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The development and maturation of the thymus and the thymus-dependent and
independent immune systems are reviewed together with the functions and characteristics of T and B lymphocytes.
The spectrum of biological abnormalities associated with the congenitally
thymuelees mouse mutant 'nude' are described and the ameliorative effects of
thymus grafting upon these defects are discussed. Thymus grafting increases
the vigour, improves fertility, and prolongs the lifespan of the animals.
Histological examination revealed gross lymphocyte depletion in the thymusdependent areas of the lymph nodes and spleen while the B-dependent areas
displayed a more normal morphology. Stimulation with pneumococcal polysaccharide (Sill) induced an increase in cellur1ty of the primary nodules
which are poorly-defined in untreated flu/flu animals. Following implantation
of an allogeneic thymus graft the thymus-dependent areas exhibited progressive
development of a typical structure. Thymus grafting also permitted the
formation of germinal centres which are absent even in antigen-treated nude
mice.
Cell-mediated immune responsiveness in nu/nu mice was measured in terms of
the development and expression of contact hypersensitivity and of the response
125
to skin silo- and xenografts. An
IUcIR incorporation assay is described for
the assessment of cell proliferation in the lymph nodes of mice following
sensitization with oxazolone. Unlike normal mice, nu/nu animals showed no
detectable response to sensitization with this antigen, and delayed hypersensitivity, as assessed by the ear-thickness test, was also absent. Skin
from T6T8, C57B1 and A strains of mice, and from rat and rabbit donors, was
retained throughout the life of flu/flu recipients. Implantation of allogeneic
thymus grafts, or injection of thymus cells, adoptively conferred to nude mice
the ability to mount lymphoproliferative responses to oxazolone sensitization
and to reject 'third-party' skin grafts. Skin of the thymus-donor type was
accepted by the majority of mice tested. Thyinosin, a cell-free thymus extract,
failed to restore the response of nude mice to sensitization with oxazolone.
Nu/nu mice synthesized subnormal quantities of 198 and little or no 78
antibody, as assessed by the number of splenic haemolytic plaque-forming cells
and serum haemagglutinating antibodies, in response to primary challenge with
SRBC. Concomitant injection of Bordetella pertussis organisms and SRBC
failed to potentiate the humoral response against the erythrocyte antigens.
Subcutaneous grafting of CBA-T8T6 neonatal thymus permitted the formation of
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near-normal levels of 198 and 78 haemaggluturiating antibody against SEEC.
High levels of background antibody-forming cells against Sill in the nude
mice of our colony made it impossible to study the response to this antigen.
In a pré1imnary experiment the magnitude of the responses of nu/nu and /+
mice against PVP were similar.
The concentrations of inimunoglobulins in the sera of nude mice of various
ages were studied by single radial diffusion. '( M was present in normal
concentrations, A and '(Ma were greatly reduced. '(Gl was normal at the time
of weaning, but declined progressively thereafter until it was not detectable
in most aiimala more than 60 days old. Grafting of CBA-T6T6 neonatal thymus
was followed by the appearance of normal concentrations of IG2a and ''Gl
globulins, and near-normal levels of A. Injection of viable thymus cells
resulted in still higher concentrations of these three proteins; after injection
of killed thymocytes the levels of these immunoglobulin classes remained at the
pie-treatment low levels. An allotype marker was used to determine the origin
of the \'G2a globulin formed after administration of thymocyte suspensions.
Although most of the ''G2a was of host allotype, some donor-type inimunoglobulin
was detected. It is concluded that the establishment of normal serum woncentrations of YA, fG2a and, especially, IGl depends upon the presence of functional
T-lymphocytes. fM exhibits no such thymus-dependence.
The stem cell potential of nude mice, measured in terms of CFU ratio and the
capacity to reprieve lethally-irradiated recipients, was similar to that of un/i.
and CBA mice. The thymus of nu/nu-*T6T6 chimaeras was repàpulated by donor cells.
Proliferation of donor cells, presumed to be T-cells, was observed in the regional
lymph nodes 3 days after sensitization with oxazolone.
T6T6 thymus grafts implanted into nu/4 mice were repopulated by host cells;
mitotic figures in the implant 30 and more days after grafting were almost
exclusively of boat karyotype. The high proportion of host cells dividing in the
lymph nodes of thymus grafted nude mice 3 days after sensitization with oxazolone
suggested that functional T-cells, derived originally from nu/nu bone marrow, were
present. Allogeneic epithelial thymus grafts also partially restored the
response of nude mice to oxazolone.
It is concluded that the failure of thymic development in nu/nu mice is not
due to the absence of thymocyte progenitor cells in the adult bone marrow, nor
to any factor in the general physiological environment of the nude mouse
suppressing their differentiation. The primary immunological defect probably
lies in the maldevelopment of the thymic epithelial rudiment.
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SUMMARY
The development and maturation of the thymus and the thymusdependent and independent immune systems are reviewed together with
the functions and characteristics of T and B lymphocytes.
The spectrum of biological abnormalities associated with the
congenitally thymusless mouse mutant 'nude' are described and the
ameliorative effects of thymus grafting upon these defects are
discussed. Thymus grafting increases the vigour, improves fertility,
and prolongs the lifespan of the animals.
Histological examination revealed gross lymphocyte depletion in
the thymus-dependent areas of the lymph nodes and spleen while the Bdependent areas displayed a more normal morphology. Stimulation with
pneumococoal polysaccharide ($111) induced an increase in cellularity of
the primary nodules which are poorly-defined in untreated PM/P2l
animals. Following implantation of an allogeneic thymus graft the
thymus-dependent areas exhibited progressive development of a typical
structure. Thymus grafting also permitted the formation of germinal
centres which are absent even in antigen-treated nude mice.
Cell-mediated immune responsiveness in pp/Au mice was measured
in terms of the development and expression of contact hypersensitivity
and of the response to skin allo- and ,ogrsfts. An
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poration assay is described for the assessment of cell proliferation
in the lymph nodes of mice following sensitization with oxazolone.
Unlike normal mice, nu/nu animals showed no detectable response to
sensitization with this antigen, and delayed hypersensitivity, as
assessed by the ear-thickness test, was also absent • Skin from

T6T6, C5IB1 and A strains of mice, and from rat and rabbit donors,
was retained throughout the life of nu/nu recipients. Implantation
of allogeneic thymus grafts, or injection of thymus cells, adoptively
conferred to awie mice the ability to mount lymphoproliferatiVe
responses to oxazolone sensitization and to reject 'third-party' skin
grafts.

Skin of the thymus-donor type was accepted by the majority

of mice tested.

Thymosin, a cell-free thymus extract, failed to

restore the response of nude mice to sensitization with oxazolone.
mice synthesized subnormal quantities of 198 and little or
no 78 antibody, as assessed by the number of splenic haemolytic pl9ueforming cells and serum haemagglutinating antibodies, in response to
primary challenge with SRBC. Concomitant injection of Bordetella
pertussis organisms and SEBC failed to potentiate the humoral response
against the erythrocyte antigens. Subcutaneous grafting of CBA-T6T6
neonatal thymus permitted the formation of near-normal levels of 198
and 78 haemagglutinftting antibody against SRBC.
High levels of background antibody-forming cells against SIll
in the nude mice of our colony made it impossible to study the response
to this antigen. In a preliminary experiment the magnitude of the
responses of M/&uand /+ mice against PVP were similar.
The concentrations of inununoglobulina in the sera of nude mice
of various ages were studied by single radial diffusion.

1 M was

present in normal concentrations, Y A and '(GU were greatly reduced.
' Gi was normal at the time of weaning, but declined progressively
thereafter until it was not detectable in most animals more than
60 days old. Grafting of CBA-T6T6 neoz.al thymus was followed by
the appearance of normal concentrations of VG2a and \G1 globulins,

and near-normal levels of (A. Injection of viable thymus cells
resulted in still higher concentrations of these three proteins; after
injection of killed thytnocytes the levels of these inununoglobulin
classes remained at the pro-treatment low levels. An allotype marker
was used to determine the origin of the '(G2a globulin formed after
administration of thymocyte suspensions. Although most of the ' G2a
was of host allotype, sane donor-type immunoglobulin was detected.
It is concluded that the establishment of normal serum concentrations
of ( A, G2a and, especially, '(61 depends upon the presence of functional T-lymphocytes. Y M exhibits no such thymus-dependence.
The stem cell potential of nude mice, measured in terms of CPU
ratio and the capacity to reprieve lethally-irradiated recipients, was
similar to that of nu/+ and CBA mice. The thymus of

iu--T6T6

chimaeras sea repopulated by donor cells. Proliferation of donor
cells, presumed to be T-cells, was observed in the regional lymph
nodes 3 days after sensitization with oxazolone.
T6T6 thymus grafts implanted into nu/nu mice were repopulated by
host cells; mitotic figures in the implant 30 and more days after
grafting were almost exclusively of host karyotype. The high proportion of host cells dividing in the lymph nodes of thymus grafted nude
mice 3 days after sensitization with oxazolone suggested that functional T-cells, derived originally from flu/flu bone marrow, were present.
Allogeneic epithelial thymus grafts also partially restored the
response of nude mice to oxazolone.
It is concluded that the £*ilure of thymic development in
mice is not due to the absence of thymocyte progenitor cells in the

adult bone marrow, nor to any factor in the general physiological
environment of the nude mouse suppressing their differentiation. The
primary immunological defect probably lies in the maldevelopinent of the
thymic epithelial rudiment.

CHAPTER 1
THE ROLE OF THE THYMUS IN IMMUNITY
Comparative iunological studies within the vertebrate phylum
have associated the evolution of immunocompetance, in terms of adaptive
immunity, with the development of an organised lymphoid system. All
vertebrates possess lymphocytes and thymus tissue, and are capable of
mounting antibody and cell-mediated immune responses (Smith, Miesoher
& Good, 1966; Hildemann & Clem, 19n). Convincing evidence that the
mediators of adaptive immunity are lymphocytes has been provided by the
studies of Gowans, in which transference of both categories of immunocetonce was achieved using relatively pure populations of rat thoracic duct lymphocytes (Gowan* & McGregor, 1960).
Although Bbard, in 1900, suggested that the thymus was the source
of all the lymphocytes in the body, early attempts to demonstrate a
critical role of the organ in immunological activities were unsuccessful.
The intact organ failed to exhibit those histological changes in response to antigenic stimulation characteristic of other lymphoid organs
(Fgraeua, 1948). Total thymectoay, even of quite young animals, did
not depress immune responsiveness (MacLean øt al., 1957; Fiohteliva,
Laurell & Philipson, 1981). The progressive involution of the thymus
with age prompted speculations attributing to it a role in the development of the skeletal and reproductive systems • and in the control of
nervous and endocrine activity (Basch, 1906, 1908; :"lose & Yogi, 1910;

Matti, 1911). These experiments failed adequately to 4allineato the
function(s) of the thymus (Pappenheimer, 1914; Park & McClure, 1919),
and the organ remained an enigma until its importance in the develop-

2.
sent of jimmanologi cal responsiveness in vertebrates was demonstrated.
Interest in the immunological function of the thyme was reawakened by the dvaonstration of Archer & Pierce (1961) and Miller
(1961) that rabbits and mice thymectosized at birth displayed Impaired
capacities to reject skin hosogrsfts and ,nografts, and depressed serum
antibody responses to some antigens • These deficiencies in immune
competence were associated with marked lymphopenia and many thymeotomizd sice died, after a period of wasting, within three months of the
operation (Miller, 1961; 1963) •

A similar spectrum of deficiencies

after neonatal thy.. atony has since been observed in several other strain*
of mouse (Good at

&1., 1962; Parrott, 1962)0 and in rats (Arnason

1962; Jankovio, Wakasan & Arnason, 1962), in chickens (rner
& Szenberg, 1962; Aspinall at *1., 1963) and a number of other vertebrate species (Miller & Osoba, 1067; Hessi, 1968). Although thymectomy of adult rodents did not result in immediate Impairment of
Immunological capacity (MacLean .t *1., 1957)9 depressed responsiveness was observed when the test antigenic challenge was delayed until
several months after the operation (Metcalf, 1965; Miller, 1965;
Taylor, l965a) • The adult thymus was also shown to be required in

the re-establishment of immune mechanisms where the lymphoid system
had been damaged or destroyed by X-irradiation or anti-lymphocyte sera
(Miller, 1962a; Miller, Doak & Cross, 1963; Globerson & Feldman, 1084;
Goe1oed & Von, 1965; Monaco, Wood & Russell, 1965). These experiments indicated the importance of the thymus not only for the development, but also for the maintenance of iunological competence.
Although thymectomy is found consistently to impair 0.11-mediated
iznity, the extent of its effect on responses mediated by humoral

3.
antibody In variable and dependent on the nature of the antigen, the
species and strain of animal tested, and on the parameters of the assay
situation. Neonatally thyaectoaiz.d rodents tested as adults produced
subnormal levels of antibody in a primary response to heterologous
erythrocytes (Miller, 1961; Friedman, 1965; Miller, de Burgh & Grant,
1965) and bovine serum albumin (Good

., 1962; Taylor, 1963;

Arnason de Vawc St Cyr & Shaffner, 1964). In contrast, normal
antibody production was observed in response to Pneumococous type III
capsular polysaccharide (Humphrey, Parrott & East, 1964; Fahey, Barth
& Law, 1965) and Salmonella flagellar antigen (Pinnaa & Fitch, 1986).
No consistent abnormality in serum imeunoglobulin concentrations was
seen in neonatally thymectomized rodents (Humphrey It *1., 1964;
Arnason et al., 1984; Fahey et si., 1965) although low levels of
I'G2a and (ai were reported particularly in wasting mice (Humphrey
et p1., 1964; Fahey et al., 1968) and Arnason et *1. • described
reduced amounts of a serum protein probably corresponding to 'Gl.
The lymphocyte deficiency and immunological defects of neonatally
thymeotomized mice were reversed by implantation of a neonatal thymus
graft (Miller, 1962b; Dalmasso et al., 1963; East & Parrott, 1964;
Miller et al., 1966). Similarly, mice rendered iunologically
Inadequate by adult thyaectomy and total-body X-irradiation were
restored to near normality by grafting a neonatal thymus in addition
to a source of haemopoietic stem cells (Miller et .1., 1964; Dukor
et al., 1965; Leuchars, loons & Dukr, 1965; Leuchars et al., 1966).
Thymus grafts may achieve restoration by two separate, but not mutually
exclusive, mechanisms; humoral or cellular. The hu.oral hypothesis
proposed that lymphoid progenitor cells in bone marrow, spleen or

4.
other peripheral tissues mature under the influence of humoral factors
from the thymus graft to become immunologically competent cells • The
cellular hypothesis of thymic function proposes that lymphoid progenitor cells which have migrated to the thymus from peripheral sites
require the thymic locus in order to achieve maturity. Once mature,
these thymus-educated cells emigrate to the peripheral pool of immunologically competent cells.
A humoral component of thymic function was suggested by the observation that thymus and thymoma tissue enclosed in allegedly cellimpermeable *ttll ipor. chambers could restore imaunoidgical activity in
neonatally thymectomized mice (Levey, Trainin & Law, 1963; Osoba &
Miller, 1963; 1964; (oba, 1965a; Stutman, Thnis & Good, 1969).
Th

addition, humors], activity of foetal thymus could conceivably have

been responsible for the observed recovery of immune responsiveness in
pregnant thymeotomizod mice (Osoba, 1968b). Moreover, partially
characterised huaioral substances extracted from the thymic tissue of a
number of species were shown to repair deficiencies of cell-mediated
Immunity in thymectomized mice (Trainin & Linker-Israeli, 1967; Law &
Agnew, 1968; Law, Goldstein & White, 1968; Trainin, 8=11 & Globerson,
1969; Goldstein !t el., 1970; White & Goldstein, 1970). These
studies extended the earlier findings that cell-free thymic extracts
were capable of stimulating lymphocytosis of peripheral lymphoid
tissue (Coma, 1952; GrOgoire & Dichateau, 1956; Metcalf, 1958) and
of preventing wasting in neonatally thyaeoto.ized mice (do Somer,
Denys & Layton, 1963; Klein, Goldstein & White, 1965; Trainin et a1.,
1966).

5.
A cellular component of thymic function was suggested by the
Identification of kavjOtYPicallY.aarked, thymus graft-derived cells
In the peripheral lymphoid tissues of neonatally thymeotcuized mice
grafted with ayngeneic thymus tissue (Miller, 1982c, 1063; Harris &
Ford, 1964). Moreover, the proportion of graft-derived cells was
significantly increased after antigenic stimulation (Miller et ml.,
1066). Similarly, in nice thyaectomiz.d as adults, lethally
irradiated and protected by karyotypiosily distinct bone marrow and
thymus grafts, division of both marrow-derived and thymus-derived
lymphocytes was observed in the peripheral lymphoid tissue (nukor et al,,

iass) and again the proportion of tI'mus graft-derived cells increased
sharply after antigen (Davies et al., 1966; Leuchars et ml., 1966).
A substantial body of evidence is now available to indicate that the
thymus-derived lymphocytes, educated in, and seeded from the thymus
provide an important population of long-lived, recirculating, Immunologically competent cells (see sections 1.111

Se

1.1v).

In most mammals and birds the thymus In the first lymphoid organ

distinguishable in the embryo. In birds a cloacal lymphoid
organ, the bursa of Fabricius, also develops early in ontogeny.
Although thymectomy of birds at hatching caused impaired cell-mediated
iunity [Warner & Szenberg, 1962; Aspinall et ml., 1963; Cooper
10661 antibody production was only marginally impaired [Werner & ftenberg,
1962; Graetzer et s1., 1963; Isakovic at ml., 196J.

In contrast,

bureectomy, performed either by surgery or by treatment of the embryo
with androgenic steroids, caused a profound depression in the production
Of i'w'og1obuline and specific antibodies (Glick, Chang & Japp, 1956;

3ie11er, Wolfe & Beyer, 1060; *rner, Szenberg & Burnet, 1962;
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Isakovic at al., 1963; Cooper at ml., 1966; Pierce, Chubb & Long,
ig] but did not impair cell-mediated immunity provided that the
thymus itself was undamaged [Warner at ml. • 1962; Aspinall at ml.
1963; Jankovioet., 1963; Cooper et ml, 1968;1.
Investigations of patients suffering immunological deficiency
diseases suggested that a similar dichotomy of lymphocyte function
existed in man, and probably in other mmmals [Cooper et al, 19681.
Patients with Bruton-type congenital agesglobulinaemia were deficient
in antibody production, but had normal 1 1- mediated Immune responses
[Bruton, 1952], whereas children suffering congenital thymic splasia
(DiGeorge syndrome) had impaired cell-mediated immunity but could
synthesize relatively normal amounts of antibody to some antigens
(Dioeorge, 1965; 1968].

The 'two-lymphocyte' model of the Immune system of birds and
mammals was founded on these and other similar observations {000d,
1064; Szenberg & Warner, 1962; Cooper, Peterson & Good, 1065;

Peterson, Cooper & Good, 19651. The model proposed the existence
of two distinct lymphocyte populations differentiating under the
influence of two primary lymphoid organ., the thymus and the bursa of
Pabricius (or its as yet unidentified mammalian equivalent), and
responsible for cell-mediated and huaoral immune response., respectively.
The model has now become firmly established.

Lymphocytes which

develop under the influence of the thymus and which are seeded to the
peripheral lymphoid tissues are commonly designated T-cells or Tlymphocytes, while those derived from the bursa or its mammalian
analogue are called B-cells flbitt at al. • 19691.

.7.
I.

The develeent of the thymus
The thymus develops as an epithelial rudiment derived from the

ectoderm and endodeze of the third and fourth pharyngeal pouches.
The paired rudiment migrates caudally to the thorax and develops
Into the two thymic lobes. Early in ontogeny the thymus comprises
two cell types, epithelium and surrounding mesenchyme. The origin
of the lymphoid component of the developing thymus was disputed for
many years.
Thymus lymphocytes were thought to originate by transformation
of epithelial cells of the rudiment [Kolliker, 1819; Bard, 1900;
Stohr, 1906; Dustin, 19131, and histochemical, histological and
electronmicrographic studies have claimed to demonstrate transitional
forms between thymic epithelial and lymphoid cells, [Ackerman & Knouff,
1984; 1965; Wea1cloy, Patt & Shopro,, 1964;]. Culturing prelymphoid
rudiments from 12 day old mouse embryos in vitro, Auerbach [1960, 1981]
demonstrated autonomous development on the thymus lymphocytes, which
required only an inductive influence from the surrounding mesenchyme
Auerbach's conclusion, that thymus epithelium was the source of the
lymphoid cells, presupposed that the 12 day old mouse thymus rudiment
consisted only of epithelial cells.
Opponents of the transformation theory maintained that the thymic
lymphocytes were derived from immigrant lymphocytes (1tnwr, 1905;
Gregoire, 1935).

Maximow [1909; 1932] considered that the lympho-

cyte precursor was derived from undifferentiated mesonchyme which
differentiated to 'haemocytoblasts' and invaded the thymic rudiment
to give rise to lymphocytes. Since ha.aocytoblasts, characterised
by their large size, intensely basophilic cytoplasm and prominent
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nucleoli, have been identified in mouse thymus rudiments of 11 days
station [Maximow, 1909; Smith, 1965; Ibore t Owen, 1967a],
Auerbach 'a experiments could be re-interpreted in terms of the
differentiation of lymphocyte precursors which had entered the thymic
rudiment prior to its isolation for in vitro culture.
(]irasnoeome marker studies in chick embryos parabiosed at different
developmental stases have revealed a correlation between the time of
blood vessel union and the extent of chimserism in the embryonic thymus
[Moore & Owen, 1967a]. Parabiosis of embryos at 4-5 days of
Incubation, in which vascular anastomosia occurs prior to the initiation of chick thymus lymphopoieeis (at 8 days), resulted in high
levels of thymic chimaerism. Furthermore, prelymphoid chick thymus
rudiments grafted to a choriomll&ntoio membrane were found to become
lymphoid, and the thymocytes were of host karyotype [Moore & Owen, 19670.1.
This evidence indicates that the thymic lymphocyte population is derived
from blood-borne stem cells.
Studies of mouse thymic rudiments removed from early embryos and
tested for their ipacity to become lymphoid in vitro also demonstrated
that thymic lymphopoi

i*4

is dependent upon the arrival within the

epithelial rudiment of migrant stem cells • Thus, while 12-day mouse
embryo thymus became fully lymphoid, few lymphocytes differentiated
within explants of 11-day thymus, and no lymphoid development was
found in explanted (tissue containing) 10-day rudiments [Owen &
Ritter, 19891.
Extrathynic precursors of thymus lymphocytes have been detected
in the sites of embryonic baemopoiesis in mice, the yolk-sac and
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foetal liver [Taylor,,1965b; ryan, 1968; Tyan & Herzenberg, 1968;
Stutman & Good, 1969; 1911; Moore & Metcalf, 1970]. Furthermore,
at the time of entry of the first immigrant cells to the thymus
epithelium, (at 11 days of gestation in the mouse), the liver is
Itself only a rudimentary organ. This observation has led Metcalf
& Moore [1971] to propose that the primary source of foetal thymocyte
precursors lies in the yolk-sac, and that precursor cells from this
tissue predominate in the initial phase of thymic lymphopoieeis.
It may then be asked whether the haemcpoietic stem cells in the foetal
liver arise there de novo or whether they are direct descendants of
migrant yolk-sac stem cells. The latter hypothesis has been supported
by the demonstration of autonomous haemopoietic development in isolated
murine yolk-sacs in vitro, and of the dependente of intra-embryonic
haemopoiesis, particularly in the foetal liver, on cellular immigration
from the yolk-sac [Moore & Metcalf, 1970].
The inflow of cells to the thymus does not cease when the organ
becomes lymphoid, but continues in the adult animal • Studies using
karyotypioally-marked lymphoid cells have shown that, in adult mice,
the bone marrow is the source of immigrant thymocyte precursors both
to the in situ thymus [Mickiem & Ford, 1960; Ford et al., 1966;
Micklem pt al., 1968; Wu et al., 1968], and to thymus grafts [Harris
& Fbrd, 1964; Metcalf & Wakonig-Vaartaja, 1984; Dukor et al., 1965;
Leuchars et al., 19671. However, under normal conditions Ihe rate
of immigration is slow [FOrd, 1966a; Ford et al, 1966; Micklem
et ml., 19681.
(beervations on the development of the bone marrow in chick
mb7yoa where twins or parabiosed partners were distinguishable
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cytologically have suggested that marrow haemopoietic tissue is also
dependent upon an immigrant population of stem cells (Moore & Owen,
1966; 1967b]. Similarly, in mice, the bone marrow phase of haemopoieais is probably initiated by colonising stem cells perhaps of
foetal liver origin (Barnes, Ford & Loutit, 1984; Barker, Keenan &
Raphals, 1969; Metcalf & Moore, 19711. The early yolk-sac may
therefore be the sole site of gj novo formation of haemopoietic stem
cells, the thymus recruiting cells initially from this source and
subsequently from the festal liver and, in neonatal and adult animals,
from the bone marrow.
While Cvidenoe for a single class of multipotential haemopoietic
stem cell within the embryonic yolk-sac remains circumstantial [Moore &
Owen, 1967b; Moore & Metcalf, 1970], there is clear evidence for the
existence of a multipotent stem cell in adult bone marrow. Individual
bone marrow cells, identified by unique radiation-induced chromosome
markers, were shown to be capable of both myeloid and lymphoid differentiation, and of giving rise to daughter stem cells [Wu at al., 1968;
Nowell et al., 19701.
The pathways by which progenitor cells develop from multipotent
stem cells are as yet poorly understood [Metcalf & Moore, 1971j. In
thymic development it is not known whether the thymocyte progenitor
eell becomes differentiated from the stem eel] within the bone marrow
(or festal liver), or after its arrival in the thymus. Two recent
reports favour the former hypothesis. El-Ar ml & Osoba (1973)
have concluded that progenitors of T-cells in mouse bone marrow can
be separated from multipotent colony-forming units by equilibrium
density centrifugation. These progenitor cells acquired characteristic
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T-oell functions to weeks after injection into irradiated recipients.
Using a different approach, Scheid et al. [1973] have found that agents
of non-thymic origin (inaluding cyclic-AMP and poly-A:U) could induce
T-c•11 differentiation from precursor cells present in mouse foetal
liver, again suggesting that the progenitors may be committed to
differentiate into thymocytel prior to their entry into the thymus.
The embryonic liver stem cell differs from that of the adult
marrow in a number of respects. Cjrcimstantial evidence has implicated
a large, basophilic, blast-type cell present in the yolk sac of both
meitn1s and birds as the embryonic haenopoietiO stem cell [Metcalf &
Moore, 19711.

In contrast, in adult bone marrow smaller cells of the

small or medium lymphocyte [Cudkowicz, Bennett & Shearer, 19641,
transitional cell [Moffat, Ro*ca & Yoffey, 1967], or inon.ocytoid
types [Caffrey-Tyler & Everett, 1966], have been implicated as
haemopOietic stem cells. Indeed, the population of stem cells
detectable as spleen colony-forming cells (CPU) in adult mouse bone
marrow has been found to be heterogeneous with respect to cell
density [HaskiU, McNeill & Moore, 1970] while in the very early
stages of embryonic liver haemopoiesis a single population of low
density cells has been found to correspond to the (U population
[Moore, McNeil & Haskill, 1970]. Subsequent development of the
liver was paralleled by the acquisition of higher density cells, the
heterogeneity of density characteristic of the adult CPU population
being achieved just before birth. Functional differences also
distinguish embryonic and adult stem cells • For example, the
embryonic stem cell has a greater capacity *r proliferation and
self-renewal than its adult counterpart (Schofield, 1970; Miokien
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1972].
The differentiation of lymphocytes com*ences in the murine thymus
at days 13-14 of gestation, at which time the organ has reached its
thoracic location. The mature thymus comprises two regions, an outer
cortex densely packed with lymphocytes, and an inner medulla composed
mainly of epithe1a1-reticular cells, but possessing a small populations of lymphocytes. The organ is encapsulated and infiltrated
by connective tissue and blood vessels separated from the thymic
lymphocytes by a layer of epithelial cells (Clark, 1963; Weiss, 1963).
Lymphopoieaia in the thymic cortex occurs at a rate substantially
greater than

t1t in

any other lymphoid tissue (Andreason & Christensen,

194; Kindred, 1955; Metcalf, 19641. Medullary lymphocyte production
in, however, limited [Metcalf, 19641. Unlike lymphocyte production
in secondary lymphoid organs, thymic (and bureal) lymphopoiesia has
been shown to be independent of antigenic stimulation [Thorbecke
St al., 1957; Wilson, Bealmer & Sobonya, 19651. The mitotic activity
of cortical thyrnocytes is apparently regulated on the basis of small
subunits of the epithelial framework, with no interaction between
adjacent subunits [Ishidate & Metcalf, 1963; Borum, 1969].
Proliferating cells were found in close spatial association with
subcapau].ar and subvascular epithelial sheathe and with scattered
epithelial cells [Metcalf, 1964; Mandel, 1969]. Moreover, in
established chimaeric thymus grafts differences in mitotic activity
related to strain, age or sex were determined by the donor, that is,
by the epithelial cells (Metcalf, 1962; 1966).

