images, where there might well be

layers overlying

one

another in

a

processes

complex

from several

manner.

Having become familiar with the cellular morphologies of different
elements in brain, the fluorescent

interpret.
and

In

many cases,

photographs to turn to,

having
was a

stages of the work presented here.
taken from this collection

are

images
a

were,

in fact, much easier to

reference collection of preparations

valuable asset in the concluding

A few photographs of preparations

described

briefly, and

a summary

is

given of the morphological characteristics of the various cell types
4

as

noted from them.
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Fig. 28

Anti Actin

:

Skeletal Muscle

a)

Astrocyte pictures
Cajal gold-sublimate preparations were made from both rat and

human material.

Fig. 29 shows

of this work from

course

The stave

near

indicates

a

which is

a

the

20 ym

one

such preparation made, during the

formalin/ammoniurn bromide fixed rat brain.

a

fore-edge margin of the clear plastic overlay

length, and gives the scale of the colour photograph

Cibachrome

print made from

Morphological features

seen

a

Kodachrome colour transparency.

in this photograph

are

that the

astrocytes have end feet on the 8 ym diameter capillaries and, in

sections,these end feet often have the
attached to
are

seen

a

felled tree

to throw off

more

(the capillary).

of lopped branches

Many of the astrocytes

shrubby extensions of cytoplasm, giving

branching field of fine
domain often

appearance

processes

that extend their fronds

than 40 ym in diameter.

There

are

a

over a

often about 20

of the

larger cell processes from the cell body (mean of 20 astrocytes

in the

figure shown is 19.3 branches), and the 'stalk' from the end

foot

on

the

capillary is often about 20

ym

in length (mean of 10

astrocytes shown in the photograph is 17.3 ym).
the

cytoplasm darkly, and the cell bodies

(7-10

ym

are

irregular in shape

across).

Astrocytes are often rather evenly spaced:
most of those shown

in the

from the next astrocyte
about 25

photograph

(the

mean

are

the cell bodies of

chiefly between 20 and 30

ym

distance between those shown is

ym), though their arrangement is not necessarily strictly

quincuncial, and they

may

especially where they form
the

The nuclei stain like

be clustered about
a

glial lamina.

capillaries, is not visible in the low

some

structures,

The glia limitans about
power

photograph of the rat

29Fig.

back)
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brain

preparation.

It is visible in the photograph, (see Fig. 4,

introuction, p. 86), of astrocytes from the glioma of a human patient.

Fig. 30 shows a black and white photograph of a Tsujiyama silver

cyanide preparation of the left hypoglossal nucleus of a rat, following
axotomy of the 12th cranial nerve.

The stave at the bottom right is

20 ym in

The black streaks, running from

length to give the scale.

10 o'clock to 6 o'clock
and labelled

"cap"

are

across

photograph, and close to 2 o'clock,

capillaries.

astrocyte cell bodies.
of

the

The short

figure interpreted by

some

The

arrows

arrows

labelled "a" point to

labelled "da" show the kind

earlier cytologists

as

'dividing

astrocytes', (which they are probably not), and the arrows labelled
"im" show
show

figures which at earlier periods might have been claimed to

'invading microglia' advancing into the tissue from the

capillaries (again it is most unlikely that this happens, and this
figure could in
In the

capillaries

no way

be claimed to show this).

Tsujiyama preparation, the astrocyte end feet on the
be

can

seen, as

in the Cajal gold-sublimate picture, but

here the distance of the cell

(stalks about 40

ym

bodies from the

capillaries is further

long in the section shown) and there

are

fewer

astrocytic branches (about 13 in the astrocytes in this photograph).
Some of these differences represent

types of astrocyte:

differences between the two major

the Cajal preparation showed protoplasmic

astrocytes in grey matter, whereas the Tsujiyama preparation appears
to cover

a

region towards the edge of the hypoglossal nucleus, towards

the exit of the nerve, where there are
The cell

bodies of the astrocytes

irregular in shape 7-10
branch

again.

ym across

mostly fibrous astrocytes.

in the Tsujiyama preparation are
with 4-5 major

The nuclei stain darkly.

arm

trunks, which
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Fig. 30

Tsujiyama Silver Cyanide

Rat Hypoglossal
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Neither the Cajal

method,

tips of the astrocyte processes.
electron

the Tsujiyama procedure stains the

nor

To see these, one has to examine

micrographs (see introduction, .p. 85).

The perisynaptic

lappets cannot be visualised in metal-stained light microscope
preparations.

b)

01 igodendrocyte pictures
Fig. 31 is

stained

a

colour photograph of

of baby rat brain

by Rio-Hortega's silver carbonate method.

overlay labelled 1NCB1 points to
the

an area

a neuron

The

cell body, while

overlay labelled 1Og' point to oligodendroglia.

to the left of the

Another
the

overlay

myelinating

overlay

arrows

are

axon runs

beside and beneath

length.

the

arrows on

The letters 'MA'
myelinating

a

axon.

towards the right of the photograph and

marked 'MySp' point to myelin spools being formed

by processes originating from the oligodendroglia.
the bottom of the

arrow on

The stave towards

binding margin of the photograph represents a 10 ym

The myelin spools can be seen to start off as cell lappets

about 5 ym in

length, and these then become butted end to end as they

wrapped round the axon.

are

Several

oligodendrocytes in the photograph, like those at the

centre, can be seen to be sending out processes which end in myelin

laps around different

axons.

Most of the oligodendroglia send out

only two to three (or four) main cell processes 20-30 ym long.
cell

body is mostly round

or

oval, the cytoplasm stains darkly with

silver and the unstained nucleus is
and with

The
is

a

usually only

one

The

left

pale with

a

regular outline,

conspicuous nucleolus.

Tsujiyama silver-cyanide oligodendrocyte picture (Fig. 32)

photograph of the

nerve

tract leaving the hypoglossal nucleus

31Fig.
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of

adult rat.

an

labelled

"Og"

on

There

are

about

the overlay).

a

dozen

oligodendroglia (arrows

The heavy

arrow

labelled "N XII"

indicates the direction of exit of fibre tracts to the
nerve.

length.
a

The stave at the bottom left of the

only

length.

c)

overlay indicates

10

a

ym

As in the baby rat brain, the cell bodies stain darkly round

pale regular nucleus, with

are

hypoglossal

a

few

processes

single conspicuous nucleolus.

a

from each cell, 20 to 30

01igodendroglia show

no

ym,

There

or more,

in

connection with capillaries.

Microglia
The

figure (33) shows a Rio-Hortega preparation, at high

magnification (stave to right of overlay indicates 10 ym), of a left
hypoglossal nucleus in
days previously.
"Og"

on

a

As well

rat that had the left twelfth nerve cut nine
as

the oligodendrocytes (arrows labelled

the overlay), which have pale nuclei, there are some little

cells with

twiggy ramifications of cytoplasm, and rather regular

dark-staining nuclei (arrows labelled "Mg").
These

"microglia" often

Neither their

origin,

nor

appear

shortly after

arms

of the

at the bottom

little "blebs" of

a

"microglia", like those at 7 o'clock
right of the picture,

cytoplasm 5-6

ym across.

terminates the 9 o'clock process
the

both characteristic of

are

type.

Some of the

from the cell

injury.

their function is clear, though their

morphology and distributional anatomy
distinct cell

a nerve

seems to

end in

Another bleb of this kind

of the microglia at the top left of

photograph.
Other aspects

the introduction:

of the cell morphology of microglia
there

are

a

number of

were

noted in

interesting details that

can

33

Fig.

iprosmemhaeicdorutfwigltnlaan 1ndoovcy0aenmtrels.y

Rio-Hrtega

tatroighpt

Stave

oligdenrcyts microgla

Og:

Mg:

be

with the electron

seen

microscope, but not with silver stained

/

preparations in

d)

a

light microscope,

Neurofibril techniques
Conventional

sometimes dubbed

techniques that stain fibre
'neurofilament'

techniques.

arrays

in

neurons are

It should bestatedat

the outset that the nature of the metallic stained arrays

is not

always clear, and that the 'neurofilaments' of the light microscopist
are

necessarily always identical with the 100

not

filaments resolved by
may

electron microscopy.

loosely exchange the

kinds of

preparation

same name

proves

A intermediate

That two sets of workers

for fibrils visible in two different

nothing about the nature of the fibrous

elements themselves.

Bielchowsky preparations

Bielchowsky preparations of the rat hypoglossal
several

respects.

Fig. 34 shows

a

are

useful in

colour photograph taken with

a

XI0

objective of the central region of a transverse section cut from the
front end of

a

rat medulla.

The stave

on

the

overlay indicates 1

mm.

Dotted outlines indicate the boundaries of two sets of hind-brain

nuclei:

Vn L & R indicate the left and right vagal nuclei; Hn L & R

indicate the left and
a

fibre tract

fibre tracts

right hypoglossal

leading to the

collecting to the

The characteristic

central

vagus,

The letter X indicates

the letters XII

nervus

'cloverleaf'

nerve.

are

beside the

hypoglossus.
pattern of nuclei about the

canal, with the hypoglossal nuclei ventral, the vagal nuclei

dorsal, is

one

that readily impresses itself upon the mind.

It is of

great importance to be able to recognise the characteristic shape,

Fig, 34
Low power

Bielchowsky preparation of rat medulla

Stave at top

right

on

overlay indicates 1

Vn^:

left vagal nucleus

Vn^:

right vagal nucleus

X:

exit tract of vagus

Hn^:

left hypoglossal nucleus

XII:

tracts to

Dotted lines

mm.

hypoglossal

nerve

indicate the boundaries of the nuclei.
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size and texture of this part
it

of the medulla, if

is to recognise

one

successfully in uncoloured frozen sections viewed by weak transmitted

light, prior to taking fluorescence pictures of the region.
from the

seen

of

can

be

photograph, the hypoglossal nuclei form compact groupings

below and immediately to the right

neurons

As

and left of the central

canal.
Seen under

contain

a

higher

power

neurons

conspicuous network of fibrillae.

to the bottom left of the

labelled "Nn"

arrow

(Fig. 35) the

in the same figure

The stave on the overlay

photograph indicates

a

20

urn

length.

The

points at the neuronal nucleus, arrows marked "Nf"

point to the neurofibrillae.

An

arrow at

the bottom right labelled

"At", points the alignment of an axon tract towards the exit of the
XH'th
of

some

It
40 ym

the

sort, probably oligodendroglia.
be

can

long

seen

neuron

that

a

many

as

big

as a

are

a

Even in electron
sections of

large compared to glia.

relatively small
twice this size.

one.

The

Some neurons in

The neuronal nucleus

However, it will be noticed that

of the finer neuronal cell
are no

are

medium sized oligodendrocyte cell body, and there

conspicuous nucleolus.

neuropil,

cross

neurons

shown is

hypoglossal nucleus

shown, is
is

Objects labelled "Sc" indicate 'secondary cells', glia

nerve.

processes

a

good

branching out into the

bigger in cross section than processes from glia.

micrographs it is not always

oligodendroglial

introduction, p. 87).

processes

easy to

distinguish

and dendrites (see

35Fig.

showing

o
e
x
f
i
t
iBieopphlrcethagorfawtiosnky hypanrnoeeugroulfbrs1tlaa 2ilbneodootcyv0afemtmertls.y
power

High

n
e
r
v
nneuucrloeasl neurofibla ttorawaxaocrdns sceecolnsdary

Nn:

at

Stave

Nf:

At:

hypoglsa

Sc:

Von Braunmiihl

Silver

preparations

preparations from patients with presenile dementia

(Fig. 36) present images where a large proportion of the cortical
contain inclusion bodies, or one of a number of different

neurons

kinds of

neurofibrillary tangle.

section that has been
show up

the

next

neuron

on

lightly counterstained with toluidine blue, to

the

overlay shows

a

scale length of 20

ym.

The

it, labelled clockwise (from 6 o'clock) "A, D, D" is

lettered to indicate that the

pointed "apical" ends of the cells

dendritic ends, and the axons of the group
towards the side of the cell

the kinds of

tangle

progress

labelled "A".

Banana-shaped inclusion

in complexity from

tangle (HBT) through a 'treble clef tangle'

(PKS).

are

of cells shown emerge

bodies next the nucleus have been called Hirano bodies,

skein'

frozen

a

cell bodies.

neuron

The stave

The photograph shows

a

"HB", while

Hirano body with

(TCT) to

a

'perikaryonal

The spotty patch labelled "SP", is a senile plaque,

which

probably represents

which

a

neuron

an

has died and

aggregation of amyloid round

an area

in

degenerated.

Comparing this presenile brain with a tissue section- (Fig. 37)
from the 79 year
at the

edge of

old

some

woman,

the

one

neurons

can

are

The stave

see

the

show up

one

neurons

("DN").

neurofibrillary tangles

overlay indicates 20

"A", indicate dendrites and

previous

chromatin "Barr bodies"
In

plaques ("SP"), in the centre of some

degenerating

free from
on

can see sex

neuronal nuclei, cf. Barr & Bertram 1949).

this brain, there are senile
of which

(one

axons,

as

ym,

before.

But, on the whole,
or

inclusion bodies.

and the letters "D",
This section, like the

has been lightly counterstained with toluidine blue to

the neuron cell bodies.

a3FIG6, fBrrappoureensmamntiihlnl aputtioenpsy l2itnedooocv0afetertplsay deanaxnroitds body ttarcenlbgellef sperkiaeyoinnl bHtaironagndldoey
dem ntia

Von

•!

i
1

ym.

at

Stave

D:

D,

A,

Hirano

HB:

TCT:

PKS:

HBT:

Fig. 37
79 year
von

old human female brain stained by
Braunmuhl

Stave at top centre on

SP:

silver procedure

overlay indicates 20

senile

D:

dendrite

A:

axon

plaque

ym.
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TABLE VI
Summary of Cellular Characteristics

Neuron

Size

Features

Cell

Large polygonal cells

bearing

halo of boutons

a

of different sizes, and

with

a

well

internal

developed

Cell body 20-100

ym.

Nucleus 15-20

regular

ym

outline,

Boutons 1-2 ym.

meshwork of

fibri1lae.

01igodendrocyte

Round

cuboidal cells,

or

with few processes,
form

which

myelin spools at

tips.

Astrocytes

on

capillaries

lopped branches of

felled tree.

Stalk from

end foot; + 4-15,

cell

processes;

branched

(lappets

ym.

Nucleus regular outline,
Myelin spools 5
Cell

End feet

like

Cell body 10-15

ym.

few, 20

processes

Cell body of irregular
shape, 7-15

ym.

Stalk 10-40 ym;

branches ^20

ym.

Nucleus irregular,

around boutons in
electron

Microglia

Small
with

micrographs).

'twiggy' cells,
a

spindle shaped

nucleus.

Cells of various size
and

Cell

shape.
branches fine,

often

ending in

5-6 ym "bleb" of

cytoplasm.

a

ym.
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As

a

metallic

conclusion to this short survey of results obtained

staining and light microscopy, one may summarize a few

features characteristic of the various

table

with the idea that
somewhat

stained

types, in the form of a

some

of cells in the hypoglossal nucleus,

of it may

be relevant to identifying features

darkly through the thickness of

a

frozen section,

by the antibody "sandwich technique" for examination by

fluorescence

v)

cell

This information has been collected with special

(Table VI).

reference to the microanatomy

seen

by

microscopy.

Fluorescence microscopy
}

Cryostat sections were cut at a nominal thickness of between
6 ym and 8 ym

(according to the machine setting), as thinly as the

microtome knife and other conditions would allow.
air dried after fixation in acetone.
became

rehydrated and

were

to

It is not

glycerol mounted in this

microscope measurements suggested

air-dry thicknesses of acetone fixed sections, (which had

presumably shrunk somewhat during dehydration)

,

approximated quite

closely to the machine setting, for section thickness, but that
rehydration they
of the

11

were

about

one

third thicker.

The

rehydrated glycerol mounted sections measured

urn.

One in six

but such sections

sections

way

greater than their original thickness.

A limited series of interference

that the

were

During antibody staining sections

ultimately mounted in glycerol.

clear whether sections rehydrated and
swell

The sections

were

or seven
can

be

sections

was

was

thickness

close to

double the expected thickness,

readily picked out, and

not stained and

mean

on

opaque

processed for microscopy.

'flat-white'
Ice formation
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on

the cryostat

advance mechanism may cause it to 'jump' by

double

a

thickness from time to time.
In the
the

following account, fluorescence microscopy results from

experimental rats

results obtained from

presented first.

are

for the rat material.

as

concluded by a section on measurements

a)

an

are

interpretation and

The results

same

are

from electron micrographs

of the other results

summary

well.

as

Fluorescence microscopy of actin and tubulin changes in the
hypoglossal nucleus following axotomy of the 12th
2

The fluorescence
show

are

in rats

days post axotomy

markedly different images,

Fig. 38

nerve,

images (Fig. 38) from this earliest period

between the two kinds of

in

followed by

staining sections of human brain using the

fluorescent antibodies

which allow

These

arranged

as

between the two nuclei, and as

protein, actin and tubulin.
so

that pictures

on

The photomontages

the left side of the page

(column under "L") all represent features in the left nucleus, whereas
on

the

right side (column under "R") all the photographs are of

fluorescent

images in the right nucleus.

The top row

of photographs shows tubulin images in the left and

right nuclei.

The second

row

shows actin images from the left and

right nuclei.

The bottom

row

shows control images from sections stained

with nonimmune

sera.

scale
left
the

length of 10
or

same

rats.

ym,

The staves marked

on

each montage

indicate

a

and the arrangement of pictures with respect to

right nucleus, tubulin, actin and control photographs is kept
throughout the subsequent series of pictures from axotomised

Fig. 38
Fluorescence in rat

hypoglossal nucleus at 2 days

post axotomy (= 2d pa)

L

(left nucleus)

R

(right nucleus)

Anti-tubulin

Anti-tubulin

Anti-actin

Anti-actin

10 ym stave

Control

Control

I

%
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In the left nucleus,

fluorescence is
to

10 pm in

two days after axotomy, the anti-tubulin

mostly in the form of short unbranched lineations
The actin fluorescence

length.

up

the same side is in large

on

polygonal patches.
In the

attached

right nucleus, the anti-tubulin fluorescence is in blobs

by stalks to capillaries.

dimensions of astrocytes

The lucent blobs

of the

and bear short fluorescing branches round the

The right-nuclear anti-actin fluorescence is in the form

periphery.

of slender much branched ramifications, which
to attach

are

to

a

in places can be seen

fluorescing astrocyte perikaryon.

Comparing these morphologies with silver stained images, it seems
likely that the anti-tubulin fluorescence in the left nucleus is
dendritic and axonal.
is

in

neuron

probably

sized

axons

The

bright anti-actin fluorescence on this side

polygonal patches and in neuropi1-1 ike lineations,

and dendrites.

The anti-tubulin fluorescence

on

the right

side is probably due

mainly to astrocyte end feet, and the proximal regions of these cells:
arm

bases and the
The control

perikarya.
slides for

non

specific staining show

autofluorescence in marked contrast to the

a

pale bluish

bright apple-green

fluorescence of the FITC antibody staining.

4 days post axotomy

Anti-tubulin
show lineations

as

images in the left nucleus, (Fig. 39, top left),
before, but

now

there

are

numbers of polygonal

outlines showing parts of nuclear profiles, and the fluorescence is
banked
on

asymmetrically to

the left side,

one

side of the cell.

Anti-actin fluorescence,

is in large polygonal patches with attached lineations.

Fig. 39
Fluorescence in rat
after axotomy

hypoglossal nuclei 4 days

of the left hypoglossal

l

(left nucleus)

r

(right nucleus)

Tubulin

Tubulin

Actin

Actin

10 ym stave

Control

nerve

Control

In the

right nucleus, anti-tubulin fluorescence is in long

straight unbranched lineations, in

than 30

pm

in

The anti-actin fluorescence is in irregular patches attached

length.
to

many cases more

branching lineations with occasional lucent patches the size and

shape of

cell body.

an astrocyte

In the left nucleus the anti-tubulin fluorescence appears to
around neuronal
of

axons

neuron

nuclei and in lineations that

perikarya, and what

The

large dark

more

portions of astrocyte cell

slides show little

fluorescence in

mostly blue

or

processes

which have the angularity of

areas

The control

is

probably the proximal regions of

axons.

principally axonal, while the anti-actin fluorescence

looks like the distal

rather

are

associate with

images from the right nucleus suggest that anti-tubulin

fluorescence is

about

probably represent porti

The anti-actin appears to

and dendrites.

be

lapped

neurons.

specific staining.

non

There is

photographs of the left nucleus, but this

blue-green autofluorescent material.
9

days post axotomy

Fig. 40 shows montages of photographs taken at this period.
should be noted that the two anti-actin
shown at different scales.

in order to show the

as

clearly.

them.

some

The anti-actin

preparation

run

print is taken at low power

All the other photographs

indicated by the 10

In the left nucleus,

lineations, and

The left hand

row are

highly non-random distribution of clustered

fluorescent spots, more

larger scale

images in the second

It

10

ym

urn staves.

anti-tubulin shows very long straight
sized lucent blobs with branched

image looks like

riot, with

are at a

very

a

arms

from

fluorescent Champy-Maillet

large (5 ym), large (2-3 ym) and small

(1 ym) blobs arranged round polygonal regions in the preparations.

Fig.
Fluorescence in rat
after axotomy

hypoglossal nuclei at 9 days

of the left hypoglossal

nerve

R

(left nucleus)

Tubulin

10 ym stave

(right nucleus)

Tubulin

10 ym stave

Actin

Actin

(low power)

(high power)

10 pm stave

Control

Control
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In the

right nucleus, the anti-tubulin fluorescence is mostly

confined to round

or

cuboidal

patches of about 10

ym

with

from them, and to lines of 5 ym-long spools.

processes

fluorescence is

mostly in the form of large (3 ym) or

few fine

a

The anti-actin
very

large (5-6 ym)

spots, many of the latter with twisty apple green fluorescent threads

leading

to them.

up

In the control

slides, the left nuclei show

in extent that fluoresce

patches of about the

pale golden

a

orange.

size fluoresce

same

a

some

patches of 4-5

In the right nucleus,

pale blue

or

blue

green.

The anti-tubulin fluorescence in the left nucleus appears to

chiefly in neuronal

and the cell bodies of astrocytes.

axons,

the anti-actin spots

in the left nucleus

are

ym

be

Some of

the size of boutons in

Champy-Maillet preparations (both the large inhibitory kind, and the
small

stimulatory boutons, shown in Fig. 5,

bigger than this and
boutons.

termini,

The
as

In the

appears to

may

90), but others

bigger blebs still, are the size of microglial

seen

are

represent astrocyte lappets wrapped round the
process

187).

in Rio-Hortega preparations (Fig. 33, p.

right nucleus at nine days, the anti-tubulin fluorescence
be in oligodendrocyte cell bodies and in oligodendroglial

myelin spools wrapped round

axons.

than boutons, and may represent
termini:

p.

the arrangement

The anti-actin blobs

astroglial lappets

as

are

well

as

larger
microglial

of the lucent spots about polygonal dark

areas,

suggests that the fluorescent spots lie on and around the surface

of the

neuron

cell

bodies.

204

14

The

days post axotomy

photographs shown in the montage (Fig. 41) are printed at the

scale shown

by the stave at the bottom left:

less than for

some

of the other

the magnification is

prints, so that

one can see

the general

patterns of distribution of the rather complex fluorescence.
makes their

14

recognition easier in

some

This

The left nucleus at

instances.

days showed moderately intense staining in polygonal patches, with

the anti-tubulin

bouton sized spots,
much

With anti-actin, the fluorescence

antibody.

was

and blobs just slightly larger, but not in

in

many

larger blebs.
Anti-tubulin stained

intensely.

polygonal patches in the right nucleus rather

The spots stained by the anti-actin antibody

are

generally

rather smaller than in the left nucleus.

There

(5-6 ym) blebs, and

of the size of stimulatory

boutons

of the spots

more

none

of the

larger

(1 ym).

The

non

specific staining controls (Fig. 41c) showed some spots,

which fluoresced orange

in the left nucleus,

outlines which fluoresced
there

are

are

were

a

few

a

as

faint bluish colour.

brightish spots of

a

well

as some

In the

pale cell

ri'ght nucleus

golden-orange colour, and

some

rather diffuse bluish fluorescence.
It

left nucleus
arcs,

and

shape.

likely that most of the anti-tubulin fluorescence in the

seems

was

some

in neuronal

cell

bodies, particularly in perinuclear

few patches resembled astrocyte cell bodies in size and

The anti-actin fluorescence

seems to

have been in bouton sized

spots, and spots a little larger which probably represent astrocyte

lappets.

The general distribution of the spots is in polygonal patches,

with little between, as one would expect

of fluorescent structures

Fig. 41
Fluorescence in rat
after axotomy

hypoglossal nuclei at 14 days

of the left hypoglossal nerve

L

(left nucleus)

R

(right nucleus)

Tubulin

Tubulin

Actin

Actin

10 ym stave

Control

Control
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attached to the surface of

neuron

cell-bodies.

The spots appear to

aggregate in peri-neuronal haloes.
In the

right nucleus, there appears to be rather intense anti-

tubulin staining in the neuron

perinuclear

arcs

which have

cell bodies, and in much smaller
rather regular rounded outline, and which

a

probably represent oligodendrocyte perikarya.
anti-actin

In the

of the

case

preparations, the spots in the right nucleus are mainly of

the size of

stimulatory boutons, with

inhibitory boutons

or

few larger spots which may be

astrocyte lappets.

21

The fluorescence

a

days post axotomy

images at 21 days

those stained with anti-tubulin.

The

are

rather beautiful, especially

photographs in the montage

are

printed at high magnification.
In the left nucleus much of the anti-tubulin fluorescence is

attributable to astrocytes:

lopped branches' figures.
polygonal haloes of
In the

very

there

'felled tree with

are numerous

With the anti-actin, there
small spots (mainly 1

right nucleus, anti-tubulin shows

urn, or
many

are numerous

less).

brightly fluorescent

oligodendrocytes together with their cell processes and myelin spools.
All

these

were

intensely lucent with the FITC apple

green

colour.

anti-actin, the right nucleus showed large numbers of small
fluorescent spots,
left nucleus.

material

arranged about polygonal

The

areas,

With

(1 ym)

rather as in the

nonspecific-staining controls showed little

that fluoresced

brightly enough to give

an

adequate

photographic image, in either nucleus at 21 days post axotomy.
The fluorescent

images at this time

seem to

anti-tubulin fluorescence in astrocyte end feet

indicate bright
in the left nucleus.

Fig. 42
Fluorescence in rat
after axotomy

hypoglossal nuclei at 21 days

of the left hypoglossal nerve

L

(left nucleus)

R

(right nucleus)

Tubulin

Tubulin

Act in

Actin

10 ym stave

Control

Control

The anti-actin

pictures, of the operated side, corresponded with

fluorescent objects of the size of
haloes of the
In the

p.

207)

was

stimulatory boutons, arranged in

shape and dimensions of neuron cell bodies.

right nucleus, intense anti-tubulin fluorescence (Fig. 42,

associated with oligodendrocytes, including their cell

bodies, processes and myelin lappets.
'control

side'

The anti-actin picture on the

closely resembled figures in the left nucleus, with

haloes of small

1

ym

dots in Champy-Maillet polygons.

52

The 7th week
to be considered

days post axotomy

post axotomy cryostat section samples are the last
in this short survey.

The photomontage shows high

magnification prints.
Anti-tubulin fluorescence in the left nucleus showed luminous

objects of the size and shape of astrocyte cell bodies, and many of
them

(Fig. 43,

'hollow'

p.

209) bore branching

arms

that connected distally to

lappets, (with a dark core), about 3

ym across.

Anti-actin

images showed moderate numbers of bright spots ranging in size from
1

ym

to 5 ym.
In the

right nucleus, anti-tubulin showed thick lineations, like

that shown in the montage

spools
with

were

(top right Fig. 43,

discernible, and these lineations

p.

209)» in which 5

were

ym

also 'decorated'

frothy fluorescent cytoplasmic terminals of the kind associated

(in silver preparations) with the tips of oligodendroglia1 cell
processes.

The anti-actin fluorescence was in the form of spotty

haloes, with the fluorescent dots mostly rather smaller than in the
left nucleus.

Fig, 43
Fluorescence in rat
after axotomy

hypoglossal nuclei at 52 days

of the left hypoglossal nerve

R

L

(left nucleus)

Tubulin

Actin

(right nucleus)

•

Tubulin

Actin

10 ym stave
Control

Control
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1

1

Control
showed

preparations, for nonspecific staining and autofluorescence,
diffuse bluish

some

nucleus there

were

a

very

luminosity in both nuclei.
few brighter spots of the

In the right

same

colour, but

nothing of comparable intensity with the preparations stained with
immune

serum.

The anti-tubulin fluorescence in the left nucleus

seems

to have

been associated with astrocyte

cell bodies, and distal

processes

laps around synaptic boutons.

The anti-actin antibody

appears to

stained

with

have

mostly bouton-sized spots, corresponding in size to both

stimulatory and inhibitory endings, with just
the dimensions of astrocyte

a

few larger spots, of

lappets and fewer still of

even

larger

spots of up to microglial-bleb size.
In the

right nucleus, the anti-tubulin seems to have stained

oligodendroglia1 termini most brightly, with lineations of abutting
myelin spools 5

ym

bouton-sized spots,

size, with

long.

The anti-actin staining chiefly showed

with mostly smaller dots, of stimulatory-ending

a

few larger laps of inhibitory bouton size, and a little

One may

summarise the results of the fluorescence microscopy in

bigger.

two ways:

the two
both

first by considering the changes with respect to each of

proteins separately, and comparing fluorescence levels in

left and

right nuclei,

consider the patterns
see

one

Before

nucleus at

protein at

a

time.

Then one can

attributable to the proteins taken together, and

how their distributions

images

one

a

complement and contrast, when looking at

time.

doing this, however, there

results from sections of human material
of the measurements from electron

are some
to be

fluorescence microscopy

described, and the results

micrograph montages to take into
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both sets of observations

account:

help clarify and extend points

arising from the microscopy of the rat-medulla antibody staining work.
The human

preparations are most interesting with regard to anti-tubulin

fluorescence, while, the measurements from electron micrographs help
to

classify and set boundaries to classes of lucent spots

seen

in the

anti-actin stained sections.

b)

Human brain samples
Cryostat sections of brain, taken at autopsy from patients who had
f

had
same

a

history of senile or presenile dementia, were stained with the
anti-tubulin and anti-actin

fluorescence microscopy.

sera

used for the rat-medulla

Anti-tubulin staining showed most interesting

results, which may be compared with von Braunmilhl silver-stained images
from the
but
were

are

same

material.

The anti-actin

included for the sake of

prepared and examined

as

pictures

completeness.

were

less informative,

Control preparations

for the rat material.

Fig. 44 (p. 212) shows a montage of antibody stained photographs
from the

section

same

64 yrs

(Fig. 21,

p.

old patient

159).

as was

described in the gel results

The top row of photographs (a,b), shows

pictures obtained using anti-tubulin antibody, the middle row (c,d)
presents pictures from the series of 'control' slides, and the bottom
row

(e,f) has two prints from

among

thus differs from the series of rat

the anti-actin images.
pictures:

The montage

the control prints

are

placed in the middle to offset the tubulin pictures, at the top, from
the actin

pictures, at the bottom.

the montage

is given by the 10

"d", in the middle

row.

The scale for all the prints in

ym stave

at the top right hand corner of

Fig,
Cryostat sections of human brain from a 64 yrs male
th Alzheimer's disease seen

stained with anti-tubulin antibody

a,b

c,d

e,f

by fluorescence microscopy

.

non-immune serum controls

stained with anti-actin

serum

The anti-tubulin stained
in
von

preparations show bright fluorescence

looped bands, reminiscent of configurations noted in silver stained
Braunmuhl

preparations, from the

with toluidine blue

(Fig. 36,

p.

same

individual, counterstained

193) where the loops and skeins

appeared to begin with kinked fibrils at the apical (dendritic) end of
the

neuron

cell

body.

It is interesting that these tangles are skeins

stained with anti-tubulin:
the

gel studies, that the

associated with

a

this enhances the
presence

seems

in amount, in distribution,

characteristics.

The various anti-tubulin
green,

of neurofibrillary tangles

tubulin that is abnormal

and in its chemical

impression, gained from

tangles, which fluoresced bright apple

include figures like treble clefs (Fig. 44b), in addition to

stirrups, loops and skeins (Fig. 44a).

This contrasts sharply with

figures in the control preparations (Fig. 44c,d) where there were
numbers of

orange-coloured fluorescent knobs, 1-3

ym across,

and

some

paler bluish fluorescent spots, but nothing with the characteristic
of FITC fluorescence.

green

In the anti-actin stained
rather

low

preparations (Fig. 44e,f) there was a

patchy distribution of specific staining, mostly of

intensity.

and

a

three dimensional mesh

slightly larger spots (Fig. 44f).

Silver stained
from another

rather

Some of the spots were arranged around pointed

polygonal patches (Fig. 44e), others formed
of small

a

preparations, without counterstaining (Fig. 45a-e),

piece of this

same

brain, show figures

in the fluorescent anti-tubulin slides.

very

much like

those

seen

clefs

(Fig. 45a), stirrups (Fig. 45b), skeins (Fig. 45c,d), and

There

are

treble

lumps (Fig. 45e), (as well as a twiggy background of neuropil that
stained with silver but not with anti-tubulin

antibody).

Cajal

Fig. 45
Human brain from 64 yrs

stained with

von

male with Alzheimer's disease

Braunmiihl1

and with Cajal's

s

silver procedure (a-e)

gold-sublimate (f)

a,

G-clef

b,

stirrup

c,

skein

d,

loop

e,

lump

f,

Cajal gold-sublimate stained preparation

photographed at lower

(stave shows 10 ym)

stave
at d

indicates

10 ym

power

ALTZ

64yrs

(f

gold-sublimate preparations from yet other pieces from the
patient (Fig. 45f), showed numbers of astrocytes.

same

The print of this

preparation is shown at lower magnification (compare the 10
in

ym staves

Fig. 45d, with that in f).
Taken together,

both

to indicate that there

seem

tubulin in the
dementia

the gel data and the fluorescent antibody staining

cell

neuron

patient.

is

an

abnormally large amount of

bodies in the brain from

(Pictures from

a

senile old

a

presenile

woman were very

similar.

They also tend to suggest that the neurofibrillary tangles may actually
be made of tubulin:

a

closer consideration of this

possibility is

given in the discussion.
The

nonspecific staining controls show a red-brown fluorescent

series of spots

about 3 ym across.

The colour is rather like that of

What the spots represent is very doubtful.

lipofuscin.

somewhat the size of astrocyte

lappets; whether

or not

degenerating intercellular contacts it is difficult to
level
of

of anti-actin fluorescence,

say.

The low

corresponds with the small amount

weights of from 40,000 to 45,000.

Electron microscopy
This section which is limited to the presentation

measurements

series of

taken from montages

nucleus of
sort of

=

of

some

(made, by Dr. B. E. H. Sumner, of

overlapping micrographs enlarged to

30,000 (1 ym

one

they represent

protein in the region of 10% polyacrylamide gels corresponding to

material with molecular

vi)

They are

a

a

print magnification of

3 cms), illustrating the morphology of the hypoglossal

eight unoperated rats), suggests criteria for separating
spot from another, in the case of the rather difficult
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anti-actin fluorescence patterns.
of them, are
am

original,

much indebted to Dr.
Electron

in

even

The measurements, and the treatment

though the montages

Sumner for

allowing

were not my own,

me to

microscopic fine structural anatomy

and I

examine them.
can

be most useful

elucidating neuronal functional interrelationships in terms of a
Different kinds of synapse have

"wiring diagram".

a

characteristic

morphology:

thus stimulatory cholinergic synapses contain round

vesicles 500

ft

which release

in diameter

(Schmitt 1970), whereas inhibitory endings

y-amino butyric acid contain clear flattened vesicles

(Uchizono 1967).

There are other kinds of ending with dense core

vesicles, that appear to contain catecholamine (Geffen & Livett 1971),
and small

dense

vesicles with 5-0H tryptamine

core

(serotonin) in them

(Wood 1966), while adrenergic neurons have pear-shaped vesicles (D. S.
Smith

1971); but all these

are

of less interest here.

Examining the boutons with flat vesicles, in micrographs of the

hypoglossal nucleus, and comparing them with the boutons with round
vesicles,
even

in

is struck by the size differences, which are noticeable

one

Champy-Maillet preparations (Fig. 5,

(Fig. 46) and deducing from it the true
of boutons, or

lappets,

case

of

a

one

diameter, where about

section thin by

as

as

mean

is faced with

object to be sampled, say a 600

knife-edge

90), for light

However, in plotting a histogram of size distribution

microscopy.

In the

p.

ft

a

diameter

a class

sampling problem.

comparison with

slice from

(7^) of

a

a

spherical

spherical bouton of 2

much plastic (epon/araldite) is lost on the

is represented in the samples (Thach & Mcintosh 1970),

then the

'optimum sampling'

sphere.

In such a situation, slices including the mid-diameter will

be the rarest,

ym

may

be regarded as alternate slices from a

(on the whole, about half

as common as every

other sort
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of

slice),

with

that where there is a population of spherical objects

varying diameters grouped about

"true
will

so

diameter" will

mean

not be

a mean,

it is clear that the

represented by the modal value:

it

value and the maximum; as a first

lie somewhere between the modal

approximation, probably mid-way between the mode and the maximum

(from precise sampling theory at 4/ir times the modal value,
Lovell

1977).

In thick

sections, 6

8

ym or

such

ym,

as

are

obtained from

a

cryostat microtome, either the bouton sized object is included in
the thickness of the

its full maximal

slice, when it will appear in the microscope at

diameter,

or,

less often,

a

cut may pass through the

structure, when on one side the slide will always contain a piece

showing the maximum diameter, while

equal to

on

the other side it will be either

less than the maximum diameter.

or

slices, the true

mean

the distribution will

trailing back, and

This

means

that for thick

diameter is represented by the modal value, and
be skewed, with the

more

remaining observed diameters

of them lying below the mode than above it.

Fig. 46 (p. 218) shows the histogram plots of the observed diameters
of boutons with round vesicles

flat vesicles

(stimulatory boutons) and boutons with

(inhibitory boutons).

The diameters of astrocyte

wrappings of the two sorts of boutons have been lumped together:
lappets of astrocyte often
beneath

a

not the

same

single fold of cell

At present
of

seems

stimulatory boutons together

process,

and it is not clear whether

or

astrocyte laps inhibitory boutons and stimulatory boutons.

there is not sufficient evidence to suggest two populations

cytoplasmic astrocyte, and

there
a

wrap two

the

little

reason

on

morphological (size) criteria alone,

for treating astrocyte

single population, at this time.

lappets

as more

than

218
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From the rather small

that the

stimulatory boutons

most of the

lappets

sample of material available, it appears

inhibitory boutons

larger

are even

inhibitory boutons to

("x^

xt to

(x~t

1.4 ym) are distinctly smaller than
2.4 ym), while the astrocyte

=

considerable extent.

a

0.2 ym for blue

=

2.6 ym), but they overlap values for the

=

limits of resolution of the
about

("x^

light microscope

light,

Bearing in mind that the
are

close to A/2,

say

simplify these results, by taking

one may

approach 1 ym for stimulatory boutons, 2 ym for inhibitory

boutons, and 3

for astrocyte lappets, with the proviso that the

ym

values for the latter

categories overlap considerably.

which these last two classes

are

likely to be confused when identified

by size criteria alone has been kindly calculated for
Lovell.

His results

discrimination

presented in the form of

are

The degree to

a

me

by Mr. Howard

table of

(Table VII).

Setting the boundaries, for the thin section data, at spots less
1.5 ym

than

(0 to 1.4 ym) in diameter, spots of about 2

1.9

ym), and spots of 2

can

see

that the level

aggregate).
means

that in

ym
of

and

more

ym

(1.4

ym to

in diameter (1.9 to 3.0 ym), one

misassignment is really rather slight (37% on

For small boutons, it is less than 20% (18.2%), which

assuming that objects with bouton like morphology and

arrangement, in the vicinity of neuron cell bodies, of a size less
than 1.5 ym are
For

stimulatory boutons,

be right 82% of the time.

inhibitory boutons, the assignment of objects between 1.5 and 2

gives

a correct answer

lappets assignment
a

one may

correct result

as

in

up to

53% of

cases,

"spots larger than 2

again in

up to

ym

while for astrocyte

(and

up to

3 ym)" gives

53% of assignments.

Simplifying assumptions of this kind, used with caution, make
the

ym

interpretation of the lucent maculae arranged in haloes about

TABLE VII
Classes of Round Fluorescent
to Three

Categories

on

Spots Assigned

Criteria of Size

ASSIGNED CLASS
A

|
1.4 um

B

j
1.9

C

Total

ym

A

(stimulatory
boutons)

81.8%

18.2%

0.0%

100%

12.5%

53%

34.4%

100%

14.6%

32.7%

52.8%

100%

CO

B

d
uj

(inhibitory
boutons)

dL
i—

C

(astrocyte
lappets)

Table of discrimination calculated

by Mr. Howard Lovell.
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polygonal patches of the size of hypoglossal
somewhat easier to

approach.

The

summary

neuron

cell bodies

of results will begin by

examining the anti-actin fluorescence data using the criteria derived
from the electron

microscopic observations.

fluorescence results with respect to

It will then consider the

single proteins in both nuclei,

before

turning to actin and tubulin distributions taken conjointly

within

a

single nucleus.

The

summary

concludes with

a

section that

integrates the results from fluorescence microscopy with the gel data
obtained in the earlier part

vii)
a)

of the investigation.

Summary of results
Fine scale actin changes observed by fluorescence microscopy
Most of the anti-actin stained

preparations showed collections of

spots of different sizes, many of them arranged around the periphery
of

cell

neuron

and in

some

bodies.

RB200 labelled HMM gave

showed cell

cases

antibody staining.

clearly than did the

preparations made at various times after

axotomy (Fig. 47, p. 222)

events

more

Plotting the sizes of spots visible in prints from

anti-actin fluorescence

the electron

outlines

>

one can now

apply the criteria derived from

micrograph montages to distinguish

occurring

comparable results,

as a consequence

some

of the likely

of cutting the twelfth

nerve on

the

left side.
At

day nine, there

are more

1 and 2

ym

anti-actin in the left nucleus, than in the

also
the

more

same

blebs.

2 ym spots
side.

spots staining with

right nucleus.

in the left nucleus than there

On the left there is also

an

are

1

There
ym

are

spots on

important class of 5

ym

,

•

Fig, 47
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On the
any

1

ym or

right side at 9 days post axotomy (p.a.) there are few if

2

ym

There

spots.

are,

instead, fair numbers of 3

ym

spots, and a fair number of 5 ym and 6 ym spots.
On the basis of the

e.m.

nucleus at nine days there are
boutons.
The

More of this is

larger blebs
In the

are

data, it seems likely that in the left

significant actin changes located in

probably in inhibitory boutons than elsewhere.

of the size of microglial endings.

right nucleus at nine days, the actin fluorescence is,

probably, chiefly in astrocyte lappets.
blebs of

microglial size:

nucleus, but

a

In addition there are some

similar in number to those in the left

bit bigger.

By fourteen days, in the left nucleus, there is anti-actin
fluorescence in spots

relatively few of them

of all sizes
are

up to

astrocyte lappets, but

small dots of stimulatory size.

There

are

spots of the size of inhibitory boutons and of astrocyte lappets.

more

In the

right nucleus, by contrast, there are

bouton size than

more spots

anything else, but there are still

some

of stimulatory
largeish

spots of 4 ym which may be microglial or may represent enlarged
astrocyte endings.

By twenty-one days after axotomy there are very large numbers of
small

spots in both left and right nuclei.

These are almost all of

stimulatory bouton size.
At

fifty-two days post axotomy there is rather less fluorescence

than before,

in both nuclei, and

the left nucleus there

are

even

less in the right nucleus.

moderate numbers of

bright spots of

stimulatory bouton size, and slightly fewer of inhibitory size.
are

some

blebs of

spots of astrocyte lappet

microglial size.

In

largeness, and in addition

There
some

In the right nucleus, there are moderate

224

numbers of fluorescent spots of
similar numbers,

the size of stimulatory boutons, and

somewhat fewer, of slightly larger dots the size of

inhibitory boutons.

Fig. 48 (p. 225) shows the differences in actin fluorescence
between the two nuclei, with numbers of spots at

expressed

as

nucleus.

Numbers in the left nucleus

the different sizes

values for the left nucleus minus those in the right
shown

are

stippled histogram

as

blocks, and numbers in the right nucleus are shown as white blocks
with

an

outline

Here, as in Fig. 47 (p. 222) the numbers

only.

represent average values per 200 ym

2

taken from as

available, (usually about ten for each nucleus).
fluorescence

analysis

was

regarded

as a

many

prints as

were

As the entire

qualitative, and not

a

quantitative investigation, standard errors have not been calculated
for the numbers
as

fluorescence

in the

They would in

histograms.

images fade

so

fast.

any case

be equivocal,

What has been attempted is to

photograph fresh areas as fast as possible, and to treat the results
as

qualitative samples which indicate the cellular location of events

measured

quantitatively by gel analysis.

fluorescence

images

The actin
survey are

the

the

quite informative.

are

changes observed by fluorescence microscopy in this

neurons.

At two periods, there

attributable to astrocytes and

are

way

thus very largely attributable to presynaptic endings on

hypoglossal

which

Treated in this

are

microglia.

fluorescent spots
At 9 days post

axotomy when the number of stimulatory boutons shed by neurons in the
left nucleus reaches
there is

a

a

maximum

(Sumner & Sutherland 1973; Cull 1974),

rise in fluorescence in

the left side.

There

associated with this

are

inhibitory bouton-sized spots

also numbers of

on

microglial sized blebs

period of bouton removal.

In the right nucleus

225

Fig. 48

Actin
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10 o

CO

Size jlim
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there

are

blebs:

astrocyte lappet sized spots as well as microglial sized

these may

readjustment

be associated with

as a

consequence

some

kind of qualitative synaptic

of the contralateral axotomy.

By fourteen days, when the dendritic field has begun to reexpand

(Sumner & Watson 1971) on the left side, and a number of the stimulatory
boutons

begin to reappear on neuron cell bodies on the axotomised side

(Cull 1974), there is bouton and astrocyte lappet sized fluorescence
in the nuclei

on

both sides, but more astrocyte

spots in the left nucleus (Fig. 48, p.
bouton-sized spots
that actin is
boutons

on

the

in the right nucleus.

involved in compensatory

stimulatory

Again, this picture suggests

adjustments in stimulatory

involvement of the astrocyte lappets in some

at a time when stimulatory boutons are reestablishing.

is reminiscent of the sequence
the

more

right side, and in the left nucleus the anti-actin

fluorescence suggests an
process

225) and

lappet sized anti-actin

This

of apparently compensatory events in

right nucleus.
At twenty-one

days post axotomy, the numbers of stimulatory boutons

in the left nucleus have reached

right nucleus.
appears to

a

level

of 70% of the numbers in the

The anti-actin fluorescence in both nuclei at this time,

be almost exclusively associated with dots the size of

stimulatory boutons.
At

fifty-two days, in the left nucleus there is

fluorescence changes not

a

second set of

wholly attributable to neuronal presynaptic

Many of the spots are of bouton size, but some are too large,

endings.

with diameters closer to

astrocytic lappets

or

microglial blebs.

It is

at this

period that the dendritic and bouton fields reachieve their

maximal

recovery

processes

in the left nucleus.

Just as astrocyte and microglial

showed increased actin levels at the time of bouton removal,

227

so,

too, at a time when boutons are becoming fully re-operational,

there is

second increase in the actin levels in

a

glial

processes.

Against the background of what is known about the cell biology of
actin, the fluorescence changes observed as a consequence of unilateral
axotomy enhance the view that this protein is actively involved when
cells

are

pushing out protoplasmic extensions, and when they

are

establishing intercellular contacts.
This

changes.

completes the
Some

b)

of fine scale actin (fluorescent spot)

aspects of actin changes are examined in isolation

gross

in the next section,

fluorescence

summary

before considering the changes in actin

conjointly with tubulin changes.

Gross actin changes observed by fluorescence
Fig. 49 (p. 228) shows diagrammatically the anti-actin fluorescence

distribution observed in

axotomy.

preparations made from 2 to 9 days after

In the left nucleus at 2 days most of the fluorescence is in

lineations, probably attributable to material in dendrites and axons.
This coincides with

a

time when dendritic retraction is

(Sumner & Watson .1971) and it

may represent a

reflux of

beginning
some

material

from the dendritic tree.

By day 4 the anti-actin fluorescence is

mostly in large polygonal

areas

coincides with
of the
may

nerve

a

may

around

neuron

cell bodies.

This

period when sprouting of growth cones at the cut end

well begin, and if

so, some

of the perikaryonal actin

well represent newly synthesized actin which is then actively

transported to the
On the
at two

axon

terminals.

right, uninjured side, there

days, which

may

are two

and three micron spots

indicate adjustments in the bouton field, and in

particular in astrocyte lappets and inhibitory boutons.

By four days,

228

Fig. 49
Anti

Left

Actin

Fluorescence

:

Right

the anti-actin fluorescence is

in the right nucleus.

processes

The actin
nine
on

mostly attributable to astrocytic

changes,

observed by fluorescence microscopy, from

as

days to fifty-two days have mostly been discussed in the section

"fine scale

changes", above.

throughout this period
bottom

of

row

show the

Almost all the anti-actin staining

in the form of perineuronal spots, the

occurs

Fig. 49 (p. 228), and the whole of Fig. 50 (p. 230)

changes observed, in the form of

a

diagrammatic outline.

Patches which fluoresced in various cell
in black;

material
in the

nonfluorescing
at the

endings

left in outline.

areas are

are

filled out

The twiggy

top left of each "sample" inset represents dendrites

neuropil.

The neuron is shown as

a

polygonal cell to the left

with

an

axon

represent myelin laps from the oligodendroglia, and an

running diagonally to the right.

axon

oligodendrocyte with its

processes

in each

Astrocytes

attached

"sample" frame.
by end feet to

and in contact
way

a

The spools along the

is shown to the right of centre
are

shown

as

stalked outlines

capillary at bottom right, in each frame,

(to the left) with boutons and the
Microglial outlines

of peri synaptic lappets.

neuron
are

cell body, by

omitted:

the

only identifiable antibody staining ascribable to this type of cell
was

in the form of the rather

summary
from the

it is

large blebs already discussed in the

of fine scale actin changes observed by microscopy.

timing of the

appearance

Nevertheless,

of actin changes in microglial blebs,

likely that these cells play

an

important role in the making and

breaking of synaptic contacts.
In all

observed

cells other than

were

processes.

neuron

confined to the cell

Within

neurons,

there

cell-bodies, the actin changes

periphery and the ends of cell
were

large initial levels of
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Fig. 50
Anti
Left

Actin

Fluorescence

:

Right
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i

perikaryonal dendritic and axonalactio fl
in the actin

levels in the cell

uorescence

body, presumably

followed by

fall

a

the protein

as

was

passed along the axon to the regenerating nerve ending and its growth
Other neuronal

cones.

presynaptic terminals

c)

actin

changes observed

were

ascribable to

the cell bodies.

on

Anti-tubulin changes
Most

summary,

aspects of the tubulin changes do not require the kind of

based

on

external criteria, that

the fine-scale actin,

however,

was

needed in the case of

(spot fluorescence), patterns.

There are,

points which only become apparent when the fluorescence

some

patterns are examined as a whole.

Fig. 51 (p. 232) shows diagrammatically the fluorescence changes
observed between
the

days 2 and 9,

early changes

dendrites and

lappets.

are seen as

as

described above.

In the left nucleus,

short lineations, (presumably in both

axons), with some fluorescent spots the size of astrocyte

Following this at nine days the lineations become longer,

and there is

a

characteristic

banking of fluorescence to
shape of

neuron

one

side of patches with the

cell bodies.. The early phases

may

represent, in part, a reflux of material from dendrites, as the
dendritic tree contracts, and the
one

side of the

neuron

cell

body

images with fluorescence banked at
are

rapidly followed, (at nine days

post axotomy), by pictures in which the cell body is largely cleared
of tubulin fluorescence, and the
of much

longer lineations.

of the banked up
nerve

are

begins its

This leads

one to

infer

a

now

in the form

rapid transport

tubulin probably down the regenerating axon, as the
recovery

also fluorescent

of astrocyte

antibody staining is

from being cut.

By the ninth day, there

patches in the left nucleus of the size and shape

cell bodies.
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Fig. 51
Anti

Left Nucleus

Tubulin

Fluorescence

Right Nucleus

2d RT

In the

right nucleus the first anti-tubulin antibody staining

shows astrocyte perikarya

and their end feet

reminiscent of Cajal

manner

most of the tubulin

gold-sublimate staining.

fluorescence appears to be in

probably largely axonal, with

some

a

result of
At nine

is

At four days

long lineations,

in

cutting the

nerve on

neurons

If

the extent that

nerves to

probable at present, then it looks as if these

changes in the rapid transport system of
as

a

fluorescence in the dendrites.

tubulin is involved in active transport
seems

capillaries in

on

are compensatory

in the right nucleus,

the opposite side of the animal.

days, the anti-tubulin fluorescence in the right nucleus

mostly in oligodendroglial cell bodies, and in myelin spools.

is not clear what is

increase in the

happening here, but if there is

rapid transport along neuronal

It

real compensatory

a

of the right

axons

nucleus, following axotomy of the left hypoglossal nerve, then there
may

be small accommodations to be made in neuronal diameter with

accompanying alterations in the tightness of the winding of the myelin
spools.

Such accommodations might involve a transitory increase in

oligodendroglial microtubule protein, whether

the wrapping or

or not

unwrapping of myelin spools directly involved microtubules themselves.
By fourteen days post axotomy (Fig. 52, p.

234) there is

peak of anti-tubulin fluorescence associated with the
bodies of the left nucleus.
fluorescence in the cell
In the

In addition there

neuron

is still

a

second

cell

perikaryonal

bodies of astrocytes.

right nucleus, at fourteen days, there is

more

neuronal

fluorescence, but this time in the perikaryon, and again there is

oligodendroglial cell body anti-tubulin fluorescence.
By twenty-one days after axotomy of the left hypoglossal nerve,
anti-tubulin fluorescence in both nuclei

appears to

be localised
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Fig. 52

Anti Tubulin

Left Nucleus

Fluorescence

Right Nucleus

mainly in glial elements.

In the left nuclei it is in the end feet of

astrocytes, in the right nucleus whole oligodendroglia are brightly
stained, including their finer cell processes, and the periaxonal

myelin spools.
At

still

cell

fifty-two days after axotomy, the anti-tubulin staining is

processes,

levels of
be

In the left nucleus astrocyte cell bodies and

largely glial.

including peri synaptic lappets, fluoresce at moderate
In the right nucleus, the staining appears to

intensity.

largely oligodendroglial, with the terminal cell

continuous lines of

and

processes,

myelin spools staining rather brightly.

The major features of the sequence

patterns observed, are noteworthy.

of anti-tubulin fluorescence

They contrast with patterns for

actin, quite sharply.
If

which

one

excludes the initial

probably due to

are

a

the

pattern:

common

changes in all types of cell

first there is

a

terminals.

do not,

in astrocytes,

tubulin

is seldom

until it includes cell

in the

case

of neurons, the

in general, fluoresce at the same time as the dendrites;

when the end feet

on

the capillaries
synapses

are most

anti-

do not stain (left

days p.a.; right nucleus 2 days p.a.), whereas when the

bodies and the

lappets about boutons stain (left nucleus 52 days

p.a.), then the end feet
show the

symmetrical:

positive, the lappets round

nucleus 21

passes out

However, the distribution of fluorescence in cells staining

with anti-tubulin
axons

processes,

appear

general fluorescence in

region of the cell body about the nucleus, then this

peripherally, along the cell

cell

changes in the left nucleus,

reflux of material from the retracting

dendritic tree, then the tubulin
to follow a

tubulin

same

on

the capillaries do not; oligodendrocytes

features, with the cell body staining first, then the
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distal

cell

including the myelin spools, but the levels of

processes,

fluorescence in the

oligodendroglia stained with anti-tubulin

generally rather brighter than anything
for this

d)

seen

are

with antibody-staining

protein in astrocytes.