In addition, since

implantation of as many as 50 thymus grafts into a single host did
not prevent each graft achieving its normal size, there seems to be no
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overall feedback control of thymic lymphopoieeis [Metcalf, 1983].
II •

The maturation of T-lymphocytei

The mechanism by which progenitor cells differentiate into
lymphocytes within the thymic enviromasnt is poorly understood.
It is clear that the differentiation, which ocaurs within the
epithelial-retiCular framework of the foetal thymus, also requires
an inductive influence from the surrounding mes.nchymal tissue
(Auerbach,

1960; 19611. Moreover, clinical studies have revealed

abnormalities of each of the cell types involved in thymic organogenesis. Absence of the stem cells (reticular dysgenesis), failure
of development of the epithelial rudiment [DiGeorge syndrome] and
defects of the mesenohyme (staxia telangiectasia) all result in
thymus dysgenesis (Owen S Hitter, 19691. Epithelial cells may
influence the differentiation of lymphocyte precursors by cell
contact, since there is a spatial association between the sites
of lymphopoiesii and the epithelial network. Alternatively, since
thymic epithelial cells have the morphology of secretory cells
[Arneson, 1958; Clark, 1966], diffusible mediators released from
the cells may induce the differentiation of the thymic lymphocyte
precursors. Indeed, the epithelial cells are probably the source of
the humoral 'factors' which can partially restore the Impaired immunological capacity of thym.ctomiZed rodents (Osoba S Miller, 1864;
Stutaan, Yunis S Good, 1969; Trainin, Small S Globerson, 1969;
White S Goldstein, 1970]. However, as lyinphopoieiii occurs
exclusively within the thymus during mur me embryogenel is, any
humoral influence exerted at that stage must be of short range.
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In addition to the remarkable morphological events which take
place within the developing lymphoid cell line of the thymus, namely
the transition from large basophilic progenitor cell to small
lymphocyte [Metcalf & Moore, 1971], changes also occur in the membrane
antiganicity of the cells • This aspect of differentiation has been
studied mainly in terms of the thymus leukaemia (TL) antigen, which
is normally present exclusively on thymocytes in certain mouse strains
[Boys* & Old, 1969] and the theta (S) alloantigen, present on thymus
lymphocytes, brain and epithelial cells, and on a distinct subpopulation
of peripheral lymphocytes [Reif & Allan, 1964; Raff, 1969; 1970a;
1971; Raff & Owen, 1971; Scheid et al., 19721. This peripheral
lymphocyte subpopulat ion has been shown to be dependent upon an
influence of the thymus for it. development [Raff, 1969; Schlesinger
& Yron, 1969; Raff & Wortis, 1970].
Progenitor cells isolated from 14-day mouse thymus were shown to
carry neither the theta nor the TL alloant igen [Qwen & Raff, 1970].
However, during a 4 day

vitro culture period the rudiments acquired

theta-positive and TL-positive cells, in association with the
appearance of medium and small lymphocytes. Thus, changes in the
composition of the cell membranes can occur in the absence of further
cell immigration. A similar sequence of events was observed In vivo.
Comparable alloantigenic changes may also accompany the differentiation
of adult progenitor cells in the adult thymus. Suggestive evidence
derives from the finding that removal of cells positive for thymus
alloantigena from bone marrow inocula did not diminish their capacity
to repopulate the thymus of lethally-irradiated recipients with
lymphocytes bearing the respective alloantigsns [Boyse & Old, 1969].
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Further, although thymus grafts are initially repopulated by TLnegative host cells, these lymphocytes subsequently become 17positive [Schlesinger & Huryitz, 1968].
III. Emigration of lymphocytes from the thymUs
Although many thymus lymphocytes die in the organ [Matsuyama,
Wiadrowski & Metcalf, 19661, 011 Jiarker experiments have clearly
demonstrated emigration of some thymus lymphocytes to the peripheral
lymphoid tissues. Following implantation of karyotypical.distinct
neonatal thymus grafts to thymectomized mice, lymphocytes of graft
origin were identified in the blood, and in the peripheral lymphoid
tissues [Miller, 196c; Harris & Ford, 1964; Davies, 1969;
Doenhoff et ., 19701. The importance of these emigrants in the
development of the spleen, lymph nodes and Peyer 's patches has become
clear from studies in which the thymuses of neonatal and adult rodents
were labelled in situ with radioactive DNA and RNA precursors and the
subsequent locations of the radio-labelled T-lymphocytes were determined
by autoradiography (Murray & Woods, 1964; Nossal, 1964; Weissman,
1967; Linna, 1968; Joel, Hess & Cottier, 1972]. A massive migration
of cells from the neonatal thymus to the peripheral lymphoid tissues
occurred during the first few days of life. Call .migration from the
adult thymus was found to be less extensive, but nonetheless occurred
to a significant degree.
Raff & Owen have demonstrated a similarly extensive cellular
migration during the early neonatal period by using the theta-antigen
as a marker of thymus-derived cells • In addition they noted that a
limited degree of migration from the thymus occurred prior to birth
[Raff 1& Owen, 1971].
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The seeding of thymus lymphocytes into the circulation has also
been demonstrated directly by the enumeration of the lymphocyte
content of the thymic artery and vein (Ernstroi, Gyllensten & Larsson,
1965; Saints-Marie & Peng, 19711. Histological studies suggest that
the lymphocytes enter the blood by diapedesis across the walls of the
perivasoular channels and blood vessels (Saints-Marie & Leblond, 1964;
1985].
IV. Characteristics and iumuiie cozetence of emigrant thymus cells
Studies in which 14-day embryonic thymus from CM donors was
implanted under the kidney capsule of thymectomized, irradiated, bone
marrow-reconstituted AKR hosts, showed that cells derived from the
graft (theta-C3H) could be found in the lymph nodes of the recipiant
(theta-AKR) [Owen & Raft, 19701. These peripheral T-cells were less
sensitive to the cytotoxic action of anti-theta-C3H antibody than
were the thymocytes of the graft itself, suggesting that there is
more theta alloantigen on thymocytes than on peripheral T-cells.
Indeed, electron micrographic studies using ferrit in-conjugated
antibody have demonstrated a difference in the quantitative representation of theta on thymocytes and peripheral T-cells • Theta
occupies the major proportion of the cell surface of thymocytes, but
Li present only in small patches on peripheral T-cells [Aoki et al.,
19691. Thus, after the first phase of differentiation from lymphoid
progenitor cell to thymocyte (which is associated with the expression
of the theta and TL alloantigens), a second phase of maturation occurs
during the progression from thymocyte to peripheral T-cell • This
second phase involves further reorganization of the cell membrane, a
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decrease in the density of the theta alloantigen, loss of the TL
alloantigen, and the expression (or acquisition) of H-2 histoocinpatibility antigens (Aoki et!., 1969; Boyce 1 Old, 19691.
There exists within the thymus of adult mice a subpopulation of
immunocoinpetent cells which differs from the majority of thymocytes
in being resistant to the action of corticosteroids (Dougherty, 19521.
These lymphocytes, located in the medulla [Ishidato & Metcalf, 1963],
are probably the products of cortical lymphopoieeis, the cells
migrating to the medulla prior to their emigration (Sainte-Mari. &
Leblond, 1964; Borum, 1968; Weissman, 19731. An additional
permanent population of medullary thymocytes has also been described
[Elliott, 1973].
The cortisone-resistant subpopulation of thymic lymphocytes
has the membrane characteristics of peripheral T-cells, lacking the
IL alloantigens, but being rich in histocoinpatibility antigens
(Cerottini & Brunner, 1967; Schlesinger & Golokai, 19671. These
cells also possess the functional properties of peripheral T-cells,
being competent to initiate graft-versus-host reactions (Bloagren &
Andersson, 1969;

Cohen, Fishbach & Claman, 19701, to function as

helper cells in humoral antibody production (Anderason & Blcmgreu,
1970; Cohen & Clanian, 1971), and to become sensitized against foreign
transplantation antigens, subsequently devIoping cytotoxic potential
[Bloingren, Takasugi & Frib.rg, 1970; Bloingren & Svedmyr, 19711.
Studies of the recovery of immune reactivity towards sheep
erythrocytes in lethally-irradiated and bone marrow-protected mice
have suggested that the maturation of T-lymphocytes to immunocompetence takes place within the adult thymus (Bloegren & Anderason,
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1971). Furthermore, flitter (1971) has shown that T-cell maturation
can take place solely within the foetal thymic environment. Thymus
rudiments containing thymocyte progenitor cells (but no lymphocytes)
became lymphoid and acquired imniunocompetence • in terms of graftversus-host reactivity, when cultured in cell-impermeable chambers.
These results support the hypothesis that the T-cells seded from the
thymus are immunologically mature. This thesis is further supported
by the demonstration of graft-versus-host reactive cells in the thymus,
but not the spleen, of newborn mice [Cohen .t al., 1963]. However,
Taylor [1963] demonstrated that graft-versus-host reactivity in
neonatally thymectomized mice reappeared Immediately after inoculation
of lymph node lymphocytes, but required at least one week to develop
after inoculation of syngeneic thymocytes. It was suggested that the
thyinocytes required some process of further maturation before they
became fully competent. A similar requirement was suggested by the
finding that the TL-negative, supposedly mature, thymocyte population
was cell-for-cell less active than lymph node T-cells in terms of
graft-versus-host reactivity (Leckband Is Boyse, 19711. Mosier &
Cantor [1971] have suggested that the cortisone-resistant thymocyte
population contains cells at different phases of maturation,
(assessed by their reactivity in mixed-lymphocyte cultures either
immediately after removal from the thymus or after passage through
a lethally-irradiated, syngeneic host). They suggest that at any
one time the cortisone-resistant population of the thymus will
contain precursor cells which can mature into reactive cells in the
peripheral lymphoid tissues of a transfer host, and immediately-

19.
reactive lymphocytes which have already matured in the thymus, but
which may be diluted out in transfer experiments.
Some experiments, therefore, hav_ demonstrated that the maturation
of T-cells can be completed outwith the thymic environment. However,
it remains to be verified whether this occurs naturally, or whether
it is, to some degree, an artifact of the method of study.
V. Possible humoral functions of the thimus
The studies discussed in the preceding sections clearly demonstrate
the role of the thymus in providing potentially immunocompetent cells
for the peripheral lymphoid tissues. In addition, the thymus may
function through the secretion of humoral factors which are active
in the induction and/or maintenance of T-cell characteristics in
peripheral lymphocytes. Indeed, a thymic activity (TA) factor,
which was probably secreted by the medullary epithelial cells of the
thymus, has been demonstrated in the serum of normal mice (Bach & Dardenne,
1972a; 1973a; Bach, Dardenne & Salomon, 19731.
In vitro incubation with partially purified cell-free extracts
of thymus tissue has been claimed to induce graft-versus-host reactivity in bone marrow cell suspensions [Goldstein et al., 1971;
Small & Trainin, 1971] and to confer upon marrow-derived rosetteforming cells the characteristics of T-rosette-forming cells (Bach
et al. 1971; Dardenne & Bach, 19731. Moreover,

vilpo incubation

with thymus extracts has been found to induce the development of
characteristic T-lymphocyte surface antigens, TL and theta, on the
membranes of bone marrow and foetal liver cells, (Xomuro & Boyne,
1973a; 1973b]. These findings suggest that thymic humoral factors
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may cause the differentiation of pre-thymic item or progenitor
cells into T-cells at peripheral sites. It is conceivable that, in
the intact Animal, these humoral factors perform this function but

restrict their site of action to the thymic environment [Bach &
Dardenne, 1973a].
Recent studies suggest an additional (or alternative) function of
thymic humoral factors, namely the further maturation and maintenance
of T-cell characteristics in cells previously seeded from the thymus.
Bach & Dardenne (1972b; 1973b;] have described a population of
rosette-forming spleen cells which have the T-cell characteristics
of being highly sensitive to inhibition of rosette formation in vitro
by azathioprine and antitheta serum. This population has been shown
to be rapidly depleted after adult thymectony (Bach, Dardenne & Davies,
1971) but was restored by in vivo administration of thymus extracts
[Dardenne & Bach, 1973] or by in vitro incubation of the spleen cells
with thymus extracts [Bach St al., 1971; Dardenne & Bach, 19731.
In vitro incubation of the cells with normal mouse serum was shown to
have a similar restorative effect, thus demonstrating the 'thymic
activity' of the serum (Bach & Dardenne, 1973a). In addition,
'thymic activity' was found to disappear from the serum soon after
adult thymectomy of the serum donor and to reappear within 4 days
after grafting a thymus to thyinectcmiz.d serum donors • These findings
suggest that these rosette-forming cells require a thymic humoral
factor(s) which is secreted by the thymus and which acts at peripheral
sites, to maintain their T-coll characteristics. Stutman, Yunis &
Good (1989a] have investigated the restoration of immunological
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competence of neonatally thymectomized mice by thymus grafts and
thymomas implanted at different times after tbymectomy. They
suggested that only cells previously educated within the thymus,
which were depleted with time after surgery, were responsive to thymic
humoral factors. Furthermore, Lonai at al., (1973] have shown that
those cells from the spleen of mice depleted of T-cells by thpmectomy
which were susceptible to the action of thymic humoral factor, carried
the theta alloantigens on their membranes. They therefore suggested
that the humoral factor may bring about further maturation of Immature
thymus-derived cells to become imniun000nipetent.

VI. Dimua-depsndent areas within the peripheral luiphoid tissue
Neonatal thymectomy curtails the secretion of thymic humoral
factors and the extensive post-natal migration of cells from the thymus,
resulting in severe lymphopenia [Miller & Osoba 1967]. Histological
studies have revealed a marked deficiency of lymphocytes in the paracortical areas of the lymph nodes (the mid- and deep cortex) and in
the periarteriolar lymphocyte sheaths of the splenic Malpighian body
in mice [Good et al., 1962; Miller, 1962c; Parrott, die Sousa & East,
1966] and rats [Wakainan, Arnason & Jankovic, 1962]. Radioactivelylabelled cells seeding from the in situ thymus, from thymus grafts and
from intravenously-injected thymocytes were shown by autoradiography to
localize preferentially in these depleted areas (Parrott, de Sousa &
East, 1966; Parrott & die Sousa, 1967; 1971; Weissman, 1967] which
have been termed 'thymus-dependent rea' • These areas correspond
to those depleted after chronic drainage of the thoracic duct in rats
[McGregor & Gowans, 1962; Goldsohneider & McGregor, 1968a].
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Neonatal thymectomy has been shown to be associated with a
severe reduction in the population of recirculating email lymphocytes
In the thoracic duct lymph of mice and rats (Miller, Mitchell & Weiss,
1967; Rieke, 19661.

Moreover, the majority (80-86%) of thoracic-

duct lymphocytes have been shown to bear the theta allo-antigen, which
indicates their thymic origin [Miller & Sprent, 19711. Injection of
thymus cells has been shown to restore the cellularity of the recirculating pool of neonatally thym.ctomized mice, the majority of the cells
in the thoracic duct being of donor origin [Miller & Sprent, iou].
Thus the thymus influences the development of the recirculating pool
of small lymphocytes, defects of cell-mediated and humoral immunity
following neonatal thymectomy being a direct consequence of diminution
of this cell population [Miller, Mitchell & Weiss, 1967;

Miller &

Sprent, 1971].
VII. The origin of B-lymphocytes
Neonatal thymectomy of rodents does not deplete the entire lymphocyte popul*tion. The primary lymphoid follicles and peripheral regions
of the splenic white pulp, the primary follicles and the medulla of the
lymph nodes, and the primary follicles of the gastrointestinal lymphoid
tissue are independent of thymectomy, and have been designated 'thymusindependent' areas [de Sousa & Parrott, 1967].

A thymus-independent

pathway of migration of bone marrow-derived cells to the lymph nodes
has been demonstrated in lethally-irradiated mice (Balner & Djersant,
1964; Barnes at

., 19671.

Moreover, in thymectoinized, lethally-

irradiated recipients of bone marrow cells, the thymus-independent areas
of the lymphoid tissues are fully regenerated [Davies, 1969]. Re-
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population of the primary follicles by cells of foetal liver origin
has also been

described

[Gutman & Weissman, 1971]. Thus, the

B-lymphocyte population in derived from haemopoietic stem cells, but
is not influenced by the thymus.
The site(s) of maturation of B-progenitor cells in mammals has
not yet been established. However, in birds the B-lymphocyte
population has been shown to develop and mature within the microenvironment of the bursa of Fabricius. Chromosome-marker studies
onparabiosed chick embryos have shown that bursal lymphocytes are
derived from migrant blood-borne stem cells which probably originate
In the yolk-sac [Moore & Owen, 19661. The phases of differentiation
include the acquisition of membrane-bound immunoglobulin, initially
YM

and, later in ontogeny

YG

(Kincade & Cooper, 19711. The subsequent

migration of the bursal lymphocytes to the peripheral lymphoid tissues
has been demonstrated by isotope-labelling experiments [Woods & Linna, 1965
Durkin, Theis & Thorbecke, 19711.
A number of sites in the gut-associated lymphoid tissue have been
suggested as being equivalent to the avian bursa in their inductive
ativity. These include the rabbit appendix [Archer, Sutherland &
Good, 1963), the tonsils [Peterson, Cooper & Good, 1965] and the
Peyer 's patches [Perey, Cooper & Good, 1968]. However, in rodents,
lymphocytes are produced in large numbers in the bone marrow itself.
[Everett & Caffrey, 1967] This has raisedthe possibility that bone
marrow tissue not only supplies the stein cells destined to become T
and B lymphocytes, but also provides the environment in which Bprgenitor cells differentiate to become mature B-lymphocytes.
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VIII. The distinctive properties of T and B lymphocytes
Although T and B lymphocytes are indistinguishable by light microscopy, conventional and scanning electronmicroacopy have revealed
differences in their ultrastructure and cell-membrane morphology
[Matter at al., 1972; Polliak, et al., 1973].

The composition of

the cell membrane is also diagnostic. B-cells carry high densities
of iimnunoglobulin on their membranes, while T-cells have been found
to have few exposed (and therefore readily-detectable) linmunoglobulin
molecules in their membranes [Rat f, 1970a; Rail, Sternberg & Taylor,
1970; Pernis, Forni & Amante, 1970;

Rabe]lino et al., 1971;

Unanue et al., 1971; Nossal et al., 1972; Vitetta at al., 19721.
Mouse 8-cells, but not T-cells, have also been found to carry
receptors capable of Winding antibody-antigen complexes via the
Fc' piece of the antibody (i3asten at al., 19721 and receptors binding
antigen-antibody-complement complexes through the modified complement component, C!3 [Bianco, Patrick & Nussenzweig, 1970].

In contrast,

there is strong suggestive evidence that the theta alloantigen present
on mouse thymocytes and a subpopulation of peripheral lymphocytes is
a characteristic of T-lymphocytes [Reif & Allen, 1964; Raft, 1969;
Schlesinger & Yron, 1969; Raft & Wortis, 1970; Raft & Owen, 1971;
see Section i.ii]. To date, no surface alloantigen analogous to
theta has been identified on B-lymphocytes, although an alloantigen
designated PC. 1 has been identified on plasma cells (Takahashi, Old
& Boyse, 1970].
Both T and B small lymphocytes are antigen sensitive and can
bind antigen specifically. Lymphocyte populations enriched in T
or B cells from non-immunised donors are both said to contain cells
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which specifically bind sheep erythrocytes [Greavea & Moller, 1970;
Wilson & Miller, 1971; Bach & Dardenne, 1972c]. Furthermore, on
exposure to an intensely radioactive protein antigen, both T and B
cell responses to that antigen can be selectively abolished, (by the
phenomenon of 'radioactive-antigen suicide'), leaving responses to
other antigens unaffected [Basten et- al., 1971; Roelante & Askonas,
1971]. Similarly, autoradiographic studies have shown that both
T and B cells bind radiolabelled protein antigens [Roelants, 1972],
although the antigen-binding technique, as generally performed,
detects mainly B-cells, probably because B-cells are able to 'fix'
a greater quantity of the antigen [Dwyer et al., 1971; Roelants, 197211P
B-cells capable of responding to a particular antigen can be selectively removed from a csll suspension by adherence to a column of beads
coated with the antigen [Wigzell, 19701. Although T-cells did not
adhere under these conditions, they can be selectively removed by
passage over cell monolayers bearing specific foreign cell-surface
antigens [Goldstein, Svedmyr & WigzeU, 1971; Goldstein et al.,
1972b].
The chemical nature of the specific antigen receptor molecules
on the membranes of T and B lymphocytes is at present under debate.
The high density of immunoglobulin molecules on the membranes of
B-lymphocytes, and the inhibition of the capacity of these cells to
bind or respond to antigen after incubation with ant i-immunoglobulin
sera [Warner, Byrt & Ada, 1970; Cheers et al., 19711, strongly
suggest that surface imzaunoglobulin molecules act as the antigen
receptors in this cell population. When lymphocytes derived from
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non-immune donors were studied, polyvalent anti-Ig, anti-K and anti-IL
(but not antisera to other heavy-chain iminunoglobulin classes) were
found to block the adherence of foreign erythrocytes [Wilson, 1971]
and the binding of radioactively-labelled antigen [warner et a].,
1970]. This suggests thatYM is the predominant, if not the only,
surface receptor iminunoglobulin on unprimed lymphocytes. Furthermore,
studies in which surface immunoglobulin was isolated from ce1l
membranes suggest that this receptor is composed of a monomeric
(7-88) fenin of YM [Vitetta, Baur & Uhr, 19711.
The quantity of iinznunoglobulin present in T-lymphocyte membranes
is a matter of controversy, although it does seem clear that there
is very little exposed on the cell surface [Nossal et al., 1972;
Marchalonia, Atwell & Cone, 1972; Vitetta et al., 1972]. There is
some evidence that the T-cell immunoglobulin.e may act as antigen
receptors. For example, antisera directed against mouse immunoglobulin light chains have been shown to suppress T-cell functions
(Greaves, Torrigiani, & Roitt, 1969; Mason & Warner, 1970; Cheers
t al,, 1971) although other workers have failed to confirm this
finding (Takahashi et a]., 1971]. Moreover, 'suicide' of an antigensensitive thymus-cell population by radiolabelled antigen was abrogated
by pretreatment of the cells with a rabbit anti-kappa F(ab)i antiserum
[Basten et al., 1971). Thus the antigen receptor of T-lymphocytes may
contain an Lmmunoglobulin light chain, but whether or not a classic
heavy chain also forms part of the receptor remains unproven. However,
it has been proposed that T-cells may have an additional (or alternative)
non-iunnunoglobulin antigen receptor active in the recognition of cellsurface antigens in, for example, graft-versus--host reactions [Crone,
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Koch, L Simonson, 1972]. The relationship between this 'receptor'
and the immunoglobulin 'receptor' is not clear. The possibility that
the observed inhibition of antigen binding and T-cell functions by
anti-light chain antisera reflects blocking of the combination of the
'true' receptor with antigen by eteric hindrance must be considered.
Thus, the full nature of antigen-specific receptors on T-cell remains
to be established.
IX. The functions of T and B lymphocytes
Upon interaction with antigen small lymphocytes may be stimulated
to differentiate and give rise to an array of lymphoid cells, including
larger lymphocytes, large pyroninophilic cells, other small lymphocytes
[Gowans & McGregor, 1965], and cells of the plasma-cell series [Ellis,
Gowana & Howard, 1969], which together execute immune responses
Activation of the T-cell component of the small lymphocyte population
by antigen induces proliferation and differentiation to blast cells
which possess little endoplasmic reticulum. These blast cells have
been shown to release a number of 'factors', the 'lymphokines' including
migration inhibition factor, chemotatic factor, cytotoxic factor and
mitogenic factor, which may be involved in the expression of the
cellular immune responses for which T-lyuiphoaytee are primarily
responsible [Bloom, 1971; David, 1971]. Activation of the B-cells
by antigen stimulates cell division and differentiation to blast
cells possessing an abundant endoplasmic reticulum • Some of these
cells differentiate further to become plasma cells, which secrete serum
antibodies.
Although T-cells, and the cells derived from them, do not secrete
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'classical' antibodies (Mitchell & Miller, 1968; Nossal et al.,
1968), recent studies have suggested that YM antibody molecules
produced by T-cells in response to antigenic stimulation may mediate
the cell-interaction between T and B lymphocytes which occurs in the
humoral response to many antigens [Feldmann, 1972; Section 1.IX b(ii)).
a. Cell-mediated immune resRons.
The inductive phase of a delayed hypersensitivity response has
been shown, in histological analyses, to include extensive proliferation of pyroninophilic blast-cell, in the 'thymus-dependent' paracortical areas of the regional lymph nodes (Oort & Turk, 1965;
Parrott & do Sousa, 1968; Turk, 19671; the integrity of those areas
being dependent upon the presence of an intact and functional thymus
(Parrott, de Sousa & East, 1966]. Davies otal., (1969], using
karyotypic markers, confirmed that the lymphocytes dividing in the
lymph nodes soon after sensitization with oxazolone are indeed
thymus-derived cells. The proliferative events which occur in
normal mice during sensitization to oxazolone do not occur in neonatally-thynectomized animals (Parrott & do Sousa, 19661. These
findings suggest that T-lymphocytes are involved in the induction
of delayed hypersensitivity reactions.
The expression of delayed hypersensitivity to oxazolone in mice
[de Sousa & Parrott, 1969; Parrott et al., 1970] and to tuberculin
and bovine serum albumin in rats (Arnason at al., 1962; Jankovic,
Wakeman 1 Arneson, 19621 are likewise severely impaired by neonatal
thymectomy. Further, Williams & Wakeman [1969] have found a
substantial number of T-cells among the non-specific marrow-derived
nonocytos [Lubaroff & Wakeman, 19681 which infiltrate the skin reactive
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site during the early stages of a tuberculin reaction in rats. T_
cells may therefore be required to play an active part in the recall
phase of contact sensitivity, possibly by the release of 'lymphokines'
after stimulation by antigen.
Depletion of T-lymphocytes

vivo has also been found to impair

homograft rejection. For emple, aliogneic skin grafts, tumours
and lymphoid cells may become established in neonatal ly - thymeotcinized
mice and rats [Arneson et al., 1962; Dalmasso, Martinez & Good,
1962a; Good etal., 1962; Perri eta]., 19631.

In addition, the

capacity to reject skin grafts was impaired in thymectomized,
irradiated, bone-marrow-repopulated mice, and in thymectomized mice
treated with anti-lymphocyte serum [Davies, Tyan & Cole, 1964;
Levey & Medawar, 10661. Implantation of a thymus graft to T-celldeprived rodents restored these functions [Miller & Osoba, 1967].
These findings implicate T-lymphocytes In the mechanism of hcmograft
immunity.
Finally, a number of studies have demonstrated that the graftversus-host reactivity of lymphocyte suspensions is a function of
the presence of T-cells • Thus, the capacity of lymphocyte
suspensions from neonatally thymectoejzed donors to mount a graftversus-host response in suitable ailogeneic recipients has been found
to be markedly impaired [Dalmasso, Martinez & Good, 1962b];
implantation of thymus grafts or thymus cells into the donor restores
this capacity [Dalmasso øt al. 1963; Yunis et al., 1964]. Similarly,
the removal of T-oells from lymphocyte suspensions by incub*t ion with
anti-theta serum and complement abolishes the graft-versus-hot
reactivity of the cells [cantor, 1972]. Furthermore, thymocyt.s
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themselves display graft-versus-host reactivity when injected into
suitable recipients [Cohen ot al., 1963]. Recent reports have
suggested that two classes of T-lymphocytes interact in the donor
component of this response (Cantor & Asofsky, 1972].

One class,

T1, was found mainly in the spleen and thymus: a second class, T2,
predominated in the peripheral blood and lymph nodes • It is not yet
clear whether the interacting T-lymphocytes belong to a single
differentiated line, differing in their degree of maturation, or
belong to separate differentiated lines of T-lymphocytes.
While these experiments emphasise, the importance of .lymphocytes
in effecting cell-mediated immune responses, the sequence of events
in responses to tissue antigens is as yet poorly understood. The
mechanisms involved may be clarified by investigation of in vitro
models of cell-mediated immunity. Lymphocytes immunized against
allogeneic cells have been shown to exert a specific cytotoxic effect
on these cells in vitro [Per].mann & Holm, 1969], and evidence is
accumulating that the effector cell mediating the lysis is thymusderived. For example, thymocytes primed against alloantigena by
passage into heavily-irradiated allogeneic, or semi-allogeneic,
recipients have been recovered from the spleen or thoracic duct of
the recipient, and shown to be specifically cytotoxic in vitro to
cells bearing the same histocompatibility antigens as the recipient
(Cerottini, Nordin & Brunner, 1970a; Sprout Ii Miller, 1971]. The
cytotoxic activity was abolished by pre-treatment of the cells with
anti-theta antiserum and complement [Cerottini, Nordin Ii Brunner,
1970b]. Moreover, Wagner, Harris & Feldman [1972] have used an
entirely

la vitro

system of immunization and testing to demonstrate
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that the theta-bearing cells are required for the generation of oytotoxic potential against histocoinpatibility antigens. B-lymphocytes
were apparently not required in this response an thyinocytes, cortisoneresistant (mature) thymocytes and spleen cells depleted of Blymphocytes by the method of Basten, Sprent & Miller (1972], could be
immunizd in vitro and were effective in the c3totoxicity test
[Wagner It ml. • 1972]. Goldstein et ml., [1972b; 1972c] reached
the same conclusion by using aa assay system in which lymphocytes
were immunized in viva and tested in vitro.
In contrast, collaboration between T and B lymphocytes has been
Implicated in the j vitro reaction of rat thymocytes against mouse
fibroblasts (Lanai & Feldmann, 1970; 1971). Thus, in some in vitro
systems, T-lymphocytes alone are sufficient to carry out cell-mediated
cytotoxicity reactions against allogenejc antigens, while, in systems
involving reactions against xeno-antigens, T-B collaboration may be
required • An additional mechanism of in vitro cytotoxici ty has been
described in which ant ibody-ooated target cells were killed by ricothymua-derived lymphocyte. (Harding .t ml., 1971; Van Boxel
1972; Greenberg .t ml., 19731.
The relative importance of these different mechanisms of j vitro
cytotoxicity in in vivo responses against transplantation antigens
has yet to be determined.
b.

Hum

immune responses

The studies discussed above clearly indicate that depletion of
the T-lymphocyte population is associated with a profound impairment
of cellular immunity. However, the effect of neonatal thymectcny
upon humoral responses is not compatible with a simple model of the
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immune system in which T-cells mediate cellular responses while
B-cells effect humoral immunity. On the basis of this simple model
it might have been expected that neonatal thymectomy would have no
effect upon antibody production. While responses to some antigens
are apparently unimpaired by depletion of T-lymphocytes, many antigens
require the presence of both T and B cells for the production of an
antibody response • Antigens in the former category include a number
of bacterial and viral antigens, for example, Brucella abortus
[Thorbecke, Takahashi & McArthur, 1971] and polycea virus organisms
(Miller, Ting & Law, 19641, and natural and synthetic antigens
comprising large numbers of repeated determinants, for example,
Pneumocoocus polysaccharide [Howard et al., 1971s], Esoherichia coli
lipopolysaccharide [And.rsson & Bloagren, 1971; Moller & Mi*hael,
1971], polymerised f1age11k (Armstrong, Diener & Shellam, 1969;
Feldmann & Basten, 19711 and polyvinylpyrrolidone (And.rsson

Si

Bloingren, 1971). Antigens which elicit T-cell dependent antibody
production include particulate antigens such as heterologous
erythrocytes, and some soluble antigens such as heterologous proteins
(C1inin

& Chaperon, 1969; Davies, 1969; Miller & Mitchell, 1969;

Taylor, 1969).
(i) Thymus-dependent antibody production
The studies of C].aman, Chaperon

Si

Triplett (1966] first

demonstrated synergistic activity between T and B lymphocytes in
antibody responses • A mixed inoculum of syngeneic thymus and bone
marrow cells enabled irradiated mice to 4roduce more )aemolysin
against sheep erythrocytes than could to accounted for by summation
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of the activities of either cell population alone. This observation
has since been confirmed • and extended to other heterologoug erythrocytes [Miller & Mitchell, 1969] and to a variety of serum protein
antigens [Taylor, 1969; Miller

eta., 1971*; Weigle, chiller &

Habicht, 19711.
The interaction between B-cell, T-cell and antigen was further
characterised by determining which cell type was the antibody-forming
-cell precursor. Adult mice, thymeotomized, irradiated and repopulated with bone marrow cells, were restored toward a normal capacity
to respond to sheep erythrocytes by inoculation of thymus cells or
thoracic-duct lymphocytes from semi-allogeneic donors • The antibodyforming cells, identified by the use of anti-H2 serum, were dei*ed
from the bone marrow donor [Mitchell & Miller, 1968]. B-cells were
also implicated as the precursors of antibody-producing cells in the
studies of irradiated recipients of syngeneic thoracic-duct cells
and bone marrow cells distinguishable by the T6 chromosome marker.
The majority of plaque-forming cells examined individually at metaphase
exhibited the marker of the marrow donor [Nossal et *1., 1968].
Collaboration between T and B cells also occurs in the response
of rat lymphocytes to Ukeep erythrocytes, and, again, the cells
producing antibody are of bone marrow origin [Scott & Howard, 19721.
Synergism between T and B lymphocytes has also been demonstrated
in vitro. Diminished antibody responses against erythrocyte ant igmi 5
were found in cultures of spleen cells depleted of '1-1ymphooyt.s by
thymectomy of the donor [Munro & Bunter, 1970], or by pre-incubation
of normal spleen cells with anti-theta serum and complement [Schimpi &
Wecker, 19701. Responses were restored by supplementation of the
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culture with T-cells, for example, allogeneic thymocytes (Schimpi &
Wecker, 1971] and thymocytes previously activated against the 'test'
antigen (Chan, Mishell & Mitchell, 19701. Furthermore, studies on
the separation of spleen cells into fractions according to adhesiveness, size, or density, have demonstrated that at least three celltypes, B-cells, T-cells and macrophages, are required for synergism
to occur in the in vitro response to sheep erythrocytes (Mosier &
Coppleson, 1968; Haskill, Byrt & Marbrook, 1970; Mosier !
1970; Osoba, 19701.
Recently it has been shown that carrier effects in the humoral
response to hapten-protein conjugates can also be explained in terms
of T-B cell-cooperation. Individual mice were primed to either a
carrier or to a hapten on a second, unrelated, carrier. Spleen cells
from these animals were mixed and injected into an irradiated recipient
which was then challenged with the hapten on the first carrier
[Mitchison, 1971], or mixed and cultured in vitro in the presence of
the hapten conjugated with the first carrier (Cheers et ml., 1971],
The results from both systems indicated that carrier-primed and
hapten-primed cells must have collaborated to produce a significant
antibody response. In an adoptive transfer system the response to
a particular hapten-protein conjugate was abolished by pre-incubation
of the carrier-primed cell population with anti-theta serum and complement; pre-treatment of the hapten-primed cells had no effect
[Razf, 1070b], suggesting that the carrier-sensitive cells are Tclls. Furthermore, specifically activated thymus cells have been
shown to substitute for carrier-specific

cells both

in vivo and
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in vitro (Mitohison, 1971; Cheers eta., 1971]. Experiments with
a]lotyp.-marked cells have indicated that the carrier-primed cells did
not produce the anti-hapten antibody in vivo (Mitchison iii). The
majority of the antibody-forming cells were shown also to be derived
from the hapten-primed cell population in an in vitro culture system
[Cheers et ml., 1971]. Interaction between carrier- and baptenprimed cells thus provides a further example of collaboration between
T and B lymphocytes in humoral immunity.
In the above examples T-cells exercised an enhancing regulatory
control of B-cell function in the humoral response • Under different
experimental conditions an inhibitory control of antibody production
has been described [Allison, Denman & Barnes, 1971; Gershon & Kondo,
1971]. For example, Gershon and Kando (1971) showed that adoptive
transfer of spleen cells from mice made tolerant to SRBC specifically
inhibited the capacity of normal thymocytes to augment antibody production against this antigen in thyinectomized, lethally-irradiated,
bone-marrow repopulated recipients. The

presence

of thymus-deriVed

cells in the spleen cell donor was shown to be necessary during the
induction of tolerance, and it was suggested that a product of
thymus-derived cells was responsible for the inhibitory effect.
Playfair & Purves (1871] have suggested that heterogeneity exists
within the B-cell population in mice, with respect to their biological
activity, notably their sensitivity to T-cell regulatory influences.
B1 cells, numerically predominant in the bone marrow, are able to
respond directly to sheep erythrocytes while B2 cells, which are
more numerous in the spleen than in the marrow, require the cooperation
of T-cells to respond to this antigen.

It is not clear whether B1
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and B are distinct differentiated cells, or whether they represent
different stages of maturity of cells of the same lineage. A third
possibility in that B1 cells may respond to antigenic determinants on
cheep erythrocytes which do not require T-cell 'help', whereas B cells
may be precornait ted to determinants which are thymus-dependent.
One manifestation of T-oell regulation of B-cell function
concerns the development of humoral responses from the fM to the 'G
phase of antibody production. The YG phase has been found to be more
severely impaired than the 'I'M phase in the response of T-cell deprived
mice to heterologous erythrocyte and protein antigens (Taylor &
Wortie, 1969; Aird, 1971; Mitchell, Mishell & Herzenberg, 1971;
Dresser, 1972; Torrigiani, 1972]. indeed,

antibody synthesis

against keyhole-limpet haemooyanin has been found to be totally
suppressed in T-cell deprived mice (Torrigiani, 1972].
(ii) The mechanism of T-B interaction in humoral immunity
While the mechanism of the interaction of T and B lymphocytes
is still a controversial issue, investigations of antigen-binding,
and of the induction of immunological memory and tolerance, have
provided convincing evidence that both T and B cells interact specifically *ith antigen [see Miller, 1972 for review]. Direct
triggering of B-cells by antigens possessing repeated antigenic
determinants is thought to be related to their capacity to form multiple
bonds with receptor sites on the B-cell methrane • Indeed, multiple
bond formation has been shown to greatly prolong the duration of the
antigen-receptor interaction [Wilson & Feldmann, 1972] despite the
rapid turnover of B-cell receptors [Wilson, Noesal & Lewis, 1972].
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The function of cell collaboration could be to construct a similar
matrix of determinants for immunogens lacking a repeating epitope
pattern [Mitchiaon, 1911]. An alternative would be that close
association of cooperating cells is required to facilitate the
operation of short-range non-specific factors between then.
The simplest model of cell cooperation, based on hapten-carrier
systems, postulates that the T-cella bind antigen via specific
receptors for the carrier determinant, thus focusing the inducing
determinants present on the same molecule onto the corresponding
receptors of the B-cells, which are consequently stimulated to
antibody production [Rajewsicy It al., 1969; Mitchison, 1971].

In

this model the role of T-cells is passive, antigen bridges simply
linking T and B cells of appropriate specificities. However, Miller
et al., (197I] demonstrated that passive carriers of concentrated
antigenic determinants, in the form of artificially antigen-Coated
B-cells, and antigen-coated tolerant or niitoinycin-treated T-cells
could not substitute for T-cells in an adoptive transfer system.
Studies of the effects of metabolic inhibitors of DNA, RNA and protein
synthesis implied that prior to collaboration in vivo or in vitro,
T-cells must be activated by antigen, divide, and differentiate
[Miller et al., 1971b; Feldmann & Banton, 1972c]. There remain,
however, some data which are at variance with this conclusion.
Katz et al. [1970] found that the cooperative function of carrierprimed lymphocytes, enhancing an anti-hapten antibody response in
syngen.ic guinea-pigs, was resistant to high doses of X-irradiation,
implying that T-ceil proliferation was not a requirement for effective
collaboration of T and B cells.
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An alternative model of T and 13 lymphocyte collaboration postulates the elaboration of soluble factors mediating the cooperation.
FelthnIu1

& Basten [1072c1 demonstrated inhibition of helper function

by agents that block protein synthesis, suggesting that T-cells were
activated by antigen to produce a protein component necessary for
cooperation. The factor released by T-cells may be antigen-specific
or non-specific; data favouring both hypotheses are available.
Cooperation in response to xenogeueic erythroytes.afld haptenprotein conjugates occur effectively in cultures whrr L

and B

lymphocytes are separated by a cell-impermeable membrane [Feldmann &
Basten, 1972a]. Direct contact between T and B cells is therefore
not essential; cooperation can be mediated by subcellular components.
Only T-cells which had been specifically activated to the carrier
antigen used in vitro augmented antibody production. Thus, the
degree of antigen specificity Ln vitro was the same as that found in
in vivo studies [Mitchison, 19711. Further investigation revealed
that the specific T-cell derived mediator combined with antigen acted
indirectly on B-cells through a prior binding to the cell surface of
macrophages (Feldmann, 1972]. Macrophages cultured in the presence
of activated T-cells and antigen acquired the capacity to specifically
induce antibody responses in cell suspensions containing B-lymphocytes.
Trypsinization of the macrophages inhibited their sapacity to induce
Immune responses, indicating that the mediator was membrane-bound.
The T-cell factor had characteristics of imatmoglobulin M, comprising
both k and p chains. On the basis of these studies it was proposed
that cooperation is mediated by complexes of T-cell-IgM and antigen
bound to the surface of macrophages (or cells of similar properties),
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thus forming a lattice of appropriately-positioned antigenic determinants. B-cells become immunized by interaction with this surface
(Feldmann, 1972]. Thus, this model incorporates the principle of
antigen-focusing within a soluble-mediator hypothesis.
In addition to factors produced by specific T-cells and having
effects only upon specific B-cells, non-specific factors released
by stimulated T-cells may also be involved in cooperative events
[reviewed by Katz & Senaceraff, 1972]. Schimpi & Wecker [1972]
demonstrated that T-cells activated against alloantigens released
a factor which could partially replace T-cell function in an in vitro
response to sheep erythrocytes. Studies in vivo have also indicated
that T-cells activated by histocompatibility antigens release nonspecific factors stimulating B-cell responsiveness (Katz et al., 1971;
Osbourne & Katz, 19721. It was proposed, therefore [Katz &
Benaceraff, 1972; Schiinpl & Wecker, 1972] that the influence of T_
cells upon B-cells is mediated by soluble factors which are themselves
non-antigen-specific, but which require antigen-specific activation
of T-cells prior to their synthesis and secretion. Release of those
factors into the microenvironment of specific B-cells stimulates their
proliferation and differentiation in response to the antigen.
Feldmann & Hasten [1973b] have found that the factor elaborated
in allogeneic reactions in vitro differs physically and functionally
from the antigen-specific factor • The antigen-specific factor
initiates B-cell activation, while the lower molecular weight, nonspecific factor acts at a later stags in the immune response, increasing
the proliferation of the pro-immunized B-cells. An additional, or
alternative • property of cells activated against histocompatibility
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antigens may be the release of a factor with properties similar to
those of polyadenylic-polyuridy].ic acid, which enhances cooperation
mediated by the small residual numbers of T-cells present in the
spleen of T-cell deprived mice [Cone & Johnson, 1971; Cone &
Marchalonia, 19721.
(iii) Thymus-independent antibody production
Although production of hunioral antibody to many antigens has
been shown to require cooperation between T and B lymphocytes, some
antigens apparently stimulate B-cell clones without the help of Tcells. Analysis of thymus-independent production is complicated by
the small numbers of T-lymphocytes which are known to persist in
neonatally-thymectomized and adult-thymectomized mice treated with
antilymphocyte sera or irradiated and repopulated with bone

L

rruw

cells [Raft, 1969; Raft & Wortis, 1970; Doenhoff et al., 1970;
Eaff & Owen, 19711. Indeed, it has been suggested that a division
of antibody responses into thymus-dependent and thymus-independent
categories is meaningless in situations other than those involving
animals known to lack an in utero epithelial component of the thymus.
[Mitchell, Mishell & Hsz-zenberg, 1971].
Ibimoral antibody production by neonatally thymectomized mice to
some, but not all, antigens has been ascribed to early maturation
during ontogeny of cells potentially reactive against these antigens
such that a sufficient number were present in the peripheral lymphoid
tissues before tliymectcmy [Humphrey, Parnott & East, 1964]. This
notion was supported by the finding that a more extensive depletion
of thymus-derived cells revealed the response to keyhole-limpet
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haenzocyanin, previously thought to be thymus-Independent, to be thymusdependent [Unanue, 1970]. A second proposal is that cellular
interaction between T and B cells is not necessary for induction of
humoral antibody against certain antigens [Basten & Howard, 1973].
This notion was supported by the finding that an exhaustive regime
of T-cell de41otion (by adult thymectomy followed by lethal irradiation and repopulation with bone marrow inocula pro-treated in vitro
with anti-theta serum and complement, or repopulation with foetal
liver cell.), did not impair antibody production to E. coil lipopolysaccharido, Pneumococcue polysaccharide Type 111(6111), and levan
[Andersson & Bloagron, 1971; Howard at al., 1971a; Miranda, 19721,
These data strongly suggest that some antigens are indeed cpsble
activation of B-cells without the intercession of T-cells. The
hypothesis that an antigenic structure comprising multiple repeated
determinants will stimulate B-cells directly has been supported by
the work of Feldmann & Banton [1971]. An in vitro humoral response
against monomeric f].agellin was found to require collaboration between
T and B cells, while the response to similar antigenic determinants
in a repeating sequence (polymerised flage].lin) was normal even in
cultures extensively deprived of T-cells. However, Bela [1972) found
that .Lnvivo responses to slowly-metaboljz D-amino-acid polymers were
thymus-independent, but that optimal responses to L-amino-,acid polymers,
which are rapidly degraded in vivo, required T-oells • Thus, antigenic
determinants presented in a repetitive and/or persistent manner may
stimulate thymus-independent antibody responses.
In most studies of humoral immune responses, thymus-independent
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polymeric antigens (notably Sill and levan) have been found to elicit
exclusively '(M antibody production [Baker & Staehak,1969; Howard et
a].., 1971,; Miranda, 1972). This finding is complementary to the
observation that

YG

antibody formation in thymus-dependent responses

is more severely impaired by T-cell depletion than is

YM

antibody

production, and supports the notion that the regulation ofG production
is predominantly a function of thymus-derived cells.
Studies of thyniocyte proliferation in response to antigenic
stimulation have revealed that some antigens which induce a thymusindependent antibody response, (I3rucella abortus, ferritin, and polymerised f].agellin), nonetheless stimulate extensive T-cell proliferation
[Kruger & Gershon, 1972]. Since it is unlikely that such extensive cell
division is irrelevant to antibody production, Kruger & Gershon have
suggested that closer study will reveal qualitative differences between
normal and T-cell deprived mice in responses to these antigens. Other
antigens, (Pneumococcus polysaccharide and poly-vinylpyrrolidone),
elicited little or no T-cell proliferation (Davies et al., 1970;
Kruger & Gershon, 1972) and may thus induce antibody entirely without
T-cell participation.
Some recent reports have suggested that, although T-cells do not
exert classical helper function in thymus-independent antibody production, they may nonetheless exdrt an inhibitory control over these
responses. Depletion of T-cells by administration of anti-lymphocyte
serum in vivo has been found to enhance antibody production against
Pneumocoocus polysaccharide and polyviny].pyrrolidone (Baker
1970a; 1970b; Kerbel & Eidinger, 1971]. Further, heightened
responsiveness against polyvinylpyrrolidone was observed soon after
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adult thymectomy, suggesting that the inhibitory T-cell is relatively
abort-lived [Kerbel X Eidinger, 1972]. In contradiction, Howard
at at., [1971a] and Chaffer & James [1973] have not found enhanced
antibody production against Pneumococcus polysaccharide in T-cell
deprived mice. Moreover, pre-treatment of the nice with antilymphocyte serum did not affect their antibody response against a third
thymus-independent antigen, E. coil lipopoiysaccharide [Veit & Michael,
1972; Barth, Singla & Ahiers, 19731. These conflicting results must,
therefore, leave the existence of an inhibitory action of T-lymphocytes
an open question.

Objectives of the Present Study
To date, the function of the thymus has largely been delineated
by the surgical removal of the organ and by other techniques which
deplete the T-cell population. However, a small number of T-cells
probably remains in these experimental animals [Raff, 1969, 1970m;
Raff & Wortia, 1970; Doenhoff et al., 1970; Raff & Owen, 19711.
The influence of this residual population on immune responses is
largely unknown.
The discovery in 1968 that mice homozygous for the mutant gene

'nude' were athyic affenrded the first opportunity for the study of
material potentially entirely free from thymic influences. The
investigations reported in the succeeding Chapters were broadly based
to determine whether nude mice are indeed entirely free of thymic
influences, to determine the basis of the immunological defect of
nude mice, and to examine the responses of these remarkable animals
to an array of antigens.

4+.

THE BIOLOGY OF THE NUDE MOUSE
Abnormalities associated with the recessive mutant gene nude,
(), were first described by Flanagan in 1966. Homozygotes,
recognisable at birth by the absence of vibrissae, failed to develop
a normal coat of hair although cyclical regeneration and loss of short,
fuzzy hair and vibrissae was occasionally observed. Histological and
btetochemical analysis of the skin showed that hairlessness was due to
abnormal karatinisation in the hair follicles as a result of a
deficiency in a cysteine-containing keratin precursor. Oxidization
of the precursor forms disulphide bonds which contribute to the
strength and rigidity of the hair fibres.
Many nude homozygotes died within two weeks of birth, while the
survivors grew very slowly and died before fourteen weeks of age.
Death was frequently preceded by a period of wasting and was associated
with hepatic necrosis of variable severity. Pseudocysts of the
parasitic protozoan Toxoplasma gendii were identified in affected
livers. Adult nude mice were poorly fertile, a result of sperm
immobility, reduction of ovary size, and irregularity of the ostous
cycle. Flanagan could find no primary developmental defect responsible for the pleiotropio effects of the gene.
In 1968 Pantelouris reinvestigated the mutant. Macroscopic
examination of the thorax revealed that homozygotes were athyniic
while haired littermates, (heterozygotes and wild-type homozygotes),
possessed normal thymuses. In addition, counts of peripheral blood
leucocytes in nude mice of various ages were low.
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The nude gene is associated with defects other than those
directly attributable to thymic aplasia. It is, therefore, important
to discuss all the abnormalities of nude mice, and to reflect upon
the potential influence which non-immunological defects may have on
the immune capabilities of the mutants.
A. Maintenance of the nude stock
Flanagan located the recessive mutant 'nude' in linkage group VII
in association with the dominant marker genes Rex, (Re), and Trembler,
(Tr), As most nude mice are of low fertility, honomygotea are
routinely produced by matings between heterozygOtes in the simple
breeding scheme detailed in fig. 2.1*. In addition, occasional
fertile male nude mice were mated to heterozygous females (fig. 2.1b).
The colony used in the present study was derived from four pairs
of heterozygOtes which were the gift by Professor D.S. Falconer
[Dept. of Genetics, University ofEdinburgh]. It has subsequently
been maintained as a closed, but not inbred, group, isolated from
other mouse stocks in clean but not strictly pathogen-free conditions,
at 240C with a 12 hour light/12 hour dark illumination cycle. The
standard diet was occasionally supplemented with Ostermilk (Glaxo
Laboratories) and was administered as dry pellets or as a mash. Mice
were weaned at four weeks of age.
In the experiments reported here thymusless nude mice (designated
Wnu) were compared with litterinates carrying the Rex gene.

These

are assumed to be heterozygous for the nude gene, and are designated
on the basis that the recombination frequency between Mi and Re
is only 0.13. Although the possibility that the nu gene in single
dose may confer some minor immuno]4gic*l abnormality has not been
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B. Abnormalities of flu/flu mice
The absence of a thymus gland in homozygous nude mice has been
confirmed in the present study.
I.

Mortality
High preweaning mortality, (87%), and early death of surviving
mice was observed in the colony. A sample mortality curve for

weaned

individuals is given in fig. 2.2 • Median survival time

was 8-9 weeks although the maximum age achieved was 26 weeks.
Death was frequently associated with a wasting syndrome similar
to that described by Flanagan (1966). The animals became lethargic,
adopted a hunched posture, and displayed emaciation typified by a lose
of subcutaneous fat and atrophy of the muscles of the trunk and hind
limbs. Hepatic lesions, varying in severity from small superficial
blemishes to widespread necrosis, were shown upon histological
examination to resemble those caused byrnurine hepatitis virus in
neonatally thyniectomized mice, (East

1963), (I am indebted

to Dr. Maria de Sousa who performed this examination). Necrotic
liver lesions were not, however, visible in all nu/nu mice nor wes
death inevitably preceded by wasting. The cause of death of some
nude mice was not apparent.
A marked similarity exists between the wasting syndrome described
and that which follows neonatal thymectomy of mice, (Parrott, 1962).
Although the post-thymectomy wasting syndrome resembles graft-versushost runting [Miller and Howard, 1964], and may involve autoimmunity,
the findings that neonatally thymectomized mice do not waste in germ-

Fig. 2.2.
The effect of subcutaneous thymus grafting on survival of
weaned nu/nu male and female mice. CA neonatal thymus
(one or two lobes) grafted at 10-21 days of age.
A, untreated nu/nu; 145 animals = 100116
, thymus-grafted nu/nu; 17 animals = 100%
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free environments [McIntyre, Sell and Miller, 19641 and that wasting
commences upon exposure to conventional surroundings [Wilson et..,
19641 strongly suggest an infectious etiology. By analogy • it seems
highly probable that the emaciation, liver necrosis and early death
of

mice, which are deprived of the thymus oven in foetal life,

are secondary characteristics attributable to infections, the primary
cause being thymus dysgenesis.
Experiments in which

mice were "restored" by imp].anatation

of a thymus graft support this notion. An allograft of CBAT6T6
neonatal thymus implanted subcutaneously into

pVau recipients aged

10.21 days prolonged their survival, often considerably [Fig. 2.21.
Indeed, one such mouse reached 33 months, outliving its normal (nu/+)
littermate by 3 months. Pante].ouris [1972] and Boorman et al [1973] have
also reported increased longevity of &u/pu mice after thymus-grafting
Pretreatment of the graft with low doles of irradiation in vitro
(200 or 400 r.) increased the effectiveness of the implant, [Nieuwerkerk,
lAwenberg and van Bekki, 19741.
Boorman et. al. [1973] also found that mortality of &u4nu mice
in their colony was related to chronic infections of the intestinal
tract with the flagellates Hoxamita suns and Ciardia murie. Antiflagellate chemotherapy reduced the flagellate count and prolonged
survival of the mice. Furthermore, recent reports indicate that
nu/nu mice maintained in specific-pathogen-free and germ-free
oondit ions are healthy and have a long life-expectancy, [Croy and
Osoba, 1973; Holmes, 1974; Poiley et. al., 1974; Outzen and Prehn,
1974; Giovanella and Stehlin, 1973]. However, the possibility of
some direct influence of the nude gene on survival cannot be ignored.

As.
Indeed Salomon [per.. comm.] has noted high preweaning mortality of
flu/flu mice even in germ-free conditions. This may well be a result

of hypothermia in young nude animals.
II.

Growth Rite
The slow rate of body growth of

mice shown in figs. 2.3a and

b may also result from recurrent infection.. In addition, the absence
of hair may necessitate the utilisation of nutrients for maintenance
of body temperature, which would otherwise be converted to muscle and
fat • In the present experiments some thymus-grafted Auopu mice
appeared to gain weight more rapidly than untreated controls, but
weight gain in

nu mice is rather variable and the question was not

y1

investigated in detail. Pantelouris (1972) concluded that /nu
mice grafted at birth with a thymus from normal sibs, grew to full
size.
IlL Fertility
Flanagan [1966] reported that 25% of matings between adult

MVau

males and normal females were fertile, while only 9% of the reciprocal
matings were fertile. Shire and Pantelouris (1974) noted that the
ovaries of nu/nu females were small and contained few, if any, corpora
lutes, indicating that poor fertility may reflect a failure in ovulation

In male nu/nu mice the late stages of spermatogenesis are

abnormal, the lumen of the seminiferous tubules contains few or no
spermatozoa (Shire and Pantelouris, 1974), and there is a high
frequency of spermatozoa with coiled tails [Flanagan, 1966].
The present study did not examine the fertility of nu/numice
systematically. The available data are recorded in Table 2.1.
No offspring ,f nu/nu iemales survived as these mothers failed to

Fig. 2.3a.
The body weight (+ SE) of flu/flu and uu/+ female
mice aged 1-12 weeks. Three to six mice per point
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Fig. 2.3b.
The body weight (± SE) of nu/nu and nu/+ mice aged
1-12 weeks. Three to six mice per point.
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suckle their young (see also Flanagan, 1966; Kindred, 1971b; Manning,
Reed and Jutila, 1972). Grafting a CBA-T6T6 neonatal thymus to a
nu/nu female did not restore the ability to lactate. A high proportion (77%) of mat jugs between flu/flu males and /+ females p±oduced
at least one litter, but this is not an impartial assessment of male
fertility as only large, healthy individuals were selected for broedi,g.
On the basis of the limited data given in Table 2.1 thymus grafting
of male nu/nu mice enhances their fertility when mated to /± females.
Of the two matin.s of thymus-grafted au/pu males to grafted
females only one produced a single litter. In a more comprehensive
survey Pantelouris (1972] and Shire and Pantelouris [1974] found that
60% of nu/nu x nu/nu matings were fertile when both parents had been
thymus-graftodat birth although, again, this treatment did not restore
lactation.
The fertility of

mice of both sexes has also been found

to be greatly improved by maintenance in germ-free or specificpathogenfree environments [Croy and Osoba, 1973; Holmes, 1974;
Poiley et al., 1974; Ontzen and Prekn, 19741.
It is not clear whether the nude gene has a direct effect upon
the gonads of homozygotes. The gonadal hypoplasia, together with
the absence of sexual dimorphism in other tissues (see Section VIII),
suggests that the endocrine functions of the gonads are abnormal.
These malfunctions may be intrinsic to the gonads or secondary to
disturbances of pituitary function [Shire and Pantelouris, 1974].
The thymus has long been considered to have a function associated
with sexual physiology, although the nature of this relationship is
not known • For example, neonatal thymectomy arrests ovary development

So.

Table 2.1
The fertility of au_/n_u male and female mice

Genotype
Female(s)
Male

nu/-TGr p/+

*

/nu-TQr

No. of Litters Born

2

0,1**

1

le 4

13

/nu

y'nu-Tgr

No. of Matings

0,0,0,1,1,1,1,1,1,2,2 0 2,4

4

1,4,,14

2

0,10*

TG' = CBA T6T6 neonatal thymus graft implanted at 10-23 days of age.

' Female did not lactate

St.

in mice [Nishizulca and Sakakura, 1969] and prompt therapy by thymus
grafting prevents ovarian dysgenesis (Bakakura and Nichizuka, 19721.
It is therefore clearly of interest to investigate more fully
the reproductive physiology of _n4/nu mice.
IV.

Thymic aplasia
The absence of normal thymus tissue in flu/flu homozygotes has

been confirmed by microscopic examination of sections of the mediastinum of the 14-18 day foetus, the newborn and the 35-56 day adult,
[Pantelouris and Hair, 1970; Wortis, Nehison and Owen, 1971].
Abnormal non-lymphoid structures, possibly thymic rudiments, were
described.
At 14-15 days gestation the normal foetal thymus comprises two
lobes containing lymphocyte precursors. The

foetal thymic

"rudiment" is abnormally small, consisting only of two thickened

vesiculated strands each with a central lumen and lacking lymphocyte
precursors [Pantelouris and Hair, 1970]. At birth normal thymus
lobes are fully lymphoid and lie adjacent to the blood vessels and
auricles of the heart. The nu/nu rudiment lies midway between the
thyroid and the heart, remains non-lymphoid and consists solely of
vesicles delimited by epithelial cells [Pantelouris and Hair, 1970].
Wortis et al [1971] describe a similar pair of cystic bodies in four
day old and adult

mice and, in addition, a paired structure

of irregularly arranged, mildly basophilic cells possessing prominent
nucleoli and surrounded by connective tissue which penetrates the
structure dividing it into lobules.
Unlike normal thymus tissue, neither of these putative thymus
rudiments became lymphoid when grafted under the kidney capsule of

5.

normal mice (Wortis at al , iou].

However the residual functional

capability of the thymic rudiment in gu4nu mice, for example its
possible ability to secrete thymic humoral factors, is not mown.
Dr • Maria de Sousa has kindly examined sections from four
au/~nu mice aged 40-80 days and confirmed in them the absence of a

normal thymus gland. Fur, no thymus tissue was found in the
med iaatinum of ten nu/nu mice implanted subcutaneously with CBA T6T6
thymus grafts at 10-35 days of age and sacrificed 15-350 days later.
Thus the presence of a functional donor thymus does not induce the
development of the host organ.

V. Blood leucocye and thoracic-duct lymphocyte counts
Neonatal thymectomy results in a reduction of the number of
circulating blood leucocytes and in the output of lymphocytes from

the thoracic duct (see Chapter 1).

This reduction Is also

characteristic of congenitally thymuml.ss gu/nu mice.
Table 2.2 shows the total white blood cell counts of nu/nu and

normal mice aged 4-17 weeks.

In most

mice the white cell

count is below that of normal littermates. This confirms previous
reports [pantelouris, 1968; Wortis, 1971]. The white cell count

was raised in M/&u mice tested 6 and 8 weeks after subcapsular
implantation of an allogeneic thymus graft, although the count did
not reach the level of phenotypically normal mice [Wortis
1971].

Output of thoracic duct lymphocytes by

iu mice during the

first 24 hours of cannu].ation was found to be 5-8 times lower than

that of litt.rmate or CBA controls, indicating a profound depletion
of the recirculating small lymphocyte population, [Sprout and Miller,

1972; Sprent, 1973]. Further, the deficiency in this population

5.
Table 2.2
Peripheral blood leucocyte count in untreated nude (nu/nu)
and normal (pj/+ or +1+) mice aged 27-123 days
Phenotype
Nude
-6
Sex Age (days) Cells per ml *10
d

d
9
9
9
9
d
d
d
'9
.9

9
9
9
d

27-28
27-28
28-35
28-36
28-35
35
35
35
35
iS

27
1.5
5.2
6.1
3.0
3.2
3.6
7.8
6.0
4.2

41-66
56-70
70
81
91
103
123

3.1
1.9
2.6
2.7
4.7
2.8
1.9

Pooled sample 3-6 mice per pool

Normal
Sex Age(days) Cells per ml x 10-6
2728
d
27-28
C1
28
9
28-35
9
28-35
9
28-35
9
29-35
9
29-35
9
30
920
Cr

'9
'9
9
Cr
d

7.1
6.8
5.7
6.2
3.0
6.8
7.1
5.0
3.4
3.6

52-57
70
70

5.6
5.5
4.5

91
103
123

5.1
3.4
3.7

was of thymus-derived cells. The proportion of T-lymphocytes,
{detected by their susceptibility to lysis by anti-e serum and
complement) in 24 hour lymph samples from normal mice was 82%, but
0% in lymph from Pu4nu donors, [Sprent, 1973]. Calculating from
the relative proportions of T and B cells in the normal lymph samples
It was shown that similar absolute numbers of B-cells were collected
from nu/nu and normal mice.
VI.

Membrane Characteristics of Lymphocytes
The theta cell-surface alloantigen is, reportedly, diagnostic

of thymocytes and that subpopulation of peripheral lymphocytes which
is thymus-derived or thymus-influenced [Raft, 19691.
Several authors have shown that few, if any, lymphocytes in
lymphoid cell suspensions carry the theta antigen (Raft and
Wortis, 1970; Bqsten et al., 1972; Kölsch, Davies and Leuchars,
1972; Croy & Osoba, 19731. However the assays employed were based
upon cytotoxicity and the limits of sensitivity do not preclude the
presence of small numbers of theta-positive cells • (perhaps 6%
of the total or

. Indeed, one study suggested that lymph-

node lymphocytes from&u/nu mice contained a small number of thetabearing cells which absorbed cytotoxic activity from anti-theta
antiserum [Raft, 19711. In addition 0.2-1.6% of lymph node and
splenic lymphocytes in nu/nu mice from several sources have been shown
to stain with fluorescein-conjugated anti-theta antiserum [Raff,1973].