Actin and tubulin changes taken conjointly
The left nucleus

The

early

after axotomy,
in the way
are

neuronal (Fig. 53,

responses are

in the
under

At two days

of anti-tubulin staining, except for patchy lineations, which

on

appears to

237).

the hypoglossal nucleus on the injured side shows little

probably in both dendrites and

staining,

p.

the contrary, shows

be perikaryonal in

axons

and dendrites.

a

axons.

large amount of material which

neurons,

and is spread along lineations

Of the two fibrous

investigation, the first response

of actin in the

cell

neuron

does not suggest a

bodies.

new

appears

proteins principally
to be a large amount

The distribution of this material

reflux of protein from the dendritic tree.

likely that the neuronal actin
synthesis of

Actin fluorescent-antibody

response represents a

It is

genuine net

actin.

By four days, the tubulin staining indicates large amounts of
material, but the distribution of fluorescence is asymmetrical within
the cell

body and along the

axon.

reflux of dendritic material,

synthesis of

new

This phase probably represents

though it might conceivably indicate the

tubulin by the

neurons,

exclusively along the

axons as one step

regeneration.

it would represent

If

so,

termination of tubulin

a

which is then passed
in the early phases of
a very

sudden early onset and

production by comparison with

an

earlier but
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Fig, 53

Fluorescence
Actin

:

Left Nucleus

Tubulin
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more

prolonged production of actin, which appears to precede the first

neuronal

tubulin response,

but

seems to

be mainly

over

by the end of

the first week.

There is still

day nine.
is

a

good deal of axonal anti-tubulin fluorescence at

But by this time, the actin fluorescence in the left nucleus

mainly in the boutons of

cell

bodies in the

neurons

with presynaptic endings

on

the

hypoglossal nucleus, in astrocyte cell-process

terminals, and in blebs of microglial size.
while the anti-actih

Within the astrocytes,

staining is peripheral and confined to the tips

of cell

processes

central

regions, about the astrocyte cell body and perikaryon.

about boutons, the anti-tubulin staining shows up

By fourteen days (Fig. 54, p. 239), there is a second increase
of tubulin in the neurons, but this time it is

cell

body and does not lie principally on the side towards the axon.

There is still
from

spread throughout the

day nine.

astrocyte cell body anti-tubulin staining, continued

Anti-actin fluorescence in the left nucleus is spotty,

with most of the dots of astrocytic

lappet

or

microglial bleb size.

By day 21, anti-tubulin staining in the left nucleus now stains
much of the astrocytes, but end feet this
Anti-actin fluorescence is
from

neurons

with

coincides with the

endings

time, not cell bodies.

mostly in presynaptic stimulatory boutons
on

hypoglossal cell bodies.

regrowth of the hypoglossal

nerve

This period,
which by

now

has

begun to re-innervate the tongue (Cull 1974), and the fluorescence
picture shows bright anti-actin staining in stimulatory boutons that
are

cell

beginning to re-establish themselves
bodies of the

on

the hypoglossal neuronal

injured side.

By day 52, such recovery as will occur, is largely complete.
anti-actin

staining in the left nucleus is mostly in bouton sized

The
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Fig. 54
Fluorescence

Actin

:

Left Nucleus

Tubulin

^^52d
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spots, but there is a small but significant population of larger blebs,
of

microglial size,

anti-tubulin
bodies

the surface of the

on

processes to

The

In axotomy

contra!ateral

a

which

experiments

as

an

unaffected control.

The

whole series of changes on the unoperated side,

a

or

an

ordered

sequence

in some measure compensate for injury and loss

opposite (operated) side.

early stages of

mainly

see

the

on

In the

can

since Waller (vide supra), the

ever

presented here suggest that this is altogether too simple

of alterations that .may

to be

right nucleus

though not spectacular, suggest that there is

of function

The

the lappets about boutons.

has been treated

nerve

there is

picture:

cell bodies.

staining is mostly in astrocytes, reaching from the cell

along the cell

observations

neuron

response

wholly glial.

(Fig. 55,

p.

241) the changes

seem

In the astrocyte staining pattern one

quite clearly the reciprocal intracellular relationship between

actin and tubulin.

At two

days post axotomy much of the anti-actin

staining is in astrocytic endings, whereas anti-tubulin stains astrocyte
cell

bodies, and their end feet

actin fluorescence is

also

on

the capillaries.

Some of the anti-

probably in inhibitory boutons, and there

are

larger blebs (with actin) of the size of microglial terminals.
At four

and in the

neuronal

days there is astrocytic actin fluorescence in cell endings

lappets about boutons.

axons

Anti-tubulin staining is present in

and dendrites of the

right nucleus at this time.

By nine days the axonal tubulin increase in the right nucleus is
followed by

oligodendroglia 1 tubulin fluorescence both in the cell

bodies and the

neuronal

myelin spools.

spot-haloes:

these

The anti-actin fluorescence is in periare too

big for presynaptic bouton spots,
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Fig, 55

Fluorescence:
Actin

Right Nucleus
Tubulin
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and appear

to be composed of a mixed population of astrocyte and

microglial cell endings

upon neurons

of the right hypoglossal nucleus.

By fourteen days (Fig. 56, p. 243) the actin fluorescence is in
bouton-sized spots as

well

as astrocyte

of the bouton-sized spots are

staining is in
cell

neurons,

and microglial lappets.

small, of stimulatory size.

Most

Anti-tubulin

(about the cell body), and in oligodendroglial

bodies.
At twenty-one

days, there is bright anti-actin staining in numerous

spots the size of presynaptic stimulatory boutons about the neuron cell
bodies of the
confined to

right nucleus.

Anti-tubulin staining is principally

oligodendroglia of the right nucleus which show bright

staining of both the cell body and the cell

processes

including the

myelin spools.
The

picture in the right nucleus at fifty-two days post axotomy

resembles that at twenty-one days,

fluorescence, but there
the

are

both for anti-actin and anti-tubulin

fewer stimulatory sized actin spots, and

oligodendroglial tubulin staining is mostly of cell processes and

myelin sheath.

The actin and tubulin fluorescence
two

things:

changes taken conjointly show

there is usually a difference in timing in the onset of

production of the two proteins, with actin coming first, then tubulin;

secondly, there is

a

spatial reciprocality in distribution.

mostly located in the tips of cell

processes

points of inter-cellular contact, such
that in nerve,
carrier

as

Actin is

and is concentrated at

as synapses.

This suggests

elsewhere (in non-muscle cells), tubulin is a bulk

protein, whereas actin is involved with the movement of cell

processes
membrane.

and local transport at (and across) the peripheral cell
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Fig, 56

Fluorescence:
Actin

Right Nucleus
Tubulin

e)

Interpretation of the gel data from fluorescence images
The

gel data (Fig. 20,

left nucleus at

a

p.

consequence

156) indicate spectacular changes in the
of axotomy of the left hypoglossal

This is confirmed by the pattern of

40, 41, 42, 47, 48, 53, 54).

nerve.

fluorescence changes (Figs. 38, 39,

On the other hand, the gels indicate

significant and sustained alterations in the right nucleus

as

and this,

(Figs. 55, 56)

too, is borne out by the fluorescence microscopy

well,

The left nucleus

In the left nucleus

with the

the responses are

mainly neuronal and astrocytic

probable involvement of microglial endings at the times of

bouton removal
responses are

and bouton re-establishment.

right nucleus, the

mainly neuronal and oligodendroglial, with

involvement of astrocytic and
appears

that there

then in

kind),

The

In the

on

are

microglial

processes at a

a

minor

time when it

adjustments to the boutons, (if not in numbers,

the neuronal cell bodies on the right side.

timing and location of the protein changes is also interesting.

The first,

and largest, tubulin peak in the left nucleus -is a neuronal

response.

The early actin response is also neuronal, but by nine days

includes

an

involvement of presynaptic

neuronal endings and the tips

of astrocytes.
The smaller 14

coincides with

a

day tubulin peak observed

second

wave

on

gels (Fig. 20,

of fluorescence in the cell

p.

156)

body, and this

time, there may be an association with alterations in the dendritic
field, whereas the earlier peak was associated principally with
fluorescence that

appeared to pass into the

is also tubulin fluorescence in astrocyte

axons.

At 14 days, there

cell bodies.

At 14
an

days there is also

a

second actin peak.

increase in the anti-actin fluorescence in

and in the

tips of astrocyte cell

A third and sustained
at about 21

processes

This coincides wi

presynaptic terminals,

of the left nucleus.

increase of both actin and tubulin occurs,

days after axotomy, in the left nucleus.

The actin

increase is associated with the re-establishment of the bouton field

by presynaptic

endings.

neuron

endings, and with activity in astrocyte cell

The tubulin increases in this period seem to be astroglial:

first, at twenty-one days, in astrocyte "stalks" on the capillaries,
later at fifty-two

days in astrocyte "arms" with their

processes

wrapped about boutons terminaux.

The

In the
an

right nucleus

right nucleus, the gel data (Fig. 20,

early actin peak, followed closely by

actin

peak

seems to

156) indicate

tubulin peak.

The early

be partly associated with astrocyte cell terminal

close to the neuronal
nuclear actin

a

p.

cell

bodies, and partly (though after the right

peak at day four), at day nine and after with neuronal

presynaptic endings.
The

early part of the initial tubulin increase in the right

nucleus is

partly astrocytic and partly neuronal.

much of the tubulin fluorescence

with

oligodendroglial myelin spools.

mainly associated with hypoglossal
anti-tubulin
then

the

on

in the

But by day nine

right side is associated

The later tubulin increase is

neurons

and with large amounts of

staining in oligodendroglia, first in the cell bodies,
myelin sheath.

This summary
The
a

be

following section includes

discussion of

and

concludes the presentation of the results obtained.

some

a

critique of the methodology used,

applicability of the results to various questions,

mention of aspects

of fibrous protein biochemistry which may

interesting in the future.
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DISCUSSION

Some

questions of procedure

discussion of the

are

treated first.

general

a more

applicability of the results obtained.

relating to gel electrophoresis
section

considered before

are

Matters

There is then

a

concerning the techniques available for the study of fibrous

proteins by fluorescence microscopy.

i)

Questions of procedure

a)

Gel electrophoresis
The direct

very

gel electrophoresis of whole homogenate

satisfactorily.

amount of tissue

The

reason

it does

so appears to

seems to

work

be that the

(^1 mgm) in the hypoglossal nucleus is too small for

anything other than superabundant structural proteins to register as
stainable bands in this system.

It is not altogether clear why one

does not suffer interference from entities

in such

procedure.

a

such

as

observed in the 7:6
Other

which has

molecular

as no

m.w.

weight of 40,000

lower amounts than actin and tubulin.
that 14-3-2 decreased in rabbit

significant deviation

optic

as

14-3-2 (Cicero et al. 1970),

are

probably present in much

It has,
nerve,

in any case, been found

following section

(Perez et al. 1970) whereas the 5-100 protein increased.
membrane

does not

(a:B tubulin subunit) stoichiometry.

(structural) proteins such
a

single ribosomal

molecular weight close enough to 55,000

have upset the results obtained,

appear to
was

a

proteins

However, the buffer chosen was one that allowed

the resolution of both tubulin subunits, and the

protein with

ribosomal

proteins, other than actin and tubulin,

are

Special

probably present
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in

only

small amounts by comparison with the intracellular fibrous

very

structural

proteins (Shooter & Einstein 1971).

the results of Fine and
each made up
see

One has only to consider

Bray (1971) who found that actin and tubulin

one-fifth of the total protein of growing

that this must be the

case:

neurons, to

actin and tubulin alone account for

nearly half of the total cell protein, and for the actin there is likely
to be

like

equivalent myosin, while the tubulin carries not only its dynein
protein in brain (Gaskin et al. 1974) but also a variety of other

high molecular weight associated-proteins (Murphy & Borisy 1975;
Keates & Hal 1

1975).

For these reasons,
the

gels at 50,000

m.w.

tubulin in the system

represent actin.

it is considered that the two bands observed in

and 53,000

m.w.

on

Laemmli gels, did represent

chosen, and that the band at 42,000

m.w.

did

There remains for attention, the question of the gel

staining procedure.
Bibring and Baxandall (1974) reported difficulties in the quanti¬
tation of tubulin

on

gels, using acid fast

reported above had been completed.

green

FCF, after the work

However, Fulton and Simpson (1976)

were

unable to confirm the results of

very

good linear relations between microtubule protein concentration

and FCF

staining.

Fulton and

Simpson:

Bibring and Baxandall, and showed

The results obtained here, confirm the findings of
of

a

number of dyes investigated, fast green FCF

gave

much the most linear absorbancy against protein concentration, and

this

was

as

true of

glycoproteins such

as

ovalbumin,

proteins (Gorovsky, Carlson & Rosenbaum 1970).

as

it

was

of other

b)

Fluorescence microscopy
The

use

of fluorescent antibodies for

in cells

has

come

Pollack &

sections is

planned and executed.

was

fraught with

a

use

in staining brain

number of especial difficulties,

nervous

tissue, there is

variety of amines,

a

neurotransmitter substances, which

of

some

& Bjorklund

1974).

of them

with aldehydes (Falck et al. 1962;

For this reason, it was considered

advisable to avoid standard fixation

formaldehyde in particular,

many

produce brightly fluorescent

condensation compounds when reacted
Lindvall

Their

interesting.

are

In

(Weber & Groeschel-Stewart 1974; Weber,

Bibring 1975; Pollack, Osborn & Weber 1975) since the work

described above

which

into vogue

staining fibrous proteins

as

it

was

procedures, and the

use

felt that this would

of

save a

great deal of confusion arising from undesirable nonspecific background
fluorescence.
For this reason,
them in acetone
in routine

by

a

it

was

decided to cut cryostat sections, and fix

standard procedure used prior to antibody staining

virological examinations of tissue culture cells.

actin and tubulin

can

be extracted

as

As both

native protein from acetone

powders of muscle (Feuer et al. 1948) and flagellar preparations

(Renaud, Rowe & Gibbons 1968) it did not
fixation would affect either

seem

likely that acetone

protein adversely for the

purposes

of

antibody staining.
However, both actin and tubulin

are,

to varying extents, cold

sensitive, and it seemed likely that the sectioning and fixation

procedures would both tend to result in preparations where most of the
protein

was

present as free monomer rather than polymeric fibre.

For
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this

reason

bifunctional

IgG (with two antibody binding sites

per

molecule, Leslie & Clem 1969; Cohen & Porter 1964) seemed preferable
to

using fluorescent labelled HMM, which probably does not bind to

globular actin.
rather than

Also, antibodies

polymer, in spite of the

lower molecular

poorer

subject of study, then labelled

Newer methods of digestion (Lowey

might well have been preferable.

et al.

antigenic qualities of

weight material.

Had fibrous actin alone been the
HMM

raised against free protein

were

1969) using papain immobilized by covalent attachment to a solid

substrate, have largely eliminated difficulties due to the uncontrolled

digestion and fracture of the myosin head at external fold points.
From

a

purely theoretical point of view actin decoration with HMM is an

excellent

procedure:

myosin is easy to obtain, and the thermodynamics

of its

interaction with fibrous actin

energy

of binding of antibody to antigen is of the order of -7.09

are

most

satisfactory.

The free

Kcals/M (Kabat 1968, p. 69) at standard temperature (25°C, 298°K).

Heavy meromyosin, in the absence of ATP has an association constant of

I.7x10^ M-"'

(Clarke & Spudich 1977),

so

that the free

association calculated from the relation AG

=

II.23 Kcals/mole, almost double the

energy

molecule to its

antigen.

This should
antibodies.
that

mean

as

of

-RT In K, appears to

of

an

antibody

a

somewhat smaller molecule:

against 150,000 for

an

m.w.

115,000

antibody molecule.

that HMM would show better tissue

penetration than

However, the bifunctional nature of IgG antibodies means

they have the great advantage over HMM that they stabilize

structures

be

Heavy meromyosin has another advantage over

antibodies, in that it is

(Lowey et al. 1969),

binding

energy

upon

binding, and this

may

be of overwhelming importance

in the processes

of staining and mounting of tissue sections for

immunofluorescence study.
The fact that the fluorescence
rather than the fibrillar systems

images showed diffuse staining

reported by subsequent workers

(Weber & co-authors, loc. cit.), suggests that the starting assumptions
were

result in
It

that the cryostat

correct:

sectioning and the fixation procedure

preparations with little or no polymeric protein in them.

might be interesting to see if the difficulties envisaged with the

production of fluorescent by-products as a consequence of formalin
fixation,

as

were

great as were imagined for the case of the hypoglossal

nucleus, when planning this study.

Formalin fixation, by perfusion,

prior to the cryostat sectioning should give quite enough methylene
bridges (Baker 1958) to stabilize fibrous structures, and acetone post
fixation

subsequent to sectioning would be

a most

satisfactory

dehydrating the sections and attaching them to slides.
time available for the

of this

ii)

way

The limited

completion of this project precluded experiments

kind, but they might well be worth attempting.

Applicability of results
In

respects, the work reported on here may be regarded as

some

providing

a

axotomy:

one

low resolution

map

of fibrous protein changes following

might have been able to find methods giving

a more

precise

localization of intracellular elements

using electron microscopic

techniques, but this would have been

pointless exercise prior to

knowing that there
The
is

of

so

sample

were

area

a

real phenomena to investigate.

available for examination by electron microscopy

small, and the techniques so lengthy that it was considered
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ill-advised to embark
low power
is not

fine structural

on

light microscopic

survey.

studies before carrying out a

The applicability of the results

greatly affected by their being confined to gel electrophoresis

results, and results from fluorescence light microscopy:
devised for the identification of structures, and
may

assignments

are

the right

ones.

Synapse modelling
The fact that

stained with

is

one

looking at 8-11

antibody, allows

the whole of several

the

some

were

require subsequent correction, it is perfectly possible that a

majority of the determinations

a)

though

criteria

qualitative

neuron

means

measurements made

one to see,

cell

bodies at

ym

thick sections of brain

partly in three dimensions,
a

time, and to correlate by

of fluorescence microscopy, quantitative

by gel electrophoresis during previously timed and

determined events that follow the axotomy of the
nerve.

What

one

sees,

is that the timing of the changes in actin and

tubulin concentration, coincides with key events
and re-establishment of
It therefore

that fibrous

seems

left hypoglossal

in the withdrawal

synaptic contacts.

likely, from what is known in other systems,

proteins play

a most

important role in pushing out and

maintaining the rigidity of lobes of cytoplasm:

initially by rapid

transport directed towards a point that thixotropically deforms in

plastic flow (Harris 1973); subsequently by means of elements of higher
thermodynamic stability that become moulded to the shape of the
structure which

they later maintain (cf. Guillery & Gray 1961),

perhaps by being transported passively along systems attached to such
relatively
ments

for

more

labile elements

protoplasmic flow, in

as

a

provide for the opportunist require¬

frequently changing cell environment.
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The various steps

in this

process can

be

seen

from looking at the

gel data, comparing these with the fluorescence images, and by looking
at

some

silver stained

preparations.

from axotomised rats, that actin

It

was

noticed in the gel results

changes appeared to precede tubulin

changes (Fig. 20, p. 156), this is particularly clear in the case of
the

early

responses

in the left nucleus, (where fluorescence images

indicate that the cells involved
neuronal
at

actin

peak

occurs at

mostly neurons) and here the

are

day 4, whereas the tubulin peak occurs

There is in this case a large previous tubulin peak at day

day 14.

4, but this is thought to be previously existing material refluxed
back from dendrites

as

The fluorescence

sequence

the dendritic tree contracts.

images (Figs. 39, 41, 53, 54) confirm the

of protein changes derived from the gel results.

bouton field in the left nucleus re-establishes

the astrocyte

p.

239),

lappets fluoresce with anti-actin stain, then there

bouton sized spots
evidence

(Fig. 54,

As the

of actin fluorescence.

are

In fact there is some

(Fig. 47) that suggests that a full sequence of bouton

extension may

include:

1) The withdrawal of

2) its ousting by

an astrocyte

growing back of

neuronal terminal

a

a

microglial ending,

lappet which then allows, 3) the
as a

properly placed synaptic

contact.

If this
p.

interpretation (based

220) "is right, then it sets

an

These cells have ribbons of smooth
the

axes

of cell

and the cell
It is

processes

on

the criteria set out in Table VII,

interesting role for the microglia.
endoplasmic cisternae running along

(Vaughn & Peters 1968; Mori & Leblond 1969b)

bodies do not appear to

include phagocytosed material.

possible that when the microglial end feet appear at day 9

(Fig. 47,

p.

222)» what is occurring is that the ribbon-like cisternae
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secretion channels for the local

act as

digestion pads that
from the

contact-maintaining cell surface substances

remove

region of the bouton, and hence result in its withdrawal.

The nature of cell

surface

is interesting:

process

application of enzymic

components likely to be involved in such a

there

are some reasons

for thinking that they

might be carbohydrates.
It

found, shortly after the discovery of blood group substances

was

by Landsteiner (1900), that they were carbohydrate components and
attached to

protein when free in the body fluids (Landsteiner & Chase

1936; Meyer, Snrith & Palmer 1937; Morgan & van Heyningen 1944; Buchanan
&

Rapoport 1950), but attached to lipid when bound to the erythrocyte

membrane

(Koscielak & Zakrezewski 1960; Hakamori & Jeanloz 1961).

retention of

The

specificity with the carbohydrate moiety, (rather than

anything else), confirms that it is this component that is of prime
importance in this class of cell recognition.

That cell surface

recognition in general appears to be mediated by shape 'labels' in the
form of

polysaccharide entities

has become clear

1963)

one

cells
a

very

as

following carcinogenic cell transformation,

of several factors leading to the breakdown of contact

inhibition between cells
One

The glycocalyx (Bennet

define cell-cell interactions, and it has long been thought

may

be

the outer face of the cell membrane,

subsequently (Sharon 1975).

that the alterations to it,
may

on

(Kalckar 1965; Abercrombie & Ambrose 1962).

might therefore expect that such specific contacts between
occur

at synapses

important extent.

should involve structural carbohydrates to
That this is

so,

is suggested by metallic

staining methods supposed to be specific for carbohydrate (Rambourg &
Leblond 1967; Tani
at

& Ametani 1971) which show the most intense staining

synaptic junctions.

Interestingly enough, such staining is reduced
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by neuraminidase treatment (Bondareff & Sjostrand 1969).

probably

coincidence that

no

rich in sialic acid

that

synapses are

of cell-cell

interactions

If the sequence

then,

reported to be especially

(Dekirmenjian et al. 1969),

acylated neuraminic acids

are

It is

as

it is

thought

now

generally involved in the regulation

(Lloyd 1975).

of events outlined has been correctly identified,

might expect that microglia should be rich in neuraminidase.

one

Also, the sequence would suggest that a bouton contact would find its
way

kind

back along a guideline of astrocyte process.
are

indeed

likely, is evident by analogy with developmental

disturbances observed in the

Rakic'

and Sidman

'cerebellum' of the "weaver"

mouse:

(1973) found that correct placement of whole

rather than just cell
processes,

That events of this

processes,

depended

upon

the

presence

here

neurons,

of long

from the Bergmann glia (specialised astrocytes), that

appeared to act like railway lines for neuronal migration.
In

extending their

in the astrocytes was:
in 3 ym

processes,

the sequence of observed fluorescence

at day 14 (Fig. 47, p. 222) actin fluorescence

lappets, followed by tubulin fluorescence (day 52) in the

astrocyte arms, cell bodies and lappets.
That the actin, then tubulin sequence

general, is suggested not only from the
nucleus

is likely to be quite

gross

gel data from the left

during the (mostly neuronal) early response, and from the

astrocyte figures during synapse re-establishment, it is also suggested

by the difference data from the gels:
one

nucleus there is tubulin

bottom

row

Fig. 20,
in

proteins

may

cellular

activity.

p.

156).

some way,

It

may

where there is actin activity in

activity in the other (difference data,

This suggests that the two fibrous

be associated with alternate modalities in
be interesting to return to this question

.
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after

considering the human disease syndromes, but first there

observations from the silver stained
to the processes

In

of

(Fig. 35,

tubulin and actin

modelling, under discussion here.

p.

191) made at

a

period after the main

changes had stabilised (21 days in the right nucleus)

of the

right nucleus, but few in those of the left nucleus.

The adjustments observed

in the right nucleus were significant and

appeared important, but they
than

be relevant

large numbers of stained neurofibrillae present in the

were

neurons

may

Bielchowsky silver preparations of hypoglossal nuclei from

axotomised rats

there

synapse

preparations that

are some

were

probably less cataclysmic in nature

changes in the left nucleus following section of the left

hypoglossal

(Fig. 20,

p.

nerve.

The changes in the right nucleus seemed smaller

156; Fig. 47) and appeared to stabilise earlier.

possible that had events in the left nucleus been followed to

It is
a

later

date, there might have been similar Bielchowsky neurofibrillary

changes there.
The

interpretation of silver stained "neurofibrillae"

seen

in the

light microscope requires extreme caution, particularly in the absence
of confirmatory
case

of

evidence from electron microscopy.

Bielchowsky stained neurofibrillae, it

neurofilaments

are

the entities stained:

seems

However, in the

likely that 100

Akert and Sandri

(1968)

suggest from an electron microscopic study that the deposition of
silver onto the neurofilament

loops (Gui11ery & Gray 1961) is what

makes boutons terminaux stainable

results make it

by the Bielchowsky procedure.

quite probable that the neurofibrils

Bielchowsky preparations

may

neurofilaments.

case

In that

seen

Such

in the

in fact represent aggregations of 100
one

might

suppose

the involvement of

&
a

A
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third step,

additional to the actin and tubulin changes, and coming

later than them,

involving neurofilament protein.

Such information

as

there is from the results obtained here,

suggests that synapse modelling may be a "competitive process" between
cellular end feet,
The "cement"

involving astrocytes, neural boutons, and microglia.

holding the structures in specific register may be some
It is likely, both from the fluorescence images

carbohydrate entity.
and from results

in other systems

that the initiation of cell

(Goldman, Schloss & Starger 1976),

contact is

via actin induced

microspikes

(Korn 1976), and that the points of contact are at regions where the
is held to the cell membrane

actin

by a-actinin plaques (Mooseker

1976), like those found at desmosomes (Schollmeyer et al. 1976).
The

timing of events in the

the results here allow

one

presented in Table VIII.
left nucleus

only.

interesting,

as

What

well.

sized blebs, and spots
to

synapse

to deduce

modelling

them,

are

far as

process, as

likely to be those

This table deals with observations from the
one sees

in the right nucleus (Fig. 47) is

The anti-actin fluorescence starts in microglialthe size of astrocyte lappets (9 days), passes

spots the size of astrocyte lappets and boutons (4 days), and then

there

are

dots

(21 days).

predominantly of the size of stimulatory boutons

In this instance it is not at all clear whether the

fluorescence is associated with the establishment of

connections,

or

synaptic

new

simply connected with minor adjustments to preexisting

boutons.
Previous

Cull

experimental investigations (Sumner & Sutherland 1973;

1974) have started with the assumption that there

in the

are no

changes

right nucleus, and have therefore only made relative comparisons

of the differences between

one

nucleus and the other at

a

given time,

52

Day

VI

TABLE

RDfLFDMSluyehooandescmpfsleing iNHALtyxpoenhaoegrlvtsfmy

FiESevonqeuntfcs Noulclewisng

with

with

few
A

Fewer

large numbers fluowreistch anti-c (bouton

21

Day

Very

visble fluorescing anti-c (expandig)

14

Day

More

9

Day

and fluorescnt

Large

Hypoglsa

Posible

boutns field?)

and fluorescnt anti-c (?retacing) proces fluorescing anti-c (adjustmen?) smal fluowreistch mantoi-rce, lbaorugtensr i(adjnustme inhbitory

Smaler

proces Microgla fe t

Cell

end

and

with

with anti-c

low numbers fluoresc
Very

anti-c (?expandig) visble (?retacd) numbers fluoresc anti-c (bouton retacion?)
with

Smal

Few

Astrocyte fe t
end

Smal1,

with

presynatic neuronal "boutn

proces

restablihmn?)
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and have not
in this

presented direct measurements of numbers.

The findings

investigation make such assumptions rather doubtful.

impossible that

the

right nucleus, to the section of the left

formation.of

of

series of compensatory adjustments, in

not

one

a

might be the

nerve,

The pattern of fluorescence

synaptic connections.

new

It is

changes in the right nucleus strongly resembles that in the left
nucleus during a time when synapse

modelling is occurring.