Iam.ljn

at al, [1973] detected a similar frequency ( 4 1%) of

fluorescent cells in pWME spleen suspensions by an indirect inimunofluorescence assay using x.noantiserum against mouse thymocytes.
These cells were said to have an ultrastructure typical of one

55
population of T-lymphocytes [Matter et *1., 19721.
The majority of thoracic duct lymphocytes of

p/&U nice are

characteristically B-cells, 94% having readily detectable high
surface density of immunoglobulin [Bankhurst and Warner, 1972] while
97% possess a receptor for antibody-antigen complexes [Basten !
19721. Normal mice are found to have 24% and 16% of such cells,
respectively, and 80-85% of theta-bearing thoracic duct lymphocytes,
[Miller et al,, 197]p Sprent, 19731. However, those thoracic duct
lymphocytes of pWnu mice which lack the foregoing characteristics
of S-lymphocytes may, nevertheless, be of B-cell lineage [Lamelin
t Al., 1972; Stobo, Rosenthal and Paul, 1973], but the alternative
possibility that a proportion of them may be T-cells has not been
rigorously excluded.
The extent of T-cell depletion in nu/nu mice is summarised in
Table 2.3 where the proportions of lymphocytes displaying B and T
characteristics are compared with the values obtained from normal
and experimentally T-cell-deprived mice.
While immunofluorescence studies indicate that a small proportion
Of nu/nu lymphocytes may carry the theta alloantigen, functional
assays, (discussed in the following chapter.), provide

litt]e

evidence

for the presence of T-cells. However functional assays may not be
capable of revealing very small numbers of T-cells. The putative
existence of such cells is sufficiently important to warrant a brief
discussion of the possible origin of theta-bearing lymphocytes in
nu/nu mice. Four origins may be considered.
i) Cells crossing the placenta may have a high probability of
survival in the immunologically incompetent /nu mouse, and thus
the theta-bearing cells may be of maternal origin.

Indeed
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Di George [1968] has noted 2% of maternally-derived cells in the
blood of a child with thymic dysplasia.
Since certain "T" characteristics can be bestowed upon
lymphocytes by in vitro exposure to calf or mouse thymus extracts,
or to a thymic OctiVity [TA] factor in normal mouse serum [Bach

It

al., 1971; Bach and Dardenne, 1972; Komuro and Soya., 1973 a,b]

the theta-positive pg/nu lymphocytes may develop under the influence
of thymus humoral factors derived from normal sibs, maternal thymus,
or even from the dysplastic _%/&u thymus tissue, in utero.
It is possible that theta-bearing lymphocytes develop
within the dysplastic thymus. Although no lymphoid progenitor
cells or lymphocytes were seen in the

"thymus" [Pantelouris

and Hair, 1970; Wortia et al. 1971] existing data are not sufficient
to allow any confident generalisation.
Since the theta antigen can be found on epidermal cells
[Scheid et al 19721, fibroblasts [Stern, cited by Ruff, 1973] and
brain cells (Reif and Allen, 1964], including the brain and epidermal
cells ofpp/Au mice [Ruff and Wortis, 1970; Scheid cited by Komuro and
Boyse, 1913,b] it is clear that the thymus does not provide the sole
route by which cells can differentiate to express the antigen.
Although there is no supportive evidence it is conceivable that
lymphocytes may on occasion follow an alternative pathway to theta
expression. The possibility that cells with the membrane characteristics of T-lymphocytes exist in RWRu mice, their origin and
functional capabilities, is considered

again in Chapter seven.

WA
vii. Morphological appearance of Lymphoid Tissues
In neonatally thymectomized mice specific, "thymus-dependent",
areas of the lymphoid organs are depleted of lymphocytes [Parrott,
de Sousa and East, 1966]. A similar but more extensive regional lymphoid
aplasia was found in the lymph nodes, spleen and Peyer 's patches of
/nu mice [d. Sousa, Parrott and Pantelouris, 1969]. In collaboration
with Dr. Maria de Sousa the original observations have been extended
to investigate the morphology of lymphoid tissue from untreated 33/
mice, from nu/nu mice "restored" by implantation of a thymus graft
and from animals stimulated by antigen.
i) Appearance of Lymphoid Tissues from Untreated Mice.
Lymph nodes and spleen from fifteen /pj and six /± mice aged
40-76 or 90-124 days were studied. The tissues from both age groups
of nu/+ mice displayed a normal histology.
The mid-and deep-cortical, or thymus-dependent, areas in the
lymph nodes of all /nu mice were profoundly depleted of lymphocytes
[Figs 2.4a,b]. The medullary cords [Fig. 2.5] and the outer cortex
had a more normal architecture although the primary nodules were
frequently poorly defined and no germinal centres were observed
[Fig. 2.4ab]. The post-capillary venules of Au nu mice often
appeared thin-walled and empty when compared with the normal structure
of high cuboidal epithelium and narrow lumen containing a high
concentration of small lymphocytes [Fig. 2.6 of Fig. 2.4b]. In
some sections the post-capillary venules were more normal, where
they were situated near the primary nodules in the outer cortex,
or at the cortico-medullary junction. In three au4nu mice aged
90, 100 and 124 days, lymphocyte depletion was extreme and only
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Fig. 2.4a.

Lymph node from nu/nu. male aged 10 weeks.

Note the

narrow rim of cells in the outer cortex, the profound
lymphocyte depletion in the thymus- dependent area
(mid-cortex) and the absence of clearly defined postcapillary venules.
Stain

haematoxylin eosin.

Magiiification : x 150.

Fig. 2.4b.

Lymph node from nu/+ female aged 13 weeks.

Note well-

defined primary nodules, large number of cells in the
mid-cortex and well-defined post-capillary venules.
Stain : haematoxylin eosin.

Magnification : x 150.
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Fig. 2.5.

Plasma cells in medulla of lymph node from nu/nu female
aged 13 weeks.
Stain : haematoxylin eosin.

Magnification x 750.
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2.6.

Poorly-defined post-capillary venule (pcv) in the
lymphocyte-depleted mid-cortex of a lymph node from
nu/nu male aged 10 weeks.
Stain haematoxylin eosin.

Magnification x 750.
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"ghost" nodes were observed.
The ratio of red pulp to white pulp in the spleen ofau,/nu mice
was increased and the white pulp was generally poorly defined in
younger mice. In older mice the peripheral thymus-independent layer
of the Malpighian body remained ill-defined, but in most animals a
distinction could be made between it and the thOymus-dependent area
which was usually depleted of lymphocytes [Fig. 2.7a,b]. No germinal
centres were observed in either age-group
Ii) Changes in Spleen and Lymph Nodes after Thymus-Grafting.
Single lobes from the thymus of CBA-T6T6 neonates were grafted
subcutaneously to the a*xil1ary regions of y'j mice aged 15-35 days.
Recipients were sacrificed 15-52 days later and the lymph nodes and
spleens examined histologically. The thymus grafts were prepared for
cytological examination (see Chapter 6) and were therefore not
included in this study.
A progressive population of the thymus-dependent areas of lymph
nodes and spleen was observed following thymus-grafting. The kinetics
of this event are outlined in Table 2.4. Regardless of the age or sex
of the recipient, full population of the thymus-dependent area in some
lymph nodes and Malpighian bodies of the spleen was observed only
after 43 days post-grafting [Fig. 2.8]. At 15 days, however, the
post-capillary venules were restored to normal appearance [Fig. 2.9].
Germinal centres were present in 4 of 9 thymus-grafted flu/flu mice,
but their presence was not obviously related to the degree of lymphocyte
population of the thymus-dependent area [mba. 2.4, and Fig. 2.9].

Fig. 2.7a.

Spleen from nu/nu mouse.

Note the reduction in the

number of lymphocytes in the thymus-dependent area bordering
the central 'arteriole (ca).
Stain : haematoxylin eosin.

Magnification x 150.

Fig. 2.7.

Spleen from riu/± mouse.

Note the central arteriole

surrounded by largo numbers of small lymphocytes.
Stain : haematoxylin eosin.

Magnification : x 150.

(Ca)

Table 2.4
Kinetics of the population of thymus-dependent areas in

spleen

and lymph nodes by lymphocytes and of germinal centre (CC) formation
after implantation of a subcutaneous thymus graft

SPLEEN
Interval
Age
at
Animal
CC
No. grafting (days) population
922

23

15

d23

24

16

924

23

21

-

925

19

22

1.

226

36

30

927

15

30

+
-

228

15

43

029

35

918

21

Present

LYMPH NODE
population

+
+

4+

-

++

43

++

Present

4+

52

++

Present

+

+ : partial population
++ : population of normal density.

CC
Present

Present

-

we.Je

Fig. 2.8.

Spleen from a nu/nu female removed 30 days after grafting
a CBA-T6T6 neonatal thymus subcutaneously.

Note the

population of the thymus-dependent area.
Stain : haematoxylin eosin.

Magnification : x 150.
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Mediastinal lymph node from nu/nu female removed 15 days
after grafting CBA-T6T6 neonatal thymus subcutaneously.
Note the presence of one well-defined germinal centre
and the high endothelial wall of post-capillary venules
in the mid-cortex. At this time the lymphocyte depletion
of the thymus-dependent area is still very marked.
Stain : haematoxylin eosin.

Magnification : x 75.

iii) The Effect of Antigenic Stimulation on Lymph node Morphology.
Six M/gU and three /j mice aged 65-77 days were stimulated with
Pneumococcus polysaccharide type III (8111; the gift of Dr. J.G.
Howard) injected intravenously. Four mVau and two '± animals
received 1.0 pg antigen, the remainder 0.1 pg.

Six days later the

lymph nodes were prepared for histology.
The striking difference between nodes from unit imulated and
stimulated pW&u mice was the bold appearance of the primary nodules
In the latter group [Fig. 2.101. Germinal centres were not present
although they were observed in the /j stimulated controls. Postcapillary venules, poorly defined in untreated p/nu, were clearly
defined in stimulated mice (Fig. 2.111.
The profound deplet ion of the thymus-dependent areas of lymph
nodes and spleen, and, as previously reported, of the Peyer's patches,
substantiates the conclusion that Wqu mice are extensively, if not
completely, depriVedOf T-cells. Therapy by thymus-grafting slowly
restored the normal architecture of the lymphoid tissues. The postcapillary venules seem to be a sensitive indicator of the degree of
lymphocyte traffic into the nodes (Goldsoimeider and HdUftgor, 196]
and it is of interest that the first response of the thymus-dependent
area after grafting was clear definition of the venule endothelial
wall.
The cellularity of the primary nodules of pWau mice increased
after antigenic stimulation. Since the post-capillary venule
structure was also restored, this probably occurred by increased cell
traffic into the node. However germinal centres did not develop,
although they were observed in '+ controls and were described in a
study of intact and neonatally thymeotomized mice stimulated by 8111
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Lymph node from Liu/Liu female removed 6 days after
intravenous injection of 1. 0tg pneuniococcus polysaccharide
type III(SIII).

Note the presense of well-,defined

primary nodules in the outer cortical layer and obvious
post-capillary venules in the thymus-dependent area.
Stain : haematoxylin eosin.

Magnification : x 150.
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Post-capillary venules (indicated by arrows) in thymusdependent area of lymph node removed from nu/nu female
6 days after' intravenous injection of l.0ng Sill.
Detail of Fig. 2.10.
Stain haeinatoxylin eosin.

Magnification : x 750.

(do Sousa and Parrott, 19671. The extreme paucity of germinal centres
innu/nu lymphoid tissue has been reported by others (do Sousa
1969; Mitchell •t al., 1972). Autoradiographic studies of the fate
of radio-labelled polymerised flagellin injected into P_u/&u mice showed
that this was not due to failure of antigen-trapping in the primary
lymphoid follicles. It was suggested that thymus-derived cells may
be a necessary requirement for extensive germinal cntre development
even in response to "thymus-independent" antigens [Mitchell
1972]. Certainly germinal centres were observed in our study of
thymus-grafted &umnu mice although the nature of the antigenic
stimulus was unknown in this case, while Jacobson and Thorbecke
[1974] found active germinal centres in the spleen and lymph nodes
of B. abortus-primed, thymus-cell repopulated nu/nu mice in response
to challenge with Bruce ha abortus.
The mechanism by rhich T-cells might influence development of
germinal centres is not clear. A small number of T-cells have
been identified in primary nodules and germinal centres by immunofluorescence [Guttman and

éiisman, 1972]. These cells may interact

directly with B cells or may release factors stimulating non-thymus
derived cells to transform and proliferate. The absence of
T-lymphocytes in Ru4nu mice causes deficiencies in '{G antibody
production (see Chapter 4) and in serum A, (GI. and '(G2& globulins
(see Chapter 6) any one of which may be required in normal concentrations for the development of germinal centres • A final possibility
is that the endocrine disturbances associated with the gene nude
(see below) may be inatruzaant4 in the failure of development of
germinal centres which are clearly exquisitely sensitive to the action

6.

of steroid hormones [Dougherty, 1952; de Sousa and Fachat, 19721.
VIII Abnormalities of the Endocrine Systems in
In adult

flu/flu

mice

mu male and female mice the X-zcsae of the adrenal gland

was found to be hypertrophied [Shire and Pant•louris, 1974; note also
that the hypertrophy of the mona reticularis detailed by Pierpeoli and
Sorkin, 1972a evidently refers to the X -zone]. The X-zone in normal
mice differentiates post-natally at 7-9 days, develops, and then
undergoes total involution in males and partial involution in females
when puberty is reached (3-4 weeks) • In

flu/flu

mice X-Zone differ-

entiation and development paralleled the normal pattern until puberty.
Thereafter, involution Is delayed to an extent which varies between
Individuals. Thus a relative hypertrophy in comparison to normal
sibs is observed in adults. Collapse of the X-zone has been observed
in wasting

flu/flu

males and females (Pierpeoli and Sorkin, 1972a;

Shire and Pantelouria, 1974J • in animals stressed as a result of
surgery, and in animals undergoing graft-versus-host reactions [Shire
and Pantelouris, 19741. The effect is mimicked by administration
of adren000rtiootrophjo hormone to normal mice (Shire and Stewart,
1973, quoted by Shire and Pant.louris, 1974] and probably indicates
an elevation of ACM levels in runting mice.
Other regiora of the adrenal cortex are normal in healthy flu/mi
mice, but wasting and an ongoing graft-versus-host reaction induced
degeneration of the zone glomerulosa [Pierpaoli and Sorkin, 1972a,
Shire and Pantelouris, 19741.
Although the thyroid gland presented a normal histology in healthy
nu/nu animals, serum thyrcine levels were found to be low at 4-5
weeks and only half those of normal littermates in adulthood.
(Pierpaoli and Sorkin, 1972a].
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Histological examination of the adenohypophysit* demonstrated
degranulat ion and enlargement of endoplasmic reticulum in the growth
hormone producing cells; these changes being a manifestation of
increased output of the hormone [Pierp&oli and Sorkin,' 1972a]. This
may have been a result of reduced thyroid function, or may result
from thymic aplasia as discussed below.
Hypoplasia of the gonads of

mice (see section 11l above)

probably causes deficiencies in the endocrine functions of these organs,
[Shire and Pantelouris, 1974]. These may, in turn, result in the
observed failure of secondary sexual differentiation of, for example,
body weight,

kidney

weight or submandibular gland structure in rj31/

mice [Shire and Pantelouris, 1974]. Submaxillary gland abnormalities
in mi/flu mice were noted by 1*yer

al., 1971 and Taylor (pers.

comm.). Since a number of "factors" including nerve growth factor
and thy3nolytio factor can be isolated from the submaxillary glands
nu/nu mice may be deficient in these, although this aspect of the
pleiotropic effects of the nude gene has not yet been investigated.
Grafts of newborn littermate thymus to newborn &u/nu mice
prevented or minimised the pleiotropic effects of the mutant. The
gonads were histologically normal and fertility was restored [Shire
and Pantelouris, 1974; section 111 above], the characteristic size
changes of the X-zone in male and female

mice occurred

[Pierpaoli and Sorkin, 1972a; Shire and Pantelouris, 1974], and the
normal sexual dimorphism of the submandibular glands was restored
[Shire and Pantelouris, 1974]. Shire and Pantelouris also noted
that thymus grafts permitted some growth of body hair, although this
was not confirmed in the present experiments.
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The restorative influence of thymus grafts on the endocrine organs
and other tissues could be exerted directly or indirectly, the latter
seeming more probable. Studies of the immunological deficiencies of
hypopituitary dwarf mice and the effects of in vivo administration of
anti-hypophysis serum or anti-growth-hormone serum in normal mice
have suggested that the maturation of the thymus and T-lymphocytes
is regulated by hormones Z the adenohypophysis, notably growth
hormone [Fabris, Pierpaoli and Sorkin, 1971a,b; Pierpaoli and
Sorkin, 1967, 1968; Pierpeoli, Fabris and Sorkin, 19701. Furthermore
the thymus operates as a classical target organ of the pituitary, as
its removal by neonatal thymectomy results in hyperfunotional changes
in the growth-hormone secreting cells [Pierpeoli, Bianchi and Sorkin,
19711. These changes were similar to those observed in pWgu mice.
These findings support the notion of an interaction between thymus
and pituitary. Although the nature of this interaction is not known
it probably occurs early in life. Ovarian dysgenesis following neonatal thyniectoiny can only be prevented by thymus grafting within two
weeks (Sakalcura and Nishizuka, 1973) and the adrenal cortex in

flu/flu

mice cannot be restored to normal appearance by implantation of adult
thymus glands in adult recipients [Pierpaoli and Sorkin, 1972aJ.
Postulating an indirect influence of the thymus, acting through
the hypothalamus or the pituitary, Shire and Pantelouris (1974) have
constructed a pedigree of possible causes linking primary thymic
aplasia with some of the other effects of the mutant gone nude. For
example, abnormalities of the reproductive system may be mediated
through gonedotropins (P80 and U) or through prolac tin and growth
hormone, since prolactin affects the production of gonadal steroids
in male and female nice and may also account for deficiencies in

lactation. The association of growth hormone deficiency with
infertility and immunological abnormalities supports this notion.
The hypertrophy of the X-zone of the adrenal cortex in Au nu
mice was suggested to result from changes In the metabolism of sexhormones or in pituitary function [Shire and Pantelouris, 1974].
lbweve;, Pi.rpaoli and Sorkin (1972b) have suggested that the thymus
in early ontogeny may act directly as an endocrine organ to promote
the different*tion of the adrenal cortex from foetal and neonatal to
adult structure and function. It was further proposed that the adult
functions of the cortex may include facilitation of the maturation of
thymus-derived and bone-marrow derived lymphocytes towards immunological competence.
The low levels of thyroxine in

mice may also result from

pituitary mba lance, and such an inbalance could conceivably underlie
the failure of hair growth [Thody and Shuster, 1972].
The proposed thymus-endocrine interaction is of interest and
worthy of further study for the sake both of understanding the primary
effect of the nude gene, and of elucidating the ieChaniams regulating
the maturation and function of the immune system.
Discussion
The gene "nude" clearly generates a complex array of abnormalities.
According to Crttneberg'a principle of the unity of gene action all these
abnormalities should be attributable to a single primary defect of
development. However, such a primary defect has not yet been
identified • A number of abnormalities can be directly related to
impaired immunoligical capacity resulting from thymic aplasia.
These include desets of the lymphoid system, shortened lifespan,

6
weight loss, muscular atrophy, emaciation and liver necrosis.
Endocrine disturbances may also be related to thymic aplasia, but
the possibility that the mutant gene has a direct effect upon the
development of the endocrine organs remains. Endocrine disturbances
may underlie the poor fertility of nu/nu mice. No relationship has
yet been recognised between the defect in keratin precursor, the
immediate cause of hairlessness, and either immunological or endoorthological abnormalities. On the other hand the depressed rate
of body growth probably results from wastage of energy caused by
hairlessness, infection because of impaired immunity and perhaps
also endocrine abnormalities since thyroxine do required to interact
with growth hormone during normal growth and development
In the following chapters the iimm.moltigical capacity of nu/nu
mice is considered in relation to the deficiency of the thymus and
thymus-derived lymphocyte. • However, in view of the spectrum of
abnormalities associated with the mutant gene, it should be recognised
that the immunology of the nude mouse may be influenced by defects
other than those directly attributable to thymic dysgenesig.
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CHAPTER 3

ABSENCE OF CELL-MEDIATED IMMUNE RESPONSES IN NUDE MICE

By analogy with studies of aloe deprived of a T-lymphocyte
population by neonatal or adult thymectomy, the congenital absence
of the thymus in

mu mice would be expected to result in severe

immunological impairment, especially of cell-mediated immunity.
Where the thymus is removed surgically immediately after birth,
there may be residual effects attributable to thymic function
during foetal life. Studies of perinatal mice suggest that some
T-lymphocytes migrate from the thymus to peripheral lymphoid
tissues before birth, providing a small competent T-cell population
[Raff & Owen, 1971].

In contrast, the putative thymic rudiment

in nu/nu mice in entirely non-lymphoid at birth [Pantelouris & Hair,
1971; Wortis, Nehison & Owen, 1971]. Furthermore, the abnormal
development of the rudiment apparent during foetal life suggests
that it never becomes lymphoid and, perhaps, never fulfils an
immunological function (Pantelouris & Hair, iøii]. It is therefore
of interest to explore the extent of the immunological deficiency
in nude mice.
A number of reports have indicated an impaired cell-mediated
immune capacity. For example, human malignant tumours [Rygeard
& Povisen, 1969; Povisen & Rygaard, 1971] and skin allografts and
xenografts (Rygaard, 1969; Pantelouris, 1971; Pennycuik, 1971;
Kindred • 1971a; Wortis, 1971) transplanted tonu/nu recipients are
accepted indefinitely.
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The studies reported here describe quantitative assays of the
cellular development and expression of contact sensitivity in pj/pj
and y/+ mice and a further investigation of skin-graft rejection.
The immunological defects of neonatally thymectoinized mice can
be repaired by implantation of syug.neio or allogeneic thymus grafts
[Miller, 1962; Da]niaaso et al., 1963; East & Parrott, 1964] or by
injection of sufficiently large numbers of thymocytes [Yunis
19641. Further, injection of cell-free extracts prepared from
thymus tissue bring about a partial restoration of cell-mediated
Immune responses (Law, Goldstein & White, 138; Goldstein ot
1970; Trainin & Linker-Israeli, 19671. The present study
investigated the effects of implantation of allogeneic thymus grafts,
Injection of an allogeneic thymocyte suspension and administration of
a thymus humoral factor (thyixaosin) on the response of

mice to

sensitization by ozolone. In addition, the effect of an allogeneic
thymus graft on the responses of pW&u mice to skin allogzafts is
reported.

MATERIALS & METHODS
Animals • Male and female

p 1

nu and nu/+ mice aged 4-17 weeks were

studied. Male mice of the inbred strain CBA/H aged 10-18 weeks were
used in preliminary experiments, and in one study normal, 'deprived'
and 'super-deprived' CM males aged approximately 17 weeks were
utilised. The latter were the gift of Dr. A.J.S. Davies of the
Chester Beatty Research Institute. Deprived mice are chimaeras
prepared by thymectomy of 4 week old mice followed by lethal irradiation and reconstitution with syng.neic normal bone marrow at 12 weeks

Wel

of age [see Davies, 19691. Super-deprived chimaeras are prepared
by lethal re-irradiation of deprived mice and reconstitution with
bone marrow cells from syngeneic deprived donors.
Neonatal CBIVH-T6T6 mice (hereafter referred to as T6T6) were
used as donors of thymus grafts. T6T6 females aged 3-4 and 10
weeks were used as donors of thymocytes. Skin grafts were obtained
from T6T6, C57B1, and A strains of mice and from rat and rabbit
donors.
Sensitization with ozazo lone • (bazolone (4-ethoxymethylene-2-phenyl
oxazolone, BDH Chemicals Ltd.) was dissolved in absolute ethanol at
60°C at a concentration of 10% a/V.

An area of skin 2 cm in diameter

was shaved on the left side of the thorax, on the abdomen or on both
the left and right sides of the thorax. Shaving was not, of course,
necessary for nu/nu mice. A total of 10 mges of oxazolone per mouse
was applied to the shaved areas in a volume of 0.1 ml ethanol.
Control mice received O.lnil of hot ethanol similarly distributed.
Treated and control mice were caged separately.
Expression of contact sensitivity to oxazolone was
measured by the method of Asherson & Ptak [1968]. Mice were
anaesthetized with ether aid the thickness of each ear was measured
with a dial gauge (Thomas Mercer Ltd.). Both sides of the ears were
then smeared with 8 &1 of 2% oxazolone in olive oil, a total of 640 pg
per animal • The thickness of the ears was then reumeasured 24, and
sometimes 6 and 48, hours after this challenge. The change in ear
thickness after challenge in mice previously sensitized was compared
with the increase in mice which received the challenge exposure only.
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Ear thickness is expressed in unite of 10 cm.
Iododeoxyuridino incorporation into DNA. Cell proliferation in the
lymph nodes draining the areas of skin painted with oxazolone was
estimated L' assaying the incorporation of radiolabelled IUdR
1-iodo-2'-d.oxyuridin.-I125, specific activity 4-7 mCilmg, Th.
Radiochemical Centre, Amersham) after the method of Hughes at
(1964). IUdR, an anologue of thymidin., Is only incorporated into
DNA [Prusofl, Jaffe and Gunther, 19601 and the in vivo incorporation
of this substance is a reliable index of the rate of cell proliferation
in the tissues [Hughes at al., 19641.
Mice received an intrapritoneal injection of S x 10 moles
of 5-fluorod.oxyuridine (FUdR) (the gift of Roche Products Ltd.) in
0.2 ml sterile water or saline, followed 10 or 60 minutes later by
1 LCi125IUdR by the sane route, and were killed 2 hours later.
These standard conditions of dose and timing were established on the
basis of preliminary expe inients described below. The 10 minute
interval between PUdR and IUdR was used in the preliminary experiments
and in the assay of the response of non-grafted au/pu mice to
oxazolone. Thereafter the more efficient 60 minute interval was
employed. The lymph nodes draining the oxazolone-treated region
(brachial and axillary) were excised, weighed in some experiments,
and fixed in neutral formal in for 24 hours. Precursor not incoroorporated
poreted into I)IA was washed from the lymph nodes by several changes
of 70% ethanol until the wash was free of activity [Bryant & Cole,
1967; Elkins, 1970]. Individual nodes were counted for 2, 5 or 10
minutes in a Packard Autogasma crystal scintillation spectrometer.
The activity of the IUdR injected to each animal was determined.
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Counts in individual tissues were expressed as a proportion of the
counts injected by the formula count* x 106/total injected counts.
No significant difference emerged in the responses of the brachial
and axillsry nudes and their counts were therefore pooled.
Skin Mraftjng. The grafting technique was essentially that of
Billinghsm & Medawar [1951]. The grafts were held in position by
a dressing of Crepex bandage (V.M. Griffiths & Co. Ltd.) which is
flexible and did not chats the skin of flu/flu recipients. Dressings
were removed 6 days after grafting and the grafts were examined
macroscopically daily thereafter to determine the time of rejection.
Thymus graft tg. One or two lobes from the thymus of T6T6 neonates
were grafted subcutaneously into the axillary region of /nu mice
aged 16-37 days, or under the capsule of the left kidney of MOM
mice aged 31-58 days. I am indebted to Dr • Elizabeth Jauchars for
her demonstration of the latter technique.
Preparation of cell suspensions for injection. A cell suspension
was prepared from the thymuses of 3-4 week

oth T6T6 mice, using

Hank's balanced salt solution. The cells were washed three times,
resuspended and counted. The final volume was adjusted to give a
concentration of 2 x lO cells in 0.3 ml.
A similar suspension was Prepared from 10 week old T6T6 mouse
thymus using PBS as the suspension medium, and adjusting the final
volume to 4 x 10a cells/mi • Half of this suspension was subjected
to rapid freeze-thawing (four cycles using solid CO2-ethanol as
a freezing agent) to kill the cells.
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Preparation of protein solutions for injection. Calf thymosin
(fraction 6) and splenic tissue extract were the gift of Dr. A.L.
Goldstein. Thymosin is a purified, protein-rich extract of calf
thymus tissue, while spleen extract is derived from calf spleen
by the same techniques (Goldstein, Sister & White, 1966; Goldstein
et al., 19724. Thymosin and spleen extract were dissolved in PBS
and the protein content of the solution (assayed by the method of
Lowry et Al., 1957) was adjusted to 200 pg/mi. Solutions of
crystalline ovalbuxnin (Sigma Chemicals Co.) at a concentration of
200 pg/mi and of Salmonella enteriditis endotoxin (Difoo Labs.) at a
concentration of 10 zig/mi were prcpared in PBS.
All solutions were storilied by filtration and stored in
0
plastic tubes at -80 C. The tubes were previously soaked in
Decon 90 (Decon Laboratories Ltd.), rinsed and surface-sterilised
by ultraviolet light in an attempt to render them endotoxin-free.

Scheme for injection of protein and coil suspensions. Groups of
mice treated with thymosin received intraperitoneal injections of
1.0 pg of thymosin per gm body weight on days 0, 2, 4, 6, 8 and 9.
Control groups received 1.0 pg of spleen extract per gin body weight,
1.0 pg of ovalbumin per gin body weight, 0.5 zig of Salmonella endotoxin
per mouse or PBS alone, by the same schedule. Additional control
groups were injected intraperitoneally with 108 viable thyinocytes
from 10 week old T6T6 donors, or with

10

killed thyuiocytes, on day 0

only.

Statistics • The radioactivity counts and the lymph node weights
were log-transformed to bring them into conformity with the normal

distribution.

Means

and variances were calculated from the trans-

formed data. No transformation was necessary for the data on ear
thickness. The significance of the differences between groups was
evaluated by Students 't '-test.

RESULTS
Factors affecting incorporation of 25IUdR into DNA in lymph nodes
125
was rapidly taken up by cells synthesising
Iodo-deoxyuridine-I
DNA in the lymph nodes.

The following experiments outline the

effects of varying the conditions under which incorporation was
allowed to take place.

CBA/R male and nu/+ male and female mice

treated with oxazolone 3 days before testing were used in these
expetiments.
The kinetics of the incorporation of the labelled precursor
in the lymph nodes is shown in Fig. 3.1a & 3.1b.

In 10 week old

male CM mice,haif of the final level of incorporation was reached
withMlO-12 minutes of injection of 1 IzCi

125IUdR, and a plateau wes

attained at 90 minutes • In nu/+ male and female mice aged 11-12
weeks the half-time of incorporation was little more than 5ainutes,
and reached a plateau in 20-80 minutes.
The amount of activity found in the lymph nodes was proportional
to the amount injected to the mouse, as

shown in Fig. 3.2. In

order

to study this relationship, 15-week old CM mice were injected with a
tange of doses of 125IUdR (0.125-2.0 &Ci) and the two hour uptake of
activity in the subcutaneous lymph nodes was determined.
In both these experiments 5 x 10 moles FUdR were injected
10 minutes before IIJdR.

Fig. 3. la.
Influence of time between 125IUdR injection (l&Ci) and sacrifice
on uptake In subcutaneous lymph nodes. Ten-week-old CEA males
were sensitized with oxazolone 3 days before assay. 5 x 10
males FUdR injected 10 mm. before '25IUdR. Four mice per point.
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Fig. 3. lb.
Influence of time between 12 IUdR injection (lCi) and sacrifice on
uptake in subcutaneous lymph nodes. Eleven-12 week old /+ males
and females were sensitized to oxazolone 3 days before assay.
5 x
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males FUdR injected 10 mm. before IUdR. Three-four mice

per point.
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Fig. 3.2
125IUdR dose to 2-hr uptake in subcutaneous lymph
Relationship of
nodes. Fifteen week old CBA males were sensitized with oxazolone
3 days before assay. 5 x 10 8 males FUdR injected 10 mm. before
125 IUdR. Four mice per point.
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The size of the natural thymidine pool is decreased by prior
injection of FUdR [Hughes et al., 19641, which in converted in vivo
to fluorodsoxyuridylate, a nuoleotide which binds to the enzyme
thyuiidy].ate synthetase and thus inhibits the endogenous formation of
thymidine [Cohen et al.,

1958].

The increase in activity in the

lymph nodes when amounts of FUdR ranging from zero to 5 x 10 8 moles
were injected 10 minutes before IUdR is shown in Fig. 3.3a & 3.3b.
There was a twofold increase in the activity of the nodes from CM
-8and 5 x 10-7moles of FUdR.
male mice receivinR 5 x 10-9• 5 x 10
The lowered level of increase in animals receiving 5 x 10 6 moles
may be due to the toxicity of the compound at this concentration.
Similarly, in 8 week old

flu/+

male and female mice, 5 x 10_8 moles

FUdR permitted a twofold increase in IUdR incorporation; 5 x 10-11,
-10
-9
5 x 10
and 5 x 10 moles allowing a 50% increase in uptake of
IUdR.
Increase of the time Interval between FUdR and IUdR enhances
the incorporation of the latter (Fig. 3.4). In CM male mice aged
15-18 weeks extension of this time interval from 10-60 minutes
increased the efficiency of the labelling in the lymph nodes by 17%.
125 IUdRnot incorporated into DNA was washed from the

lymph

nodes with several changes of 70% ethanol [Bryant & Cole, 1967;
Elkins, 1970] until the wash was free of detectable radioactivity.
One nil of alcohol changed daily for 6 days was usually adequate for
a sensitized lymph node.
Since 125 I emits radiation detectable in a gamma-counter it was
not necessary to digest the tissue before determining the level of
incorporation into the DNA.
therefore counted.

Intact lymph nodes in 70% ethanol were

Fig. 3.3a.
Influence of FUdR, injected 10 mm. previously on uptake of
125 IUdR u Ci in subcutaneous lymph nodes. 10 week old
CI3A males were sensitized with oxazolone 3 days before assay.
Four mice per point.
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Fig. 3.3b.
Influence of FUdR, injected 10 minutes previously, on uptake of
125IUdR (1 PCi) in subcutaneous lymph nodes

Eight week old

nu/+ male and female mice sensitized with oxazolone 3 days before
assay. Three or four mice per point.
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Fig. 3.4.
Influence of time between FUdE injection and administration of
125
125
IUdR on uptake of
I in subcutaneous lymph nodes. 15-18
week old CBA males were sensitized with ocazo1one three days
before assay. 5 x 10 8 males FUCIR and 1 pCi IUdR injected
intraperitoneally. Three-6 mice per point.

3.4

3.1
0 10

30
MINUTES

60

90

'6.

This series of experiments determined the conditions under which
the standard assay of incorporation was made.
Response to pensitizat ion with oxazolone
The cellular response of mice to oxazolone was studied by daily
estimation of DNA synthesis in the lymph nodes draining the treated
area (the left brachial and sxillary nodes).

nVau mice were

compared with ,/+ animals.
Fig. 3.5 depicts the pooled results of three experiments with
6-12 week old male and female mice.
The DNA synthetic activity in /+ mice reached a peak 2-hour
incorporation of 5292 counts on day 3 after sensitization. Thereafter the activity declined slowly and remained above the control
level at an average of 1,200 counts from day 7 to day 10, when the
experiment was terminated • Untreated

* exhibited a low, variable

uptake of radioactive IUdR, ranging from 77-234 counts • Untrea d
mice exhibited a similar small uptake (86-213 counts). These
levels presumably indicate the background DNA synthesis in an unstimulated lymph node.
The pattern of

incorporation in
IVdR

flu/flu

animals treated

with oxazolone was indistinguishable from that of untreated nu/+
mice, indicating a complete absence of a cellular prolifer-

or

ative response in nu/nu mice. The values ranged between 34 and 201
counts.
The combined weights of the brachial and axillary nodes in all
mice was also determined each day. The weight of the lymph nodes
of j/+ mice was raised by day 4 after oxazolone treatment to almost
5 times that of non-sensitized animals. The nodes were .till 3-4

Fig. 3.5.
125 JUdR incorporation in the regional lymph nodes of oxazolone-sensitized
and control mice.

• nu/+, sensitized; 0 nu/+, control. A j/j
x 10 8 males FiJdR injected 10 miii
nuinu, control.

sensitized;
125IUdR. Three mice per point on Days 1-7; one or two mice
prior to
per point thereafter.
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times heavier at the end of the experiment. All flu/flu mice displayed
extreme variations of lymph node weight, at least part of this

variation being attributable to the gross accumulation of fluid in the
nodes. However, sensitization by oxazolone made no discernible
effect on thee, weights (see Fig. 3.6). Since the standard errors
for the lymph node weights of nu/nu mice are very large, they are not
represented in Fig. 3.6, but are given in Table 3.1.
The cellular responses of MOM and nu/+ mice to sensitization
with oxazolone were then compared with that of normal CM mice, and
with the responses of deprived and super-deprived CM mouse chimseras.

Incorporation of 125 IUdRinto the subcutaneous lymph nodes of mice
sensitized in both the left and right axillary regions was assayed
2, 3 4, 5 and 7 days after oxazolone treatment (Table 3.2).

125
I

Incorporation in normal CM lymph nodes was highest on days 3 and 4
after sensitization (2003-4180 counts) and reached a similar peak on
day 3 in nu/+ nodes. The incorporation in both of these groups was
markedly greater than in the deprived or super-deprived chimaera*,
or the nu/nu mice. Peak level, of incorporation in deprived mice
occurred on days 3 and 4 and were approximately 4-8 per cent that of
the normal CM animals.
Deprived mice demonstrated the highest level of incorporation
among the groups of animal, which were deficient in T-lymphocyte,
(deprived, super-deprived and

flu/flu

group.), The 125 IUdR incorpor-

ation of deprived mice was 4-7 times that of super-deprived mice
and 10-13 times that of nu/nu mice 3 days after sensitization.
Overall the levels of incorporation of 125 IUdR into sensitized
super-deprived and nu/nu lymph nodes were indistinguishable.

Fig. 3.6.
Weight change in regional lymph nodes of
oxazolone-sensitized and control mice.
p!V+, sensitized; 0 nu/+, control;
Anu/nu, sensitized; A flu/flu, control.

Three mice per point on Days 1-7; one or two mice
per point thereafter. Variances for the nu/nu groups
are given in Table 3.1.
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Table 31
Weight of regional lymph nodes (Log10 Man ± 1 8E) of oxazolonssensitized and

control nu/nu and nu/+ mice

14g10

Day at ter

Me*n Weight (agm) ± 1 8E'

treatment
sensitized

control

/+
sensitized

control

1

1.13 ± 0.12

1.05 ±0.06

1.11 ± 0.03

0.85 ± 0.09

2

1.11 + 0.10

1.19 + 0.14

1.29 ± 007

0.80 ± 0.05

3

1.16 + 0.13

1.20 ± 0.22

1.52 + 0.06

0.91 ± 0.02

4

1.32 ± 0.13

1.12 ± 0.13

1.55 ± 0.05

0.88 ± 0.06

1.11 ± 0.32

1.03

0.15

1.47 + 0.07

0.79 ± 0.14

6

1.02

0.28

1.23 ± 0.18

1.50 ± 0.07

0.84 ± 0.09

7

1.25 + 0.21

1.30 + 0.15

1.48 ± 0.09

0.85 ± 0.09

3 Mice per group.

Table 3.2
125 MIR
in the regional lymph nodes of ocazoloneIncorporation of
sensitized normal, 'deprived' and 'super-deprived' CBA, nWnu and nw"+
mice

25IUdR Incorporation*
(days after sensitization):
5
4
3
2

Mice

70

1017
977
842

80
198

737
692

40

Normal CBA

32

UU

204

128
14
97

1411
2451

3387
3182
2681
3992

1650
2342
2946

2607
1733
1723

1517
987

161
170
195

164
222
247

56
42
78

36
19

49
87

48
15

3288

36
35
17

'Super-deprived' CBA

13

35

7
13

28

45

15

57

15

* Counts x 106/inj.cted counts
* Non-sensitized controls

soc
497
977

4180
2903
3244

2952

'Deprived' CBA

MVM

7_

2724

25

152
91

137
61

1267

Expression of contact hypersensitivity
The response of nu/i and flW -Iu mice aged 9-14 weeks to a second
contact with oxazolone was determined • The increase in ear thickness
occurring when mice previously sensitized on the abdomen were challenged on the surface of the ear are detailed in Table 3.3. The mice
were challenged 4, 7 and 12 days after the primary sensitization.
Whereas the ears of the nu/+ mice showed significant thickening when
compared with non-sensitized controls, no such effect was observed
in the

mice. Indeed, a decrease in ear thickness after

challenge was evident in some ru/nu animals. In addition to the
mice which, as a group, showed a mean decrease (Table 3.3), two
animals from the group challenged at day 4, and two from the group
challenged at day 12 and measured after 4$ hours, also displayed
a reduced ear thickness.
The ear thickness of untreated

flu/flu

mice was in the range

15-25 units; the ears of nu/+ mice measured 21-39 units. Sensitization tended, by itself, to be followed by an increase in ear thickness,
and this tendency was more marked in the nu/nu than intake /+ mice.
In absolute terms, however,

flu/flu

ears were thinner than nu/+ through-

out the experiment • Some thickening was observed after 'challenge'
of non-sensitized wise (Table 3.4). This may have been a non-specific
Physiological effect of irritation caused by oxazolone. Some mild
skin lesions and increased vascularj.ation of oxazolone-treated skin

were evident innu/nu mice despite the apparent failure to develop
contact sensitivity. Since increased thickn•ss was observed after
Application of ouszolone to the ears of unsensitized mice, the ear
swelling seen in sensitized animals before challenge may be due to
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accidental transfer of oxazolone from the abdomen to the ears,
perhaps during grooming.
Survival of akin grafts
The survival of akin from a number of sources grafted to p/pMU
and

/+ mice aged 5-17 weeks is detailed in Table 35.

/+

mice rejected allogeneic akin from T6T6, C5781 and A strain mice
within 7-11 days after grafting. X.nografts from rat and rabbit
donors were rejected within 6-8 days. In contrast,

mice

failed to reject allografts and xenografta, the akin remaining

ja situ

throughout the life of the recipient. Where the recipient survived
for more than 25 days the graft grew hair.
Consequences of thmus allograftjn.g or injection of thymocy tea
i)

Response to oxazolone
A single lobe from the thymus of T6T6 neonates was grafted

subcutaneously to the axillary region of nu/nu mice aged 29-37 days,
and to a location under the connective tissue capsule of the kidney
of nu/nu mice aged 31-58 days. The mice were sensitized to oxazolone
on day 55 after grafting to the kidney capsule, and an day 40 after
grafting subcutaneously. The response, assayed by 125 iuøt uptake,
was partially restored (Table 3.6). Three days after sensitization
the grafted groups incorporated 11-14 times more radioactivity than
did non-grafted controls.
The effect of thymus allografting was compared with the effect
brought about by injection of thymocyte suspensions. Two x 108
viable thymocytes from T6T6 donors aged 3-4 weeks were injected intraperitonoally to p/nu recipients aged 26-46 days. A second group
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Table 3.8
Survival of T6T6, A, and C57BL allograft., rat
an .nu/nu and PU/+ mice

Recipient

flu/flu

MO
au-/nmu

nu/nu

/nu

and

rabbit xenografts

Age at
Grafting
(day.)

Skin
Graft

Graft survival
(days)

5
6

67-89
53-84

TØTØ
T6T6

(42,42,59,34,42)'
7-11

+
-

8
5

50-118
54-115

C57BL
C57BL

(35,18,27,34,44)'
8-11

-

3
2

39-45
39-45

A
A

(20,20,18)'
8-11

-

6
5

40-79
55-84

RAT
RAT

(38,38,43,41,20,25)'
6-8

-

1
3

42
42

RABBIT
RABBIT

No. of
mice

58'
6

Hair
Growth

+
-

Graft intact at time of recipient's death.
Hair did not

grow on recipient of

C57BL skin

which died

nor on recipient of rat skin which died at 20 days.

at 16 days,
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of wVau mice aged 16-25 days received a subcutaneous graft of two
thymus lobes from a T6T6 neonate • Control pj/pj and nu/+ mice
were sham-operated. All mice were sensitized with oxazolone 50 days
later and the response was measured • Partial restoration was
observed in the thymus-grafted animals, as was Observed in the
previous experiment (Table 3.7). Injection of allogeneic thymocytes
also partially restored the response, although to a lesser extent.
The day 3 uptake of radioactivity in numnu mice treated with thymocytes was approximately 6 times greater than in untreated controls;
thymus-grafted nu/nu mice incorporated 15 times the control value.
ii) Response to skin allogratts
A single lobe from a T8T6 neonatal thymus implanted into p/pj
mice aged 10-21 days conferred the ability to reject skin from C5I81
donors grafted 46 day. later (Table 3.8). Three of 5 mice grafted
with skin which was syngeneic with the thymus graft, i.e. with T6T6
skin, retained the graft of skin throughout their lifespan. However,

2 mice slowly rejected the T6T6 skin during a period 8-17 days postgrafting

Nu/+ mice rejected skin of both donor genotypes. These

results must be compared with the data in Table 3.5 which shows that
untreated

mice accept and retain skin of both genotypes.

One of the thymus-grafted y'nu mice which had rejected T6T6
skin was re-grafted with skin of the same genotype, when the animal
was 21 weeks of age. The second graft was retained intact up to
the death of the animal 10 weeks later.
In a small experiment two mu mice were grafted with a single
lobe of T6T6 neonatal thymus at 10 days of age. These animals were
skin grafted 130 days later, one with strain A skin, and the other

with both A and TST6 skin. Both mice rejected the A skin within
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7-10 days. However, the recipient of the T6T6 akin retained the
graft throughout the life of the mouse, a period of 33 months.
Nu/nu mice, grafted with a TOTS neonatal thymus (two lobes)
Implanted subcutaneously at 10-21 days of age, were grafted with skin
from both T6T6 and C57B]. donors 39 days later. In this experiment
skin allografts were only rejected when they were histoincosupatibis
with the thymus graft (Table 3.9). T6T6 skin was uniformly accepted
for the duration of the hfe of the recipient, while the histoincompatible C5IB1 skin was rejected 16-21 days post-grafting. Shamham-.
thymus-grafted nu/nu mice retained both types of skin, while /+
thymus-grafted
mice rejected grafts from both donors.
Effect of administration of thymosin on the response to oxazolone
Thyuiosin was administered to flu/flu and nu/+ mice aged 28-68 days
by intraperitoneal injection on days 0, 2, 4, 6, 8 and 9. Control
groups were treated with spleen extract, ovslbumin, endotoxin or
saline by the same schedule, or with a single injection of living
or killed thymocytes on day 0. Animals from each group were
sensitized to oxazolone on day 7 and the third day response in the
regional lymph nodes was assayed by the lW IUdR incorporation
technique.
Treatment with thymosin did not restore responsiveness to
oxazolone in ZWZU mice (Fig. 3.7).

5IUctR incorporation in the

regional lymph nodes of thymosin-treated m u mice sensitized with
oxazolone did not differ from the uptake in sensitized nu/nu mice
pretreated with ovalbumin, endotozin or saline • Indeed, in all
these groups the incorporation of the DNA precursor did not differ

qo.
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4)

I

+

Ii Ii Ii
C.,

Fig. 37.
125IUdR
incorporation in the regional lymph nodes of oxazolonesensitized and control mice pretreated with thymosin, spleen
extract, ovalbumin, endotoxin, saline, killed thymocytes or
viable thymocytea.
, nu/+ sensitized; Q, nu/+ control. A, nu/nu sensitized; A,
nu/,-!u control.
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from the level in similarly pretreated, non-sensitized animals.
In one of three flu/flu mice pretreated with spleen extract and
sensitized to oxazolone, a high level of incorporation was observed;
uptake in the remaining mice in this group did not differ from the
non-sensitized control. injection of allogen.io thymocytes increased
the uptake of 1251ucm in both sensitized and non-sensitized recipients.
A similarly raised level of incorporation was observed in one
mouse pretreated with killed thymocytes.
None of the pretreatment oaWdul6s influencd the response of

MV* mice to sensitization with oxazolone, nor did they substantially
alter the uptake of 125IUdR in non-sensitized lymph nodes.

DI8cJ88ION
I.
(i)

Develojment and Expression of Contact Hypersensitivity
Absence of rg#Rgoe

oxazolone in flu/flu mice

Incorporation of radioiod me-labelled 5-iodo-2 '-deoxyuridine
(
125MR) has been used extensively to measure DNA synthesis and
hence to estimate cell proliferation in tumurs • in normal hsmopoietic
and in other tissues (Hughes et *1., 1964; Bryant and Cole, 1967;
Bennett et al., 1968; Dethlefsen, 1971). Mk.1A and Mitchison [1965]
used the technique to measure the cellular response to antigenic
stimulation by bovine serum albumin. The present results show that
assay conditions similar to those described by Hughes ot al. [1964]
can be applied successfully to the study of cell proliferation in
normal and sensitized lymph nodes.

U.

Th. consistently low level of IUdE incorporation in nonstimulated nu/+ lymph nodes provided a satisfactory baseline against
which to view the response of sensitized nu/+ animals • At the peak
oi day three the latter incorporated some 30 times more 125IUdR than
their controls • In contrast &u/nu mice, while showing a background
level similar to that of unsensitized nu/+ controls, evinced no
detectable response to oxazolone.
Measurement of lymph node weights as an assay was less sensitive
and less consistent than IUdR incorporation. The weight of nu/+
lymph nodes after oxazolone sensitization was higher than that of
unsensitized '+ centrols. The weights of lymph nodes from
mice were highly variable and were, on average, higher than those of
non-sensitized nu/+ controls. This additional weight was frequently
associated with an accumulation of fluid in flu/flu nodes. Lymph
nodes from sensitized /nu animals were no heavier than those of
non-sensitized flu/flu controls.
Contact sensitivity to oxazolone assayed by increased earthickness fAsherson and Ptak, 1968] was demonstrated in nu/+ mice
following a single application of the antigen to the abdomen 4, 7 or
12 days before challenge. In contrast, the ears of sensitized nu/nu
mice did not thicken at challenge and in 13 of 25 individuals a decrease
in thickness was observed • Thus both the development and expression
of contact sensitivity are absent in /p mice.
The thymus-dependence of delayed-type hypersensitivity is well
documented • These reactions are not expressed in rats and mice
experimentally deprived of thymus-derived cells, (Arnason at al., 1962;
de Sousa and Parrott, 1969; Parrott et al., 19701. The development

q

of contact sensitivity involves early cell proliferation in the
paraoortical areas of the lymph nodes of mice [Parrott and de Sousa,
1968] and guinea pigs (Oort and Turk, 1965; Turk, 1967). The
presence of lymphocytes in this area depends on the animal possessing
an intact thymus (Parrott, di Sousa and East, 1966].

Davies

[1969] demonstrated early proliferation of T-cells in the lymph node
paracortex of mice sensitized to oxazolone.

This was followed at a

later stage by B-cell proliferation coincident with germinal centre
formation and hyperplasia of the medullary cords. In Davies' study
the experimental animals were adult-thymectomized, lethally irradiated
and repopulated with syngeneic bone-marrow cells ('deprived' mice).
Some animals also received a karyotypically-marked thymus graft or
thymocyte innoculation such that B and T cells were cytologically
distinguishable. T-cell division reached a peak on days 3 and 4
after sensitization when, it was suggested, approximately 95% of
dividing cells were of this type. The peak of B cell proliferation
was observed on day 8 and was sustained at a slightly lower level
for the remainder of the experiment.
The results of the 125 IUdR assay are consistent with the above
data. The peak incorporation at day 3 in sensitized nu/+ mice
presumably reflects MA synthesis by T-oells while the continued
incorporation from days 7-8 onwards may be associated with B-cell
proliferation. The /nu mice showed no response even in the period
of B-cell proliferation although other evidence suggests that /p
B-lymphocytes can function normally (see chapters 4 & 7). The 8-cel1
response in thymectcmized radiation chimaeras (deprived mice) which
have not received thymus grafts or thymocyte innooulations is much

reduced and short-lived when assayed cytologically or by 325IUdR
incorporation (Table 3.2; Davies et al., 1969]. The evidence therefor, suggests that the B-cell response to oxazolone sensitization is
dependent upon a previous T-cell response.
The view that the ability to express contact sensitivity is absent
in T-cell depleted mice [de Sousa and Parrott, 1969; Parrott et al.,
19701 is corroborated by the failure of sensitized
increased ear thickness after challenge with oxazolone.

mice to show
It may be

that thymus-derived cells infiltrate the reactive site during the
early stages of hypersensitivity reactions in mice and thereby play
an active role in the recall phase of contact sensitivity as well as
in its induction. In support of this suggestion, Williams and
Wakaman [1969] have shown that thymus-derived cells constitute a
substantial proportion of the cellular infiltrate during the early
phase of tuberculin reactions in rats.
The comparison of normal CBA and /+ mice with T-cell deprived,
mice substantiates the requirement for

'super-deprived' and

T-cells in the response to sensitization with oxazolone • The results
also suggest that the

IUdR
incorporation assay may distinguish

to some extent the degree of T-cell depletion. At the peak of T-cell
proliferation, three days after sensitization (Davies ! al., 19691,
125 IUdR incorporation is greatest in normal mice, intermediate in
T-lymphocyte deprived mice and lowest in the super-deprived and
congenitally athymic BS/nu mice. These results accord with the
relative numbers of theta-bearing lymphocytes in these typos of mice
(Table 2.2; Raft, 19711.

q5

Super-deprived chimaeras contain approximately 4-5% of the normal
number of T-4ymphocytes [A.J.S. Davies, pers. Comm.), judged by the
in vitro mitotic response to phytohasozagglutinin (Doenhoff et al. 0 19701.
a
Assuming 10 to be the approximate number of T-cells in a normal adult
mouse, super-deprived mice may therefore carry up to 5 x106 T-cells.
Since IUdR incorporation assays do not distinguish between the responsiveness of these animals and that of flu/sw animals, the limit of sensitivity of the technique may be of this order of magnitude.
(ii) Effect of tyzua and thymocyto a1lafts and cell-free thymuextracts
A significant response to oxazolane was conferred adoptively to

mu mice by allogeneic thymus or thynocyte grafts. The response
after implantation of a thymus graft was probably effected in part by
donor cells which migrated from the graft to peripheral lymphoid
tissues [Davies et *1., 1966]. In addition, host precursor cells
which mature into responsive cells within the graft probably also
participate in the response [Davies, 1969]. Studies reported
elsewhere demonstrate repopulation of thymus grafts by host cells
3.4 weeks after grafting and subsequent differentiation of these cells
to functional oxazolone-responsive cells of nu/nu genotype (see
Cbftpter 6). The effectiveness of allogeneic grafts or cells is
presumably facilitated by the inability of the nu/nu animal to reject
foreign tissue grafts (discussed below).
Administration of a cell-free thymic extract (thymosin) failed
to restore the cellular response to sensitization with oxazolone in
nu/nu mice. In contrast, hoinograft inunity and graft-versus-host

q6.

reactivity in neonatally thymectcmized mice are partially restored by
in

injection of thymus extracts [Law et al., 1968; Goldstein

et 11., 1970; White and Goldstein, 1970]. Furthermore theta-bearing
cells have been found in lymph node cell suspensions from &u/nu mice
after injection of bovine or murine thymus extracts [Scheid
19731. Similarly the in vitro mitotic responses to phytohasmagglutinin
(PHA) and concanavalin-A characteristic of T-cells have been observed in
nu/nu spleen cells after in vivo pretreatment with bovine thymosin
['Frman et al., 1974]. The efficacy of thymus extracts in the
restoration of immunological function to nu/nu mice is not universally
Supported. Thus, Nieuwerkerk, Lbwsziberg and van Bekkuna [1974] failed
to restore PHA responsiveness to !/nu spleen cells by administration
of calf or rat thymosin while Stutman [1974] found no reactivity to
skin grafts in thymosin-treated

mice. Dardenne and Bach [1973]

noted no increase in the low sensitivity of

spleen rosette-

forming cells to azathioprine or antitheta serum after in vivo
thymosin treatment, (high sensitivity to these agents is reportedly
a T-cell characteristic, Bach and Dardenno, 1972b, 1973b. Thymus
humoral factors released from thymus grafts enclosed in cellimpermeable Millipore chambers similarly failed to restore reactivity
to skin grafts in nu/nu mice (Reed, 1974 Stutman, 1974e]. The
discrepancies between reports may result from differences in thymosin
treatment schedules, and it may be that responses to oxazolone could
be induced by the employment of other dose levels or schedules of
thymosin administration.

The acquisition of T-cell characteristics, including thetapositivity (Komuro and Boyne, 1973b; Dardenne and Bach, 1973],

sensitivity to azathioprin. [Dardenne and Bach, 1973] graft-versushost reactivity [Nieuwerk.rk ot *1., 1974] and helper-function as
assessed by antibody response to sheep erythrocyte antigens [Scheid
et al. 1973] may be induced by in vitro incubation of au/ ~nu spleen
cells with high concentrations of thyrnosin. in vitro treatment
might then be considered to mimic the concentrations of thymus humoral
factors found in vivo solely within the thymic environment, and thus
perhaps record the differentiation of T-rrecuraor cells.
It has been suggested that thymic htmaoral factors may exert

Influences upon lymphocytes in peripheral lymphoid tissues but that
these influences are restricted to post-.thymic cells (stutman, Yunia
and Good, 1969a, 1970; Bach and Dard.nne, 1973*; Lonai et al., 19731.
The lack of effect

vivo thyTnosin treatment innu/nu mice supports

this notion while the appearance of cells with T-cell membrane
morphology and PEA reactivity in other in vivo studies is contrary
since nu/nu mice are presumed to lack post-thymic cells (see chapters

2 and 7). Possibly the treatment schedule employed in the latter
studies created in vivo conditions more akin to the normal thymic

rather than normal peripheral lymphoid environment.
II •

il
gre of Tim" Graft Rejection and the Effect of Allogeneic

Fa

Thymus Implants
The failure of untreated nu/nu mice to reject skin allografts
is in agreement with several other reports [Kindred, 1971h.;

Pantelouris, 1971; Pennycuik, 1971; Wortis, 1971].

studies of

xenografts confirm and extend the present finding. Grafts from
rat, hamster, rabbit, cat, human and chicken donors were accepted
indefinitely while grafts from fence-lizards, chameleons and tree
frogs were also not rejected although the grafts did undergo
morphological changes [Bygaard, 1969; Manning, Reed and Shaffer,
1973; Reed and Manning, 1973; Shaffer, Reed and Jutila, 19731.
The grafting of an allogeneic thymus conferred upon
recipients the capacity to reject third-party skin allografts
although in general the recipients were specifically immunologically tolerant to thymue-donor-type skin. Similar results
have been obtained after grafting allogeneic neonatal thymus to
neonatally-thymeotomized mice [Miller, 196; Dalmasso et al., 1963;
Stutman, Yunis and Good, 1969b] and after grafting p/p3 mice with
allogeneic neonatal thymus in other studies [Pant.louris, 1971;
Wortis et al., 1971; Kindred and Loor, 1974]. Allogeneic neonatal
thymus grafts to nu/nu mice have also been shown to confer the ability
to reject chicken and human skin xenografts [Manning etL1., 19731.
Thymocyte suspensions from littermate donors are also effective in
conferring the ability to reject third-party grafts (Pantelouria,
19713, while thymocytes compatible with Ba]b/c at the H-2 locus can
restore the ability of Balb/c-EVnu mice to reject third-party skin
[Kindred and Loor, 19744.
The mechanism by which two of the present au/nu mice rejected
skin of thymus-donor-type is not known, but similar anomalies have
been presented elsewhere [Kindred and Loor, 1974a ,b]. In the
experiments of kindred and Loor Balb/o-WAL mice grafted with C07BL
thymus rejected one C57BL skin graft but accepted a subsequent graft

embedded several weeks later, at which time a CBA akin graft was
rejected; Balb/c-_nWnu grafted with AXE thymus rejected both first
and second set AXE skin grafts.
Two explanations may be offered:
Billingbsm and Silvers (1961) demonstrated that 'healing-in'
skin grafts are especially vulnerable to immunological attack;
responsive cells in

might then reject skin of thymus-donor-type

without damaging the thymus graft itself. Subsequent development
of tolerance would explain the failure to reject second-set grafts
of certain genotypes.
in neonatally thymectamized and thymectcinized, irradiated bone
marrow repopulated mice grafted with certain strains of allogieneic
thymus tissue, the recipients reject not only skin of thymus-donortype, but also the thymus graft itself [Leuchars, Cross and Duksr,

1965; Stutman, Yunis and Good, 1969b; Aisenborg, 19701. it was
proposed that this reflected the action of humoral factors from the
thymus inducing competence in the host lymphocytes [Leuchars et,
1965; Stutman et al., 1969b]. Alternatively, cells released from
the thymus guaft may collaborate with host B-cells in the formation
of antibodies (1 G) directed against antigenic determinants of the
grafted thymus and skin. Antibody-dependent, non-T, cytotoxic
Cella [Greenberg et al. 1973] could then function in graft rejection.
It is conceivable that either mechanism might induce responsiveness
in nu/nu host cells such that they were able to recognise and reject
thymus-donor-type skin and perhaps the thymus graft. Indeed, recent
in vitro studies demonstrated that nu/nu spleen cells are capable
of lysing antibody-coated target cells {Kiessling and Klein, 1973].

III. The Nude Mouse in Cancer Studies
Malignant tissues from human patients, for example adenocaroinomsa
of the colon and rectum, epidemoid carcinomas, melanomas and Burkitt's
lymphomas have been transplanted and serially passaged successfully
into nu/nu mice [Rygaard and Povlsen, 1969; Povlsen and Rygaard, 1911 9,
1972; Giovanella et al. • 1972, 1913a,b].

Moreover the transplants

retained fully the histological and cytological characteristics of the
human donor tissue [Rygaard and Povlsen, 1969; Povlsen and Rygaard,
1971, 1972; Visfeldt, Povisan and Rygaard, 19721. cell lines
derived from human malignant melanomas and lymphomas grew and formed
tumoure flu nu/nu mice althougtinaormal, cultured, human and murine
embryonic cells did not grow visibly (Giovanella et a1., 1912;
Giovanella and Stehlin, 19741. The nu/nu animal thus provides an
excellent medium for the study of tumours. Povlsen and Rygaard
(1974] have reported that cyclophosphamide retards the growth of
serially passaged Burkitts lymphomas in

mice with a pattern

of drug susceptibility similar to that observed in clinical practice.
The nude mouse thus promises to be of value in the in,vivo study of
the effects of cancer-therapeutic agents on huin'i cancers.
It has been proposed that protection against neoplasia is a
primary function of cellular immunity [Burnet, 1970]. A corollary
of this hypothesis of "immune surveillance" in that greater numbers
of spontaneous tumours may be expected in immunodeficient individuals
However, only one spontaneous malignant tumour in anu/au mouse has
been reported to date [Custer øt *1, 1973]. In 13,000 au/nu mice
studied from birth to three months of age, or throughout their
entire lifespan, no malignancy arose [Rygaard and Povlsen, 19744.
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In contrast, the incidence of cancer was higher than normal in a
sample of human inununodeficient patients (irnmunosuppreased recipients
of organ-transplants or patients suffering inununolgical deficiency
diseases)

fMcxliann, 1969; Gatti and Good, 1971].