The

principal differences between the fluorescence patterns of the two
sides look very

much (Fig. 47, p. 222) as though, (if the events

outlined in Table VIII
the pattern

removal.

in the right hand nucleus

In that

bouton counts

case

in the

increase in numbers
Some
are

correct), the only factors missing from

are

it would be

are

those associated with bouton

interesting to look at absolute

right nucleus to

see

whether there is not some

following contralateral axotomy.

general aspects of fibrous protein function in

more

discussed later.

The next section considers

some

nerve

aspects of human

disease, and brain fibrous elements.

b)

Human disease syndromes
The

tangles

senile brain,
cells of
shoots

in presenile dementia are very like those in

in cells of patients with Parkinson's disease, or in

people with "Guam Parkinsonism", the result of eating cycad

(Hirano 1970).

cells affected:
frontal

seen

and

in

The differences appear due to the site of the

presenile dementia it is cortical cells of the

temporal lobes and the hippocampus that

are

principally

affected; in senile dementia the disturbance is rather general; while
in Parkinsonism the most affected cells appear to

nuclei

and the brain stem

(Hirano 1970).

be in the basal

past, it has been widely assumed (Terry, Gonatas & Weiss

In the

1964) that the neurofibrillary tangles associated with these disease
syndromes are merely disarrays of the same kind of neurofibril as
stains with other
may

be

procedures

in Bielchowsky's technique.

as

There

truth in this assumption, but the results obtained in this

some

study suggest that it may not be the whole story.
In the

experimental gels, following the

sequence

of protein

changes after unilateral axotomy of the hypoglossal nerve in rats,
there

was

no

peak identifiable

as

the 51,000

m.w.

"neurofilament

protein" (Gaskin & Shelanski 1976), though there were peaks at about
80,000 and at 150,000 and 200,000 (Fig. 19, p. 153) at positions

comparable to what other workers (Lasek & Hoffman 1976) associate
with

undegraded neurofilament protein when direct electrophoresis of

brain

homogenate is carried out,

is, therefore,
molecular

no a

priori

reason

While it is perfectly

fibrillary tangles does include

behaved
in the

for expecting

a

There

peak close to the

seem

so

a

possible that the nature of
a

breakdown product of

like the a-subunit of tubulin

manner

seems

some

neuro¬

description

malign coincidence in the nature of this material if it

of tubulin to give a unit

weight close to 110,000 (Fig. 21,
It

in the work described here.

weight of tubulin in human material, unless breakdown has

occurred.

it would

as

much

more

large accumulation of

an

p.

on

with

Laemmli
an

gels, and dimerised

apparent molecular

159).

likely, that the gel data in fact indicate
abnormal tubulin, which has dimerised

covalently to give disulphide crosslinked material that dissociates
the addition of
to have even

mercaptoethanol.

internal

a

on

As tubulin does not normally appear

disulphide bridges (Eipper 1974),

one

would

expect that abnormal oxidation of this kind would produce a significant
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steric

change in the molecule.

failure of the tubulin to
One of the

In that event, there might well be

polymerize normally into microtubules.

striking features of neurofibrillary tangles is that

they contain helical ribbons of material (Kidd 1964) about 200
diameter.

a

These ribbons

frequently have

a

C-shaped

cross

A in

section

(Hirano 1970) which is reminiscent of the microtubule profiles seen
after

chilling blood platelets (Behnke 1967).
It

now

that the a-tubulins

seems

are

the most tissue variable

(Bibring et al. 1976), and if the Witman model of microtubules is correct,
then

might expect

one

ribbon of 3 protofilaments of a-tubulin

a

as

part of the microtubule structure, perhaps as the commencing step in
microtubule
is

incorrect

tubules

are

structure of

assembly in vivo.
seems

(That the heterodimer microtubule model

evident, for the simple reason that most micro¬

built up of

13 protofilaments:

build

one cannot

a

regular

alternating subunits of two kinds when it has this basic

structure, for the plain reason that "two into thirteen won't go"

(Fig. 3,
Shelanski
a

p.

40), which is probably why, in

(1976), in discussing

microtubule which has

subunits

are

If the

not

no

a

heterodimer model, draw

ends, and

a cross

one

a

figure of

section in which the

kind of tubulin subunit, in this

probably the a-subunit, failed to give
subunits could attach,
alteration like that

suggested), this might lead to
of

a

an

case

which the g

a structure onto

(due to oxidation dimerization and

of g subunits as a consequence

the much

article Gaskin and

marked).

assembly of

of microtubule

a recent

a

steric

overproduction

control feedback indicating lack

polymerization at this second step.

This might explain

enlarged peak of 3 tubulin observed in homogenates of brain

from the individual

with

presenile dementia (Fig. 21,

p.

159).

The conclusions reached from

an

analysis of the gel data

are

strengthened by the results achieved with immunofluorescence staining

(Fig. 44, p. 212).

The neurofibri11ary tangles stained brightly with

antitubulin antibody, but not
Similar

with anti-actin

or

with non-immune

serum.

staining with anti-tubulin was seen in neurofibrillary tangles

from the senile

woman.

Evidence from both types
and fluorescence

of investigation, gel electrophoresis

microscopy lead to the

of the limited material

investigated, it

same

conclusion.

On the basis

likely that the

seems most

neurofibri11ary tangles of individuals with senile and presenile
dementia

are

composed of matted laths of mal-assembled tubulin.

fact that these appear to
lack the mechanical
and this may start
to the

may mean

that they

rigidity of the complete cylindrical microtubule,
the kinking of the structure which ultimately leads

perikaryonal skeins of material wound around the cell periphery

(Fig. 36,

p.

193).

associated with

Sakai's

be "half" microtubules

The

The fact that mal-assembly in these cases

seems

sulphydryl oxidation, is reminiscent of Kuriyama and

(1974) finding that free -SH

groups were

required

in

in vitro

polymerization of tubulin.
If the

interpretation offered here is the right

one,

then Alzheimer'

syndrome, and other kindred disturbances, might represent "transport
diseases":
the

the

disruption of the microtubule system could result in

blocking of the transport of such materials

(D.S. Smith 1971)
along the

axon.

or

reasons

synaptic vesicles

mitochondria (Smith, Jarlfors & Cameron 1975)

The reduction in actin levels associated with such

syndromes could be the direct result of
for

as

to be discussed

in the

an

overproduction of tubulin,

following section.
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c)

Fibrous protein function and the nervous system
Conclusions concerning

presented,
diffuse

are

function,

as

deduced from the results

First, the rather

hampered in two important ways.

staining images suggest that both actin and tubulin were

probably depolymerized by the cryostat sectioning of the unfixed rat
medullae:

a

procedure adopted to avoid brightly fluorescent neuro¬

transmitter condensation

products formed by aldehyde fixation.

Because of this, the fluorescence

protein, and there is

images relate to changes in total

inevitable loss of information,

an

important with respect to function:

of it

some

the fibrous proteins of

nerve are

transport proteins, but are mainly functional as fibre tracts.
there is
the

balance between

a

While

polymerized and unpolymerized protein in

living cell (Inoue 1952a), not being able to distinguish between

aggregates and free protein is an important limitation which applies

equally to the gel results and the fluorescence images presented here.
The second limitation is

one

that refers

mainly to

tion of neuronal

function from the results offered.

the introduction

(p.-103), that

an

observations from
mass

analysis of

only

end.

one

across

in

a

neuron

nerve

with

a

fibre 1

cell
m

was

an open

system, of which one had

ym

long, and

ym) long, the

axon

greater than that of the cell body (Grafstein 1969).
neuron

cell

only 7 to 9

bodies

are

ym across,

comparable in size, but the
and the

noted in

nerve

more

of its cell

in the form of cell body.

body 100

(=10^

was

unsatisfactory in that it

Any neuron has much

in the form of axon, than it has

human motor

interpreta¬

investigation of protein changes

occurring in the hypoglossal nucleus
took the form of the

It

any

an axon

a

ym

volume is 150 times
Hypoglossal

axon

is only about 3

10

For

cms

is usually

long.

An

adjusted estimate suggests that for hypoglossal neurons, the cell body
in the nucleus
mass,

that between 75% and 80% of the cell

so

If

represents between a quarter and one-fifth of the cell

samples nucleus alone,

one

sample of the cell.

one

is

axon.

is at best getting

When this cell is regrowing its

axon,

a

one-third
after

axotomy, a great deal of material is being pumped down the axon very
fast.
will
of

Measurements of concentration

only give

neuron

cell body

estimate of the net balance between the synthesis

an

material, its transport out of the cell body (down the axon),

new

the transport
and

axon

changes in the

of material back into the cell body (reflux from the

elsewhere), and the degradation

other loss of material

or

(turnover) by the cell.
In such

a

situation,

concentration of
may

a

measurement indicating no change in the

protein within

in fact represent

fact

a

a

huge synthesis of

being transported out of the cell

in fact

easily

a

in the hypoglossal nucleus

neurons

new

material which is in

rapidly

as

as

drop in the intracellular concentration of

accompany very

rapid synthesis of

new

it is produced:
a

protein could

material if the rate of

outward transport

exceeded the rate of cellular synthesis.

hypoglossal

regenerates very fast:

nerve

about half way

along the

to three weeks

(Watson 1974a).

30 ym to 45 ym per

tissue culture
rates

(40

hour.

nerve,

hr),

so

in the

that the

in two

re-growth rate of from

(Bunge 1973a) have been observed to

ym per

sure

a

cms

Isoated sympathetic neurons elongating in
grow at

comparable

the observed regeneration rate is in

reasonable accord with in vitro
To be

supposing the cut to be

then it regrows about 1.5

This gives

The

experimental values.

gel-measurements of fibrous protein changes

hypoglossal nucleus really reflected overall conditions in the

265

neuron,

one

would need to have included samples from one or more points

along the hypoglossal

nerve.

This would have made the subsequent

interpretation of the gel data much easier.

It might also have given

interesting and valuable information concerning the role of fibrous
proteins in
the

nerve

investigation

function.
was

The question

planned, but it

was

considered at the time

was

decided to confine the

observations to the nucleus, because there would not have been time
to

the additional

run

experimental gels
standards:
a

well

as

nor space

in the gel boxes for all the

molecular weight and concentration-

given that the gel electrophoresis apparatus was lent for

six month

as

as

gels,

period, it is felt that what

interpretation of

gel data must be treated with caution:
reflect

a

sequence

as

much

hypoglossal

probably

are,

neurons.

very

it looks

as

function from the

though the results

It is likely that the quantitative results
changes, but absolute amounts could be, and

much larger if

amounts of material

one

could allow for the considerable

passing into the growing

apparently compensating
The nature of this

is most

nerve

of changes in the amounts of actin and tubulin in

obtained do follow real

the

was

could have been done in the time available.
For these reasons, the

the

accomplished

was

interesting.

axon on

axon on

the left side, and

the right side.

compensation by

neurons

in the right nucleus

The gel results (Fig. 20, p. 156) indicate

in actin to values of four times the initial

amount

a

rise

(at day 4 p.a.),

followed by a rise

(at day 8) in tubulin to three times the starting

value

After two reductions in actin and tubulin levels in

the

(on day 1).

right nucleus following weeks

initial

response are

continued

one

maintained for

(6th week post axotomy).

as

and two, the high levels of the

long

as

the observations

were

The timing of the two intermediate
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reductions in the high actin

and tubulin levels is interesting:

both

periods coincide with times when fluorescence images indicate large
amounts of tubulin

staining in oligodendroglial myelin spools.

It is

possible that the myelin is being fractionally loosened at these times,

allowing

slight increase in the

a

axon

diameter and hence more rapid

transport along the axon axis, resulting in the observed drop of actin
and tubulin levels

in the

need electron microscope
The fluorescence

One would

right nucleus at these times.

observations to confirm this possibility.

pictures already discussed under

modelling

synapse

suggest some kind of adjustment to presynaptic connections of neurons
in the

right nucleus.

Altogether, there

that the contralateral
of

a

programme

presented here suggest a subtle and extensive

however, another question one might ask:

right and left nucleus
In the

rats.

actin

was

are

really equivalent

gel results (Fig. 20,

noticed in the

p.

right nucleus

156)
on

a

limits,

difference.
there

was

between

values
left

a

gels

small

left and

run

this kind

are

just within the standard

not

was

any

real

from 6 unoperated three-month-old male rats,

but consistent difference of about 0.5 pgms

actin

right nuclei (standard error 0.1 ygms), with higher

in the left nucleus.

'dominance'

in unoperated

slightly lower level of

it seemed uncertain whether there

so

In

even

namely whether

the first day after axotomy,

but the difference from the left nucleus fell
error

passive after the cutting

of compensation.

There is,

the

nucleus does not remain

The results

nerve.

for thinking

are many reasons

in

speech

Penfield
areas

generally known

(Penfield & Roberts 1959) found

of the brain in
so

man,

but asymmetries of

far back along the brain stem.

might be worth investigating this situation in

more

detail.

It
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In the left nucleus, the
increase

gel data (Fig. 20) indicate

actin

rising to three times the starting value by day 8, followed

by a' rapid fall between days 8 and 11.
initial

that this

actin response

body (Fig. 53, p. 237).
response

an

Fluorescence pictures suggest

is associated with the

neuron

cell

There is an enormous and almost immediate

in the tubulin level in the left nucleus following axotomy:

by day 4, there is five times as much tubulin as there was on day 1.
This is followed by a
The initial

very

drop in level with a second increase at day 14.

large increase is interesting.

by dendritic retraction.
dendrites contain very

Kirkpatrick 1972).

Electron microscope studies show that

large numbers of microtubules (Wuerker &

It is possible that depolymerization of these

dendritic microtubules is
field

Axotomy is followed

one

cause

of the contraction of the dendritic

(Sumner & Watson 1971) in the left nucleus.

The fluorescence

pictures (Fig. 53) show bright tubulin staining, lying to only one side
of the nucleus at this time.
from fluorescence

At all

other

periods when tubulin seemed

images to be increasing in cells, staining appeared

symmetrically about the nucleus before spreading outwards to cell
processes.

For this reason it is considered that the first tubulin

peak in the left nucleus represents depolymerization of microtubules
in the dendrites.

Whether this

protein is then reassembled for

transport along the regenerating axon is not clear.

use

in

However, there is

bright axonal fluorescence at days 4 and 9, before the tubulin peak at
14

days (which is associated with fluorescence symmetrically placed

about the neuronal

synthesis of

new

The tubulin
on

nucleus), and which probably represents the first

material.
peak at 14 days (about three times the initial value

day 1) is followed by a decline, by day 18.

After that, tubulin

268

levels remain

high, at about twice the starting value,

observations for this survey

fluorescence).

has

finished (day 39 for gels; day 52 for

along the regenerating

nerve axons.

distinctly possible that the rapid transport along the

secondary

a

until

The decreases probably represent rapid transport out

of the left nucleus,
It is

up

consequence.

The production of

a

axon

continuous stream of

protoplasm by the microtubules, (elongation is colchicine sensitive

according to Yamada, Spooner and Wessells (1970), but growth cone
movement is

sensitive to

cytochalasin),

may

well play some part both in

loosening synaptic connections (Watson 1966a) and in producing some
dendritic retraction
as

(particularly if dendritic microtubules disassemble,

suggested here) due to the 'cytoplasmic vacuum1 produced at the back

of the cell,
the

as

a

result of the jet stream of material passing up to

regenerating front.
A similar

interesting
At day

interpretation of cytoplasmic flow is possible for

sequence

of astrocyte anti-tubulin fluorescence changes.

21, the tubulin fluorescence

was

associated mainly with astrocyte

'stalks', the cell processes reaching from the end feet

capillaries to the cell body.
shifted, and
arms

was

now

on

the

By day 52, the fluorescence had

associated with astrocyte cell bodies and the

passing to peri synaptic lappets.
If,

as

seems

likely for

microtubule transport
one

an

can

see

function.

this

reasons set out

is predominantly centrifugal in direction, then

change of fluorescence pattern in terms of possible

At twenty-one days after axotomy a number of astrocyte

lappets has re-established contact
initial
As the

in the introduction,

contact

zones

may

presynaptic bouton

on

the

neuron

cell bodies.

These

be large enough to oust microglial end feet.
grows

back along the astrocytic guide process
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(Table VIII, p. 258), rapid microtubule transport from the astrocyte
cell
in

body towards the capillary, may be needed to pull excess cytoplasm

centripetally from the astrocyte lappets, and

presynaptic boutons
re-established,

are

towards the

the neuronal surface.

on
a

for the

room

By 52 days, when boutons

flow, from the astrocyte cell body

reverse

peri synaptic lappets

established bouton contacts, and
The appearance of an

make

so

may

help to

ram

help fill out

home the newly

any

dead

space.

"astrocyte stalks" pattern (Fig. 55) in the

right nucleus at 2 days after section of the contralateral

is

nerve,

just the first stage in a series of fluorescence events that strongly
suggest synapse modelling is occurring on the "control" side, as well.
Cortical
stem:
some

centres

in the cerebrum

loss of function

on

one

'project' to both sides of the brain

side may

well be compensated for in

increase of presynaptic 'projections' onto the other

way

by

The

reciprocal nature of actin and tubulin both in peaks

an

side.

(Fig. 20) and in fluorescence images (e.g. Fig. 55, 2 days
nucleus), has already been noted.
bound nucleotide in these fibrous
p.

20) that there

actin and tubulin.
that in many cell

are

often in

on

p.a.,

gels
right

A possible explanation involves the
proteins.

excess

of 10

It
g

was seen

molecules

(Table I,

per

cell of both

A search of the available literature, suggests

types (Born 1958; Mandel 1964; Bucher & Swaffield

1966; Colby & Edlin 1970) the ribonucleotide purine pools are of

comparable size.
orders of

(Deoxyribonucleotide pools

between

one

and two

magnitude smaller, Skoog & Nordenskjold 1971).

Typical ATP pools for
about 1.4x10

only

are

1.2x10^

9

molecules per

a

fibroblast (Colby & Edlin 1970) indicate

cell, with about 1.3x10

molecules of. dATP and

0.4x10^

8

molecules GTP, but

molecules of dGTP.

This
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means

that if

and tubulin

large amounts of actin (to 3.4x10

(to 1.7x10

synthesized de

drain
and

on

molecules

per

cell;

molecules

Table I,

see

and each kind of protein binds

novo,

purine nucleotide

9

g

per

one

p.

cell)

per

20)

are

mole of

mole protein (see Table IV, p. 77) then the

the nucleotide

resources

of the cell will

be almost total,

complete.
The

synthesis of

preceded by

a

new

protein (Chantrenne 1961) is usually

burst of ribosomal RNA production followed by

ribosomes for the

ribosomes for

is G-C rich

synthesis of intracellular protein, membrane bound

protein secreted from the cell.

(ibid.).

tubulin is

were

produce the protein in

but it would result in

a

messenger

(mRNA)

One would therefore expect that if actin,

required at the cell periphery,
would this

Ribosomal RNA (rRNA)

(Darnell 1968) in animal cells, whereas

is richer in A-T

cellular

free cytoplasmic

RNA which then attaches to the ribosomes:

messenger

of

a wave

a

produced first, then not only

'topographically '* favourable context

better intracellular metabolic balance.

If

synthesized later, after ribosomal production, then the

requirement for GTP likewise does not conflict,

as

between

protein-bound purine nucleotide and that required for RNA synthesis.
The earlier

synthesis of actin

intracellular

may

also be

one reason

for the large

pools of free tubulin (Inoue 1952a), although recent

reports (Bray & Thomas 1976) suggest that there is a good deal of
free actin, too.
The separate

possible need for

timing of actin and tubulin production, and the
a

metabolic balance between "opposite pairs" of

purine nucleotides, in the requirement for nucleotide used in the
polymerization of these fibrous proteins, weighed against the cellular
requirement for the other purine nucleotide in

a

particular

sequence

of RNA

production, suggests

Actin and tubulin

sophisticated kind of genetic control.

might well represent opposite partners in two

alternative cellular
the other is

a

genetic

programmes:

automatically switched off.

when

one

is in production

This would be

an

'efficient

way' of utilizing the redundancy of the genetic code (Crick 1967).
An actin-1inked programme

in codons richer in G-C
for

might have

so

genes

that adenine nucleotide would be available

polymerization and linked functions.

might have
that

genes

A tubulin-!inked

programme

(and its mRNA) written in codons richer in A-T, so

guanine nucleotide would then be available for its polymerization

and linked functions.

could

(and hence mRNA) written

Such

a

genetic system of alternative programmes

explain the situation found in the Alzheimer gels:

values might

easily be the direct result of tubulin overproduction

following the primary lesion,

a

concentration would then follow
alternate system

'jammed' in

the low actin

a

tubulin disturbance.
as

an

The low actin

inevitable consequence

of genetic switching, where the

programme

of

an

had become

'tubulin on' position.

The nucleotide

requirement for the polymerization of actin and

tubulin, their production at different periods and their possible
alternate

genetic control present further aspects of fibrous protein

function in brain.
modalities

Tubulin and actin in many ways represent

in fibrous

protein function (cf. Table IV, p.

opposite

77), and

may

also be associated with different modalities in cellular behaviour.
Actin is associated

primarily with the cell periphery, with local

transport across the membrane, and with the 'growing front' of the
cell

(e.g. the growth cone).

In terms of cell behaviour it typifies

"seeking" modality, and is associated importantly with the establish¬
ment of intercellular contacts.

a
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Tubulin is associated with rapid bulk transport.
how

long the axonal microtubules

are

It is not known

(D. S. Smith 1971), but in other

systems such as sperm tails or protozoan axopods (Tilney & Porter 1967)
the microtubules

Tubulin is thus
established

continuous through the structure, in one

length.

chiefly associated with assured directionalities and

growth.

In terms of

fibrous

are

developmental

proteins is also interesting.

is not present

the

sequence

appearance

Actin

appears

of the various

early, but tubulin

in the form of microtubules until about the ninth

postnatal day in developing rats (DelCerro & Snider 1968).
ments, the 100

A

Neurofila¬

intermediate filaments of brain, appear even later

(D. E. Smith 1973) and

are

especially rich in the brains of senile

dogs (Gaskin & Shelanski 1976).
This

sequence

is interesting from the point of view of develop¬

mental

thermodynamics.

normal

intracellular conditions, even

to

Neurofilaments appear to be

though they

proteolytic digestion (vide supra).

cellular connections

are

a

(if

a

appear very

sensitive

It suggests that the inter¬

=

-12 Kcals/mole), and that intra¬

transport response from an exceedingly labile

bulk carrier, tubulin microtubules

turn,

stable under

established by protein filaments of moderate

thermodynamic stability, actin (aG
cellular demands evoke

very

(aG

=

-0.8 Kcals/mole), which in

particular intracellular demand is sustained in.

any

particular direction), orients fibrils of enormously high thermodynamic
stability (100
cellular
the

A

intermediate filaments), that act

guidelines.

The fibrous proteins

are seen

as permanent

in this

intra¬

sense as

aggregate store of cellular experience, built up in steps of

increasing thermodynamic stability, and capable of self modification
by

a

continuous process.
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CONCLUSIONS

1.

The fibrous
structural
them

on

proteins actin and tubulin are among the most abundant
proteins in brain.

This makes it possible to identify

SDS-gels, (which separate proteins according to molecular

weights), of small amounts of brain homogenate applied directly,
within minutes after sacrifice of

2.

an

experimental animal.

Using unilateral axotomy of the (left) hypoglossal nerve in rats,
as

experimental system, and examining events following it, SDS

an

gels showed
4

a

days after

level

of this

that this

tubulin

tubulin peak, in the left hypoglossal nucleus at

protein.

Interpretation of fluorescence data suggests

early peak is due to the depolymerization of dendritic

following

three times the
and is

section, amounting to five times the resting

nerve

nerve

section.

resting level,

A later peak, with tubulin at

occurs at

thought to coincide with the first

14 days post axotomy,
new

synthesis of tubulin

in injured neurons.

3.

Actin
of

changes in the injured nucleus

protein

appears to occur

were

earlier, with

smaller, but
a

peak

on

new

synthesis

gels at day 8

when the concentration reached three times the base level.

Subsequent changes in actin concentration
of

a

balance between net

regenerating
4.

interpreted in terms

synthesis, and transport along the

axon.

Purified tubulin from rat brain,
were

are

and actin from rat skeletal muscle

used to raise antisera in rabbits and chickens

respectively.

Fluorescence test objects and Ouchterlony immunodiffusion plates
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suggested that the antisera had high specificity and were suitable
for

5.

in subsequent

use

Silver and

immunofluorescence cytology.

gold stained brain sections

morphologies of cellular elements:
the rat, and in post mortem

6.

SDS

processes

gels of

Criteria were

for the identification of cells and

human brain samples

data derived from them

oxidation to

in the hypoglossal nucleus of

in fluorescence preparations.

some

derive from the

used to study the

samples of human brain.

established from this material

cell

were

were run.

The molecular weight

suggested that neurofibrillary tangles might

mal-assembly of a-subunits of tubulin, and their

give disulphide linked dimers.

Immunofluorescence

study of cryostat sections showed tangles were anti-tubulin positive.

7.

Immunofluorescence microscopy of cryostat sections of rat

medulla,

allowed the identification of the intracellular location of the

quantitative protein changes previously measured by gel electro¬

phoresis.
boutons

The

are

in the left
events

of fluorescence changes

sequence

as

stimulatory

first removed, then returned to the surface of neurons

hypoglossal nucleus

believed to

occur

during

is interpreted in terms of the
synapse

modelling.

A series of

changes in the right nucleus is believed to indicate contralateral
compensation following

8.

nerve

section.

The involvement of different fibrous
processes

cellular
of

is discussed.
experience

proteins in developmental

It is suggested that the storage of

occurs

in the form of the sequential building

polymeric protein aggregates with increasingly large free

energies of assembly.

275

REFERENCES

Abercrombie, M. & Ambrose, E. J.
surface

properties of

cancer

1962.

Cancer Res. 22: 526-545

cells."

Abercrombie, M., Heaysman, J. E. M. & Pegrum, S. M.
Res.
II.

"The

1970.

Expl Cell

60: 437-444 "The locomotion of fibroblasts in culture.

'Ruffling'."

Abramowitz, J. W., Stracher, A. & Detwiler, T. C.

1975. Archs Biochem.
Biophys. 167: 230-237 "A second form of actin: platelet micro¬
filaments depolymerized by ATP and divalent cations."

1969. Biochemistry, N.Y. 8: 4964-4975
actomyosin-1ike protein complex from slime mold
Plasmodium and the separation of the complex into actin- and
myosin-like fractions."

Adelman, M. R. & Taylor, E. W.
"Isolation of

an

Adelman, M. R., Borisy, G. G., Shelanski, M. L., Weisenberg, R. C. &
Taylor,. E. W. 1968. Fedn Proc. Fedn Am. Socs exp. Biol. 27:
1186-1193

Adrian, E. D.

"Cytoplasmic filaments and tubules."
"The Mode of Nervous Action."

1932.

Oxford Univ. Press,

London.

Afzelius, B. A.

1976.

Science 193: 317-319

"A human syndrome caused

by non-motile cilia."
1968.
Brain Res. 7: 286-295 "An electron
microscope study of zinc iodide-osmium impregnation of neurons.
I.
Staining of synaptic vesicles at cholinergic junctions."

Akert, K. & Sandri, C.

Aldridge, D. C., Armstrong, J. J., Speake, R. N. & Turner, W. B.
J. chem. Soc.
A and B."

C 17:

1667-1676

Alicea, H. A. & Renaud, F. L.
"Actin-tubulin

Allen, R. D.
in the

1975.

Nature, Lond. 257: 601-602

homology revisited."

1972.
Exptl Cell Res. 72: 34-45
giantamoeba Chaos oavolinensis ."

Allison, A. C.

1967.

"The structures of cytochalasins

1973.

"Pattern of birefringence

"The role of microfilaments and microtubules in

cell movement,

endocytosis and exocytosis," pp. 109-143.
In:
Abercrombie, M. (ed.), "Locomotion of Tissue Cells" (Ciba Founda¬
tion Symposium, vol. 14).
Associated Scientific Publishers,
New York.

Altman, P. L. & Dittmer, D. S.
1974.
Soc. exp. Biol., Bethesda, Md.

Alving, R. E. & Laki, K.
"N-terminal

sequence

"Biology Data Book."

Fedn Am.

1966. Biochemistry, N. Y. 5: 2597-2601
of actin."

276

1907.
Zentbl. Nervenheilk. 30: 177-179
eigenartige Erkrankung der Hirnrinde."

Alzheimer, A.

Amoroso, E. C.
tumour

1936.

Nature, Lond. 135: 266-267

"Uber eine

"Colchicine and

growth."
1974. J. Cell Sci. 14: 523-549
flagellar microtubules."

"Arrangement

Amos, L. A. & Klug, A.
of subunits in

1972.
J. V.irol. 9: 758-765
protein synthesis in monkey cells infected by SV40."

Anderson, C. W. & Gesteland, R. F.
"Pattern of

Andersson-Cedergren, E.

1951.

J. Ultrastruct. Res., Suppl. 1: 1-191
of

"Ultrastructure of motor endplate and sarcoplasmic components
mouse skeletal muscle fiber as revealed by three-dimensional
reconstructions from serial sections."

Apathy, S.

1897.

Mitt. zoo!.. Stn Neapel 12: 495-748 "Das leitende
und seine topographischen Beziehungen

Element des Nervensystems
zu den Zellen.

Asakura, S.

1961.

Archs Biochem. Biophys. 92: 140-149

"The interaction

between G-actin and ATP."

Asakura, S., Kasai, M. & Oosawa, F.
1960. J. Polym. Sci. 44: 35-49
"The effect of temperature on the equilibrium state of actin
solutions."

Astbury, W. T. 1942. J. chem. Soc. 1942, Part I, pp. 337-347 "X-rays
and the stoichiometry of the proteins, with special reference to
the structure of the keratin-myosin group."
Astbury, W. T.
1945.
Proc. R. Soc. B 134: 303-328 "On the structure
of biological fibres and the problem of muscle."
Astbury, W. T.

1947.

Symp. Soc.

exp.

Biol. 1: 66-76

"X-ray studies

of nucleic acids."

Astbury, W. T.
biology."

1950.

Harvey Lect. 46: 3-44

Astbury, W. T. & Bell, F. 0.

1938.

"Adventures in molecular

Cold Spring Harb. Symp. quant.
in the X-ray study

Biol. 6: 109-118
"Some recent developments
of proteins and related structures."

Astbury, W. T. & Lomax, R.
1934. Nature, Lond. 133: 795
photographs of crystalline pepsin."

"X-ray

Astbury, W. T. & Lomax, R. 1935. J. chem. Soc., pp. 846-851
"An
X-ray study of the hydration and denaturation of proteins."

Astbury, W. T. & Street, A. 1931. Phil. Trans. R. Soc. A 230: 75-101
"X-ray studies of the structure of hair."

Ill

Astbury, W. T. & Woods, H. J.
1933. Phil. Trans. R. Soc. A 232:
333-394
"X-ray studies of the structure of hair, wool and
related fibres.

The molecular structure and elastic

II.

properties of hair keratin."
Astbury, W. T., Dickinson, S. & Bailey, K. 1935. Biochem. J. 29:
2351-2360
"The X-ray interpretation of denaturation and the
structure of the seed globulins."
Bajer, A. S. & Mole-Bajer, J.
1972.
Int. Rev. Cytol., Suppl. 3,
271 pp.
"Spindle dynamics and chromosome movements."
Baker, J. R.
1958.
"Principles of Biological Microtechnique."
Methuen, London.
Baker, P. F., Hodgkin, A. L. & Shaw, T. I.
1962. J. Physiol., Lond.
164: 330-354
"Replacement of the axoplasm of giant nerve fibres
solutions."

with artificial

1940.

Banga, I. & Szent-Gyorgyi, A.
"Strukturproteine."

Enzymologia 9: 111-116

Banks, P., Mayor, D. & Mraz, P.

1973. Brain Res. 49: 417-421
"Cytochalasin B and the intra-axonal movement of noradrenaline
storage vesicles."

Barany, M., Finkelman, F. & Theratti1-Antony, T.
1962. Arch. Biochem.
Biophys. 98: 28-45 "Studies on the bound calcium of actin."

Barany, M., Barany, K., Gaetjens, E. & Bailin, G.
1966. Archs
Biochem. Biophys. 113: 205-221
"Chicken gizzard myosin."
1953.
Nature, Lond. 172: 1097-1098 "Determination of dry
thickness, solid and water concentration in living cells."

Barer, R.
mass,

Barr, M. L. & Bertram, E. G.

163: 676-677
the male and
female, and the behaviour of the nucleolar satellite during
"A

1949.

Nature, Lond.

morphological distinction between

accelerated

Bear, R. S.

neurones of

nucleoprotein synthesis."

1945.

J. Am. chem. Soc. 67: 1625-1626

diffraction studies

on

Bear, R. S.\ Schmitt, F. 0. & Young, J. Z.
123:

Behnke, 0.

505-519

1967.

"Small angle X-ray

muscle."

"The ultrastructure of

1937. Proc. R. Soc. B
axoplasm."

nerve

J. Cell Biol. 34: 697-700

observed in mammalian blood

"Incomplete microtubules
platelets during microtubule

polymerization."
Behnke, 0. & Forer, A.

1967.

J. Cell Sci. 2: 169-192

four classes of microtubules in individual

cells."

"Evidence for

278

Letter to his brother, George, dated 12th March 1810,
& Walls, E. W. 1958.
E. & S. Livingstone,

1810.

Bell, C.

pp. 106-107.
In: Gordon-Taylor, Sir G.
"Sir Charles Bell, His Life and Times."

Edinburgh.
Bell, C.

Phil. Trans. R. Soc. Ill: 398-424

1821.

giving

an account of some
functions which lead to a

Bell, C.

1822a.

"On the

nerves;

experiments on their structure and
new arrangement of the system."

Phil. Trans. R. Soc. 112: 284-312

"On the

nerves

which associate the muscles of the chest in the actions of

breathing, speaking, and expression: being a continuation of the
paper on the structure and functions of the nerves."
Bell, C.
E.

1822b.
1958.

W.

Letter, p. 111.
In: Gordon-Taylor, Sir G. & Walls,
"Sir Charles Bell, His Life and Times."
E. & S.

Livingstone, Edinburgh.
1963.
J. Histochem. Cytochem. 11: 14-23
aspects of extracellular polysaccharides."

Bennet, H. S.

Bernal, J. D. & Crowfoot, D.

1934.

Nature, Lond.

"Morphological

133: 794-795

"X-ray photographs of crystalline pepsin."
Bertolini, B.
of the

1964.

J. Ultrastruct. Res.

11: 1-24

"U1trastructure

spinal cord of the lamprey."

Bibring, T. & Baxandall, J.
"Tubulins 1

and 2:

electrophoresis

may

Exptl Cell Res. 86: 120-126
quantitation in polyacrylamide gel
influence their identification."
1974.

failure of

Bibring, T., Baxandall, J., Denslow, S. & Walker, B. 1976. J. Cell
Biol. 69: 301-312
"Heterogeneity of the alpha subunit of tubulin
and the variability of tubulin within a single organism."
Bielchowsky, M.

1902.

Neurol. Zentbl. 3: 169-188

"Die SiIberimprag-

nation der Neurofibrillen."

Bignami, A., Eng, L. F., Dahl, D. & Uyeda, C_.T.- 1972. Brain Res.
43: 429-435
"Localization of the glial fibrillary acidic protein
in astrocytes by immunofluorescence."
Bloom, W. & Fawcett, D. W.
1968.
W. B. Saunders, Toronto.
Bohr, N.

1913.

"A Textbook of Histology."

Phil. Mag. 26: 1-25, 476-502, 857-875; 27: 506

"On the constitution of atoms and molecules."

Bondareff, W. & Sjostrand, J.

1969. Exptl Neurol. 24: 250-458
"Cytochemistry of synaptosomes."

Borisy, G. G. 1972. Analyt. Biochem. 50: 373-385 "A rapid method
for quantitative determination of microtubule protein using
DEAE cellulose filters."

Borisy, G. G. & Olmsted, J. B.
1972. Science 177: 1196-1197
"Nucleated assembly of microtubules in porcine brain extracts."
Borisy, G. G. & Taylor, E. W. 1967a. J. Cell Biol. 34: 525-533 "The
.mechanism of action of colchicine.
I.
Binding of
colchicine
to cellular protein."

1967b.

Borisy, G. G. & Taylor, E. W.

J. Cell Biol. 34: 535-548
binding

"The mechanism of action of colchicine.
II.
Colchicine
to sea urchin eggs and the mitotic apparatus."

Born, G. V. R.

1958.

distribution of
von

Biochem. J. 68: 695-704 "Changes in the
phosphorus in platelet-rich plasma during clotting.

1932.

Borries, B. & Ruska, E.
Nr. 680, 285 pp.

Boveri, T.

Deutsches Reichs Patent

Anat. Anz. 2: 686-693

1887.

"Uber die Differenzierung
Furchung des Eies von Ascar-is

des Zellkerns wahrend der

megaloeephala,"
Braconnot, H.

1820.

Annls Chim. Phys. 13: 113-125

des matures animales
1'acide sulfurique."

"Sur la conversion
le moyen de

nouvelles substances par

en

Bragg, W. H. & Bragg, W. L.
1913. Proc. R. Soc. A 88: 428-438
"The reflection of X-rays by crystals."
Brandon, D. L.
of

1976.

Eur. J. Biochem. 65: 139-146

"The identification

myosin in rabbit hepatocytes."

BrattgSrd, S.-0., Edstrom, J. E. & Hyden, H.
1:

316-325

"The chemical

1957. J. Neurochem.
changes in regenerating neurons."

Braunitzer, G., Hilse, K., Rudloff, V. & Hilschmann, N.
Protein Chem.
von

19:

Braunmuhl, A.

1929.

SchnelImethode

Bray, D.

1970.

movements

1-71

zur

"The

1964.

Adv.

hemoglobins."

Z. ges. Neurol. 122: 317-322 "Eine einfache
Darstellung der senilen Drusen."

Proc. natn. Acad. Sci. U.S.A. 65: 905-910 "Surface
during the growth of single explanted neurons."

Bray, D.

1973a. Cold Spring Harb. Symp. quant. Biol. 37: 567-571
"Cytoplasmic actin: a comparative study."

Bray, D.

1973b.

movements

Bray, D.

1973c.

individual

Nature, Lond. 244: 93-96
growth cone."

"Model for membrane

in the neural-

J. Cell Biol. 56: 702-712 "Branching patterns of
sympathetic neurons in culture."

Bray, D. & Thomas, C.
1976.
"Unpolymerized actin in tissue cells,"
pp. 461-473.
Cold Spring Harb. Conf. on Cell Proliferation,
Vol. 3:
Cell Motility, Book B.

Bremel, R. D.
calcium

1974.

Nature, Lond. 252: 405-407

"Myosin linked
regulation in vertebrate smooth muscle."

1959.
Biochim. biophys. Acta 34: 103-110
negative staining method for high resolution electron
microscopy of viruses."

Brenner, S. & Home, R. W.
"A

Brightman, M. W. & Reese, T. S. 1969. J. Cell Biol. 40: 648-677
"Functions between intimately apposed cell membranes in the
vertebrate brain."

Brinkley, B. R. & Cartwright, J.
428-439
mitotic

Brody, I.

Ann. N. Y. Acad. Sci. 253:

spindle of mammalian cells."

1960.

J. Illtrastruct. Res. 4: 265-297

of the tonofilaments
human epidermis."

Brown, R.

1975.

"Cold-labile and cold-stable microtubules in the

1828.

"The ultrastructure
of normal

in the keratinization process

Edinb.. New phil. J. 5: 358-371

"A brief account of
microscopical observations made in the months of June, July and
August 1827, on the particles contained in the pollen of plants;
and on the general existence of active molecules in organic and
inorganic bodies.",
1936.

Brues, A. M. & Cohen, A.

Biochem. J. 30: 1363-1368

of colchicine and related substances

Bryan, J.

1972a.

1972b..

cell

J. molec. Biol. 66: 157-168

microtubules.
the isolated

Bryan, J.

on

II.

Characterization of two

"Effects

division."

"Vinblastine and
protein subunits from

crystals."
Biochemistry, N. Y.
11 : 2611-2616 "Definition
binding sites in isolated microtubule crystals

of three classes of

Bryan, J. & Wilson, L.
1971. Proc. natn. Acad. Sci. U.S.A. 68:
1762-1766
"Are cryptoplasmic microtubules heteropolymers?"
Buchanan, D. J. & Rapoport
"A chemical
meconium."

,
M. M.
1950. J. biol. Chem. 192: 251-260
study of the blood group specific substances found in

Bucher, N. L. R. & Swaffield, M. N.
129:

445-453

"Nucleotide

1966.

pools and

Biochim. biophys. Acta

(6-^C)

orotic acid in early

regenerating rat liver."
Bullard, B. & Reedy, M. K.
37: 423-428
"How many
muscle myosin from the

Bunge, M.

1973. Cold Spring Harb. Symp. quant. Biol.
myosins per cross-bridge? II. Flight
blowfly, Savcophaga bullata."

1973a. J. Cell Biol. 56: 713-735 "Fine structure of nerve
growth cones of isolated sympathetic neurons in culture

fibres and

Bunge, M.
cones

1973b.

Anat. Rec. 175: 280

of cultured neurons."

"Uptake of peroxidase by growth

281

Bunge, R. P. & Bunge, M. B.
1968. Anat. Rec. 160: 323 "Electron
microscopic observations on colchicine-induced changes in
neuronal cytoplasm."

Burridge, K. & Bray, D.
1975. J. molec. Biol. 99: 1-14 "Purification
and structural analysis of myosins from brain and other nonmuscle tissues."

Burton, P. R. & Hinkley, R. E.

1974. J. Submicroscop. Cytol. 6:
microscopic characterisation of
axoplasmic microtubules in the ventral nerve cord of the crayfish."
311-326

"Further electron

Burton, P. R., Hinkley, R. E. & Pierson, G. B.
65:
15

227-233

1975.

J. Cell Biol.
12, 13 and

"Tannic-acid stained microtubules with

protofilaments."

Byers, M. R.
1974. Brain Res. 75: 97-113 "Structural correlates
of rapid axonal transport:
evidence that microtubules may not
be

directly involved."

Cajal, S. R. y.

1888.

Rev. trimest. Hist, nomrpatol. 1

"Estructura de los centros nerviosos de las aves."

Cajal, S. R. y. 1906.
"The structure and connexions of neurons."
Nobel Lectures, Vol. 1, pp. 220-253.
Elsevier, Amsterdam, 1967.

Cajal, S. R.
del

y.

1916.

Trab. Lab. Invest, biol. 14: 155-162
la coloracion de la neuroglia."

"El proceder

oro-sublimado para

Calvocoressi, P.
1977.
The Listener (27th Jan. 1977), pp. 112-114
"When enigma yielded ultra."
Carsten, M. E. & Katz, A. M.
"Actin:

a

Carter, S. B.
chalasins

Champy, C.

1964.

Biochim. biophys. Acta 90: 534-541

comparative study."
1967.
on

1913.

et substances

Nature, Lond. 213: 261-264

"Effects of cyto-

mammalian cells."

J. Anat. Physiol., Lond. 49: 323-343

"Granules

reduisant l'iodure d'osmium."

Chandler, J. A. & Battersby, S.

1976. J. Histochem. Cytochem. 24:
of zinc and calcium in ultrathin
using the pyroantimonate technique."

740-748
"X-ray microanalysis
sections of human sperm cells

Chang, C.-M. & Goldman, R. D.

1973.

J. Cell Biol. 57: 867-874

"The

localization of actin-like fibers in cultured neuroblastoma cells
as revealed by heavy meromyosin binding."

1961.
"The Biosynthesis of Proteins."
Pergamon Press, Oxford.

Chantrenne, H.

Chrambach, A., Reisfeld, R. A., Wyckoff, M. & Zaccari, J.
1967.
Analyt. Biochem. 20: 150-154 "A procedure for rapid and sensitive
staining of protein fractionated by polyacrylamide gel

electrophoresis."

282

Cicero, T. J., Cowan, W. M., Moore, B. W. & Suntzeff, V.
Brain Res.

18: 25-34

1970.

"The cellular localization of the two brain

specific proteins S-100 and 14-3-2."
Clarke, M. R.
1966. Adv. mar. Biol. 4: 93-300 "A review of the
systematics and ecology of oceanic squids."
Clarke, M. & Spudich, J. A.

1977.

A. Rev. Biochem. 46: 797-822
of actin and myosin

"Nonmuscle contractile proteins:
the role
in cell motility and shape determination."

J. molec. Biol. 59: 375-380

1971.

Cohen, C.

"X-ray diffraction

from microtubules."

1957. J. Am. chem. Soc. 79: 248
"Optical rotation and helical polypeptide chain configuration in
a-proteins."

Cohen, C. & Szent-Gyorgyi, A. G.

Cohen, C., Harrison, S. C. & Stephens, R. E.
1971. J. molec. Biol.
59: 375-380
"X-ray diffraction from microtubules."

1964. Adv. Immunol. 4: 287-349
biological activity of immunoglobulins."

Cohen, S. & Porter, R. R.
and

"Structure

Colby, C. & Edlin, G. 1970. Biochemistry, N. Y. 9: 917-920
"Nucleotide pool levels in growing, inhibited and transformed
chick fibroblast cells."

1976.
J. Cell Biol. 68: 539-556
"A filamentous
cytoskeleton in vertebrate smooth muscle fibers."

Cooke, P.

Cooper, J. R., Bloom, F. E. & Roth, R. H. 1973.
"The Biochemical
Basis of Neuropharmacology."
Oxford University Press, London.
Cramer, E.

1865.

J.

prakt. Chem. (1)96: 76-98

"Uber die

Bestandtheile der Seide."

Crick, F. H. C.

1967.

Proc. R. Soc. B 167: 331-347

"The genetic

code."

Cull, R.

1974.

contact in

Cull, R.

1975.

division

on

Expl Brain Res. 20: 307-310 "Role of nerve-muscle
maintaining synaptic connections."
Expl Brain Res. 22: 421-425 "Effect of sensory
the afferent synapses of axotomized neurones."

nerve

Dahl, D.
1976. Biochim. biophys. Acta 420: 142-154 "Glial
fibrillary acidic protein from bovine and rat brain. Degradation
in tissues and

homogenates."

Dahlstrom, A., Heiwall, P.-0., Haggendal, J. & Saunders, N. R.
Ann. N. Y. Acad. Sci. 253: 507-516
"Effect of antimitotic
on the intraaxonal transport of neurotransmitters in rat

adrenergic and cholinergic nerves."

1975.
drugs

283

1934.

Dale, H. H.

the effect of

Br. med. J.

1: 225-244

"Chemical, transmission of

impulses."

nervous

Dal ton, J.
S.

1808.
"A New System of Chemical Philosophy."
Russell, Manchester.

Darnell, J. E.

Bacteriol. Revs 32: 262-290

1968.

from animal

Davies, D. R.

"Ribonucleic acids

cells."

1964.

J. molec. Biol. 9: 605-609

between amino acid

"A correlation
composition and protein structure."

1959.
Biochim. biophys. Acta 32: 228-232 "Cell
interferometry and the specific refraction increment of crystalline
proteins. I. f-Lactoglobulin."

Davies, H. G.

Davison, P. F. & Huneeus, F. C.
1970.
J. molec. Biol. 52: 429-439
"Fibrillar proteins from squid axons.
II. Microtubule protein."
Davison, P. F. & Taylor, E. W.
1960. J, gen. Physiol. 43: 801-823
"Physical-chemical studies of proteins of squid nerve axoplasm,
with special reference to the axon fibrous protein."
Davison, P. F. & Winslow, B.

1974.
J. Neurobiol. 5: 119-133
protein subunit of calf brain neurofilament."

Dayhoff, M. 0. & Eck, R. V.
Structure 1967-68."

1968.

National

"The

"Atlas of Protein Sequence and
Biomedical

Research Foundation,

Silver Springs, Md.

Dekirmenjian, H., Brunngraber, E. G., Johnson, M. L. & Larramendi,
L. M. H.
1969.
Exptl Brain Res. 8: 97-104 "Distribution of
gangliosides, glycoprotein-NANA and acetylcholinesterase in
axonal

and

synaptosomal fractions."

DelCerro, M. P. & Snider, R. S.
"Studies

on

the

1968.

J. comp. Neurol. 133: 341-362

developing cerebellum.

Ultrastructure of the

growth cones."
Depue, R. H. & Rice, R. V.
1965. J. molec. Biol. 11: 302-303
"F-actin is a right handed helix."
DeVries, G. H., Norton, W. T. & Raine, C. S.
1370-1372

"Axons:

1972.

Science 175:

isolation from mammalian central

nervous

system."
1961. Adv. Protein Chem. 16: 197-219
"Enzyme fractionation by salting out: a theoretical note."

Dixon, M. & Webb, E. C.

Donaggio, A.

1896.

Riv.

"Sulla presenza di
nervosa."

un

Freniat. Med. Leg. Alien, ment. 22.
reticolo nel protoplasma della cellula

sper.

Douglas, S. D., Gottlieb, A. J., Strauss, A. J. L., & Spicer, S. S.
1965.
Fed. Proc. Fedn Am. Socs exp. Biol. 24: 370
Abstract 1335
"Electron microscopic localization of striated muscle binding
factor in myasthenia gravis by ferritin-labelled antibody."
Drabikowski, W. & Gergely, J.
1962. J. biol. Chem. 237: 3412-3417
"The effect of the temperature of extraction on the tropomyosin
content in actin."

Drabikowski, W., Nowak, E., Barylko, B., & Dabrowska, R.
1973. Cold
Spring Harb. Symp. quant. Biol. 37: 245-249 "Troponin--its

composition and interaction with tropomyosin and F-actin."
Drechsel, E.

1889.
J. prakt. Chem. 39: 425-429
Spaltungsprodukte des Caseins."

Dustin, A.
a

1934.

Bull. Acad.

r.

"Zur Kenntniss der

Med. Belg. 14: 487-502

"Contribution

1'etude des poisons caryoclasiques sur les tumeurs animales."

Edsall, J. T.

1968.

Ann. N. Y. Acad. Sci. 151: 41-63

molecular forms of carbonic anhydrase in

"Multiple
erythrocytes."

Edsall, J. T. & Wyman, J.
1958. "Biophysical Chemistry, Volume 1.
Thermodynamics, Electrostatics, and the Biological Significance
of the Properties of Matter."
Academic Press, New York.
Ehrlich, F.

1903.

"Uber das

Ber. dt. chem. Ges. 37: 1809-1840

naturliche Isomere des Leucins."

Einstein, A.

1905.

Annln Phys. 17: 549-560

"Uber die

von

der

molekularkinetischen Theorie der Warme geforderte Bewegung von
in ruhenden Flussigkeiten suspendierten Teilchen."

Einstein, A.

1906a.

Annln Phys. 19: 289-306

"Eine

neue

Bestimmung

der Molekulardimensionen."

Einstein, A.

1906b.

Brownschen

Einstein, A.

1907.

"Theoretische

Einstein, A.
Arbeit:

Eipper, B. A.

Annln Phys. 19: 371-381

"Zur Theorie der

Bewegung."
Z. Elektrochem. angew. phys. Chem. 13: 41-42
Bemerkungen uber die Brownische Bewegung."

1911.
Eine

Annln Phys. 31: 591
neue

1972.

"Berichtigung zu meiner
Bestimmung der Molekulardimensionen."
.

Proc. natn. Acad. Sci. U.S.A. 69: 2283-2287

"Rat brain microtubule protein:
purification and determination
of covalently bound phosphate and carbohydrate."

Eipper, B. A.

1974.

J. biol. Chem. 249: 1407-1416

"Properties of

rat brain tubulin."

Elzinga, M.
sequence

1970. Biochemistry, N. Y. 9: 1365-1374 "Amino acid
studies on rabbit skeletal muscle actin."

285

Elzinga, M.
sequence
actin."

1971. Biochemistry, N. Y. 10: 224-229 "Amino acid
around 3-Methyl Histidine in rabbit skeletal muscle

1973.

Elzinga, M. & Collins, J. H.
Biol. 37:
actin."

1-7

Cold Spring Harb. Symp. quant.
skeletal muscle

"The amino acid sequence of rabbit

Elzinga, M. & Collins, J. H. 1975. J. biol. Chem. 250: 5897-5905
"The primary structure of actin from rabbit skeletal muscle.
Five cyanogen bromide peptides, including the
NH^ and C00H termini."
Eng, L. F., Vanderhaegen, J. J., Bignami, A. & Gerstl, B. 1971.
Brain Res. 28: 315-354
"An acidic protein isolated from fibrous
astrocytes."

Engelhardt, V. A. 1945. Bull. Acad. Sci. USSR Biol. Ser. 2: 182-195
"Phosphoric acid and cell functions."
Erickson, H. P.

J. Cell Biol. 60: 153-167

1974.

lattice and subunit structure and observations

Erickson, H. P.
and
von

1975.

"Microtubule surface
on reassembly."

Ann. N. Y. Acad. Sci. 253: 60-77

"The structure

assembly of microtubules."

Euler, V. S.

1946.

Acta physiol. scand. 12: 73-97

sympathomimetic ergone in adrenergic

nerve

"A specific
fibres (sympathin)

and its relations to adrenaline and noradrenaline."

Falck, B., Hillarp, N.-A., Thieme, G. & Torp, A.

1962. J. Histochem.
Cytochem. 10: 348-354 "Fluorescence of catecholamines and related
compounds condensed with formaldehyde."

Fawcett, D. W.
W.

B.

1966.

"An Atlas of Fine Structure:

Saunders Co.,

the Cell."

Philadelphia.

Fazekas de St.

Groth, S., Webster, R. G. & Datyner, A.
1963. Biochim.
biophys. Acta 71: 377-391
"Two new staining procedures for
quantitative estimation of proteins on electrophoretic strips."

Feeney, R. E. & Allison, R. G.
1969. "Evolutionary Biochemistry of
Proteins."
Wiley-Interscience, London.

Fegerslev, S., Blackstad, T. W., Fredens, K. & Holm, M. J. 1971.
Histochemie 25: 63-71
"Golgi potassium dichromate silver-nitrate
impregnation. Nature of the precipitate by X-ray powder
diffraction methods."

Feit, H. & Shelanski, M. L.
66:

920-927

1975.

"Is tubulin

a

Biochem. biophys. Res. Commun.
glycoprotein?"

Feit, H., Slusarek, L. & Shelanski, M. L.
Sci. U.S.A. 68: 2028-2031

1971.

Proc. natn. Acad.

"Heterogeneity of tubulin subunits."

286

Feuer, G., Molnar, F., Pettko, E. & Straub, F. B.

physiol. 1: 150-163

"Studies

on

1948. Hung, acta
the composition and polymerisation

of actin."

1971.

Fine, R. E.

Nature

new

Biol. 233: 283-284

"Heterogeneity of

tubulin."

1975. J. molec. Biol. 95: 447-454 "A chemical
comparison of tropomyosins from muscle and non-muscle tissues."

Fine, R. & Blitz, A.

Fine, R. & Bray, D.

growing

nerve

1971.
cells."

Nature, Lond. 234: 115-118

Fine, R., Lehman, W., Head, J. & Blitz, A.
260-262

Nature, Lond. 258:

"Troponin C in brain."
Z. physiol. chem. 33: 151-176

1901.

Fischer, E.

1975.

"Actin in

"Uber die Hydrolyse

des Caseins durch Salzsaure."

Ber. dt. chem. Ges. 35: 1095-1106

1902.

Fischer, E.

Derivate des

1906.

Fischer, E.

"Uber einige

Glycocolls, Alanins und Leucins."
"Untersuchungen uber Aminosauren Polypeptide und

Proteine 1899-1905."

Folin, 0. & Ciocalteu, V.

Berlin.

1927.

J. biol. Chem. 73: 627-650

"On

tyrosine and tryptophane determinations in proteins."
Folk, J. E., Piez, K. A., Carroll, W. R. & Gladner, J. A.
J.

biol.

Forer, A.

Chem.

1976.

235: 2272-2277

"Actin filaments and birefringent spindle fibers

during chromosome movements,"
Conf.

on

Cell

1960.

"Carboxypeptidase B."

pp.