Further,

Stutman [1974b] has also noted that there are no differences in the
latent period and i. cideno• of local sarcomas or lung adenomas
following administration of methyicholanthrene at birth to pathogenfree flu/flu and p/+ mice.
These observations argue against any essential role of thymusdependent cellular immunity in a surveillance mechanism which prevents
'spontaneous' tumour growth or tumour development following exposure
to chemical carcinogens.
IV, In Vitro Models of Cellular Immunity
The results presented and discussed in this chapter indicate a
failure of nu/nu miceuiin vivo assays of cellular immune responses
which are known to require functional T-lymphocytes. In vitro

models of cellular immunity also indicate a profound depletion of
T-cells in nu/nu mice. Moller, Sjoberg and Andersson [1972] found
that cncanavalin and phytohaeinagglutinin induced normal, but not
nu/nu, mouse lymphocytes to express cytoxicity against radio-

labelled target fibroblasts in vitro. B-cell mitogens, such as
lipopolyeaccharid.s, did not induce cytotoxicity in either normal
or guo~nu spleen cells. In addition, Shake, Chiller and Granger

[1973] showed that lymphokines, which may be the effector molecules
mediating cellular hypersensitivity tDumonde et al., 1969], were
released in P11k-activated cultures of normal spleen cells but not

in cultures from flu/flu mice. It was concluded that the release of
cytolytic materials from activated spleen cultures required T-cells.
The assay is sensitive to small numbers of T-cells since lymphokine
secretion is detectable in eplenic cultures from adult-thyinectomized,
lethally-irradiated, bone marrow repopulated mice [Shako at 51.,
1973].
Feldmann at al. [ 1972] and Wagner (1972] demonstrated that while
Cultured spleen cells from both flu/flu and flu/f mice proliferated in
response to the surface alloantigens of mitomycin-t;Teated Balb/c
lymphocytes, only the riu/+ cells differentiated into cytotoxic
lymphocytes.

In this assay system the cytotoxic lymphocytes were

T-cells and the assay was sensitive to low levels of T-cells
(3-8% normal) [Wagner, Harris & Feldmann, 1972; Wagner, 1972). The
initial mitotic response of the nu/nu cells in this experiment was
ascribed to an in vitro huxuoral response against alloantigens
[Wagner, 1972]. The present studies in which flu/flu lymphocytes were
found to be incapable of a B-cell mitotic response to stimulation with
oxazolone in vivo argue against this hypothesis. Perhaps in the In
vitro system T-cells present among the Balb/c lymphocytes permit the
nu/nu cells to respond zuitotically to the Balb/c alloantigenic stimulus.
Functional assays have, therefore, provided no evidence of
cellular immunity in nu/nu mice, thus indicating extensive depletion
of the thymus-derived lymphocyte population. These direct tests do
not however exclude the possibility that T-cells are present at a
level (perhaps 1-2% of normal) suggested by studies of lymphocyte
membrane morphology (reviewed in Chapter 2).
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The experiments described do not consider the functional
capabilities of nu/nu B-cells (see Chapter 4). Further, the
experiments have not determined the origin, donor or boat, of the
T-cells which bring about partial restoration of cellular immunity
In thymus-grafted nu/nu animals. This question, and the related
problem of the nature of the defect which results in congenital
thymic aplasia, in discussed in Chapter 6.

CHAPTER 4

STUDIES OF ANTIBODY FORMATION IN NU/NU MICE

Antibody responses may be divided into those which are functionany thymus-dependent and those which are mediated by bone marrowcells without the participation of thymus-derived cells and are thus
thymus-independent [see review in Chapter 1].

This division was

originally made on the basis of studies of neonatally thymectonmized
mice and has been extended by studies of mice experimentally deprived
of T-cells either by adult thymeotomny with following repopulation
by haemopoietic stem cells from bone marrow or foetal liver, or by
treatment with antilymphocyte sera. Since the presence of small
numbers of residual T-cells may have confounded these studies of
hunmoral immunity [Rau & Wortis, 1970; Ref f, 1971; Raff & Owen,
1971; Doenhoff et al., 1970] the congenitally athymnic /nu mouse,
which lacks a normal thymus even during foetal life, provides an
excellent system in which to study the capabilities of B-lymphocytes
to give specific antibody responses under conditions of profound, if
not total, depletion of T-cells.
Two antigens, sheep red blood cells (BaBe) and pneum000ccus
polysaccharide type-Ill (B-Ill) were selected for study. The humoral
response to injected SRBC provided a measure of the capacity of nu/nu
mice for thymus-dependent antibody synthesis [Clanman, Chaperon &
Triplett, 1966; Miller and Mitchell, 1969; Davies, 1969]. Antibody
formation was assayed at the level of the antibody-forming cell by
the haemolytic plaque technique modified to quantify direct (Y M)
and indirect ('fG) antibody synthesising cells, and at the level of

circulating antibody by measurement of serum I'M and 'fG heemagglutinating
antibodies.
Injected Bordetella pertuasis organisms have a potentiating effect
on the response of normal mice to xenogeneic erythrocytes [Dresser,
Wortis and Anderson, 1970]. The effect of this adjuvant has been
investigated innu/nu mice immunised with SRBC to determine whether
B. pertussie can to any extent substitute for T-cells or whether its
effect is dependent upon the presence of T-cells.
The antibody response to 8111 is classed as thymus-independent
as it is not impaired in mice extensively deprived of T-cells by
experimental procedures [Howard, It ml., 1971a]. The response to
this antigen has therefore been utilised to provide a measure of
thymus-Independent antibody production in RV&u mice. Antibodyforming cells were again enumerated by a modified haemolytic plaque
assay, using Sill-sheep erythrocytes as target cells.
I. The Response to SRBC
A•

Mater iais ad Methods

Mice. Nu/,nu and flu/+ males and females aged 7-17 weeks were used in
all experiments which quantified the response to SRBC. Two
mice grafted with one or two lobes from the thymus of CBA T6T6
neonates were also used in one experiment.
Antigen. Sheep red blood cells, obtained as a sterile suspension
in Alsever's solution (Tissue Culture Services Ltd.), were w.ehed
four times in sterile physiological saline (0.85% NaCl in distilled
water) before resuspension in Buttons balanced salt solution
[Mishel]. and Dutton, 1967] to a concentration of 2 x 108 or 2 x 10

106.

cells per ml. 0.2 ml of this suspension was injected intraperitoneally to experimental animals while control mice received 0.2 ml
of salt solution alone.
B. L3ertussis vaccination.

Mice were injected intraperitoneally with

4 x 10 B. pertussis organisms (Wellcome

) immediately following

administration of 4 x 1O7 SRBC by the same route. Control animals
received SRBC alone.
Preparation of spleen cell suspensions. Spleen cells for the
haemolytic plaque assay were prepared by gently dissociating the
organ in a loose-fitting glass-glass, or 'Teflon'-glass homogenizer
containing 1 nil of Duttons solution. The cells were passed through
a fine stainless steel mesh, washed once and resuspended. The
concentration of cells in the suspension was determined by a hasmocytosneter count and the volume of the suspension was adjusted to
give an appropriate number of cells per 0.1 ml aliquot used for each
assay plate.
Haemolytic Plague A.gay. Antibody-secreting spleen cells were
enumerated by a modification [Wortis, Taylor and Dresser, 1966;
Dresser and Wortis, 1967] of the haemolytic plaque assay of lerne,
&rdin and Henry [1963]. The 0.1 ml aliquot of spleen cells prepared as above was mixed with washed SRBC (0.1 ml of a 20% u./v.
suspension) in 2 ml Agarose (L'Industrie Biologique Francaise: 0.6%
w/v in Dutton's solution) at 460C. The fluid gel mixture was poured
immediately onto disposable plastic Petri dishes containing a smooth
bottom layer of solidified Agarose (1.2% w/v in Dutton's solution),
and allowed to set as a thin, evenly-distributed film • The plates
were then incubated for 2 hours in a humid incubator at 370C. Since

Dutton's solution in buffered by phosphate rather than bicarbonate
the need for a CO2 atmosphere during incubation was eliminated.
Following the primary incubation, complainant (1 ml 10% fresh
guinea-pig serum in Dutton's solution) was poured onto each plate.
After a further hour of incubation plaques of complement-dependent
SRBC lysis were visible around those individual spleen lymphocytes
which secreted anti-SRBC antibody. Plaques were counted under
slight magnification and dark ground illumination using a "conductivity"
type colony counter. Plates prepared as above but excluding the spleen
cells or the complement served as controls.
This technique detects only those plaque forming cells (PFC)
secreting antibody capable of direct lysis of SRBC (mostly '( M, 198
antibody), but not those cells secreting other classes of antibody
which agglutinate or bind to SRBC but do not readily fix complement
((G and '(A, 78 antibodies). However, addition of an antiserum
specific for these iinmunoglobulin molecules permits the formation of
'(-globulin complexes which do fix complement and cause lysis.
Therefore in the experiments reported here a 'developing' rabbit
antiserum directed against components of all major mouse immunoglobulin classes was added in the preparation of the top layer of
gel.
Anti-globulin antiserum partially inhibits the formation of 198
direct plaques. It was therefore necessary to measure the extent
of this inhibition before 78 antibody-producing cells could be
enumerated. Following Dresser and Wortis (1967], this was achieved
by observing the depression of PFC count caused by addition of
serial dilutions of developing serum to top-layer gel containing
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spleen cells from nu/+ mice two days after intraperitoneal injection
of 4 x 1O7 SRBC. At this time most PFC's are producing 198 antibody.
This data allowed calculation of the Inhibition constant, KI, for each
dilution of developing serum.
K! = mean PFC on treated plate
mean PFC on untreated plate
Repetition of the experiment nine days after immunisation (when many
cells are secreting 78 antibody) gave an estimate of the developing
effect of the serum on non- (% U synthesising PFC. It was found that,
at a dilution of 1000 0.1 ml of developing serum added to the top
layer gel achieved optimal development of 78 plaques without excessive
depression of 198 plaques. The number of indirect (7$) PFC may then
be calculated by: indirect PFC = RD (Total PFC on treated plate K!1/1000

(PFC on untreated plate)] where KD, the development constant,

is equal to:

1/1000

Maximum PFC per plate obtained - [direct PFCxKI at that dilution]
= P}t per plate at dilution 1/1000-[direct PFCxKI at dilution 1/10001

In the present experiment. RI1/1000 = 0.76 and KD111000 = 1.69.
In order to assay direct and indirect PFC in the spleens of
individual mice four plates were not up from the spleen cell suspension, two to detect direct, 198, plaques and two plates to detect
indirect, 78 plaques (by addition of 0.1 .l of 1/1000 developIng serum).
After counting the plaques the number of indirect plaques was calculated by the formula above.
Since Dresser and Wortis have shown that the distribution of PFC
counts is not normal the geometric mean number of direct and indirect

plaques per plate was calculated using the transformation log (x + 1)
where x is the number of PFC per plate.
Results for individual mice have been expressed both as total
number of PFC per laen and as PFC per 10 viable spleen celia.
Group,moans of animals assayed at the same time after immunisation
have also been calculated using log transformation.
Assay of Circulating Haemaggiutinating Antibody
Circulating 198 (2-mercaptoethanol-sensitive) and 78 ME-resistent)
antibody was measured by a haemagglutiaation assay in serum withdrawn
from animals periodically after immunisation with SRBC. 0.05 ml of
each sample was diluted aerially in gelatin-PBS [phosphate buffered
saline, pH 7.2, containing 0.1% gelatin] starting at a dilution of 1
in 2 using Linbro Hk trays. Two series of dilutions were made for
each sample. One series received 0.05m1 of 0.75% t/v SRBC per
well, while the second series received the same quantity of SRBC
plus 005 ml of 0.111 2-mercaptoethanol. Both series were covered
with Microtitr. plate-sealer (Cook. Engineering Co.) and incubated for
1 hour at 370C and overnight at 40C.
The titre was read as the weakest serum dilution exhibiting
macroscopic agglutination • The supernatant was then removed from
each well without disturbing the pellet and 0.1 ml of a 1/100 dilution
of a rabbit antiserum against normal mouse 1G-globulins was added.
The trays were again covered, incubated and the titres read as above.
In preliminary tests carried out in this laboratory by Dr. Sam
Black, it had been shown that this rabbit antiserum did not influence
the titre of 198 (2MES) antibody but markedly increased the titre, and
hence the sensitivity of the 78 (21ER) antibody assay.
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B. Results

The numbers of direct (198) and indirect (78) PFC in the
spleens of y'nu and nu/+ mice 3, 5, 7 and 13 days following I/P
injection of 4 x 10 SRBC are shown in Fig. 4.1. The numbers of
direct PFC in nu/*u mice were much lower than in nu/-i animals
at all times and the pattern of response also differed. The peak
response in thenu/nu animals occurred at day 3 when the number of
PFC was only 13% that of corresponding /+ animals. On day 5 the
flu/flu

response began to decline while the y/+ response peaked at a

level 81-fold higher. The subsequent decline in the direct PFC response was, however, less rapid in nu/nu than in nu/i animals.
Indirect PFC indicative of 78 antibody synthesis were extremely
rre in

nu/nu mice. Indeed, in 10 of 29 animals tested no 70 PFC

were detected, while in a further four the number of indirect PFC
were below the background level found in some non-immunised mice.
The number of indirect PFC in the remaining 15 spleens was in the
range 87-2368.

While peak numbers of indirect PFC in nu/nu mice

were observed 3 and 5 days after immunisation, at levels 2.8% and
0.3% that of nu/+ animals tested on the same day, the peak response
in flu/i- mice occurred at days 7 and 10;
The spleen, of
nu/nu

and nu
j,/+ mice were similar in weight but

spleens yielded fiwer nucleated cells (Table 4.1).

However,

when numbers of PFC are expressed as a proportion of the total
number of splenic lymphocytes, it is clear that the low counts of
direct and indirect PFC in nu/nu spleen, are not solely a reflection
of the reduction of the number of spleen cells, (Fig. 4.2).

Fig. 4.]..
Plaque-forming cells in the spleens of flu/flu and nu/+
male and female mice aged 53_105 days, at intervals
7
after intrperitonea1 injection of 4 x 10 SRBC.
, nu/nu direct PFC; 0 flu/flu indirect PFC;
U, nu/+ direct PFC: El, nu/+ indirect PFC.
Four to six mice per point. Mean ± SE
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Table 4.1

Spleen weight and cellularity in Mu nu and /+ male and female
mice aged 53-105 days
Pooled results from spleens taken 3, 5, 7, 10 and 13 days after
intraperitoneal injection of 4 x 10 SRBC

Genotype

No. of
Mice

Spleen Weights
(mgiu)

Total No. of nucleated
-6 )
spleen cells (xlO

/nu

29

145.2 (68.0)

151.3 (94.4)

27

126.4 (42.6)

207.7 (67.9)

* Standard deviation in parentheses.

Fig. 4.2.
10
viable nucleated spleen cells in
and !/+
PFC per
male and female mice aged 53-105 days, at intervals after
intraperitoneal injection of 4 x lO SRBC.
direct PFC; 0 , nu/nu indirect PFC:
, nu/+ direct PDC: LII , nu/+ indirect PFC.
,

flu/flu

Four to six mice per point. Mean ± SE.
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Concordant results were obtained from the assay of circulating
haemagglutinating antibody (Fig. 4.3).

Mercaptoethanol-sensitive

antibodies, presumed to be 198 'IM, were detected in all nu/nu mice,
although at a low level when compared with /+ serum. Eight of
the 28 nu/nu animals tested displayed detectable mercaptoethanolresistant, 7 8, 'IG, antibodies whereas these were found in all 17
mice on day 5 or later. The addition of developing rabbit antimouse IgG serum increased the ME-R antibody titres in nu/+ mice by
5-10 log

units. Developing serum had, in general, only a marginal

effect on the titres of pVAu aera, although in four of the mice
tested on days 10 and 13 the titres were raised by 4-7 log2 units.
These data indicate an impairment of antibody formation in UW
mice, substantial for 198 antibody and profound for 78, in response to
primary exposure to SRBC. Since the responses of RLA4 mice closely
resembled those of mice from other strains, the nude gene in single
dose does not appear to affect antibody formation adversely.
In a small experiment implantation of an allogeneic thymus graft
was found to restore the response of nu/nu mice to SRBC, (Fig. 4.4).
Titres of haemagglutinatlng antibody following I/P injection of 4 x 108
SRBC in two thymus-grafted nu/nu animals aged 92 and 364 days were
similar to those of age-matched i/+ controls, and markedly higher
than that of a non-grafted flu/flu control. Moreover, a substantial
amount of 78 aaftbody was formed in the thymus-grafted mice.
9
Simultaneous I/P injection of 2 x 10 B. Dertuasis organisms
and 4 x lO SRBC into nu/nu mice had an inhibitory effect on the
( M(l98) and YG(78) PFC response 5 days after immunisation (Table 4.2).
Slight enhancement was seen in the 'M response 8 days after antigen

Fig. 4.3.
Titres of haemagglutinating antibody in sera of nu/nu and nu/+ male
and female mice after intraperitoneal injection of 4 x 1O7 SRBC.
, nu/nu total; Q , nu/nu 2ME resistant;

U , nu/+ total;

nu/+ 2MLE resistant.
Three to six mice per point.
Before addition of developing antiglobulin serum.
After addition of developing antigloulin serum.
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Fig. 4.4.
Titres of total and 2ME resistant haemagglutinating antibody in the sera
of the two thymus-grafted nu/nu, one non-grafted nu/nu and two nu/+ mice
after intraperitoneal injection of 4 x 10 SRBC.
A , nu/nu 9, aged 92 days, grafted at 14 days of age with one lobe CBA
neonatal thymus.
i, nu/+ 9, aged 92 days.
, nu/nu c?, aged 364 days, grafted at 10 days of age with one lobe CM
neonatal thymus.
0

/+ cr aged 364 days.

9, aged 96 days.
,
Titres before and after addition of developing antiglobulin serum.
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Table 4.2
The effect of B. pertusais on the response 5 and 8 days
after intrapritoneal in ction of 4 x 10 SRBC in
and /+ mice

.Loop

v-.--

Day

Groups

Day 5

P

Day 8

•

nu/rzu
Direct
indirect

In

Direct

indirect

2.82j0.07
(656)

2.359.22
(223)

8.19±0.17
(186,548)

5.20.48
(157,168)

2.99j0.08
(971)

2.61j0.10
(408)

4.77±0.45
(58,393)

4.06.1.03
(11,391)

0.67

0.55

2.68

13.80

>0.1

>02

>0.4

>0.2

2.76±0.32
(562)

1.51+0.76
(31)

4.39+0.11
(24,630)

5.39+0.14
(245,875)

2.54±0.23
(342)

1.62+0.76
(32)

4.18+0.15
(15,183)

4.85+0.06
(71,223)

1.64

0.97

1.63

>0.5

>0.5

>0.2

345
0.05

1,o 10 Nwn ± 1 e.e.j. Antilog geometric asen in parenthesis. 3
wice per group.
* p+ and P = addition or non-addition of 2 x 10 B. artusgi# organisms.
probability of difference between p+ and P groups being due to
chance, calculated in 't '-tst using transformed data.

.p=
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administration, the

YG

being unaltered by pertuasis at this time.

None of these differences was significant.

In contrast, B. pertuslis

imposed a marked potentiating effect on the '(G response of /+ mice
on days S and 8, the difference between groups of adjuvant-treated
and untreated nu/+ animals being significant on day 8, (p <0.05).
Some enhancement of the ( M responses on days 5 and 8 was also noted.
II •

The Response to SI II

A. Materials and Methods
Mice. Groups of aumnu mice aged 46-71 days and nu/+ mice aged
46-96 days were injected with 0.1, 1.0 or 5.0&g of 8111 intravenously.
Control nu/nu and nu/+ animals were not injected. A group of CBATST6 mice aged 54-113 days received the same doses of antigen as an
external control.
MiUgen. Purified type III pneumococcal polysaccharide (Sill),
preparation B, was the gift of Dr. J.G. Howard, who has described
the properties of this preparation (Howard et al., 1971b). The
antigen was dissolved in phosphate-buffered saline (PBS), p1! 7.2,
and the required amount of antigen per mouse was injected intravenously in an 0.25 ml volume.
Sill sensitization of target 81?BC. A crude pneumococcal culture
filtrate was used to sensitize indicator SRBC for the modified plaque
assay to detect anti-Sill antibody-secreting spleen cells. This
method was derived from that described by Askonas, Farthing &
Humphrey (1960). Diplococcus pneumonia., organisms (provided by
Dr. J.G. Howard) were cultured for 12-16 hours at 27°C in O'Meara's
medium supplemented with 1% v/v mouse blood

(O'Meara

& Brown; 1936).
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The organisms were then subcultured for

hours in O'Meara 'a

medium at 37°C. After this time the cultures were killed by addition
of formaldehyde to a final concentration of 1.8% v/v. and left at 370C
for 4 days. The organisms were removed by centrifugation at 1,600g.
for 30 minutes. The supernatant (filtrate), containing the crude
polysaccharide, was then dialysed against PBS to remove formaldehyde
and stored in 2 or 3 ml aliquots at -600C until use.
SRBC were washed four times in physiological saline. Sensitization
was achieved by adding 0.9m1 of filtrate to 0.1 ml of packed SRBC and
making the volume to 10 ml with PBS. This volume was found in preliminary experiments to give optimal sensitization of the target cells
for the plaque assay. Control, unsensitized, SRBC were prepared by
substituting 0.9 ml of O'Meara's medium for filtrate in the above
procedure. Following 1 hour's incubation at 37°C the control and
sensitized SRBC were washed twice in PBS and once in magnesium saline
(1% M&604 71120 in 0.85% NaCl), and resuspended in magnesium saline to a
concentration of 10%.
Direct PFC assay. This assay method was essentially the same as that
in section I above with modifications after Howard et al. (1971 ).
Spleen cell suspensions were washed in cold medium 199 (8DB Chemicals
Ltd.) and sieved • The plating medium comprised equal volumes of
1.8% Agaroge in distilled water and 2X concentrated medium 199
containing IS bovine serum albumin (Armour, Fraction

V).

Aliquots

were held at 47°C in a water bath and 0.1 ml 10% S111-sensitized or
control SRBC and 0.1 ml spleen cell suspension were added. This
mixture was poured onto gem Sterilin disposable Petri plates and
allowed to set in an even layer. The conventional bottom layer of

agar was omitted as the single layer improved the clarity of the
plaques.
The plates were Incubated for 2 hours at 370C in an incubator with
a humid atmosphere of 98% air and 5% carbondioxide. Complement
(3m1 of 1% v/v guinea pig serum in medium 199) was then poured onto
each plate and incubation was continued for a further hour.
Duplicate plates were prepared for each spleen cell suspension
against both sensitized and non-sensitized, control, SRBC

In

calculating the number of anti-Sill antibody-secreting PFC, the
number of direct plaques against unsensitized SRBC was subtracted
from the number formed against sensitized SRBC to remove the effect
of the natural background level of PFC against SRBC.
B. Results
The numbers of PFC secreting antibody against 8111 in the
spleens of

mice 6 days after the administration of antigen

were not clearly distinguishable from the surprisingly high numbers
found in the spleens of uninjected control animals, (which ranged
from 45-7244) (Fig. 4.5). Similarly variable, and frequently high,
background levels were found in nu/+ control mice (49-3289). The
response to 5.0 j&g of Sill in '+ mice was, however, greater than
the background level • In contrast, the response of CBA-T6T6 mice
resembled that previously described (Howard, Christie and Courtenay,
1971) being greatest after administration of 1.0 and 5.0 ig of 8111
(2518-23,145 PFC/spleen) with a low level in the controls (0-55 PFC/
spleen).
It was clearly impossible to quantify the response of

&fnu mice

to 8111 against such a high background level of natural antibody.
Attempts were therefore made to modify the assay conditions to reduce

Fig. 4.5.
Direct PFC in the spleens of nu/nu (S)

nu/+ () and CBA-T6T6 (A)

mice, 6 days after intravenous injection of 0.1, 1.0 or 5.0 pg SIll or of saline.
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the background.

The crude filtrate used to sensitize the target erythrocytes
probably contained components other than Sill polysaccharide.
It was therefore conceivable that the antibody giving rise to the
high background was directed against antigenic determinants other
than Sill. This hypothesis could be tested, as addition of
purified Sill to the agar gel has been shown to inhibit anti-Sill
PFC specifically (Howard, Christie & Courtenay, 1971). if the
hypothesis were correct, addition of SIX! to the plates should not
have inhibited the background PFC, and the number of true anti-SIll
PFC in spleen cell suspensions from immunised mice could have been
enumerated by a subtraction method • However, the background plaqueforming cells in the spleens of non-immuniaed nu/nu and .!/+ mice
were to a large extent inhibited by the addition of 4.0g of SI!!
(Table 43), indicating that these cells secrete antibody which reacts
with Sill itself.
The extent of sensitization of the target SRBC was also varied.
To 0.1 ml of packed erythrocytes 0.3, 0.9, 2.0 or 4.0 ml of filtrate
was added and the volume made up to 10 ml with PBS. Spleen cells
from non-immunised &u4nu and

+ were assayed against each group of

target cells and the background PFC enumerated (Table 4.3). It was
impossible to score the PFC where the erythrocytes had been sensitized
with only 0.3 ml of filtrate since the plaques were extremely email
and indistinct. Further, as increasing the levels of target cell
sensitization revealed increasing numbers of background PFC this
modification failed to circumvent the problem.
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Table 4.3
Background anti-Sill PFC in the spleen of uninjected p/jj and

M4

mice aged 31-51 days

Genotype Sill incorporated
in gel (pg)
flu/flu

zero

Anti-Sill PFCa per spleen at filtrate
concentration*
0.3
0.9
2.0
4.0
542 it'

NDt

1253

1386

(2.73±0.48) (3.10+0.47) (3.14+0.47)

nu/+

zero

ND

2124

3070

3316

(3.33±0.14) (3.49+0.12) (3.52±0.13)

.=/nu

4.0

ND

38

85

507

(1.58+0.58) (1.93+0.80) (2.700.43)

4.0

ND

57

553

1335

(1.75+0.21) (2.74+0.14) (3.13±0.20)

* volume (ml) of filtrate added to 0.lm1 packed SRBC
** standard sensitizing concentration.

'F Not scored : plaques indistinct.
f Geometric mean (4 mice per group) log10 mean ± cc in parentheses.
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Discussion
I•

Thyuuaa-dependent Antibody Production

(i) The Response to SRBC
The results Clearly indicate thatnu/nu mice are compromised
in their ability to produce specific antibodies against SRBC. Similar
findings

have been reported by others [Kindred, 1971; Pantelouris,

1971; Worth, 1971; Crowther & Warner, 1972; Pantelouris & Flisch,
1972&,b; Reed Si Jutila, 1972; Croy & Ooba, 1973; B].ankwater &
Lina, 19741. 198 antibody synthesis, though below normal, in less
severely impaired than is 78 antibody formation [see also Wortis,
1971; Pantelouris & Fliach, 1972b; Reed & Jutila, 1972].
The profound depression of 78 antibody formation in j/pj,
but not in j/+ mice is concordant with the view that T-cell
deprivation particularly affects 78 antibody synthesis (Miller et al. f
1967; Taylor & Wortia, 1068; Mitchell et al., 1971; Dresser, 19721.
Further support derives from the finding that in thymus-grafted
nu/nu mice the titre of mercaptoethanol-resistant (1G) antibody
was near normal • However, the requirement for T-cells is apparently
not absolute. In hail of the non-grafted nu/nu mice small numbers
of indirect PFC were detected and mercaptoethanol-resistant antibodies, susceptible to development, were found in the serum of primed
nu/nu mice. It would appear that T-cells potentiate, but are not
obligatory, for the synthesis of 78 antibody. This conclusion is
dependent upon the assumption that au/flu mice are entirely deficient
in T-cells (see Chapter 2, and the concluding paragraph of this
Section

The finding that B. pertuasis organisms did not enhance antibody
production when administered together with SRBC ina,/j
aMnu mice supports
the notion that the adjuvant effect of pertussis require, the participation of T-cells [Allison & Davies, 1971]. Similarly Aekonas eta.,
[1971] reported that pertuseia did not enhance the response of y'
mice to Mala squinado haemocyanin. In contrast Finger, Hof and Elekes
[1973] demonstrated an accelerated and enhanced 198 haemolysin response,
and slightly enhanced 78 antibody response, in pWau mice injected with
4 x

10

SRBC together with B. pertussia organisms. This may have been

due to a direct action of the adjuvant on B-cells. Indeed Dresser
(1972) concluded from studies in T-cell deprived mice that pertusais
organisms exerted their adjuvant affect both by a direct effect on
B-cells, (more pronounced at high antigen concentrations), and
indirectly through an effect on helper T-cells, (more pronounced at
low antigen concentration.).
The introduction of an allogeneic T-cell population, in the form
of a thymus graft, endowed recipient uu/nu mice with the capacity to
synthesize near-normal levels of N M and ( G anti-SRBC antibody. The
results obtained in the present small experiment have been confirmed,
[for example by Pante]ouriw, 1972] and extended to include T4 phage
antigen [Kindred & Loor, 1974a,b].
Suspensions of cells from the thymus, spleen, lymph node and
peritoneal exudate introduced in vivo into

mu mice partially

restored the response to 8RBC [Kindred, 1971b, 1972, Kindred &
Weiler, 1972; Kindred & Shreffler, 1972]. Although thymocytea
from genetically dissimilar donors were effective in the short term,
(where the response to antigen was assayed within one week of

In
"reconstitution"), long term restoration of immune competence was
induced only where th3rmocytes were derived from donors histocompatible with the recipient [Kindred & Shreffler, 1972]. This
suggests that, in vivo, the cooperative events between T and B
cells during antibody production require compatibility at the 11-2
and/or closely linked loci (for example the Ir locus). Incompatible T-cells may achieve their effect by release of soluble mediators
which non-specifically potentiate the response of host B-cells against
SRBC [Scliimpl & Weoker, 1972]. Alternatively thymic humoral factors
present in the suspensions may convert nu/nu cells into short-lived
T-cells which could facilitate antibody formation (each ot al., 1971;
Bach & Dardenne, 1973a; Komuro & Boyse, 1973a,b; Scheid et al., 19731.
Thymus grafts from both histocc.npatible

and

non-histocompatible neonatal

donors have been shown to be effective in partially restoring longterm immune responsiveness in nu/nu mice [Fig. 4.4; Pantelouris, 1972;
Kindred & Loor, 1974a,b]. Precursors of T-cells from the

host

differentiate within the thymus graft (see Chapter 6) and it is possible
that these cells, rather than the non-compatible graft-derived cells,
are responsible for the enhanced antibody synthesis.
Cultures of spleen cells from unprimed nu/nu mouse donors have
been shown to be deficient in their capacity to produce 198 antibody
after in vitro stimulation with SRBC [Adams, 1972; Aden, Reed &
Jutila, 1972; Boeing-Schneider & Kindred, 1972; Feldmann et al.,
1972; Feldmann & Banton, 1972b; Gisler & Dukor, 1972; Cone &
Marchalonis, 1972; Sjoberg, Anderseon & 14011cr, 1972; Croy & Ogoba,
1973; Lefkovits, 1973; Quintàna & Lefkovits, 1973]. Since the
deficiency in the WC response of nu/nu spleen cells was apparent in

W.

cultures from donors aged 7-60 weeks, it was not due to immaturity
of the cells [Croy & Osoba, 1973].
In vitro antibody synthesis by /nu spleen cells was restored
to near-normal levels by supplementing the cultures with allogeneic
lymphocyte suspensions. Normal hymocytea [Aden, Reed & Jut ila,
1972; Feldmann ot al., 1972; Feldmann & Basten, 1972b; BosingSchneider & Kindred, 1972; Cone & Marchalonia, 1972; Croy & Osoba,
1973], cortisone-resistant thymocytee [Gisler & Dukor, 1972; Feldmann
& Basten, 1972b], SRBC-or KLH- activated T-cells [Feldmann & Basten,
1972b; Feldmann at ml., 1972; Gisler et al., 1973; Watson et ml.,
1973], peripheral T-calls fractionated from spleen cell suspensions
[Adams, 1972] and spleen cells [Aden, Reed & Jutila, 1972; Croy &
Osoba, 1973; Lefkovits, 1973; Quintana & Lefkovits, 1973; Feldmann
& Basten, 1972b] were effective in the restoration of responsiveness.
Syngenic spleen cells were also successful in complementing nu/nu
spleen cell cultures [Lefkovits & Quintins, 1974], but a larger number
6
of cells (2 x 10 as opposed to 2 x 104) was required to complement
2 x

10

flu/flu cells in culture. Since the restorative activity of

the spleen cell supplements was abrogated by prior treatment with
anti-theta serum and complement, the essential donor cell components
were thought to be T-oella [Croy & Osoba, 1973; Lefkovits, 19731.
The requirement for a T-cell supplement in order to obtain an
antibody response can be bypassed by the addition of a B-cell mitogn
such as bacterial lipopolysacoharide to cultures of nu/nuspleen cells
[Sjoberg, Anc[erssoji & Moller, 1972; Watson et al., 1973].

In

addition, soluble factors present in the supernatants of cultures of
mixed allogeneic spleen cells (Schimpl & Wecker, 1972) or of activated
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thymocytes [Gisler et ml., 1973; Feldmann & Banton, 1972a ,b] enhanced
vitro immune responses in

flu/flu

spleen cell cultures.

The effective restoration of both the In vivo and in vitro response
of Ru
.mLu mice against SRBC by thymocytes alone suggests that the devlopinent of B-cells and macrophage-like components of the immune
system are not affected by the nude mutation. Quantitative In vitro
assays limiting one type of cell while supplying an excess of the
other two types substantiate this notion [Croy

Is

Osoba, 1973].

The frequency of precursor cells responsive to
spleen of

flu/flu

SRBC

in the

mice has been estimated in a limiting dilution micro-

culture assay [QuintIns & Lefkovits, 1973]. A series of dilutions of
nu/nu spleen cells were cultured in vitro with a constant number of
allogeneic spleen cells and macrophages.

The

estimated precursor

cell frequency (1 in 50,000 cells) calculated from the fraction of
non-responding cultures was higher in 1u/nu than in normal mice,
(Letkovits, 19721.

This

finding, and reports of normal numbers of

anti-SRBC rosette forming cells in the spleen of uninmwnised
mice [Reed & Jutila, 1972; Bach & Dardenne, 1972c], also indicate
that the poor response ofnu

to SRBC is not due to a deficiency

of antigen-sensitive B-cells. Nu'p spleen cell suspensions also
contain normal numbers of (antigen-sensitive) cells binding other
antigens, for example, DNP-BSA and haenzocyanin [Dwyer et al., 1971].
The interpretation of results obtained in nu/nu mice in terms
Of the requirements for T-oells in antibody formation is complicated
by the recent reports of theta-bearing cells in nude mice (see
Chapters 2 and 7). The origin and functional capacity of these cells
is not known, but it is clearly not possible to conclude definitively,
for example, that the low level of 78 anitbody synthesis which does

occur in flu/flu mice is entirely independent of T-cell influence, or
that the f M antibody synthesized in Vivo and in vitro is a measure of
truly thymus-independent I M antibody production in a 'thymus-dependent'
immune response. Watson ot al. (197 have Claimed that while no
primary '1 M response to 8RBC can be detected in cultures from the spleen
of flu/flu mice derived from p,/+ x nu/ matings, antibody production
was detectable in cultures from the spleen of p%/Ru mice derived from
x p,'+ matings (unpublished data cited by Watson et *1., 19731.
These authors considered that the latter animals bore some T-cells,
derived from their pro-natal environment, which could participate in
the antibody response. This view is not supported by the data of
Croy and Osoba (1973] who have detected significant anti-SRBC antibody
production in cultures of spleen cells from the RS/&u offspring of

x MVM matings.
(ii) Responses to other thymus-dependent antigens
Nu/nu mice responded poorly to a number of other antigens which
have been described as 'thymus-dependent' (Miller & Osoba, 1967].
In vivo and in vitro antibody production against horse and donkey
red blood cells and in vivo responses against phage fd and T4 were
markedly impaired [Kindred, 1971; Crowther & Warner, 1972; Kölsoh,
Davies & Leuchsrs, 1972; Reed, Manning & Rudbach, 1973; Feldmann &
Basten, 1972b; Gisler et al., 1973]. No antibody was detected
In vivo in response to protein antigens human guimnglobu1in and
haemocyanin [Crowther & Warner, 1972; Askonas et al., 19721 or
against the hapten dinitrophenyl coupled to the protein carriers human
and fowl gammaglobulrn and keyhole limpet hsemocyanin in in vivo and
in vitro assays (Crowther & Warner, 1972; Feldmann & Basten, 1972a,b;

Gisler et al., 19731. Antibody production was partially restored by
the introduction of a source of T-cells in the form of a thymus graft
or cell suspension in vivo (Kindred & Shreffler, 1972; Kindred &
Loor, 1974ab) or a suspension of activated thymus cells in vitro
(Feldmann & Banton, 1972b; Gisler et a].., 19731.
II • Thymus- Independent Antibody Production
It was disappointing that a high level of background PFC in
our p/y and /+ mice made it impossible to measure antibody
production to 8111 in these animals. The background was also detected
at the level of serum haemagglutinating antibody (results not
presented).
Since the antibody response against polyvinylpyrrolidone (PVP)
in mice is also said to be thymua4iependent [Kerbel & Bidinger, 1971;
1972] a preliminary study of the response to this antigen in nu/nu
mice was undertaken. Groups of mice were injected intraperitoneally
with 0.1, 1.0 and 10.0 jig of PVP or with saline. Dr. H.N. C1m.v
kindly carried out estimations of antibody production using an antigenbinding test in which dilutions of test serum were incubated with
labelled PVP, and the antigen-antibody complexes formed were
precip..tated with rabbit anti-mouse immunoglobulin ant iserum • Both
mVnu and nu/+ mime were low responders to this Uigen, but there was

difference between the two gentoypes in the magnitude of their
responses.
Manning, Reed and .Jutila [1972] found that nWM mice responded

fully as well as their normal littermates to an intraperitonsal
injection of 0.5pg of 8111. In this experiment no appreciable

ho
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background was found in non-immunized animals • Normal levels of
antibody were also detected in M/au mice responding to purified
E. coil. lipopolysaccharide (LPS) and heat-killed E. coli organisms
(Reed, Manning & Rudbach, 1973; Manning, Reed & Jutila, 19721 and
M.S/&u spleen calls were shown to respond normally to heat-killed
E. coli organisms in vitro (Aden & Reed, 1972]. Thus the thymuljndependente of antibody production against these antigens, previously
established in experimentally T-cell deprived mice [Howard et al.,
1971a; Anderson & Blomgren, 1971; Veit & Michael, 1972] has been
confirmed in congenitally athymic mice.
Antibody production innujtnuand normal littenuate mice to a
third po]ysaccbaride polymer, the Vi antigen of çitrobacter freundil
was similar at low levels of antigen d4s (0.001-10pg); 10 and 1001&g
of the antigen elicited higher titres of haemolytic antibody in nu/nu
than in normal mice [Reed, Manning & Baker, 1974].
The profound depletion of T-cell in nu/nu mice has, however,
revealed that two antigens previously held to elicit thymusindependent antibody production, Brucella gbortue and polymerised
flagellin of Salmonella adelaide (POL), [Thorbecke, Takahashi &
McArthur, 1971; Armstrong, Diener & Shellam, 1969; Diener, O'Callaghan
& Kraft, 1971] in fact require small numbers of T-cells for a normal
response.
Antibody production in au/flu mice in response to killed . abortus
has been studied by two groups of workers, with slightly different
outcomes, Crowther and Warner [1972] found normal levels of 'f U
antibodies, but a depression of YG antibody production. Jacobson
and Thorbecke [1974] found low titres of ( U antibody in a primary

i:t.

response, but this titre was markedly enhanced by the introduction of
histocempatible thymus cells. After challenge some (G antibody was
synthesised while a good '(G response was seen only in T-cell recipients.
No antibody was detected in nu/nu mice three and four weeks after
immunisation with POL, though high titres were present in control
animals. Similarly, no in vivo primary response of &u/nu mice against
the hapten dinitrophenyl (DNP) coupled to POL was detectable two and
three weeks after immunisation (Crowther & Warner, 1872]. Nu/nu spleen
cells do, however, exhibit a normal anti-DNP response when cultured
In vitro in the presence of T)t4P-POL [F.ldmaan at al., 1972].
Thus the full expression of a primary response against POL, DNPPOL and B. abortus apparently requires the participation of T-cells,
though the early '(M phase of the response is relatively thymusindependent. This finding was anticipiated since these antigens
lao stimulated extensive proliferation of T-cells (Kruger & Gershon,
1072). Howard .t al. [1971a] noted in studies of antibody production
and spontaneous loss of tolerance towards SI I I in thymectomized and
normal mice that immunity was less-well maintained in the absence of
T-cells. It may be that thymus- derived cells were ultimately required
to maintain antibody-production to all antigens, and it would be
interesting to study more fully the kinetics of antibody production
against thymus-independent antigens in Ru/nu mice.
Even if T-cells do not exert "helper" function in thymusindependent responses, antibody production may, nevertheless, be
regulated by thymus-derived cells exerting a suppressive influence (see
Chapter 1).

I 2.

In

D

nu mice the

ja vivo

response against 8111 (measured as direct

(M PFC) was fractionally, but significantly, greater than that of intact
thymus-bearing lit termate.; possibly due to the absence of suppressor
T-cells (Baker •t *1., 1973)

Administration of ALS greatly enhanced

the response of /+ mice against Bill, but the magnitude of the
response in

flu/flu

anials was

WLchaflged.

Baker proposed the existence

of two functionally distinct thymus-derived cell population., one
suppressing and one enhancing the antibody

response against 8111,

amd

both absent in nu/nu mice.
T-cell depletion in mio* Is not, however, invariably accompanied
by enhanced antibody production against 8111 [Howard St al., 1971*;
Gbsffer & James, 1973; Manning, Reed & Jutila, 1972]. Moreover,
no enhancement was observed in response against LPS in BW/au or
AIS-treated mice (Reed, Manning & Rudbaoh, 1973; Veit & Michael,
1972; Barth, Singla & Ahlers, 19731. These conflicting results
Indicate the need for further nvestigatiozi of the possible inhibitory
or regulatory influence of T-cells in 'thymus-indepenclent' responses.
The nudi mouse should provide a useful model system in such studies.
A small number of theta-bearing calls have been detected in the
spleen of nude mice (see Chapter 2) • Thus, it Is conceivable that
the 'thymus-inuependent' antibody production observed in p/nu mice
is in fact indicative of responses which require the participation
of only very small numbers of T-cells, rather than of truly thymusindependent antibody synthesis.
Antigens

which

induce thymus-independent antibody synthesis

comprise repeated identical antigenic determinants. This property
of repetition rather than the nature of the determinant itself is

important in determining the requirement for T-cells [Feldmann &
Banton, 1971; del Guercio & Leuchars, 1972].

Indeed, anti-DIP

antibody was induced in cultures of flu/flu spleen cells immunised with
DNP coupled to polymeric antigens, for example POL mnd aminoethyldextran [Feldmann et al., 1972; Gisler et ml., 1973] but not to DNP
coupled to non-polymers, haemocyanin and fowl gammaglobulin
[Feldmann & Hasten, 1972a,b; Gisler et al., 19731.

In contrast,

nu/nu mice failed to respond to streptococcal group A polysaccharide,
(which comprises repeated N-acetylg:cosamine determinants, presented
In vivo [Braum, Kindred & Jacobson, 1972]. Since thymus-cell
reconstituted pu'nu mice did respond, the repetitive occurrence of
antigenic determinants may not be the sole condition for thymusindependence.
Recent experiments have indicated that two 'thymus-independent'
antigens POL and LI'S have properties which non-specifically facilitate
triggering of B-cells by antigen [Schrader, 1973; Watson, Trenkner &
Cohn, 1973). Thymus-independence of antibody production might then
result from this property. Schrader demonstrated in vitro,antibody
formation in nu/nu spleen cell cultures in response to deaggregated
fowl gaaninaglobulin, when the culture was supplemented with POL.
Similarly, LI'S was found to permit responses in flu/flu spleen cell cultures
to TN? coupled to amino-acid derivatives, for example TNP-leucyltyrosine [Watson, Trenkner & Cohn, 1973]. Facilitation was not a
property of other thymue-independent antigens. PVP, pneuinococcal
polysaccharide and dextran failed to permit antibody production at the
two concentrations tested. However, further investigation of this
possible mechanism of thymus-independence, especially in nude mice,
may prove rewarding.
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CHAPTER 5
JANTITATIVE STUDIES OF 8UJM DAMUNOGLUBULIN8 IN NUDE MICE
The immune responses of

iu mice show to an extreme degree

the abnormalities known to be associated with neonatal thymectomy
in rodents. Thus cell-mediated responses and antibody formation
against a number of antigens are profoundly impaired (reviewed
in Chapters 3 & 4). The antibody response to thymus-independent
antigens, including E.coli lipopolysaccharide (LPS) and pneumococcal
polysaccharide (0111), is, however, reported to be normal (see
Chapter 4).
Studies of neonatally thymectomized rodents have not revealed
any consistent or substantial abnormality in serum immunoglobulin
levels (Arnason, de Vaux St Cyr & Shaffner, 1964; Humphrey, Parrott &
East, 1964; Fahey, Barth & Law, 1965], although low levels of IG2a
and 'f Gi were often observed in wasting mice (Humphrey ot al., 1964;

Fahey ot aL, 19651 and Arnason et al. (1964] described reduced
levels of a protein probably corresponding to'(Gl. More recently,
Bloemmen & Eyssen [1973] have also reported low levels of \( Gi in
neonatally thymectomized mice. Concentrations of 'IA and YM were
usually normal, although occasionally elevated levels have been
described [Humphrey et

Al.,

1964; Fahey et al., 1965; Bloemman &

Eyssen, 19731. Thymus-deficient pituitary dwarf mice have been shown
to possess serum "( G-globulin levels similar to those of normal animals
(Wilkinson et al., 1970].

Bazin & Duplan [1966] on the other hand,

found raised serum immunoglobulin concentrations in some long-lived
thymectomized radiation chimaeras • In addition, Benveniat.,
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Lespthats & Salomon [1969] found that neonatally thymectomized axenic
mice had higher concentrations of (Gl and \[G2a than did axenic controls,
although they were lower than in conventionally-reared animals.
Neonatally thymectomized and thymectomized-irradiated mice are likely
to possess a number of residual thymus-processed cells (Raff & Wortis,
1970; Ruff & Owen, 1971; Doenhoff eta]., 1970] and it is not known
to what extent this residual population may influence immunoglobulin
levels.
The present chapter describes quantitative studies on the serum
concentrations of four major classes of imaunoglobulin in nude mice,
and the influence of thymus grafts and thymocyte suspensions on these
concentrations.
Materials and Methods
Mice. Nu/nu male and female mice aged 26-121 days were compared with
nu/+ male and female animals aged 26-143 days. Some &U/nu mice were
grafted with whole thymus or injected with thymus cell suspensions from
CBA donors.
Thymua grafting. One or two lobes from a neonatal CBA-T6T6 thymus
were grafted subcutaneously into the ax.illary region ofvu/nu mice
aged 10-26 days. Nu/nu controls were sham-grafted. Serum samples
were collected S or 6 weeks later.
Thymus cells • 2 x 10 thymocytes from CBA-T6T6 donors aged 3-4 weeks
were injected intraperitoneally in 0.3 ml of Hank's solution to nu/nu
mice aged 26-32 days. Nu/nu controls received 0.3 ml Hank's only.
Serum samples were taken 6 weeks later.
CHA-T6T6 thymus cells from 5-week old donors were suspended in

TC medium 199 (BDH Ltd.) and killed by a regime of freezing in a
solid CO2-ethanol bath and thawing in warm water (60) three times.
The supernatant obtained from 2 x

10

cells was injected intraperi-

toneally to pu/nu mice aged 44-68 days. Control

mice

received 2 x 10 living CBA-T6T6 thymus cells. Serum was collected
before Injection (day 0) and 2 and 6 weeks thereafter.
Thymocytes from CBA-T6T6 mice which have the Igli allotype
on the '( G2a heavy chain and from the congenic cBA_Igib line, which
1g1b
has the
allotype, were used to determine the origin of serum
globulin formed after injection of thymus cells. 2 x

10

thymus

cells from 5 week old female donors were injected intrapsritoneally
in W medium 109 to /nu recipients aged 44-80 days. Serum was
obtained before injection (day 0) and 2 and 6 weeks later • A few
animals were also bled on days 22, 110 and 167.
Preparation of specific antisera. The antisera used in these experiments were prepared in this Department by Mrs. Jo lUddaway. The
mouse inununoglobulins '1 M, Yoi,

GU and '('A were purified from the serum

or, (for (A), the urine of mice bearing the wyelcmas MOP 1047, RPC 23,
5563, and MOPC 47a respectively. These tumours were Obtained from the
National Institute for Medical Research, Mill Hill, by courtesy of
Dr. B.A. Askonas and Dr. D.W. Dresser and maintained by serial
passage. '(M was purified on the basis of its euglobulin characteristics on Sephadex 6-25 (Pharmacia) [Bazin, Savin & Micklem, 1068],
followed by gel filtration on Sephadex G-200. Y 61 and 'GU were
purified by ion exchange chromatography on DEAN cellulose (DE52:
Whitman) using a linear gradient of 0.01M - 0.30 U phosphate buffer
at pH 8, followed by three precipitatioma with 45% saturated

ammonium sulphate. Urine from miee carrying MOIV 47a contains
half-molecules of '' A, traces of albumin being the only detectable
protein contaminant • The urine was dialysed against phosphatebuffered saline (pH 7.4) and concentrated by pressure ultrafiltration through a Pellicon PSED membrane (Millipore). Rabbits
were immunized with 500tg-5mg of purified protein emulsified in
Freund's complete adjuvant (Ditco) plus 1010 Bordetella pertussis
organisms (Wellcome), administered subcutaneously at several sites on
their sides. They were bled 5 weeks later. Antibodies against
L-chain determinants were removed from the antisera by passage
through

a column of Sepharose 4B (Pharmacia) to which was coupled

one or more of the myeloma proteins not used for immunization
(Porath, Axon L Ernbaok, 1987), or by repeated precipitation with
purified myeloma protein. The specificity of each antiserum was
checked by iinmunoel.ctrophoresis and double diffusion.
Antisera were also raised against the allotypes of mouse (G2a
globulin heavy chains which are determined by the Igi locus and
jg1b, These antisera were prepared by Norman
designated Igltmand
(1g1a)
(1g1b) mice were immunized against
and C5751
Anderson. CBA
B. pertuasis organisms. The antibodies obtained from the CM (Igl)
animals were combined with B. pertussis organisms forming an immune
complex which was then used to immunise C57B1

(jg1b) animals. Serum

from the C57B1 recipients contained anti-allotype 1g15 antibodies.
Balb/C recipients of B. pertuseis organisms coated with C57B1 Iglt'
anti-p.rtuasis antibody produced ant i-allotype
These sera were used without absorption.

1g1b antibodies.

Determination of the Allotype of Serum Imniunoglobulin. The allotype
of 'I'G2a in the serum of untreated and thymocyte-reconstituted Au
mice was determined by

double

diffusion precipitation in agar gel.

Special agar-noble (1.2% in veronal-IIC1 p11 8.2: Difoo) was poured onto
glass slides in a mould and allowed to set. Circular wells 3.0mm
in diameter were punched out of the gel in a pattern having one
central and a number (2-6) of peripheral wells. Mouse anti-allotype
11aor jg1b antiserum was placed in the central well and test sore
and sera of known allotype were placed in the peripheral wells • The
plates were incubated overnight at 40C and 3 hours at 20°C, washed
three times in veronal-saline (1.5% NaCl with 4% v/v veronnl buffer),
dried and stained with 0.1% Ponceau Red in 0.1 M acetate buffer
(pH 5.0).
Quantification of Inizaunoglobulins. The single radial immunodiffusion
assay described by Mancini, Carbonara & Herenians [1965] was used to
quantify '(Gi,'( GU, '( A, and'( M globulins in serum obtained from
untreated nu/nu and nu/+ and from flu/flu mice grafted with CM thymus
or injected with CRA thymus cells • I am indebted to Mrs • Jo Riddaway
for her assistance in preparing and scoring the plates.
Preparation of antiserum-agar plates. Three per cent special agarNoble in veronal-11 buffer (pH 8.6: ionic strength 0.1) was prepared
and stored at 40C. A mould was made from two scrupulously cleaned
photographic plates with a brass support, held in place by large
spring clips, separating the plates. One plate was siliconised to
ease its subsequent removal. 3.5 ml of 3% agar

aA 60°C was mixed

with 3.0 ml of a suitable dilution of antiserum in veronal-HC1 and 0.5 ml
of bovine serum (Flow) at 55°C and poured into the mould • The

antiserum-agar mixture sat in 15 minutes and the ailiconised plate
was then removed • Thus a layer of agar-antiserum measuring
8.5 x 6.2 x 0.1 cm was formed. Circular wells 2 mm in diameter
were punched out of the gel and 2.5 pl of antigen, either test
serum or reference serum or dilutions of these, was placed in each
well. The plate was held on a horizontal surface until the serum was
absorbed. The plates were then maintained for 14 days at 370C under
a layer of paraffin oil in which had been dissolved a few crystals of
thyniol to prevent the growth of anaerobic microorganisms. After
incubation the oil was removed with petroleum ether, the plates were
washed five times in veronal-saline, washed onee in distilled water,
dried and stained consecutively with 0.1% Ponceau Red and 0.1%
Nigrosin in 0.1 M acetate buffer (pH 5.0).
Calculation of Serum InuliunoglobuUn Concentrations • The diameters
of the ring-shaped precipitates formed around the antigen wells were
measured with a precision viewer (Hyland), and the areas within the
rings calculated.
The area within the ring is directly proportional to the quantity
of the immunoglobulin class in the sample under test. For the
purpose of comparIson, the arnount of each immunoglobulin class present
in an undiluted reference serum (a pool of serum obtained from 3-6
month old normal outbred mice) was taken to be 100% and the levels
of iimnunoglobulins in the test sera were expressed as a percentage
of this reference.
To facilitate the compaison, four dilutions of the reference
serum were assayed on every plate. The linear relationship between
the area of the precipitate (Y) aiv the reference serum dilution (X)
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provided a calibration scale where Y = a + M. The constants a,
the intercept on the Y axis, and b, the slope of the line, were
obtained from the regression of Y upon X. The relative amount of
the immunoglobulin class in the test serum was then obtained from
the formula:

'

V - Ix 100
b

where; X' is the percentage of the reference level
Y' is the area of the toot-serum precipitate
a and b are constants determined from the regression of
Y upon X for dilutions of the reference serum.
Precipitates could not be accurately measured when large and poorly
stained nor when the ring did not extend sufficiently beyond the rim
of the well. It was therefore necessary to find a concentration of
antibody for each immunoglobulin class which gave a measurable precipitate for a range of dilutions of the reference serum. The
antisera dilutions varied from 1:7 to 1:28 depending on their potency.
When an appropriate dilution of antiserum was found, this was kept
constant for all experiments and teat samples containing large amounts
of any immunoglobulin class were themselves diluted to obtain suitable
areas of precipitate. The density of the precipitate, and thus the
sensitivity of the assay, was also increased by the addition of bovine
serum to the antibody-agar mixture.
Where the test samples were themselves diluted, the concentration
of the particular immunoglobulin class, as a percentage of the
reference serum, was given by;

= i:

b a * 100 x N

where; N = the reciprocal of the test serum dilution.
The lower limits of the sensitivity of the assay were estimated
by noting the smallest area which could be scored accurately. The
limits, expressed as a percentage of the reference value, were;
1% for '(Gi; 3% for ( G2a; 5% for '(A and 9% for'( M.
A gift of serum containing 1.1 mg/ml '(Gl; 6.2 mg/ml '( G2a;
0.33 mg/ml '(A and 4.0 mg/ml '(M was recently received from
Dr. H. Bazin. This has permitted the absolute quantity of each
immunoglobulin class in the reference serum to be determined and, thus
the results obtained for all teat sera to be expressed as mg inmLunoglobulin per ml of serum. Single radial diffusion plates were not
up using the Bazin serum as test samples. The amounts of each
immunogiobulin dais in the Bazin serum, expressed as a percentage of
the reference serum, were 37.5% for'(Gl; 72.7% for'(G2a; 63.4% for
'(A and 161.1% for '(M. The reference serum therefore contained
2.93 mg/ml "( Gi; 8.53 mg/rnl'(G2a; 0.53 mg/al '(A and 2.48 mg/mi'( M.
The lower limit of the assay corresponds to 0.073 pgGl;

064 pg

'(o2a; 0.065 pg ( A and 0.558 pg '(H, and thus to serum concentrations
of 0.029 mg/al for '( Gi;

Q256 mg/ml for '{G2a; 0.026 mg/ml for

'(A and 0.223 mg/ml for'( H.
Results
Imaunoglobulin Concentrations in Untreated Mice
The concentrations of the four immunoglobulin classes studied
in the acre of f if tesu untreated male and female nu/nu mice aged

138-

52-64 days, and in fifteen /+ controls of similar age are shown
in Table 5.1. The levels of '( A, (G2a and {G1 were significantly
lower in nu/nu animals (p <0.001), while +'( M was present in normal
amounts. The most marked reduction was observed in the level of
where qWau mice had only 3.5% of the normal quantity.
In neonatally thymectomized mice Humphrey !. a].. (1964) noted
a delay in production of iimuunoglobulins following the hypogeimnaglobulinmemia seen in all young mice. One explanation of the above
results could therefore have been that the delay In immunoglobulin
production was more prolonged in nu/nu mice. Accordingly, sera
from 41

flu/flu

animals of various ages and 34 age-matched controls

were examined. The results are

shown

in Figs. 5.1 - 5.4. Ten of

the nu/nu mice showed elevated M levels, otherwise the quantities
of f

were similar to those of control mice (Fig. 5.1). The

concentration of '(A in nu/nu mice was, however, below that of normal
mice of similar age (Fig. 5.2). '(A was undetectable in more than
half the nu/nu mice up to 2 months of age (indicating that the serum
concentration was less than 0.03 mg/ml) but tended to increase slightly
with age. A substantial increase in the level of '(A with age was
found in control animals. Since no change occurred when

flu/flu

were

isolated from their normal littermates for a six day period, the
increase in '(A cannot be attributed to coprophagy followed by
absorption of '(A through the gut (Table 5.2).
_
I G2a was detected in allnu/pu
mice although the concentration
was, in general, lower than that in age-matched controls (Fig. 5.3).
An age-related rise in'(G2a was observed in /+, but not in
mice. At the earliest ages tested the amount of '('Gl was normal

Table 5.1
Serum inununoglobui.in concentrations it" fifteen pW&u and
fifteen nu/+ male and female mice aged 52-64 days

Mean percentage of reference serum value*
'(02a
G1

Genotype

nu/nu

7.5

19.1

2.5

17.0

(0.04)

(1.63)

(0.07)

(2.65)

50.7
(0.31)

itrt
d.f.
P

5.28
28
<0.001

88.8
(7.57)

7.17
28
<0.001

71.2
(2.09)

13.87
28
<0.001

90.2
(2.24)

0.88
25
>0.2

Immunogiobulin concentration expressed as mg/ml in parentheses.

t

Statistical comparison, student's 't'-test, 10910 transformed data,

Fig. 5. 1.
Relationship of seruxnY TI concentration to age in nu/nu and nu/+
mice Q, nu/nu male;
A , nu/+ female.
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Fig. 5.2
Relationship of serum'( A concentration to age in flu/ nu and nu/+
mice 0,

male;

L flu/flu female;

•

U/+ male; Anu/+ female.
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Table 5.3
Serum imaunoglobulin concentrations in 2 &u/nu male and 2 p/pj
female mice, aged 52-60 days, before and six days after
isolation from normal littermates

Animal No.

Sex

1

ci

2

3

4

ci

9

9

n.t. = not tested

Immunoglobulin concentration (mg/ml)
'(A
'(G1
'(G2a
YM
Before

0.07

2.99

0.15

2.08

After

0.10

3.48

0.13

2.09

Before

0.12

3.95

0.12

4.73

After

0.19

5.49

0.13

7.90

Before

0.07

0.66

<0.03

1.73

After

0.08

nt

<0.03

2.13

Before

0.09

1.31

0.05

2.18

After

0.13

6.07

0.04

1.94

Fig. 5.3.
Relationship of serum \'G2a concentration to age in nu/nu and nu/+ mice
Q, nu/nu male;

, nu/nu female; • , nu/+ male; A , nu/+ female.
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(0.5-1.4 mg/ml), but, while the level rose in control mice during the
second month of life, it declined in nWnu animals, (Fig. 5.4). In
nine of the fourteen flu/flu aged more than 60 days no (ui could be

detected, indicating that the concentration was below 0.03 mg/mi.
No differences between the immunoglobulin concentrations of male
and female mice were observed for either genotype.
The Effects of Thymus Allografting
Allografts of CBA-T6T6 neonatal thymus were implanted subcutaneously in au/nu male and female mice aged 10-25 day.. The
concentrations of imnmunoglobulins in thymus recipients were tested
35 (Expt. 1) and 42 (Expt. 2) days after grafting and were compared
with sham-grafted nu/nu and /+ controls (Figs. 5.5

and 5.6).