1273-1293.

Cold Spring Harb.

Proliferation, Vol. 3, Cell Motility, Book C.

Forer, A. & Behnke, 0.
1972.
Chromosoma 39: 145-173 "An actin-like
component in spermatocytes of a crane fly (Nephrotoma suturalis

Loew.).

I.

The spindle."

Fothergill, J. E. 1969. "F1uorochromes and their conjugation with
proteins," pp. 5-34. In: Nairn, R. C. (ed.), "Fluorescent
Protein Tracing," third ed.
E. & S. Livingstone, Edinburgh.
Franzini-Armstrong, C. & Porter, K. R. 1964. Nature, Lond. 202:
355-357
"Sarcolemmal invaginations and the T-system in fish
skeletal muscle."

Fraser, R. D. B., MacRae, T. P. & Rogers, G. E.

1972. "Keratins,
Composition, Structure and Biosynthesis." C. C. Thomas,
Springfield, Illinois.
Their

Freed, J. J. & Lebowitz, M. M.

1970.

"The association of a class of
tubules in cultured cell."

J. Cell Biol. 45: 334-354

saltatory movements with micro¬

A. Rev. Microbiol. 1: 291-308

1947.

Freund, J.

"Some aspects of

active immunization."

Freund, J. & McDermott, K.

1942.

Proc. Soc. exp. Biol. Med. 49:
serum by means of adjuvants."

"Sensitization to horse

548-553

Friedrich, W., Knipping, P. & von Laue, M.
1912. Sber. bayer. Akad.
Wiss., pp. 303-322 "Interferenzerscheinungen bei Rontgenstrahlen.

1954.

Fujii, T.

nucleoli

Nature, Lond. 174: 1108-1109

and its

"Presence of zinc in

possible role in mitosis."

Fuller, R. A. & Briggs, D. R.
1956. J. Am. chem. Soc. 78: 5253-5257
"Some physical properties of hen's egg conalbumin."
Fulton, C. & Simpson, P. A.

1976. "The multitubulin hypothesis,"
Cold Spring Harb. Conf. on Cell Pro!iteration,
Vol. 3, Cell Motility, Book C.
pp.

987-1005.

Fulton, C., Kane, R. E. & Stephens, R. E.

1971. J. Cell Biol. 50:
"Serological similarity of flagellar and mitotic

762-773

microtubules."

Gallagher, M., Detwiler, T. C. & Stracher, A. 1976. "Two forms of
platelet actin that differ from skeletal muscle actin," pp. 475485.
Cold Spring Harb. Conf. on Cell Proliferation, Vol. 3, Cell
Motility, Book B.
Galvani, A.

1791.

"De viribus electricitatis in motu musculari."

Bologna.
Galvani, A.
1792.
"De viribus electricitatis in motu musculari."
Soc. Typogr., Modena.

Cell 9: 793-805
multiple forms of actin."

Garels, J. I. & Gibson, W.
characterization of

1976.

Gaskin,. F. & Shelanski, M. L.
filaments," pp. 115-146.

"Identification and

1976.
"Microtubules and intermediate
In: Campbell P. W. & Aldridge, W. N.

(eds.), "Essaysin Biochemistry, Vol. 12."

Academic Press, London.

Gaskin, F., Kramer, S. B., Cantor, C. R., Adelstein, R., & Shelanski,
M. L.
1974.
FEBS Lett. 40: 281-286
associated with neurotubules."

Gawadi, N.

1971.

Nature, Lond. 234: 410

"A

dynein-like protein

"Actin in the mitotic spindl

1971.
Physiol. Rev. 51: 98-157
"Synaptic vesicles in sympathetic neurones."

Geffen, L. B. & Livett, B. G.

Gerendas, M. & Szent-Gyorgyi, A.

"Beobachtungen

an

1940.
Myosinfaden."

Enzymologia 9: 117-122

Gergely, J. 1953. J. biol. Chem. 200: 543-550
adenosinetriphosphatase."

"Studies

on

myosin-

Gerlach, J.

1871.

"Von dem Ruckenmarke,"

Handbuch der Lehre

von

den Geweben."

665-693.
Leipzig.

In:

pp.

"Strickers

1969. J. biol. Chem. 244:
myosin. III. A proposed model

Gersham, L. C., Stracher, A. & Dreizen, P.
2726-2736
"Subunit structure of
for rabbit skeletal myosin."

Gibbons, I. R.

1961.

J. biophys. biochem. Cytol. 11: 179-206

"The
relationship between the fine structure and direction of beat in
gill cilia of a lamel1ibranch mollusc."

Gibbons, I. R.

1965.

Archs Biol., Liege 76: 317-352

"Chemical

dissection of cilia."

Gibbons, I. R. & Grimstone, A. V.
1960. J. biophys. biochem. Cytol.
7: 697-716
"On flagellar structure in certain flagellates."
.1965. Science 149: 424-426
protein with ATPase activity from cilia."

"Dynein:

1972.
Nature new Biol. 237: 195-198, 224
Myxicola axoplasm."

"Helical

Gibbons, I. R. & Rowe, A. J.
a

Gilbert, D. S.

structure of

Gilbert, D. S.

1975.

architecture and

J. Physiol., Lond. 253: 257-301
"Axoplasm
physical properties as seen in the Myxicola

giant axon."
Gilbert, D. S., Newby, J. J. & Anderton, B. H.
256:

586-589

Goldman, R. D.

"Neurofilament

1971.

1975. Nature, Lond.
disguise, destruction and discipline."

J. Cell Biol. 51: 752-762

cytoplasmic fibres in BHK-21 cell motility.

"The role of three

I.

Microtubules and

the effect of colchicine."

Goldman, R. D.
1975.
J. Histochem. Cytochem. 23: 529-542
"The use of
heavy meromyosin binding as an ultrastructural cytochemical method
for localizing and determining the possible
microfilaments in nonmuscle cells."

Goldman, R. D. & Knipe, D. M.
Biol. 37: 523-534
cell motility."

1973.

functions of actin-like

Cold Spring Harb. Symp. quant.

"Functions of cytoplasmic fibers in non-muscle

Goldman, R. D., Schloss, J. A. & Starger, J. M.
1976. "Organizational
changes of actinlike microfilaments during animal cell movement,"
pp. 217-245.
Cold Spring Harb. Conf. on Cell Pro!iferation, Vol. 3,
Book A.

Goldman, R. D., Berg, G., Bushnell, A., Chang, C.-M., Dickerman, L.,
Hopkins, N., Miller, M. L., Pollack R. & Wang, E. 1973.
"Fibrillar systems in cell motility," pp. 83-103.
In: "Locomotion
of Tissue Cells"

(Ciba Foundation Symposium, vol. 14,

Elsevier, Amsterdam.

new

series).

Goldman, R. D., Lazarides, E., Pollack, R. & Weber, K.

1975.

Expl

Cell Res. 90: 333-344
"The distribution of actin in non-muscle
cells: .the use of actin antibody in the localization of actin
within the microfilament bundles of mouse 3T3 cells."

Golgi, C.
1873. Gaz. med. Lombarda 8
grigia del cervello."

Golgi, C.

1886.

nervoso."

Golgi, C.
Nobel

U.

"Sulla fina anatomica degli organi del si sterna
Hoeppli, Milano.
"The

1906.

"Sulla struttura della sostanza

neuron

Lectures, Vol.' 1.

doctrine--theory and facts,"

189-217

pp.

Elsevier, Amsterdam, 1967.

Goodman, D. B., Rasmussen, H., DiBella, F. & Guthrow, C. E.

1970.
"Cyclic adenosine
3':5'-monophosphate-stimulated phosphorylation of isolated
Proc.

Acad.

natn.

Sci.

U.S.A.

67: 652-659

neurotubule subunits."

Gordon-Taylor, Sir G. & Walls, E. W.
1958. "Sir Charles Bell, His
Life and Times."
E. & S. Livingstone, Edinburgh.
Gorovsky, M. A., Carlson, K. & Rosenbaum, J. L. 1970. Analyt. Biochem
35: 359-370
"Simple method for quantitative densitometry of
polyacrylamide gels using fast green."
Gorup-Besanez, E. von.

1856.

Justus Liebigs Annln Chem. 98: 1-43
einiger Driisensafte."

"Uber die chemischen Bestandtheile

Gothlin, C. F.

1913.

K. svenska VetenskAkad.

Handl. 51: 1-92

"Die

doppelbrechenden Eigenschaften des Nervengewebes."
Graham, T.

1861.

diffusion

Gray, E. G.

Phil. Trans. R. Soc. A 151: 183-224
applied to analysis."

1975.

Proc. R. Soc. B 190: 369-372

"Liquid

"Presynaptic
vesicles."

microtubules and their association with synaptic

Greaser, M. L., Yamaguchi, M., Brekke, C., Potter, J. & Gergely, J.
1973.
Cold Spring Harb. Symp. quant.
subunits and their interactions."

Biol. 37: 235-244

"Troponin

Green, A. A. & Hughes, W. L.

1955. "Protein fractionation on the
solubility in aqueous solutions of salts and inorganic
solvents," pp. 76-90.
In: Colowick, S. P. & Kaplan, N. 0. (eds.)
"Methods in Enzymology, Vol. I."
Academic Press, New York.
basis of

Green, J. D.

& Negishi, K.

"Membrane potentials in

Grimstone, A. V. & Klug, A.
"Observations

on

1963. J. Neurophysiol. 26: 835-856
hypoglossal motoneurons."

1966.

J. Cell Sci. 1: 351-362
flagellar fibres."

the substructure of

Grisham, L. M., Wilson, L. & Bensch, K. G.
294-296

1973.

Nature, Lond.

"Antimitotic action of griseofulvin does not

disruption of microtubules."

244:

involve

Gruenstein, E., Rich, A. & Weihing, R. R.

1975.

J. Cell Biol. 64:

223-234
"Actin associated with membranes from 3T3
blast and HeLa cells."

Guba, F. & Straub, F. B.
3:

46-48

Guidotti, G.

mouse

fibro¬

1943. Stud. Inst. med. Chem. Univ. Szeged
myosin."

"Extraction of

A. Rev. Biochem. 41: 731-752

1972.

"Membrane proteins."

Guillery, R. W. & Gray, E. G. 1961. J. Physiol., Lond. 157: 581-588
"The basis for silver staining of synapses of the mammalian spinal
cord:
a light and electron microscopical
study."
1961.

Habeeb, A. F. S. A.
.

Can. J. Biochem. Physiol. 39: 729-736

"The preparation and properties of

guanidinated ovalbumin."

Haggqvist, G. 1938. Anat. Anz. (Ergn Bd. 2) 85: 191-196 "Uber die
Frage der Existenz eines dritten Systems efferenter Fasern vom
Zentralnervensystem."
Hakamori, S.

1961.

I. & Jeanloz, R. W.

J. biol. Chem. 236: 2827-2834
from erythrocytes

"Isolation and characterization of glycolipids
of human blood A (plus) and B (plus)."

Hanson, J. & Huxley, H. E.
"Structural

1953.

basis of the

Hanson, J. & Lowy, J.

1963.

Nature, Lond. 172: 530-532

cross

striations in muscle."

J. molec. Biol. 6: 46-60

"The structure

of F-actin and of actin filaments isolated from muscle."

Hardy, W. B.
of cell

1899. J. Physiol., Lond. 24: 158-293
protoplasm."

"On the structure

Hardy, W. B.
1900. Proc. R. Soc. 66: 95-109 "On the mechanism of
gelation in reversible colloidal systems."
Hardy, W. B.
1905. J. Physiol., Lond. 33: 251-337
the globulins."

"Colloidal solution

1973.
"Cell surface movements related to cell locomotion
pp. 3-26.
In:
"Locomotion of Tissue Cells" (Ciba Foundation
Symposium, vol. 14). Elsevier, Amsterdam.

Harris, A. K.

Harris, J. W.

1965.

"The Red Cell."

Harvard University Press,

Cambridge, Mass.
Harrison, P. M., Hoffmann, T. & Mainwaring, W.
Biol.

4:

251-256

I. P.

"The structure of apoferritin.

1962. J. molec.
Amino acid

composition and end groups."
Harrisson, C. M. H., Page, B. M. & Keir, H. M.
260:

138-139

"Mescaline

as

a

mitotic

1976. Nature, Lond.
spindle inhibitor."

Hartwig, J. H. & Stossel, T. P. 1975. J. biol. Chem. 250: 5696-5705
"Isolation and properties of actin, myosin and a new actin-binding
protein in rabbit alveolar macrophages."

291

Haselgrove, J. C. 1973. Cold Spring Harb. Symp. quant. Biol. 37:
341-352
"X-ray evidence for a conformational change in the
actin-containing filaments of vertebrate striated muscle."
1951. Biochem. Z. 321: 462-475
L-myosin und Aktingehalt des Kaninchenmuskels."

Hasselbach, W. & Schneider, G.
"Der

1896. Z. physiol. Chem. 22: 191-196
Spaltungsprodukte der Proteinkorper."

Hedin, S. G.
der

Herbert, W. J. & Wilkinson, P. C.
Blackwell, Oxford.

1977.

Herzog, W. & Weber, K.

"Zur Kenntniss

"A Dictionary of Immunology."

1971.

Proc. natn. Acad. Sci. U.S.A. 74:

1860-1864
"In vitro assembly of pure tubulin into microtubules
in the absence of microtubule-associated proteins and glycerol."

Hirano, A.

"Neurofibrillary changes in conditions related to
185-201. In: Wolstenholme, G. E. W.

1970.

Alzheimer's disease," pp.

O'Connor, M. (eds.), "Alzheimer's Disease and Related Conditions."
Churchill, London.

&

His, W.

1888.

Abh. sachs. Ges. Wiss., Lpz. 14: 339-392 "Zur Geschichte
und peripherischen Nervenbahnen

des Gehirns, sowie der zentralen
beim menschlichen Embryo."

1976. "DNase I-induced
545-559. Cold Spring
Proliferation, Vol. 3, Cell Motility, Book B.

Hitchcock, S. E., Carlsson, L. & Lindberg, U.

depolymerization of actin filaments,"
Harb.

Conf.

on

Cell

pp.

Hodgkin, D. C. & Riley, D. P. 1968. "Some ancient history of protein
X-ray analysis," pp. 15-28.
In: Rich, A. & Davidson, N. (eds.),
"Structural Chemistry and Molecular Biology."
W. H. Freeman,
San Francisco.

Hoffmann-Berling, H.

1955. Biochim. biophys. Acta 16: 146-154
Adenosintriphosphat (ATP)."

"Geisselmodelle und

Hofmeister, F.

1888.
Arch. exp.
der Wirkung der Salze I.
Blutserums gegen Salze."
von

Hofmeister, F.

Path. Pharmak. 24: 1-16 "Zur Lehre
Das Verhalten der Eiweisskorper des

1902.

Ergebn. Physiol. 1: 759-802
Gruppierung der Eiweisskorper."

"(Jber Bau und

Holtrop, M. E., Raisz, L. G. & Simmons, H. A. 1974. J. Cell Biol.
60: 346-355
"The effects of parathyroid hormone, colchicine and
calcitonin on the ultrastructure and the activity of osteoclasts
in organ culture."
Holtzer, H., Fellini, S., Rubinstein, N.
Chi, J. & Strahs, K.
1976.
"Cells, myosins and 100 A filaments," pp. 823-839.
Cold Spring
Harb. Conf. on Cell Proliferation, Vol. 3, Cell Motility, Book B.
,

292

Hoogeboom, G. H., Schneider, W. C. & Striebich, M. J.

1952.

Chem. 196: 111-120
"On the isolation and biochemical
of liver cell nuclei."

J. biol.

properties

1901. J. Physiol., Lond. 27: 418-428
chemistry of the proteids. Part I. A
preliminary study of a hitherto undescribed product of tryptic
digestion."

Hopkins, F. G. & Cole, S. W.
"A contribution to the

1958.
Proc. 4th Int. Conf. Electron
Microsc., Berlin, Vol. 2, pp. 625-627 "A negative staining
technique for high resolution electron microscopy of viruses."

Home, R. W. & Brenner, S.

Huehns, E. R., Dance, N., Beaven, G. H., Hecht, F. & Motulsky, A. G.
1964.
Cold Spring Harb. Symp. quant. Biol. 29: 327-331
embryonic hemoglobins."

Huneeus, F. C. & Davison, P. F.
"Fibrillar

1970.

J. molec. Biol. 52: 415-428

proteins from squid axons.

Huszar, G. & Elzinga, M.

1971.

"Human

I.

Neurofilament protein."

Biochemistry, N. Y. 10: 229-236
single 3-Me His residue in

"Amino acid sequence around the
rabbit skeletal muscle myosin."

Huxley, A. F. & Niedergerke, R. 1954. Nature, Lond. 173: 971-973
"Interference microscopy of living muscle fibres."
Huxley, A. F. & Simmons, R. M. 1971. Nature, Lond. 233: 533-538
"Proposed mechanism of force generation in striated muscle."
Huxley, H. E. 1953. Biochim. biophys. Acta 12: 387-394 "Electron
microscope studies of the organisation of the filaments in striated
muscle."

Huxley, H. E.

1956. Proc. 1st. Eur. reg. Conf. Electron Microsc.,
Stockholm, pp. 260-261.
"Some observations on the structure of
tobacco mosaic virus."

Huxley, H. E.

1963.

J. molec. Biol. 7: 281-308 "Electron microscope
and synthetic protein filaments

studies on the structure of natural
from striated muscle."

Huxley, H. E. & Brown, W. 1967. J. molec. Biol. 30: 383-434 "The
low angle X-ray diagram of vertebrate striated muscle and its
behaviour during contraction and rigor."

Huxley, H. E. & Hanson, J.

1954.

Nature, Lond. 173: 973-976 "Changes
contraction and stretch

in the cross striation of muscle during
and their structural interpretation."

Huxley, H. E. & Hanson, J. 1957. Biochim. biophys. Acta 23: 229-249
"Quantitative studies on the structure of cross-striated myofibrils.
I.
Investigations by interference microscopy."

Huxley, H. E. & Zubay, G. 1960. J. molec. Biol. 2: 10-18 "Electron
microscope observations on the structure of microsomal particles
from Escherichia coli."

293

Biol. Bull.

1952a.

Inoue, S.

"Effects of temperature on

biol. Lab., Woods Hole 103: 316
the birefringence of the mitotic

mar.

spindle."
1952b.

Inoue, S.

Exptl Cell Res. (Suppl.) 2: 305-318 "The effect
and submicroscopic structure of

of colchicine on the microscopic
the mitotic spindle."

1960.
Ann. N. Y. Acad. Sci. 90: 529-530
properties of the mitotic spindle."

Inoue, S.

"Organization and function of the mitotic spindle,"
In: Allen, R. D. & Kamiya, N. (eds.), "Primitive
in Cell Biology." Academic Press, New York.

1964.

Inoue, S.

"On the physical

pp. 549-598.
Motile Systems

1967.
J. gen. Physiol.
50: 259-288 "Cell
motility by labile association of molecules: the nature of mitotic
spindle fibers and their role in chromosome movement."

Inoue, S. & Sato, H.

Ishikawa, H., Bischoff, R. & Holtzer, H.
312-328
"Formation of arrowhead
in a variety of cell types."

Jakus, M. A. & Hall, C. E.
of actin and

(ed.).

Jarret, A.
Skin."

1947.

1969.

J. Cell Biol. 43:

complexes with heavy meromyosin

J. biol. Chem. 167: 705-714

"Studies

myosin."

1973.

"The Physiology and Pathophysiology of the

Academic Press, New York.

Johnson, L. S. & Sinex, F. M.
1974. J. Neurochem. 22: 321-326
the relationship of brain filaments to microtubules."

"On

Jones, R. F. & Lewin, R. A.

"The

chemical

nature of the

1960.
Exptl Cell Res. 19: 408-410
flagella of Chlamydomonas moewus-i."

1968.
"Structural Concepts in Immunology and ImmunoHolt, Rinehart & Winston, New York.

Kabat, E. A.

chemistry."
Kalckar, H. M.
cell

1965.

Science 150: 305-313

"Galactose metabolism and

sociology."

Kane, R. E.

1975.

J. Cell Biol. 66: 305-317

purification of polymerized actin from

sea

"Preparation and
urchin egg extracts."

Keates, R. A. & Hall, R. H.

1975.
Nature, Lond. 257: 418-421
"Tubulin
requires an accessory protein for self assembly in microtubules."

Keilin, D.

1925.

Proc. R. Soc. B 98: 312-339
"On cytochrome, a
common to animals, yeast, and higher plants."

respiratory pigment,
Kelly, D. E.

1966. J. Cell Biol. 28: 51-72 "Fine structure of
desmosomes, hemidesmosomes and an adepidermal globular layer in
developing newt epidermis."

294

Kendrew, J. C., Dickerson, R. E., Strandberg, B. E.
1960. Nature,
Lond. 185: 422-427
"Structure of myoglobin:
a 3-dimensional
Fourier

synthesis at 2

Kendrick Jones, J.
1973.
subunit structure of

A resolution."
Phil. Trans. R. Soc. B 265: 183-189

"The

gizzard myosin."

Kendrick Jones, J., Szent-Gyorgyi, A. G. & Cohen,
Biol. 59: 527-529
"Segments from vertebrate
rods."

C. 1971. J. molec.
smooth muscle myosin

Kersey, Y. M., Hepler, P. K., Palevitz, B. A. & Wessells, N. K.
1976.
Proc. natn. Acad. Sci. U.S.A. 73: 165-167
"Polarity of actin
filaments in characean algae."
Kidd, M.

Nature, Lond. 197:
192-193 "Paired helical filaments
micrographs of Altzheimer's disease."

1964.

in electron

King, J. S. 1968. Anat. Rec. 161: 111-123 "A light and electron
microscopic study of peri neuronal glial cells in the rabbit
neocortex."

Kirkpatrick, J. B. 1968. J. comp. Neurol. 132: 159-212 "Chromatolysis
in the hypoglossal nucleus of the rat:
an electron microscope
study."
Kirkpatrick, J. B., Hyams, L., Thomas, V. L. & Howley, P.
J. Cell Biol.
from brain."

47: 384-394

Klevecz, R. R. & Forrest, G. L.
292-303

1970.

"Purification of intact microtubules

1975.

Ann. N. Y. Acad. Sci. 253:

"Regulation of tubulin expression through the cell cycle."

Kobayashi, S.

1964.

electric field

on

Biochim biophys. Acta 88: 541-552
F-actin oriented by flow."

"Effect of

Kominz, D. R., Mitchell, E. R., Nihei, T. & Kay, C. M.
1965.
Biochemistry, N. Y. 4: 2373-2382 "The papain digestion of skeletal

myosin A."
Korn, A. H., Feairheller, S. H. & Filachione, E. M.
Biol.

Korn, E. D.

65:

525-529

1976.

proteins,"

1972.
J. molec.
nature of the reagent."

"G1utaraldehyde:

"Membranes and their association with contractile

623-629. Cold Spring Harb. Conf.
tion, Vol. 3, Cell Motility, Book B.
pp.

Koscielak, J. & Zakrezewski, K.

1960.

"Substance from erythrocytes of

Kossel, A.

1896.

on

Cell Prolifera¬

Nature, Lond. 187: 516-517

blood

group

Z. physio!. Chem. 22: 176-187

A."

"(Jber die basischen

Stoffe des Zellkerns."

Kowit, J. D. & Fulton, C.
2877-2881

1974.

Proc. natn. Acad. Sci. U.S.A. 71:

"Programmed synthesis of tubulin for the flagella that
develop during cell differentiation in Naegler-ia gruberi.."

295

Kruger, L. & Maxwell, D. S.
1966. Am. J. Anat. 118: 411-435
microscopy of oligodendrocytes in normal rat cerebrum."
Kuehl,L.

1975.

Exptl Cell Res. 91: 441-448

"Electron

"Isolation of skeletal

muscle nuclei."

Kuriyama, R. & Sakai, H.
tubulin -SH groups

1974. J. Biochem. 76: 651-654 "Role of
in polymerization to microtubules."

1970. Nature, Lond. 227: 680-685 "Cleavage of
proteins during the assembly of the head of
bacteriophage T4."

Laemmli, U. K.

structural

"Zur
lytischen und agglutinierenden
Wirkungen des Blutserums der Lymphe."

Landsteiner, K.

1900.

Z. Bakteriol. Parasitenk. 27: 375-362

Kenntnis der antifermentativen,

Landsteiner, K. & Chase, M. W.

specific A-substance.
pepsin."

groups

1963. J. exp. Med. 63: 813-817 "On
III. The substance in commercial

Lardy, H. A., Hansen, R. G. & Phillips, P. H.
6:

41-51

"The metabolization of bovine

1945. Archs Biochem.
epididymal spermatozoa."

1976. Expl Cell Res. 100:
polymer by Zn++."

Larsson, H., Wallin, M. & Edstrom, A.
104-110

"Induction of

a

Lasek, R. J. & Hoffman, P. N.

sheet

1976.

"The neuronal cytoskeleton,

axonal transport and axonal growth," pp. 1021-1049.
Cold
Harb. Conf. on Cell Pro!iteration, Vol. 3, Cell Motility,

Spring
Book C.

Layne, E.
1957. "Spectrophotometric and turbidimetric methods for
measuring proteins," pp. 447-454.
In: Colowick, S. P. & Kaplan,
N. 0. (eds.), "Methods in Enzymology, Vol. III."
Academic Press,
New York.

Lazarides, E.
1975.
J. Cell Biol. 65: 549-561. "Tropomyosin antibody:
the specific localization of tropomyosin in nonmuscle cells."
Lazarides, E.

1976.

"Aspects of the structural organization of actin
347-360. Cold Spring
3, Cell Motility, Book A.

filaments in tissue culture cells," pp.
Harb. Conf. on Cell Proliferation, Vol.

Lazarides, E. & Burridge, K.

1975.

Cell 6: 289-298

immurrofluorescent localization of
nonmuscle cells."

Lazarides, E. & Lindberg, U.
4742-4746

"Actin is the

a

"a-Actinin:
protein in

muscle structural

1974. Proc. natn. Acad. Sci. U.S.A. 71:
naturally occurring inhibitor of

deoxyribonuclease I."
Lazarides, E. & Weber, K.
1974.
2268-2272
"Actin antibody:

Proc. natn. Acad. Sci. U.S.A. 71:
the specific visualization of actin

filaments in non-muscle cells."

1963. J. Cell Biol. 19: 239-250
plant cell fine structure."

Ledbetter, M. C. & Porter, K. R.
"A microtubule in

Lehmann, H. & Carrel!, R. W.

1969.

Br. med. Bull. 25: 14-23

"Variations in the structure of human haemoglobin, with particular
reference to the unstable haemoglobins."

Leslie, G. A. & Clem, L. W.
1969. J. exp. Med. 130: 1337-1352
"Phylogeny of immunoglobulin structure and function.
III.
Immunoglobulins of the chicken."

Liebig, J.

Justus Liebigs Annln Chem. 57: 127-129
neuer Korper aus Kasestoff."

1846.

"Baldriansaure und ein

Linck, R. W.

1976.

microtubules:
from specific

"Flagellar doublet
a-tubulin

J. Cell Sci. 20: 405-439

fractionation of minor components and

regions of the A-tubule."

Linck, R. W. & Amos, L. A.
hands of helical

1974.

lattices in

J. Cell Sci. 14: 551-559 "The
flagellar doublet microtubules."

Lindberg, U., Carlsson, L., Nystrom, L.-E., Kannan, K. K., Cid-Dresdner
H., Lovgren, S. & Jornvael, H.
1976. "Crystallization of a
non-muscle actin," pp. 561-573.
Cold Spring Harb. Conf. on Cell
Proliferation, Vol. 3, Cell Motility, Book B.
Lindvall, 0. & Bjorklund, A.

1974.

acid fluorescence histochemical

Histochemie 39: 97-127
method.

"Glyoxilic

Detailed account of the

methodology for the visualization of central catecholamine
Lits, F.
a

1934.

C.

r.

Seanc. Soc. Biol. 115: 1421-1426

1'etude des reactions cellulaires provoquees par

Lloyd, C. W.
social

Biol. Rev. 50: 325-350

1977.
1935.

with the

Pers.

la colchicine."

"Sialic acid and the

comm.

Proc. R. Soc. B 118: 299-303

"Stabilization of F-actin by
effect of cytochalasin B."

1971.

Fasman, G. D.
Pt. A."

"On problems connected

principle of humoral transmission of

Low, I., Dancker, P. & Wieland, Th.

Lowey, S.

"Contribution

behaviour of cells."

Lovell, H.
Loewi, 0.

1975.

neurons

1975.

nervous

impulses."

FEBS Lett. 54: 263-265

phalloidin reversal of the destabiliz

"Myosin," pp. 2P1-257. In: Timasheff, S. N. &
(eds.), "Subunits in Biological Systems, Vol. V,

Marcel

Lowey, S. & Cohen, C.
the structure of

Dekker, New York.

1962. J. molec. Biol. 4: 293-308
myosin."

"Studies

on

Lowey, S. & Steiner, L. A.
1972. J. molec. Biol. 65: 111-126 "An
immunochemical approach to the structure of myosin and the thick
filament."

Lowey, S., Slater, H. S., Weeds, A. G. & Baker, H.
1969. J. molec.
Biol. 42: 1-29
"Substructure of the myosin molecule.
I. Subfragments of myosin by enzymatic degradation."

Lowry, 0. H., Gilligan, D. R. & Katersky, E. M.

1941.

Chem. 139: 795-804
"The determination of collagen
in tissues, with results obtained in various normal
different species."

J. biol.
and elastin
tissues from

Lowry, 0. H., Roseborough, N. J., Farr, A. L. & Randall, R. J.
J.

biol.

193:

Chem.

265-275

1951.

"Protein measurement with the folin

phenol reagent."
1976. "Comparison of amino acid sequences of
actins from bovine brain and muscle," pp. 487-492.
Cold Spring
Harb. Conf. on Cell Proliferation, Vol. 3, Cell Motility, Book B.

Lu, R. & Elzinga, M.

Luduena, R. F. & Woodward, D. 0.

1973.

Proc. natn. Acad. Sci. U.S.A.

"Isolation and partial characterization of a- and
g-tubulin from outer doublets of sea-urchin sperm and microtubules

70:
of

3594-3598

chick-embryo brain."

Luduena, R. F. & Woodward, D. 0.
272;283 "a- and g-tubulin:

Ann. N. Y. Acad. Sci. 253:

1975.

separation and partial

sequence

analysis.
Luduena, R. F., Wilson, L. & Shooter, E. M.
63: 202a
"Cross-linking
heterodimer model."

of tubulin:
1951.

Lumsden, C. E. & Pomerat, C. M.
"Normal

1974. J. Cell Biol.
evidence for the

Expl Cell Res. 2: 103-114
oligodendrocytes in tissue culture."

Mcintosh, J. R.

1973.

J. Cell Biol. 56: 324-339

Saccinobacculus.
II.
structural comparison

Mcintosh, J. R.

1974.

"The axostyle of

Motion of the microtubule bundle and

a

of straight and bent axostyles."

J. Cell Biol. 61: 166-187

"Bridges between

microtubules."

Mcintosh, J. R. & Landis, S. C.

1971.

"The distribution of spindle
cultured human cells."

J. Cell Biol. 49: 468-497

microtubules during mitosis in

Mcintosh, J. R. & Porter, K. R.
1967.
J. Cell Biol. 35: 153-173
"Microtubules in the spermatids of the domestic fowl."
Mcintosh, J. R., Hepler, P. K. & Van Wie, D.
224: 659-663

"Model

for

1969.

Mcintosh, J. R., Ogata, E. S. & Landis, S. C.
1973.
56: 304-323
"The axostyle of Saooinobacoulus.
of the

Magendie, F.
sur

Nature, Lond.

mitosis."

J. Cell Biol.
I. Structure

organism and its microtubule bundle."

1822. J. Physiol, exper. Path. 2:
les fonctions des racines des nerfs."

276-279

"Experiences

298

Mahler, H. & Cordes, E. H.
& Row, New York.

Maillet, M.
de la

"Biological Chemistry."

1966.

Harper

1959.
C. r. Seanc. Soc. Biol. 153: 939-940 "Modifications
technique de Champy au tetraoxyde d'osmium-iodure de

potassium.

Resultats de son application a 1'etude des fibres

nerveuses."

Malaisse, W. J., Malaisse-Lagae, F., Van Obberghen, E., Somers, G.,
Devis, G., Ravazzola, M. & Orci, L.
1975. Ann. N. Y. Acad. Sci.
253: 630-652
"Role of microtubules in the phasic pattern of
insulin release."

Mandel, P.

1964.

Progr. nucl. Acid Res. molec. Biol. 3: 299-334

"Free nucleotides in animal

tissues."

Marchisio, P. C., Aglietta, M. & Rigamonti, D.

1973.

Experientia

29: 1126-1127
"Short term effects of colcemid on the rapid
axonal transport of proteins in the optic pathway of chick

embryos."

Margolis, R. K., Margolis, R. U. & Shelanski, M. L. 1972. Biochem.
biophys. Res. Commun. 47: 432-437 "The carbohydrate composition
of brain microtubule protein."
Martonosi, A., Gouvea, M. A. & Gergely, J.

1960.

J. biol. Chem.

235: 1707-1710
"Studies on actin.
III.
G-F transformation of
actin and muscular contraction (experiments in vivo)."

Maruyama, K.
1965. Biochim. biophys. Acta 94: 208-225 "A new
protein-factor hindering network formation of F-actin in solution."
Maruyama, K. & Gergely, J.
6:

245-249

Matus, A.

I.

"Removal

1975.

demonstration of

1961.

Biochem. biophys. Res. Commun.
by EDTA."

of the bound calcium of G-actin

J. Neurocytol. 4: 47-53

"Immunohistochemical
antigen associated with the postsynaptic lattice."

1954.
J. gen. Physiol. 37:
of the squid giant nerve fiber with
fibrous protein."

Maxfield, M.

Mazia, D.

1955.

201-210 "Axoplasmic proteins
particular reference to

Symp. Soc. exp. Biol. 9: 335-357
apparatus."

"The organization

of the mitotic

Mazia, D. & Dan, K.

1952.

Proc. nant. Acad. Sci. U.S.A. 38: 826-838

"The isolation and biochemical

characterization of the mitotic

apparatus of dividing cells."

Meyer, K., Smith, E. M. & Palmer, J. W.
1937. J. biol. Chem. 119:
73-84
"On glycoproteins.
III. The polysaccharides from pig
gastric mucosa."
Meza, I., Huang, B. & Bryan, J.

1972.

Exptl Cell Res. 74: 535-540

"Chemical heterogeneity of protofilaments forming the outer
doublets from sea urchin flagella."

299

Miki-Noumura, T. & Mohri, H.

1972.

1: 175-188
"Polymerization of
its side-by-side aggregates."

J. Mechanochem. Cell Motility
tubulin: the linear polymer and

1967.
"The ammonium sulphate method to
antigen-binding capacity," pp. 463-492. In: Weir, D. M.
(ed.), "Handbook of Experimental Immunology." Blackwell, Oxford.

Minden, P. & Farr, R. S.
measure

Ann. N. Y. Acad. Sci. 253: 711-722
cytoplasmic microtubules and 10-nm filaments with
pigment granules in cutaneous melanocytes of

Moellmann, G. & McGuire, J.
"Correlation of
the movement of
Rana

Mohri, H.
of

pi-p-iens."
Nature, Lond. 217: 1053-1054

1968.

'tubulin'

Mohri, H.

1975.

1976.

"Amino-acid composition
consituting microtubules of sperm flagella."
Biochim. biophys. Acta 456: 85-127
systems."

"The function of

tubulin in motile

Mommaerts, W. F. H. M.

1952.

J. biol. Chem. 198: 445-457

molecular transformations of actin.

"The

Globular actin."

I.

Moore, P. B., Huxley, H. E. & De Rosier, D. J.

1970.

J. molec. Biol.

279-295
"Three-dimensional reconstruction of F-actin,
filaments and decorated thin filaments."
50:

thin

Moos, C., Eisenberg, E. & Estes, J. E.
147:

536-545

Mooseker, M. S.
microvilli

"Bound nucleotide

1976.

1967. Biochim. biophys. Acta
exchange in actin and actomyosin."

"Actin filament-membrane attachment in the

of intestinal

epithelial cells," pp. 631-650. Cold
Spring Harb. Conf. on Cell Proliferation, Vol. 3, Cell Motility,
Book B.

Mooseker, M. S. & Tilney, L. G.

1975. J. Cell Biol. 67: 725-743
"Organization of an actin filament-membrane complex: filament
polarity and membrane attachment in the microvilli of intestinal
epithelial cells."

Morgan, W. T. J. & van Heyningen, R.
5-15

"The

occurrence

1944.

Br. J. exp. Pathol. 25:
substances in

of A, B and 0 blood group

pseudo-mucinous ovarian cyst fluids."
Mori, S. & Leblond, C. P.

1969a. J. comp. Neurol. 137: 197-226
"Electron microscopic features and proliteration of astrocytes
in the corpus callosum of the rat."

Mori, S. & Leblond, C. P.
"Identification of

1969b.
J. comp. Neurol. 135: 57-79
microglia in light and electron microscopy."

Morisawa, M. & Mohri, H.
1972.
Expl Cell Res. 70: 311-316
metals and spermatozoan motility."
Morris, C. J. 0. R. & Morris, P.
1963.
Biochemistry." Pitman, London.

"Heavy

"Separation Methods in

300

Mugnaini, E. & Walberg, F.

1964.

Ergebn. Anat. EntwickGesch. 37:

"Ultrastructure of neuroglia."

194-236

Mulder, G. J.
1839. J. prakt. Chem. 16: 129-152
setzung einiger thierischen Substanzen."

"Uber die Zusammen-

1921.
Proc. Soc. exp. Biol. Med. 18: 225-228 "Growth
determining substances in bacteriological culture media."

Muller, J. H.

Murphy, A. J.

1971.

Biochemistry, N. Y. 10: 3723-3728 "Circular
6-mercaptopurine nucleotide complexes

dichroism of the adenine and
of actin."

Murphy, D. B.
1975. Ann. N. Y. Acad. Sci. 253: 692-701 "The mechanism
of microtubule-dependent movement of pigment granules in teleost
chromatophores."

.1975.

Murphy, D. B. & Borisy, G. G.

Proc. natn. Acad. Sci. U.S.A.

72: 2696-2700
"Association of high molecular-weight proteins
with microtubules and their role in microtubule assembly in vitro."

Nachmias, V. T., Huxley, H. E. & Kessler, D.
1970. J. molec. Biol.
50: 83-90
"Electron microscope observations on actomyosin and
actin

preparations from Physarum polycephalum."

Nagano, T. & Suzuki, F.
with 15 subunits

Netter, H.

1969.

1975.

J. Cell Biol. 64: 242-245
epidermal cells."

"Microtubules

in cockroach

"Theoretical Biochemistry."

John Wiley, New York.

Northrop, J. H. 1930. J. gen. Physiol. 13: 739-766; 767-780
"Crystalline pepsin. I. Isolation and tests of purity.
General properties and experimental methods."

II.

1973.
Cold Spring Harb. Symp. quant. Biol. 37: 87-93
"C-protein and the periodicity in the thick filaments of vertebrate

Offer, G.

skeletal muscle."

Olmsted, J. B. & Borisy, G. G.

1975.

Biochemistry, N. Y. 14: 2996
microtubule polymerization

"Ionic and nucleotide requirements for
in vitro."

Olmsted, J. B., Witman, A. B.

,

Carlson, K. & Rosenbaum, J. L.

Proc. natn. Acad. Sci. U.S.A. 68: 2273-2277
microtubule proteins of neuroblastoma cells,

1971.
"Comparison of the
brain and

Chlamydomonas f1agella."
Ooi, T.

1960.

studies

on

J. phys. Chem., Ithaca 64: 984-988

"Light scattering

the G-F transformation of actin."

Ornstein, L. & Davis, B. J.
1961.
"Disc Electrophoresis."
Products Industries, Rochester, New York.
Orr, T. S. C., Hall, D. E. & Allison, A. C.

1972.

Distillation

Nature, Lond. 236:

350-351
"Role of contractile microfilaments in the release of
histamine from mast cells."

301

1976. Proc. natn. Acad. Sci. U.S.A. 73: 867"Cytoplasmic microtubules in tissue culture cells appear to
from an organizing structure towards the plasma membrane."

Osborn, M. & Weber, K.
871
grow

Osborn, M., Franke, W. W. & Weber, K.

1977.

Proc. natn. Acad. Sci.

U.S.A. 74: 2490-2494
"Visualization of a system of filaments 7-10
nm thick in cultured cells of an epithelioid line (PtK2) by
immunofluorescence microscopy."

Ouchterlony, 6. 1949. Ark. Kemi 26B, No. 14, pp. 1-9
antibody reactions in gels."

"Antigen-

Ouchterlony, 0. 1967.
Immunodiffusion and immunoelectrophoresis,"
pp. 655-706.
In: Weir, D. M. (ed.), "Handbook of Experimental
Immunology." Blackwell, Oxford.
Palay, S. L. & Palade, G. E.
1:

1955.

J. biophys. biochem. Cytol.

"The fine structure of neurons."

69-88

Z'. Kristallogr. Kristallgeom. 90: 517-542

1935.

Patterson, A. L.

"A direct method for the determination of the components of
interatomic distances in crystals."

Pauling, L.

"The Nature of the Chemical Bond."

1938.

Cornell University

Press, Ithaca, N. Y.

Pauling, L. & Corey, R. B.
235-240

1951a.

Proc. natn. Acad. Sci. U.S.A. 37:

"Atomic coordinates and structure factors for two helical

configurations of polypeptide chains."

Pauling, L. & Corey, R. B. 1951b. Proc. natn. Acad. Sci. U.S.A. 37:
251-256
"The pleated sheet, a new layer configuration of
polypeptide chains."
Pauling, L. & Mirsky, A. E.
439-447

1936.

Proc. natn. Acad. Sci. U.S.A. 22:
coagulated

"On the structure of native, denatured and

proteins."
Pedersen, H. & Rebbi, H.
of

arms

in the

1975.

axoneme

Biol. Reprod. 12: 541-544

of immobile human

"Absence

spermatozoa."

Penfield, W. & Roberts, L.
1959.
Speech and Brain-Mechanisms."
Princeton University Press, Princeton, N. J.
Perez, V. J., Olney, J. W., Cicero, T. J., Moore, B. W. & Balin, B. A.
1970.

J. Neurochem. 17: 511-519
"Wallerian degeneration in
rabbit optic nerve:
cellular localization in the CNS of S-100
and 14-3-2 proteins."

Perlmann, G. E.

1949.

J. Am. chem. Soc. 71: 1146-1149

"The

electrophoretic properties of plakalbumin."
Perry, M. M., John, H. A. & Thomas, N. S. T.
65:
newt

249-253

egg."

"Actin-like filaments in the

1971. Exptl Cell Res.
cleavage furrow of

Perry, S. V.
1951. Biochem. J. 48: 257-265 "The adenosine triphos¬
phatase activity of myofibrils isolated from skeletal muscle."
Perry, S. V.

Prog. Biophys. molec. Biol. 17: 325-381
myosin."

1967.

structure and

"X-ray analysis,
first Sir Hans Krebs lecture."

Eur. J. Biochem. 8: 455-466

1969.

Perutz, M. F.

"The

interactions of

structure and function of enzymes:

Perutz, M. F., Muirhead, H., Cox, J. M. & Goaman, L. C. G.
1968.
Nature, Lond. 219: 131-139
"Three-dimensional Fourier synthesis
of horse

oxyhaemoglobin at 2.8

A resolution:

the atomic model."

1965. J. Anat. 99: 419 "An electron
microscope study of the distribution and patterns of astroglial
processes in the central nervous system."

Peters, A. & Palay, S. L.

Peters. A. & Palay, S. L.
of laminae A and A-,

J. Anat. 100: 451-486

1966.

of the dorsal

"The morphology
geniculate

nucleus of the lateral

body of the cat."
Peters, A. & Vaughn, J. E.

1967.

tubules and filaments in the
rat

J. Cell Biol. 32: 113-119 "Micro¬
and astrocytes of early post-natal

axon

optic nerve."

Peters, T. & Hawn, C.

1967.

J. biol. Chem. 242: 1566-1575

of two large peptide fragments from the amino
terminal positions of bovine serum albumin."

Peterson, E. A. & Chiazze, E. A.

1962. Archs Biochem. Biophys. 99:
factors in the gradient chromatography

136-147
"Some experimental
of serum proteins."

Peterson, E. A. & Sober, H. A.

"Isolation

acid carboxyl

1956.
I.

"Chromatography of proteins.

J. Am. chem. Soc. 78: 751-755

Cellulose ion exchange adsorbents.

Peterson, E. A. & Sober, H. A.
1962.
"Column chromatography of proteins
substituted celluloses," pp. 3-27.
In: Colowick, S. P. & Kaplan,
N. 0. (Eds.),
New York.

"Methods in Enzymology, Vol. J."

Pette, D. & Dollken,G.

"Regulation of

enzyme

Pickett-Heaps, J. D.
centriole:

1975.

fact

Academic Press,

Adv. Enz. Reguln 13: 355

levels in muscle."

1971. Cytobios 3: 205-214
fallacy?"

"The autonomy of the

or

Pinder, J. C., Bray, D. & Gratzer, W. B.
1975. Nature, Lond. 258:
765-766
"Actin polymerization induced by spectrin."
Poisner, A. M.

1973.

"Microtubules and catecholamine secretion from

the adrenal medulla," pp.

Endocrinology, June 1972."

299-305. In: "Proc. 4th Int. Congr.
Excerpta Medica, Amsterdam.

303

Poisner, A. M. & Bernstein, J.
102-108
"A possible role
from the adrenal medulla:
and deuterium oxide."

1971. J. Pharmac. exp. Ther. 177:
of microtubules in catecholamine release
effect of colchicine, vinca alkaloids

Pollack, R. & Rifkin, D. B.
1976.
"Modification of mammalian cell
shape:
redistribution of intracellular actin by SV40 virus
proteases, cytochalasin B and dimethylsulfoxide," pp. 389-401.
Cold Spring Harb. Conf. on Cell Proliteration, Vol. 3, Cell
Motility, Book A.

Pollack, R., Osborn, M. & Weber, K.

1975.

Proc. natn. Acad. Sci. U.S.A.

72: 994-998
"Patterns of organization of
normal and transformed cultured cells."
•

1976.

Pollard, T. D.

actin and myosin in

J. Cell Biol. 68: 579-601

in the temperature-dependent
of Aoanthamoeba."

"The role of actin

gelation and contraction of extracts

1971. J. Cell Biol. 48: 216-219 "Filaments
Binding of heavy meromyosin by thin
cytoplasmic extracts."

Pollard, T. P. & Korn, E. D.
of Amoeba proteus.
II.
filaments in motile

1952.

Pomerat, C. M.

Texas Repts biol. Med. 10: 885-913

"Dynamic

neurogliology."
Porath, J. & Flodin, P.
filtration:

a

Nature, Lond. 183: 1657-1659

1959.

method for

desalting and

group

1957.
Harvey Lect. 51: 175-228
morphology of protoplasm."

Porter, K. R.

"Gel

separation."

"The submicroscopic

1966.
"Cytoplasmic microtubules and their functions,"
308-345. In: Wolstenholme, G. E. & O'Connor, M. (eds.),
"Principles of Biomolecular Organization." Little, Brown, Boston.

Porter, K. R.
pp.

1973.
"Microtubules in intracellular locomotion,"
pp. 149-165.
In: Abercrombie, M. (ed.), "Locomotion of Tissue

Porter, K. R.
Cells"

(Ciba Foundation Symposium, vol. 14).

Elsevier, New York.

1969. J. Neuropath, exp. Neurol. 28: 598-621
"The
pathogenesis of dying-back polyneuropathies. Part II. An ultrastructural study of experimental acrylamide intoxication in the

Prineas, J.

cat."

1819. Annls Chim. Phys. 10: 29-49
principe qui assaisonne les fromages."

Proust, M.

RakiC, P. & Sidman, R. L.
240-244

1973.

"Weaver mutant

mouse

"Recherches

sur

le

Proc. natn. Acad. Sci. U.S.A. 70:
cerebellum:

defective neuronal

migration secondary to abnormality of Bergman glia."

Rambourg, A. & Leblond, C. P. 1967. J. Cell Biol. 32: 27-53 "Electron
microscope observations on the carbohydrate-rich cell coat present
at the surface of cells

in the rat."

Rees, M. K. & Young, M.
1967. J. biol. Chem. 242: 4449-4458 "Studies
on the isolation and molecular properties of homogeneous globular
actin:

evidence for

a

single polypeptide chain structure."
1968. J. Cell Biol.
of the protein forming the outer

Renaud, F. L., Rowe, A. W. & Gibbons, I. R.
36: 76-90
"Some properties
fibers of cilia."

Renaud, J., Rametta, G., Savary, J. & Derrien, Y.

1963. Biochim.
"Donnees physiques sur les anhydrases

biophys. Acta 77: 521-523
carboniques x-| et y."
Rich, S. A. & Estes, J. E.

1976.

J. molec. Biol. 104: 777-792

"Detection of conformational

digestion:

Ringo, D. L.

evidence for a

J. Ultrustruct. Res. 17: 266-277

1967.

of subunits

in

"The arrangement

flagellar fibres."

Rio-Hortega, P. del.
escasas

changes in actin by proteolytic
new monomeric species."

1921. Archos Neurobiol. 2: 1-28
(oligodendroglia)."

"La glia de

radicaciones

Rio-Hortega, P. del. 1932. "Microglia," pp. 483-534. In: Penfield,
W. (ed.), "Cytology and Cellular Pathology of the Nervous System,
Vol.

II."

Hoeber, New York.

Rio-Hortega, P. del.

1942.

Archos Histol. normal patol. 1: 164-205
revision general de sus

"El metodo del carbonato argentico:
tecnicas y aplicaciones."

1927.

Rio-Hortega, P. del & Penfield, W.
41: 278

"Cerebral

cicatrix.

Bull. Johns Hopkins Hosp.
neuroglia and

The reaction of

microglia to brain wounds."
Ritthausen, H.

1866.

J. prakt. Chem. 99: 6-11, 454-462

"Ober

Glutaminsaure."

Robbins, E. & Gonatas, N. K.

1964a.

J. Histochem. Cytochem. 12:

704-711
"Histochemical and ultrastructural studies
cultures exposed to spindle inhibitors with special
the interphase cell."

Robbins, E. & Gonatas, N. K.
ultrastructure of

Rontgen, W. C.

1898.

a

1964b.

on

HeLa cell

reference to

J. Cell Biol. 21: 429-463

mammalian cell

"The

during the mitotic cycle."

Annln Phys. 64: 1-11

"Eine

neue

Art

von

Strahlen

Rose, W. C., McCoy, R. H., Meyer, C. E., Carter, H. E., Womack, M. &
Mertz, E. T.
1935. J. biol. Chem. 109: lxxvii-lxxviii
"Isolation
of the 'unknown essential' present in proteins."
Rubenstein, P. A. & Spudich, J. A.
74:

120-123

"Actin

1977. Proc. natn. Acad. Sci. U.S.A.
microheterogeneity in chick embryo fibroblasts.

305

Sabatini, D. D., Bensch, K. & Barrnett, R. J.

1963. J. Cell Biol.
cellular ultrastructure and
enzymatic activity by aldehyde fixation."
"The preservation of

19-58

17:

1965.

Rudzinska, M. A.

J. Cell Biol. 25: 459-477

and function of the tentacle in

Rudzinska, M. A.

1967.

Rudzinska, M. A.

1970.

Tokophrya infusionum."

"Ultrafeeding mechanism of Suctoria."

Trans. N. Y. Acad. Sci. 29: 512-525

involved in the

structures

"The fine structure

J. Protozool. 17: 626-641

food intake in Tokophrya infusionum
food vacuoles during digestion."

"The mechanism of

and ultrastructural changes in

1944.
Arch. Elektrotech. 38: 102-130 "Uber den Bau und die
Bemessung von Polschuhlinsen fur hochauflosende Elektronenmikroskope."

Ruska, E.

1964.
Naturw. Rdsch., Stuttg. 17: 125-135
problem in der Elektronenmikroskopie."

"Das Aufslosungs-

Ruska, E.

Ruska, H.

Verhandl. deutsch. zool. Ges. 41: 295-302

1939.

microskopische Bilder
Russell, D. S.
of

1929.

Am. J. Path. 5: 451-458
microglia with trypan blue."

Rutherford, E.
and B

"Uber

Strukturproblemen."

zu

"Intravital staining

Phil. Mag. 21: 669-688 "The scattering of
particles by matter and the structure of the atom."

Sanger, F.

1911.

1955.

Bull. Soc. Chim. biol. 37: 23-35

a

"La structure de

1'insuline."

Satir, P.

1963.

J. Cell Biol. 18: 345-365

"Studies

on

cilia.

The

"Studies

on

cilia.

II.

fixation of the metachronal wave."

Satir, P.

1965.

J. Cell Biol. 26: 805-834

Examination of the distal
role of the filaments in

Satir, P.

1968.

region of the ciliary shaft and the
motility."

J. Cell Biol. 39: 77-94

Further studies on the cilium
of ci1iary moti1ity."

"Studies

tip and

on

cilia.

III.

'sliding filament1 model

a

Schachman, H. K.
1959.
"Ultracentrifugation in Biochemistry."
Academic Press, New York.
Schatzmann, H. J. & Vincenzi, F. F.
369-395

"Calcium movements

Schleiden, M. J.

"Beitrage

1838.

zur

1969.

across

J. Physiol., Lond. 201:

the membrane of human red cells."

Arch. Anat. Physiol. Jg. 1838, pp. 137-176

Phytogenesis."

Schmidt, W. J.

1937.
Protoplasma, Monogr. 11
Karyoplasma, Zytoplasma und Metaplasma."

Schmitt, F. 0.
"Fibrous

1968.

Proc.

natn. Acad.

"Die Doppelbrechung

Sci. U.S.A. 60: 1092-1101

proteins--neuronal organelles."

von

1969.
"Fibrous proteins and neuronal dynamics,"
95-111. In: Barondes, S. H. (ed.), "Cellular Dynamics of the
Neuron" (Symp. Intl. Soc. Cell Biol., vol. 8).
Academic Press,

Schmitt, F. 0.
pp.

New York.

(ed.). 1970. "The Neurosciences: Second Study
Programme." Rockefeller University Press, New York.

Schmitt, F. 0.

Schmitt, F. 0. & Samson, F. E.
6:

113-126

"Neuronal

1968. Neuroscience Res. Prog. Bull.
proteins."

fibrous

Schollmeyer, J. E., Furcht, L. T., Goll, D. E., Robson, R. M. &
Stromer, M. H.
1976.
"Localization of contractile proteins in
smooth muscle cells and in normal
pp.
Cell

and transformed fibroblasts,"

361-388. Cold Spring Harb. Conf.
Motility, Book A.

Schroeder, T. E.
413-414
Avbacia

1969.

Biol. Bull.

mar.

"The role of 'contractile

on

Cell Proliferation, Vol. 3

biol. Lab., Woods Hole 137:

ring' filaments in dividing

egg."

Z. Zellforsch. mikrosk. Anat. 109: 431-449
ring.
I. Fine structure of dividing mammalian
(HeLa) cells and the effect of cytochalasin B."

Schroeder, T. E.

1970.

"The contractile

1976.

Schroeder, T. E.

"Actin in dividing cells:

evidence for its
Harb.

role in cleavage but not mitosis," pp. 265-277.
Cold Spring
Conf. on Cell Proliferation, Vol. 3, Cell Motility, Book A.

Schulze, E. & Barbieri, J.

"Correspondenzen 484.

1879.
Ber. dt. chem. Ges. 12: 1924-1925
Leucin aus Lupinenkeimlingen und Kartoffeln.

Schulze, E. & Steiger, E.

1886. Ber. dt. chem. Ges. 19: 1177-1180
stickstoffhaltigen Bestandtheil der Keimlinge
Lup-inus luteus."

"Uber einen
von

neuen

1839.
"Mikroskopische Untersuchungen uber die Ubereinstimmung in der Struktur und dem Wachstum der Tiere und Pflanzen."

Schwann, T.

Sanders, Berlin.

Shapiro, A. L., Vinuela, E. & Maizel, J. V. 1967. Biochem. biophys.
Res. Commun. 28: 815-820
"Molecular weight estimation of poly¬
peptide chains by electrophoresis in SDS-polyacrylamide gels."
Sharon, N.

1975.

La Recherche 52:

16-24

"Les

sucres

dans la vie

sociale des cellules."

Shelanski, M. L. & Taylor, E. W.
"Isolation of

a

1967. J. Cell Biol. 34: 549-554
protein subunit from microtubules."

Shelanski, M. L. & Taylor, E. W.

1968. J. Cell Biol. 38: 304-315
"Properties of the protein subunit of central pair and outerdoublet microtubules of sea urchin flagella."

Shelanski, M. L., Yen, S.-H. & Lee, V. M.
1976.
"Neurofilaments and
glial filaments," pp. 1007-1020. Cold Spring Harb. Conf. on Cell
Proliferation, Vol. 3, Cell Motility, Book C.

307

Shelanski, M. L., Albert, S., DeVries, G. H. & Norton, W. T.
1971.
Science 174: 1242-1245
"Isolation of filaments from brain."

1975.
"Leucocyte myosin and its

Shibata, N., Tatsumi, N., Tanaka, K., Okamura, Y. & Senda, N.
Biochim.

biophys. Acta 400: 222-243

location in the cell."

1971.
system."

Shooter, E. M. & Einstein, E. R.
"Proteins of the

nervous

A. Rev. Biochem. 40: 635-652

"Preparative acrylamide gel electrophoresis:
techniques," pp. 412-433. In: Hirs, C. H. W.
Timasheff, S. N. (eds.), "Methods in Enzymology, Vol. XXII."

Shuster, L.

1971.

continuous and disc

&
Academic Press, New York.

Skoog, L. & Nordenskjold, B. 1971. Eur. J. Biochem. 19: 81-89 "Effects
of hydroxyurea and 1-3-D arabinosylfuranosyl cytosine on deoxyribonucleotide pools in mouse embryo cells."
1963.

Slautterback, D.
microtubules.

Small, J. V.

1974.

I.

J. Cell Biol. 18: 367-388

"Cytoplasmic

Hydra."

Nature, Lond. 249: 324-327

"Contractile units in

vertebrate smooth muscle cells."

Small, J. V. & Sobieszek, A.
1977. J. Cell Sci. 23: 243-268 "Studies
on the function and composition of the 10-nm (100-A) filaments of
vertebrate smooth muscle."

Small, J. V. & Squire, J. M.
"Structural

Smith, D. E.

1971.

J. molec. Biol. 67: 117-149

Anat. Rec. 169: 432

of Clarke's nucleus

Smith, D. E.

1972.

basis of contraction in vertebrate smooth muscle."

1973.

in the kitten:

"The postnatal development
an

electron

microscope study."

"The location of neurofila¬
during the postnatal development of Clarke's

Brain Res. 55: 41-53

ments and microtubules

nucleus in the kitten."

Smith, D. S.

1971.

significance of

Phil. Trans. R. Soc. B 261: 395-405
cross

"On the

bridges between microtubules and synaptic

vesicles."

Smith, D. S., Jarlfors, U. & Beranek, R.
199-219

1970.

J. Cell Biol. 46:

"The

organisation of synaptic axoplasm in the lamprey
Petromyzon mar-inus central nervous system."
Smith, D. S., Jarlfors, U. & Cameron, B. F.

1975. Ann. N. Y. Acad.
for the participation

Sci. 253: 472-506
"Morphological evidence
of microtubules in axonal transport."

Sobieszek, A. & Small, J. V.
1976.
J. molec. Biol. 102: 75-92
"Myosin-1inked calcium regulation in vertebrate smooth muscle."

Solomon, F.
1976.
"Characterization of the calcium binding activity
of tubulin," pp. 1139-1148.
Cold Spring Harbor Conf. on Cell
Proliferation, Vol. 3, Cell Motility, Book C.
Solomon, F., Gysin, R., Rentsch, M. & Monard, D.

1975.

FEBS Lett.

63: 316-319
"Purification of tubulin from neuroblastoma cells:
absence of covalently bound phosphate in tubulin from normal and

morphologically differentiated cells."
1950.
"Early embryology of dvosophila melanogaster,
In: Demerec, M. (ed.), "Biology of Drosophila."
New York.

Sonnenblick, B. P.
pp. 62-163.
John Wiley,

Sotelo, C. & Palay, S. L.

1968.

structure of the lateral

J. Cell Biol. 36: 151-179

"The fine

vestibular nucleus in the rat."

Spooner, B. S. & Wessells, N. K.
1970. Proc. natn. Acad. Sci. U.S.A.
66: 360-364.
"Effects of cytochalasin B upon microfilaments
involved in morphogenesis of salivary epithelium."

Spooner, B. S., Yamada, K. M. & Wessells, N. X.
49:

595-613

Spudich, J. A.
"Effects of

"Microfilaments and cell

1971.

J. Cell Biol.

locomotion."

1973. Cold Spring Harb. Symp. quant. Biol. 37: 585-593
cytochalasin B on actin filaments."

Spudich, J. A. & Lin, S.
1972. Proc. natn. Acad. Sci. U.S.A. 69:
442-446
"Cytochalasin B, its interaction with actin and actomyosin from muscle."

1971. J. biol. Chem. 246: 4866-4871 "The
Spudich, J. A. & Watt, S.
regulation of rabbit skeletal muscle contraction. I. Biochemical
studies of the interaction of the tropomyosin-troponin complex with
actin and the proteolytic fragments of myosin."
Spudich, J. A., Huxley, H. E. & Finch, J. T. 1972. J. molec. Biol.
72: 619-632
"The regulation of skeletal muscle contraction.
II.
Structural studies of the interaction of the tropomyosin-troponin
complex with actin."
Stadler, J. & Franke, W. W.
1972.
Nature, Lond. 237: 237-238
"Colchicine binding proteins in chromatin and membranes."

Starling, D.

J. Cell Sci. 20: 79-89 "Two ultrastructurally
paracrystals induced in sea urchin eggs by
vinblastine sulphate."

1976a.

distinct tubulin

Starling, D.

1976b.

J. Cell Sci. 20: 91-100

"The effects of mitotic
induced

inhibitors on the structure of vinblastine sulphate
tubulin paracrystals from sea urchin eggs."

Stephens, R. E.
1969. Q. Rev. Biophys. 1: 577-590 "Factors
influencing the polymerization of outer fibre microtubule protein."
Stephens, R. E.

1970a.

J. molec. Biol. 47: 353-363

tion of outer fiber doublet microtubules

components:

A- and B-tubulin."

"Thermal fractiona

into A- and B-subfiber

Stephens, R. E.
1970b. Science 168: 845-847
homology of actin and tubulin."

"On the apparent

Stephens, R. E.
1973. J. Cell Biol. 57: 133-147
"Thermodynamic
analysis of mitotic spindle equilibrium at active metaphase."
Stephens, R. E. & Linck, R. W.
1969. J. molec. Biol. 40: 497-501
"A comparison of muscle actin and ciliary microtubule protein in
the mollusk Pecten irradians."

Stephens, R. E., Renaud, F. L. & Gibbons, I. R.

1967.

Science 156:

1606-1608
"Guanine nucleotide associated with the protein of the
outer fibres of.flagella and cilia."

1976.
Proc. natn. Acad. Sci. U.S.A. 73:
cytoplasmic actin and muscle actin have different

Storti, R. V. & Rich. A.
"Chick

2346-2350
structural

genes."

Storti, R. V., Coen, D. M. & Rich, A.
1976. Cell 8: 521-527
specific forms of actin in the developing chick."
1941.

Straub, F. B.

Stud.

"Reaction of myosin

1942.

Straub, F. B.

"Tissue-

Inst. med. Chem. Univ. Szeged 1: 43-46

A with adenyltriphosphate."

Stud.

Inst. med. Chem. Univ. Szeged 2: 3-16

"Actin."

1950.
Biochim. biophys. Acta 4: 455-470
triphosphate, the functional group of actin."

Straub, F. B. & Feuer, G.
"Adenosine

Justus liebigs Annln Chem. 75: 27-45
"Uber die
Bildung der Milchsaure und einen neuen dem Glycocoll
homologen Korper."

Strecker, A.

1850.

kunstliche

Stromer, M. H. & Goll, D. E.

1972. J. molec. Biol. 67: 489-494
purified a-actinin.
II. Electron microscopic studies
on the competitive binding of a-actinin and tropomyosin to Z-line
extracted myofibrils."
"Studies

on

Summers, K. E.

1974.

J. Cell Biol. 60: 321-324

of microtubules in bull

sperm

Summers, K. E. & Gibbons, I. R.

"ATP-induced sliding

flagella."

1973.

"Effects of trypsin digestion on

J. Cell Biol. 58: 618-629

flagellar structures and their

relationship to motility."
Sumner, B. E. H.

1974.

Brain Res. 68: 157-166

two hydrolases in
the hypoglossal
data on N-acetyl-B-glucosaminidase."

on

"The effect of injury
nucleus with quantitative

1975a.
Expl Neurol. 46: 605-615 "A quantitative
analysis of the response of presynaptic boutons to postsynaptic
motor neurone axotomy."

Sumner, B. E. H.

Sumner, B. E. H.

1975b.

Brain Res. 22: 175-186

"A quantitative study

of subsurface cisterns and their relationships
axotomized hypoglossal neurones."

in normal and

310

Sumner, B. E. H. & Sutherland, F.

1973. J. Neurocytol. 2: 315-328
"Quantitative electron microscopy on the injured hypoglossal

nucleus in the rat."

1971. Nature, Lond. 233: 273-275
of the dendritic tree of motor neurones
vivo."

Sumner, B. E. H. &'Watson, W. E.
"Retraction and expansion
of adult rats produced in

Sumner, J. B.
enzyme

Svedberg, T.

1926.

J. biol. Chem. 69: 435;441

"The isolation of the

urease."

"Kolloidchemie."

1925.

Svedberg, T. & Nichols, J. B.
"The molecular weight of
Svedberg, T. & Pedersen, K. 0.
Press, Oxford.

Leipzig.

1926. J. Am. chem. Soc. 48: 3081-3092
albumin."

egg

1950.

"The Ultracentrifuge."

Clarendon

Svedberg, T. & Rinde, H. 1924. J. Am. chem. Soc. 46: 2677-2693 "The
ultracentrifuge: a new instrument for the determination of size
and distribution of size of particles in amicroscopic colloids."
Svirbely, J. L. & Szent-Gyorgyi, A.
"The chemical

1933.

Biochem. J. 27: 279-285

nature of vitamin C."

Szamier, P. M., Pollard, T. D. & Fujiwara, K.
1975. J. Cell Biol.
67: 424a
"Tropomyosin prevents the destruction of actin filaments

by osmium."

Szent-Gyorgyi, A.
1922-1941."

Szent-Gyorgyi, A.

1938.

"Nobel Lectures in Physiology and Chemistry

Elsevier Press, Amsterdam.

1940.

Enzymologia 9: 98-110

"On protoplasmic

structure and functions."

Szent-Gyorgyi, A.

1941.

"The contraction of

Szent-Gyorgyi, A.

Stud. Inst. med. Chem. Univ. Szeged 1: 17-26
myosin threads."

1947.

"Chemistry of Muscular Contraction."

Academic

Press, New York.

Szent-Gyorgyi, A.
140-161

1949.

"Free energy

Szent-Gyorgyi, A. 1953.
"Meromyosins."

Biol. Bull. mar. biol. Lab., Woods Hole 96:
relations and contraction of actomyosin."
Archs Biochem. Biophys. 42: 305-320

Szent-Gyorgyi, A. & Haworth, W. N. 1933. Nature, Lond. 131: 24
"'Hexuronic acid' (ascorbic acid) as the antiscorbutic factor."
Tamm, S. L. & Horridge, G. A.

1970.

Proc. R. Soc. B 175: 219-233

"The relation between the orientation of the central
the direction of beat in cilia of Opal-tna."

fibrils and

Tani, E. & Ametani, T.

1971.

J. Ultrastruct. Res. 34: 1-14 "Extra¬
red-positive substance in the

cellular distribution of ruthenium
cerebral cortex."

Taylor, A. C. & Robbins, E.
on

1963.

Devi Biol. 7: 660-673

"Observations

microextensions from the surface of isolated vertebrate cells."

Taylor, E. W.

J. Cell Biol. 25: 145-160

1965.

colchicine inhibition of mitosis.
the binding of
colchicine."

"The mechanism of

Kinetics of inhibition and

I.

Taylor, G. L., Adair, G. S. & Adair, M. E. 1932. J. Hyg., Camb. 32:
340-34i
"Estimation of proteins by precipitation reaction."
Terry, R. D., Gonatas, N. K. & Weiss, M.
269-281

"Ultrastructural

Thach, R. & Mcintosh, J. R.
on

Am. J. Pathol. 44:
presenile dementia.

1964.

studies in Alzheimer's

1970.

Pers.

"Quantitative studies
microscope." Harvard

comm.

tritiated ribosomes in the electron

University.
Tilney, L. G. 1965. Anat. Rec. 151: 426 "Microtubules in the
asymmetrical arms of Aotinosphaevium and their response to cold,
colchicine and hydrostatic pressure."
Tilney, L. G.

1968.

J. Cell Sci. 3: 549-562

"Studies

on

the micro¬

tubules in heliozoa.
IV.
The effect of colchicine on the forma¬
tion and maintenance of the axopodia and the redevelopment of

pattern in Actinosphev-ium nucleof-ilum (Barrett)."

Tilney, L. G. & Detmers, P. 1975. J. Cell Biol. 66: 508-520
in erythrocyte ghosts and its association with spectrin.
for

a

"Actin
Evidence

non-filamentous form of these two molecules in situ."

Tilney, L. G. & Mooseker, M. S.

1971.

Proc. natn. Acad. Sci. U.S.A.
epithelial cells of

68: 2611-2615
"Actin in the brush-border of
the chicken intestine."

Tilney, L. G. & Porter, K. R.

1967.

J. Cell Biol. 34: 327-343

"Studies

the microtubules in Heliozoa.
II.
The effect of low tempera¬
tures on these structures in the formation and maintenance of the

on

axopodia."
Tilney, L. G., Bryan, J., Bush, D. J., Fujiwara, K., Mooseker, M. S.,
Murphy, D. B. & Snyder, D. H. 1973. J. Cell Biol. 59: 267-275
"Microtubules:
evidence for 13 protofilaments."
Tiselius, A.
for

1937. Trans. Faraday Soc. 33: 524-531
"A new apparatus
electrophoretic analysis of colloidal mixtures."

Trollope, F.

1832.

"Domestic Manners of the Americans."

Whittaker,

Treacher, London.

Tsujiyama, Y.

1963.
"Normal and pathological figures of neuroglia
Tsujiyama's method," pp. 165-180.
In: Nakai, J.
(ed.), "The Morphology of Neuroglia." Igaku Shoin, Tokyo.

stained with

1972. Brain Res. 37: 101-108
antigenicity in brain particulates."

"Tubulin

Twomey, S. L. & Samson, F. E.

Tyson, G. E. & Bulger, R. E.
1973. Z. Zellforsch. 141: 443-458
"Vinblastine-induced paracrystals and unusually large microtubules
(macrotubules) in rat renal cells."
Uchizono, K.
on

1967.

Nature, Lond. 214: 833-834

the stretch receptor

"Inhibitory

synapses

of the crayfish."

BacmibeB, M., TenOaHfl, M. M., floMHMHa, Jl. B., UBaHOBa, 0. 10., Komm, C. T
M
onbiuebckaa, Jl. B.
1972. Umtojioi-hh 14: 80-88 "JleMCTBMe
MeTa(J)a3Hbix nHrn6nTopoB Ha 0opMy m flBn>«eHne 0n6po6.nacTOB b KynType"

Vaughn, J. E. 1969. Z. Zellforsch. 94: 293-324 "An electron micro¬
scopic analysis of glial genesis in rat optic nerve."

Vaughn, J. E. & Pease, D. C. 1967. J. comp. Neurol. 131: 143-153
"Electron microscopy of classically stained astrocytes."
Vaughn, J. E. & Peters, A. 1967. Am. J. Anat. 121: 131-152 "Electron
microscopy of the early postnatal development of fibrous astrocytes
Vaughn, J. E. & Peters, A. 1968. J. comp. Neurol. 133: 269-288 "A
third neurological cell type, an electron microscopic study."
Vaughn, J. E. & Peters, A. 1971. "The morphology and development of
neuroglial cells," pp. 103-134. In: Pease, D. C. (ed.), "Cellular
aspects and neural growth and differentiation." University of
California Press, Berkeley.

Vauquelin, L. N. & Robiquet, P.-J. 1806. Annls Chim. 57: 88-93
"Decouverte d'un nouveau principe vegetal dans les asperges
[Asparagus sativus Linn.)."
Veloso, D., Guynn, R. W., Oskarsson, M. & Veech, R. L.
Chem.

248:

4811-4819

1973.

J. biol.

"The concentrations of free and bound

magnesium in rat tissues."
Ventilla, M., Cantor, C. R. & Shelanski, M.
1972.
Biochemistry, N. Y.
11: 1554-1561
"A circular dichroism study of microtubule protein."
Voiculescu, V. & Steriade, M.
creierului."

Waller, A..

1850.

Editura

1963.

"Din istoria

cunoa§terii

^tiin^ifica, Bucure§ti.

Phil. Trans. R. Soc.

1850: 423-429

"Experiments
nerves of the
frog, and observations of the alterations produced thereby in the
structure of their primitive fibres."

on

the section of

Waller, A.

1852a.

C.

"Huitieme memoire

Waller, A.

1852b.

C.

glossopharyngeal and hypoglossal

sur

hebd. Seanc. Acad. Sci., Paris 35: 561-564
le systeme nerveux."

r.

hebd. Seanc. Acad. Sci., Paris 34: 842-847

r.

"Examens des alterations qui

ont lieu dans les filets d'origine

du nerf pneumogastrique et des nerfs rachidiens par- la
la section de ces nerfs au dessus de leurs ganglions."

suite de

313

Walters, B. B. & Matus, A.
112

I.

1975.

"Proteins of the synaptic

Biochem. Soc. Trans. B,
junction."

pp.

109-

1913. Pflugers Arch. ges. Physiol. 154: 599-617 "Uber
sauerstoffatmende Kornchen aus Leberzellen und uber Sauerstoffatmung
in Berkfeld-Filtraten wassriger Leberextrakte,"

Warburg, 0.

1974.

Warfield, R. K. H. & Bouck, G. B.

Science 186: 1219-1221

"Microtubule-macrotubule transitions:
exposure to

intermediates after

the mitotic inhibitor vinblastine."

Warner, F. D.
1974.
"The fine structure of the ciliary and flagellar
axoneme," pp. 11-37.
In: Sleigh, M. A. (Ed.), "Cilia and

Flagella."

Academic Press, London.
1973. J. Cell Sci. 12: 313-326
ciliary microtubules."

Warner, F. D. & Satir, P.
substructure of

"The

1974. J. molec. Biol.
"Paramyosin of Caenorhabditis elegans."

Waterston, R. H., Epstein, H. F. & Brenner, S.
90:

285-290

1965.
J. Physiol., Lond. 180: 741-753 "An autoradio¬
graphic study of the incorporation of nucleic acid precursors by

Watson, W. E.

neurones

Watson, W. E.

and

1966a.

adherence of

Watson, W. E.

glia during

1966c.

observations upon
after axotomy.

Watson, W. E.

1968.

neurones

following

"Alteration of the

nerve

injury."

J. Neurochem. 13: 849-856

observations upon the
acid cycle in injured

Watson, W. E.

regeneration."

J. Neurochem. 13: 536-537

glia to

1966b.

nerve

"Some quantitative
oxidation of substrates of the tricarboxylic
neurones."

J. Neurochem. 13: 1549-1550

"Quantitative
acetylcholine hydrolase activity of nerve cells

J. Physiol., Lond. 196: 655-676

the nucleolar and total

cell

"Observations
body nucleic acid of injured nerve

on

cells."

Watson, W. E.

1972.

J. Physiol., Lond. 225: 415-435

"Some quantitative
the responses of neuroglial cells which follow
axotomy of adjacent neurones."
observations upon

Watson, W. E.
1974a.
Br. med. Bull. 30: 112-115
to axotomy and to related procedures."

"Cellular responses

1974b.
Brain Res. 65: 317-322
"The binding of actinomycin D to the nuclei of axotomized neurones."

Watson, W. E.

Watson, W. E.
Weber, A.

1976.

"Cell Biology of Brain."

Chapman & Hall, London.

1956.
Biochim. biophys. Acta 19: 345-351
trifugal separation of L-myosin and actin."

"The ultracen-

1971. "Regulation of contraction and
myofibril," pp. 37 ff. In: Podolsky, R. J.

Weber, A. & Bremel, R. D.
relaxation in the

(ed.), "Contractility of muscle cells and related processes."
Prentice-Hall, Englewood Cliffs, N. J.
Weber, K. & Groeschel-Stewart, U.

1974.

Proc. natn. Acad. Sci. U.S.A.

71: 4561-4564

"Antibody to myosin: the specific visualization of
myosin-containing filaments in nonmuscle cells."
"The
reliability of molecular weight determinations by dodecyl sulfatepolyacrylamide gel electrophoresis."

Weber, K. & Osborn, M.

1969.

J. biol. Chem. 244: 4406-4412

Weber, K., Pollack, R. & Bibring, T.
1975. Proc. natn. Acad. Sci.
U.S.A. 72: 459-463
"Antibody against tubulin: the specific
visualization of cytoplasmic microtubules in tissue culture cells."

1972. "Measurements of molecula
SDS acrylamide gel," pp. 3-27.
In:
Hirs, C. H. W. & Timasheff, S. N. (eds.), "Methods in Enzymology,

Weber, K., Pringle, J. R. & Osborn, M.

weights by electrophoresis
Vol.

XXVI

C."

on

Academic Press, New York.

Weber, K., Wehland, J. & Herzog, W.

1976.

J. molec. Biol. 102: 817-

829
"Griseofulvin interacts with microtubules both in vivo and
in vitro."

Weeds, A. G. & Frank, G.
9-14

37:

"Structural

1973.

Cold Spring Harb. Symp. quant. Biol.
on the light chains of myosin."

studies

Weeds, A. G. & Taylor, R. S.
of

1975. Nature, Lond. 257: 54-56 "Separati
subfragment-1 isoenzymes from rabbit skeletal muscle myosin."

Weihing, R. R. & Korn, E. D. 1972. Biochemistry, N. Y. 11: 1538-1543
"Acanthamoeba actin.
Composition of the peptide that contains
3 Me-His, and a peptide that contains Ne-Me Lys."
Weisenberg, R.

1972.

Science 177: 1104-1105 "Microtubule formation
containing low calcium concentrations."

in vitro in solutions

Weisenberg, R. C., Borisy, G. G. & Taylor, E. W.
1968. Biochemistry,
N. Y. 7: 4466-4479
"The colchicine binding proteins of mammalian
brain and its relation to microtubules."

Weiss, P. A.
"Neuronal

1972.
Proc. natn. Acad. Sci. U.S.A. 69: 1309-1312
dynamics and axonal flow: axonal peristalsis."

Weiss, P. & Wang, H.
in

1936. Anat. Rec. 67: 105-117 "Neurofibri1s
living ganglion cells of the chick cultured in vitro."

Wendell-Smith, C. P., Blunt, M. J. & Baldwin, F.
127:
cell

219-239

"The ultrastructural

1966.

J. comp. Neurol

characterisation of

macroglia!

types."

Wessells, N. K., Spooner, B. S., Ash, J. F., Bradley, M. D., Luduena,
M. A., Taylor, E. L., Wrenn, J. T. & Yamada, K. M.
1971. Science
171:

135-143

processes."

"Microfilaments in cellular and

developmental

315

Whalen, R. G., Butler-Browne, G. S. & Gros, F.
1976. Proc. natn. Acad.
Sci. U.S.A. 73: 2018-2022
"Protein synthesis and actin hetero¬

geneity in calf muscle cells in culture."
Whitehouse, J. M. A., Ferguson, N. & Currie, G. M.

1974. Clin. exp.
"Autoantibody to microtubules in infectious

Immunol. 17: 227-233
mononucleosis."

Williams, C. A. & Chase, M. W.
1967.
"Methods in Immunology and
Immunochemistry." Academic Press, New York.
Williams, J. W.,
Chem.

Rev.

Holde, K. E., Baldwin, R. L. & Fujita, H.
1958.
"The theory of sedimentation analysis."

van

58:

715

1928a. Z. Ver. dt. Ing. 72: 901-905
katalytischen Wirkungen."

Willstatter, R.
der

Willstatter, R.

1928b.

"Untersuchungen iiber Enzyme."

Willstatter, R. & Racke, F.
111-141

Wilson, L.

1922.

"Zur Kenntnis des

1970.

"Zur Kenntnis
Bd. 2, Berlin.

Justus Liebigs Annln Chem. 427:

Invertins."

Biochemistry, N. Y. 9: 4999-5007 "Properties of
brain.
Interactions

colchicine binding protein from chick embryo
with Vinca alkaloids and podophyllotoxin."

Wilson, L.
1975. Ann. N. Y. Acad. Sci. 253: 213-231
"Microtubules
as drug receptors:
pharmacological properties of microtubule

protein."
Wilson, L., Bryan, J., Ruby, A. & Mazia, D.
1970. Proc. natn. Acad.
Sci. U.S.A. 67: 807-814
"Precipitation of proteins by vinblastine
and calcium ions."

Witman, G. B., Carlson, K. & Rosenbaum, J. L.
1972.
J. Cell Biol.
54: 540-555
"Chlamydomonas flagella. II. The distribution of
tubulins 1

and 2 in the outer doublet microtubules."

Witman, G. B., Carlson, K., Berliner, J. & Rosenbaum, J. L.

1972.

J. Cell Biol. 54: 507-539
"Chlamydomonas flagella. I. Isolation
and electrophoretic analysis of microtubules, matrix, membranes
and mastigonemes."

Wollaston, W. H.
1810.
Phil. Trans. R. Soc., pp. 223-330
oxide, a new species of urinary calculus."

"On cystic

Wolman, M.
1955. Q. J1 microsc. Sci. 96: 337-341
"Studies of the
impregnation of nervous tissue elements.
II. The nature of the
compounds responsible for the impregnation of axons: practical
considerations."

Wood, J. G.

1966.

Nature, Lond. 209: 1131-1133

localization of amines in central

nervous

Wuerker, R. B.
1970.
Tissue and Cell 2: 1-9
glial filaments."

"Electron microscope

tissue."

"Neurofilaments and

316

Wuerker, R. B. & Kirkpatrick, J. B.
1972. Int. Rev. Cytol. 33: 45-75
"Neuronal microtubules, neurofilaments and microfilaments."
Wuerker, R. B. & Palay, S. L.
1969. Tissue and Cell 1: 387-402
"Neurofilaments and microtubules in anterior horn cells of the
rat."

Wyman, J.

1948.

Adv. Prot. Chem. 4: 407-531

"Heme proteins."

Yamada, K. M., Spooner, B. S. & Wessells, N. K.
1970. Proc. natn.
Acad. Sci. U.S.A. 66: 1206-1212
"Axon growth:
roles of micro¬
filaments and microtubules."

Yen, S.-H., Dahl, D., Schachner, M. & Shelanski, M. L.
Acad. Sci. U.S.A.
filaments of brain."

natn.

Young, J. Z.
nerve

1936a.

fibres in

Young, J. Z.

1936b.

"Structure of

73:

529-533

1975. Proc.
"Biochemistry of the

Proc. R. Soc. B 121: 319-337
Cephalopods and Crustacea."

"The structure of

Cold Spring Harb. Symp. quant. Biol. 4: 1-6
fibres and synapses in some invertebrates."

nerve

Young, M., Himmelfarb, S. & Harrington, W. F. 1965. J. biol. Chem.
240: 2428-2436
"On the structural assembly of the polypeptide
chains of heavy meromyosin."
1963. J. biol. Chem. 238: 1708-1713
exchange reaction catalyzed by heavy

Yount, R. G. & Koshland, D. E.

"Properties of the
meromyosin."

0^

1960.
Exptl Cell Res. 20: 529-545
analysis of the isolated mitotic apparatus."

Zimmerman, A. M.

"Physicochemical