All

immunoglobulin classes except '(M were found in amounts significantly
higher than those of

controls (p< 0.01 and p/,0.001). '(G2a and

'(Gi were raised in grafted animals to levels close to, or even above,
those of nu/+ controls, while '{ A tended to fall short of normal.
Restoration of serum immunoglobulin levels was also apparent when
thymus-grafted nu/nu mice were tested after longer intervals
(Table 5.3). These animals were grafted with a single lobe of
CBA-T6T6 thymus and tested 70-194 days thereafter.
Intraperitoneal ly injected CBA-T6T6 thymocytes restored immunoglobulin levels even more effectively than did thymus graft. (Fig. 5.6).

Nu/nu mice were injected at 26-33 days of age and tested 45 days later.
The levels of immunoglobulin classes were compared with thymus-grafted,
sham-grafted or saline-injected nw'nu animals and with /+ controls.
A was similar to the nji/+ control level (and was thus higher than
In thymus-grafted nu/nu mice). Concentrations of"( G2a and 'Gl were

Fig. 5.4.

Relationship of serum YG1 oDnceritration to age in nu/nu and nu/+ mice.
nu/nu male; A , nu/nu female; • , rlu/4- male; A , riu/+ female.
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Fig. 5.5.
Comparison of serum limnunoglobulin levels in flu/flu and nu/+ mice
bled at 45-53 days of age. (Each bar represents the mean ± SE of
six to eight sera; for statistical summary see Table 5.4).
sham-grafted.
/nu grafted subcutaneously at 10-18 days of age with one CM
neonatal thymus
nu/+ untreated.
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Fig. 5.6.
Comparison of serum immunoglobulin levels in nu/nu and nu/+ mice bled
at 58-75 days of age. (Each bar represents the mean ± SE of four
sera (three sera in group 3); for statistical comparison see Table54).
1, flu/flu sham-grafted or saline injected.
2,nu/nu injected intraperitoneally at 26-33 days of age with 10 8
CM thymus cells
nu/nu grafted subcutaneously at 16-25 days of age with one CM
neonatal thymus
flu/-i-

untreated.
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two to three times higher than in p /+ controls, and were marginally
(4' G2a) or markedly ('(al) greater than in thymus-grafted /nu mice.
Administration of thymus cells did not significantly alter the concentration of '(M in the serum.
Thymooytea killed before injection by freeze-thawing failed to
restore immunoglobulin levels innu/nu mice (Fig. 5.7).

Serum

samples were obtained before treatment and 14 and 42 days after
Intraperitoneal injection of 2 x 10 living thymocytes or their
equivalent of killed thymus cells • The concentrations of '(A,
'( G2a, Y Gi, and '(IL were significantly elevated in recipients of
viable thymus cells (p < 0.01 or p ,
'-0.001) 14 days after treatment.
In nu/nu recipients of killed thymocytes the levels of these
tmmunoglobulin classes remained at the pro-treatment low value.
The results of experiments investigating the effects of whole
thymus and thymocyte allografting are summarised in Table 5.4.
Since antibodies produced by irradiated recipients of thymus
and bone-marrow coils are known to be of bone-marrow cell type
(Nossal

.i968; Mitchell & Miller, 1968; Jacobson, L'Age-Stehr

& Bsrzenberg, 1970) it was of interest to determine the source of the
serum immunoglobulina formed after the injection of thymus cells into
nude mice. Three nu/nu mice, homozygcus Iglb /Iglb as determined
by bhe reaction of their sex's with anti-aliotype sex's in doublediffusion agar gels, were injected with 2 x 108 thymus cells from
CBA-T6T6 (1g15) donors; three nu/nu animals homozygous 1g15/1g15
received 2 x 10 8 thymocytes from CBA-Iglb donors. The allotype
of the recipients' serum '(G2a was determined 14 and, in some mice,

22, 42, 110 and 169 days after thymus cell injection. '( G2a of

Fig. 5.7.
Comparison of serum imniunoglobulin levels in nu/nu mice
bled before (day 0) and 14 and 42 days after intraperitoneal
injection of 2 x 10 viable CI3A thymocytes or their
equivalent killed by freezing and thawing.
, nu/nu injected with viable thymocytes

o

flu/flu injected with killed thymocytes

Mean ± SE of 5 or 6 sera on days 0 and 14,
2 or 3 sera day 42.
Statistical summary (day 0 of. day 14) in Table 5.4 (Expt. 3).
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Tablo 5.4
Statistical eO.psriaon of srta *auaog1cbu1in levels in
alaS
grafted or th.J.ctsd with C8A thyas, and M1W and /+ controls.
Further data in Fig. 5.5, *pt. 1; 5.6, Expt. 2; 5.7, *pt. 3.

ag/al
I*pt.1

laaglobulia Concantration (agfIl)t
(ci
pit'
p
ngA1
ag/'nl
p
mg/al

0.07

1.43
0.01

nu/nu4ç.o.ls

5.89

2.46

> 0.5

>

> 0.2

0.8

6.17

1.40

3.03

0.06

1.37

0.05

3.14

gWarTC 0.49

(0.001
17.38

0.6

> 0.5

< 0.001
7.01

(0.05

3.62
<0.01

>

0.58

8.09

3.17

3.34

0.06

1.37

0.05

314

0.01
/-Tch' 0.23

<0.001
15.15

1.41

3.90
>0.2

0.58

8.00

2017

2.34

0.07

237

0.10

2.10

> 0.6

> 0.8

> 0.0

0.08

*20

0.09

337

0.08

0.63

0.13

2.91

0.01
*W'TC 0.16

(0.001

<0.001
26.89

3.41

0.0

05

<0.01

<0.00

<0.06

0.5

3.44

0.23

< 0.01

E*pt.3

2.83

< 0.001

<6.001

0.06

Zzpt.3

0.1*

p

>

0.2

>

0.1

<

0.01

6.60

Mesa of 3-8 sanplsa calculated in taraa of % of rSf•ronoe serum i.w.1, as
1010 t*R$fO1RSd dM* (51$ Fig. 1ginda) then OOnVSztnd, and onprssasd
as wg/al of serum.
It Statistical comparison by Student'. tt.st.
TOr i suboutameous thymus graft
•• IC s intrapitonsn1 thyau. c.11.
DTC $ intrapsritoenal kill" thyens 00114

donor allotype was detected in five of the six recipients of thymus
cells (Table 5; Figs. 6.8 & 5.9). The bands of precipitation in
the agar gels were weak, indicating that only a small amount of
donor-type '(62a was present. In one mouse (No. 9) donor allotype
remained just detectable 24 weeks after injection. Increased
concentrations of N'G2a of host allotype were apparent from comparison
of the precipitin band intensity on day 0 and days 14, 22 and 42 in
gels incorporating anti-host-allotype antiserum. The total amount
of '(GU, quantified by single radial diffusion assay, was increased

3-60 fold (Table 5.5).
Discussion
Quantitative analysis of the sera of flu/flu mice over a wide age
range showed a marked deficiency of '1(31, '(A and N'G2a globulins. The
amounts of '(M were raised or normal. This confirms and extends the
finding of a low proportion of 'j'-gobulin in the total plasma protein
[Pante]ouris, 1971; Braun, Kindred & Jacobson, 1972). Similarly
depleted levels of serum immunoglobulins, kicluding '(Gi, 1A, '(G2&
and 'jG2b, in nu/nu mice have been reported in other studies, [Luzzati
& Jacobson, 1972; Salomon & Bazin, 1972; Bloemmen & Eyssen, 19731.
In contrast, Crowther & Warner [1972] found consiitent marked depletion

only in the '(A class, with the levels of '(Ga and '(M very variable, but
present in normal amounts in some individuals and at least 50% of the
normal level in most animals.

It is not clear why the conoent.ation

of '(G2a in the latter experiment is higher than in the present study
and in those reported by others.
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Table 5.5
b
a
a
b
The origin of serum G2a in nu/nu mice homozygous Il Il or Igi Igi

after intraparitoneal injection of 2 x 10 thymus cells, from CBA-T6T6
(1g1a)
or
_1g1b donors, respectively

Quantity of "(a

Mouse Bleed
No.
No.
3

9

8

4

5

10

Day
After
Treatment*

497

0

509

14

533

Allotype of '(G2a globulint
a

b

+••

-

reference mg/ml
serum
210

1.79

4+

76.4

6.52

22

4~

16.5

1.41

499

0

+

24.4

2.08

511

14

++

394.2

33.63

553

4+

ND

355.4
322.9

30.32

644

42
110

27.54

647

169

ND

424.8

36.24

498
510

0
14

+

-

0.42

4+

-

4.9
166.8

14.23

500
812
554

0
14
42

-

+

+

+4

4+

++

7.0
396.1
243.7

0.60
33.79
20.79

501

-

+

513

0
14

+

+4

8.9
291.3

555

4P,

±

4+

343.2

0.80
24.85
29.28

502
514

0

-

+

14

+

++

5.6
371.9

-

+

0.48

31.72

Day 0 = pre-treatment sample
Allotype
detected by double-diffugion in agar using antijgl& antit
jg1a,
sera to detect
and anti-Igi antisera to detect Igi .
0 Qa1itative assessment of amount of each allotypa by intensity of
precipitin band4 ++, strong band; +, clearly detectable band;
±, weak band; =, very weak band; - no band.
*

Fig. 5.8.

Determination by agar gl double--diffusion of the ailotype
of (G2a in the serum

o:r n:u/nu mouse No. 9 before and after

injection of t1ymocytes from cr

1g1b donors.

Details on ThUle 5.5.

Anti_Igia (in central row)

Day

C

Day

C

ELA

C

Day 14

C

Day 42

b
Anti-Igi (in central row)

Day

C

i*
C
Day 42

C

C = control

Dayl4
C

DayllO

C
Day 167

Day 4.2
C

5. 9.

Deteimivat.ion b: aur gel double-diffusion of the allotype

r
of IMa in serum of nu/nu mouse No. 4, before and after
injection of CBA--T6Te•-igl' thymocytes.
Details on Table 5.5.
Anl::JLb (in central wells)

Day

C

Day

C

'o
C

Day 14

ft:•1'
Day 42

C

Anti. - igl (in central wells)

Day

C

C= control

C

Day 14

Day

C

C

Day 42

Existing evidence suggests that flu/mi mice probably have normal
B-lymphocyte populations (see Chapters 4 & 7). For example, thoracic
duct lymphocytes from /py mice have been shown to carry readily
detectable membrane-associated '(G2, '(A and '(M globulins [Bankhurst &
Warner, 19721. Moreover, antibody production against thymus-independent
polysaccbaride antigens is qualitatively similar in nu/nu and normal
mice [Manning, Reed & Jutila, 1972] and an injection of thymocytes to
nu/nu recipients partially restores the thymus-dependent response to
8RBC, the "(GU antibody produced being of host allotyp [Kindred,
1971b]. These findings, together with the fact that inmunoglobulins
are restored to near normal levels after thymus grafting, and by
injection of viable, but not killed, thymus cell suspensions, suggest
that the immunoglobul in deficiencies in untreated M/&u mice are
related to thymic aplasia.
Such low serum levels of ismunoglobulina could, in principle,
result from the action of any of the following: increased catabolism,
loss through the gsstm-intestinal tract, or decreased rate of synthesis.
Some neonatally thymectomized mice have been reported to show
increased catabolism or loss of inmaunoglobulins, notably of {Gl and
"{ G2 and this appears to be related to the presence of a wasting
syndrome (Humphrey et al., 1964; Fahey at al. 19681.

it is

possible that similar factors affect the immunoglabulin levels in
nu/nu mice • However, although these animals gain weight more slowly
than their normal littermates, they exhibit little evidence of
wasting except terminally and do not usually have diarrhoea.
Moreover Crowther & Warner [1972] demonstrated that catabolism of

1 8.

'(A was decreased, not increased, in MaKnu mice.
A reduction in the synthesis of the affected classes of iunoglobulin seems to be the more probable explanation of the results.
Unstimulated axenic mice have been shown to have low serum concentrations of '(Gi and 'fG2 which rise sharply after exposure to antigen
[Fahey, Wunderlich & Mishell, 1964, Benveniste

1971]. This

suggests that circulating '(G-globulins are produced mainly in response
to antigenic stimu1atio. Since the response to many antigens is
known to be more or less dependent on the thymus, the synthesis
of the oorresponding ant ibod icE would be depletedJm pWM mice, and
this depletion would be reflected in low circulating inmunoglobulin
levels.
The introduction of an allogeneic thymus-cell population,
whether in the form of a graft or a cell suspension, was followed
by the appearance of much larger quantities of A, (G2a and '(Ci
in the serum of nu/nu mice. Thymus grafts might exert their
restorative effect in any of three ways; by releasing donor-type
T-cells; by producing a milieu for the maturation of host-type
T-cells from bone marrow progenitors; or by exercising some
humoral influance on the peripheral lymphocyte population. Since
thymus cells were, at least as effective as thymus grafts in
restoring imaunoglobulin levels, the first mechanism may have been
predominant in the present experiments. The second mechanism may
also have played a part, particularly in the long-term restoration,
since nu/nu bone marrow undoubtedly contains progenitors capable
of populating a thymusproduoing functional T-cells (see Chapter 6).
Kindred [1971b] and Kindred & Shreffler (1972] have suggested that

14q

compatability between thymocyte donor and host at the 0-2, or a
closely linked locus, is necessary for long-term improvement of the
antibody response to 8RBC, although this was not required when whole
thymus grafts were implanted (Kindred & Loor, 1974a,b). In the
present experiments there was no deliberate matching of thymocyte
donors and recipients, although it In possible that ournu/nu stock,
which was derived originally from four pairs of animals, may by
chance have a relatively high degree of histocompatibility with CBA.
The reason why nu/nu mice injected with thymus cells tended to
have supranormal levels of fG2& and '(G1 is not clear. It seems
unlikely to be related to any reaction by the injected cells against
host antigens since Koltay At al., [1965] found graft-versus-host
reactions to be associated with markedly reduced concentrations of
circulating immunoglobulins. Furthermore, the clinical state of the
animals gave no indication that a graft-versus-host reaction was in
fact in progress.
Detection of donor-typo imaunoglobulin in the serum of nude
mice after administration of thymocytes requires some explanation.
Kindred (1971b] has shown that the specific antibody against SRBC
formed in nu/nu recipients of histocompatible thymocytes was of host,
not donor, allotyp., and a number of studies in thymectomized mice
have demonstrated that donor thymocytes do not make antibody [Mitchell
& Miller, 1968; Jacob.en..Lt., 1970]. However, Chou, Dubiski & Cimader
[1967] observed that ixnmunoglobulin of donor allotype was formed
following injection of rabbit thymocytes coated with an antigen
(human albumin) into newborn rabbits, although the specific antibody
produced was of host type. Three possible sources of the donor

immunoglobulin may be considered.

First, the thymocyte suspension

may have contained a few B-lymphocytes, but the detection of donortype immunoglobulin in one nude mouse 5 months after the injection
of the cells would require that the.. B-cells were unusually longlived [Sprent & Beaten, 1973]. Second, information transfer from
the thymocytes might have enabled !!Wnu antibody-forming cells to
secrete immunoglobulin of donor a]lotype [Bell & Dray, 1970]. A
third possibility, that relatively long-lived precursors of Blymphocytes were present in the thyzuocyte suspension, would explain
the persistence of the donor immunoglobulin. The very few haezuopoietic stem cells, detectable as spleen colony-forming units, in
the thymus [Micklem, 1972, pen. comm.] may give rise to the
functional B-precursors, but this would require peeferential selection
of these cells, over host stem cells, to achieve the level of donor
allotype detected.
The most striking deficiency of adult flu/flu mice was in f 0
globulin. The present experiments do not establish whether the
relatively normal levels present at the time of weaning [also
reported by Bloemmen & Eyssen, 19731 are derived from the mother
via the placenta and/or the colostrum (Fahey & Barth, 19651 or
synthesised by the nu/nu mouse itself • The kinetics of disappearance
with increasing age could fit the reported half-life for this protein
of about 10 days [Daxin & Malst, 1969] and are compatible with the
idea that no synthesis at all occurs after weaning. Nevertheless,
the fact that introduction of a T-cell population is followed by
large-scale synthesis indicates that B-cells capable of making '' Cl
under suitable conditions remain in flu/flu mice. The synthesis of
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"(Gi thus appears to be peculiarly dependent on the presence of T-cells.
This conclusion is in agreement with Torrigani's [1972] data on the
production of specific antibodies in uziee thymectomized at on* week
of age, and with Bloeunmen Si Eyssen 's (1973) finding that the sert
concentration of '(GI, but not of other '(G globulin classes, is
significantly reduced in neonatally thynzectomized mice. In axenic
mice, on the other hand, Benveniste et al. [1969] found raised '(Gi
(and '(G2) concentrations after neonatal thymectomy. The reason for
this difference is not clear, but both the germ-free state of their
animals and the probable presence of residual T-oe]ls may contribute
to it.
Detection of low levels of 1G2a, '(A and, in some animals, of
'(G1 suggests that some synthesis of these inimunoglobuith classes
occurs in adult nu/nu mice. Whether this reflects direct stimulation of B-cells or rather activity of the alleged small T-cell
population in nu/p mice (see Chapters 2 & 7) remains to be
established.
The ability of nu/nu to maintain normal levels of serum '(M, and
indeed the presence of supra-normal levels in some individuals, is
In marked contrast to their poor 195 response to BREC, [see Chapter 4].
Although it In possible that the "( M does not represent responses to
exogenous antigenic stimuli, the bulk of it may well consist of
specific antibodies to antigens such as bacterial capsular components,
the response to which is relatively thymus-independent [Manning et al.,
1972]. The presence of I'M in axenic mice [Benveniste at al., 1969]
does not argue strongly against this proposition, since the diet of
such mice, although sterile, is not antigen-free.

The results reported here demonstrate that T-cells, in addition
to their well known adjuvant effect in the production of many specific
antibodies, may also have a profound influence on the overall serum
levels of (a and "(A globulins. The data support the concept of a
major role of the thymus-derived cell in the transition from '{M to
'{ G antibody synthesis in the developing immune response
[Miller et al,, 1987; Taylor & Wortii, 1968; Mitchell, Grumet &
McDevitt, 1972J. Although some affect on the catabolic rate of
'(G and (A has not been formally excluded, it is considered that
the most probable mode of T-cell influence is on synthesis.
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CHAPTER 6
THE CAUSE OF THYMIC APIASIA IN NU/NU MICE
The discussions In the preceding chapters reveal the profound
immunological impairment of nude mice; the nature of the lesion
responsible for the thymus dysgensais and the deficiency of Tlymphocytes in now investigated. Abnormal structures, the putative
thymus rudiments, have been identified in histological sections of
the thoracic region of newborn nude mice and of 12-15 day old MVAL
foetuses [Pantelouri. & Hair, 1970; Wortis, Nehison & Owen, 1971;
Hair, 1974]. The defect must therefore occur early in the organogenesis of the thymus. Comparisons with normal thymus development
Indicate that any of a number of lesions might cause the thymic
aplasia (see Chapter 1).
Epithelial elements of the mouse thymus develop from the
branch ml pouch ectoderin and endoderm but the lymphoid compartment
derives from blood-borne progenitor cells which migrate from the
embryonic yolk-sac and foetal liver into the epithelial rudiment
(Moore & Owen, 1967$; Tyan, 1968; Owen & Ritter, 19691. In the
adult these progenitors originate in the bone-marrow (Ford, 1966$;
Ford et $1., 19661. Thus, either a maldevelopasut of the epithelial
framework during organogenesis or an absence or abnormality of the
lymphocyte precursor cells might cause dysgenesis of the thymus.
Thirdly, the precursor cell population and the development of the
thymic epithelium may both be normal but the physiological environment of the nude mouse may be unable to support the proliferation and
differentiation of the one in the other• The present chapter

154.

describes reconstitution experiments designed to distinguish between
these three possibilities.
Materials and Methods
Mice. Nu/nu and /+ male and female mice were studied, and in
addition, mice of the inbred strains CBA/H-T6T6 (TST6) were used in
some experiments. Cells derived from T6T6 animals are distinguishable from those of CBA or other mouse strains by the possession of
two small marker chromosomes which are visible in mitotic metaphase.
Thymus-Grafting. One or two lobes from the thymus of TOTS neonates
were grafted subcutaneously into the axillary region of nu/nu mice
aged 14-35 days. Control mice were sham-grafted or non-grafted.
Thymectomy. T6T6 mice were thymectomized at the age of 4-7 weeks.
Control mice were sham-operated. The completeness of thymectomy
was verified macroscopically at post-mortem. I am indebted to
Dr. Elizabeth Leuchars for her demonstration of this technique.
Irradiation. Mice were irradiated from above with a Westinghouse
machine under the following conditions: 230 kV; 15 mA; 0.5 me Cu
and 1.0 Al filtration; dose-rate 66r/min.
Preparation and grafting of thymic epithelium. Four-week old T6TS
female mice were lethally-irradiated (950-1100r). The residue of
thymus, consisting mainly of epithelial framework, was excised 4-5
days later and was implanted subcutaneously into Wnu recipients
aged 11-39 days. Control animals were sham-grafted.
preparation of cell-suspensions for injection. Bone marrow cells
were flushed from the femur, tibia and humerus by means of a syringe
attached to a 21 or 19 gauge needle and containing tissue culture
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medium (IV 199, BDH Chemicals, or Eagle's minimal essential medium,
Burroughs Wellcome & Co.). The marrow plugs were gently disrupted
by aspiration through a 21 gauge needle, and the resulting cells were
washed

once, resuspended and counted. The final volume of the

suspension was adjusted to give the required number of cells in 0.26 ml.
Sensitization by oxazolone. Oxazolone was dissolved in absolute
ethanol at 600C at a concentration of 10% rn/v. An area of akin 2 cm
in diameter was shaved on both the left and right sides of the thorax
and 0.05 ml (5 mg oxazolone) was applied to each aide. Control mice
received 0.05 ml of hot alcohol alone on each side. Treated and
control mice were caged separately.
Cytological examination of mitotic cells. Ninety minutes before
sacrifice mice received 4 jg per gram body weight of Coloernid
(desacetyl-N-methyl coichicine, Ciba) lntraperitoneally, to arrest
dividing cells at the metaphase plate stage. Tissues (thymus and
lymph nodes) were then processed essentially as described by Ford
[1966I. Briefly, the cells were suspended by gentle teasing in TC
medium 199 and then caused to swell and become fragile by suspension
in a hypotonic solution (0.7511 rn/v KC1 in distilled water). The
cells were then fixed for 30-40 minutes in freshly-prepared Clarke's
fixative (Analar ethanol-glacial acetic acid, 3:1) and finally
resuspended in a mixture of 3 parts Anslar methanol to one part
glacial acetic acid.
'Air-dried' preparations were made by allowing a small droplet
of cell suspension to expand over the surface of a clean microscope slide. Contraction of the droplet by evaporation was
accelerated by gently blowing on the slide. This procedure broke
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the fragile cell membranes and released the chromosomes. Preliminary
examination of the chromosome spreads by phase-contrast microscopy
determined the quality of the preparations. Where the quality was
good, several more 'air-dried' preparations were made. Where
quality was poor, the fixed cells were resuspended in aqueous acetic
acid (40-70% v/v) and spread on a warmed (600C) microscope slide by
drawing the suspension over the slide with a Pasteur pipette. This
'acetic acid' technique gave a more consistent high quality of spread,
but poor staining of the chromosomes.
Chromosomes were stained immediately before scoring using a semipermanent lactic-orcein stain (2% orcein in 60% lactic acid). Bias..s
inherent in the distinction of T6T6 from normal karyotypes [Ford, 19664
were minimised by selecting metaphasee at low magnification and by
scoring only those of the selected metaphases in which 40 chromosomes
were clearly visible when viewed at high magnification.
Measurement of the number and activity of haemopoietic stem-cells
The haemopoietic stem-cell content of the bone marrows of nu/nu
and nu/+ mice was estimated by the splceu-colony assay of Till. &
McCulloch [1961]. CBA females aged 8-9 months were lethally irradiated
(900r) and injected intravenously with 10-l0 bone marrow cells in
0.25 ml Eagle's medium. Eight days later the number of macroscopic
colonies was determined • The proliferative capacities of the inocula
were measured by the IUdR incorporation assay described below.
Cell proliferation in the lymph nodes draining the site of
application of oxazolone, and in the spleen after injection of
haemopoietic stem cells, was estimated by measuring the incorporation
of I 5-1abe1led IUdR (specific activity 5 mCi/mg) into DNA as
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described in Chapter 3. Briefly, 5 x 10 8 moles of 5-.fluorodeoxy-uridine was injected intraperitoneally, followed 1 hour later by
125
1 pCi
MR. Some mice, destined for cytological examination,
also received Colcemid, which had been shown in preliminary experiments not to interfere with the incorporation of the DNA precursor.
Mice were killed 2 hours after the injection of IUdE. Tissues were
excised, washed in several changes of 70% ethanol to remove

unincorporated IUdR and counted in a Packard Autogamma crystal
scintillation spectrometer. Counts in individual tissues were
expressed as a proportion of the counts injected by the formula;
counts x l06/injected counts.
Measurement of serum immunoglobulin concentration,. Concentration.
of 'iA, '(G1, '(G2a and IM globulins in the serum were determined by
the single radial diffusion assay of Menoizii, Carbonara & H.remans
[1965], as described in Chapter 5.
4tistics. The means of the various experimental groups were
compared by Student's "t-teat" • For this purpose the data on ('1J
number and 125 IUdR uptake were 1og10-transformed to bring them into
approximate conformity with the normal distribution.
Results
Colofly

forming units in nu/nu bone marrow

Bone marrow from au

and y'+ donors aged 7-9 weeks showed an

equal capacity to form macroscopic spleen colonies when injected into
lethally-irradiated recipients (Table 6.1). The pooled results from
three groups which received 10 4 9 5 x 1O4, or 10 viable cells are shown.
The proliferative capacities of the inocula, as determined by the
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Table 6.].
Spleen colony forming capacity of nu/nu and nu/+ bone marrow in
lethally irradiated CBA recipients

Donor Cell No. of
Genotype
mice

21

CFUt
ratio

22
(1.34 ± 0.04)

,

Mean '25 Loounts per
105 injected cells

-

13,210
(4.12 ± 0.06)
'> 0.05

23

26
(1.42 0.03)

17,290
(4.24 ± 0.04)

* CFU per 10 cells injected
Pooled results from three groups which received

5 x 10

or 10 viable cells. Geometric mean, with log10 mean
± standard error in parenthesis.
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lOIudR assay

were also similar •

A preliminary experiment indicated

that these results did not differ from those obtained for normal
CM bone marrow, in six CM recipients of CM bone marrow the CPU
25
ratio (colonies per 100 oslIs injected) was 26 and the 1 IUdR incorporated in the spleen per 10

injected cells was 11,090.

Iran,fer of bone marrow cells from flu/flu to lethally-irradiated
normal mice
The stein cell capacity of adult nu./nu mice was also investigated
by transferring bone marrow cells into lethally irradiated hosts and

comparing the repopulat ion with that achieved by cells from

/+

littermates or by cells from mice •yngen.io with the recipients.

Two experiments were performed.

In experimentl, T6T6 female

mice were lethally irradiated and injected intravenously with 3 x 106
bone marrow cells from nu/nu, nu/+ or CBA donors. In experiment 2
the reci*i.nt mice were thymectomized or sham-thymectomizad 11-19

weeks before irradiation and repopulation. In both experiments
recipients were 4-7 months and donors 6-12 weeks old. Mortality
following irradiation and repopulat ion 10 shown in Pigs. 6.1a &
6 .1b .

The few deaths occurring during the first week were ignored

since mortality at this time is not attributable to failure Of

repopuistion [van Bekkum & de Vries, 1967].
In experiment 1 mortality was highest in pWa u--~,WT6 chimaeras,
lower in /+ -TOT6 chimseras and absent in CM -*T6T6 repopulated

animals (Fig. 6.1a). However, in experiment 2 sham-thymeetcinized
recipients showed less mortality after restoration with /nu than
with M4 bone marrow (Fig. 6 .1b). The increase in mortality with

Fig. 6.1
cumulative mortality in lethally-irradiated T6T6 mice injected with
3 x1ø6 bone marrow cells (two experiments)
(a) Donors (number of recipients in parentheses)
, nu/nu (31; A , nu/+ (32);

U

, CBA (38).

(b) Donors (number and pre-treatment of recipients in parentheses)

S-4

nu/nu (22 sham-TX); •• mi/flu (23 : TX)

A-A nu/+ (16 : sham-TX): A. A nu/+ (16 : TX)

-U CBA

(13 : sham-TX);

[TX denotes thymectomized]

•••U CBA

(12 : TX)

b

co

10

2345678

123456

Weeks alter Irradiation

time after repopulation in thymectomized recipients was associated
with the development of a waiting syndrome such as that well known
to affect lymphocyte-deficient chimaeras and neonatally thymectomized
mice (Barnes, Loutit & Micklem, 1962; Miller, 1962b; Parrott, 19621.
Changes in body weight following irradiation and repopulation are
shown in Figs. 6.2a & 6.2b. All chimaeras showed an initial loss
in weight; the subsequent gain or bee of weight mirroring the
mortality curves. Weight loss was associated with a wasting syndrome
in thymectomized ch$iinaeras.
The hiematocrit values of mice in experiment 1 were determined
21 and 49 days after repopulation (Table 6.2). The values for
nu/nu-T6T6 chimaeras 21 days after irradiation were significantly
lower than those of the other groups (p/,0.001). At day 49 there
was no significant difference between any two groups, probably
because many of the animals with the lowest value on day 21 had
died in the intervening period. In experiment 2, where mortality
was low in nu/nu-->T6T8 chimaeras during the same period, hasmatocrits
(assayed on day 33) did not differ significantly between groups.
Two tests were used to compare the content of thymus cell
progenitors in the bone marrow inocula.
In seven mice the origin of dividing cells in the thymus was
determined cytologically. In cL$aeraa prepared with bone marrow
of all genotypes, all such cells were of donor origin (Table 6.3).
Thus nu/nu bone marrow contains cells able to repopulate and
proliferate in an allogeneic thymic epithelium.
To establish whether these cells became functional T-lymphocytes
in the peripheral lymphoid tissue, the response of the chimaeras to

Fig. 6.2.
Change in body weight (% initial body weight) in lethally-irradiated
T6T6 mice injected with 3 x 1O6 bone marrow cells (two experiments)

• , CBA.
Donors, • , M1!j; A ,
Donors, (pre-treatment of recipients in parentheses)
nu/au (sham TX); •..... /jij (TX)
A-A , nu/+ (sham TX); A ....A nu/+ (TX)
CBA (sham TX); •...., CBA (TX)
[TX denoted thymectomized]

i-20

b

Nj

f
se_
j- x

+10

—30

—40
1 2 3 4 5 67 8

1 2 3 4 5 ó 7 8 9

Weeks after irradiation

Table 6.2
Hamatoorit values 21, 33 and 49 days after repopulation of
lethally-irradiated T6T6 mice with

pWau,

MLA, or CPt bone-marrow

cells

*

Expt. Day Thymeotcey

Mean hasmatoorit in recipients of bone
marrow from
cM

21

-

40.6±0.9(22) 44.4±0.4(28) 47.00.3(33)

49

-

45.040.9(10) 46.5±0.4(23) 45.8+1.0(8)

33

-

45.1±0.6(21) 43.7+0.6(14) 44.8±0.5(12)

33

+

46.9+0.8(21) 45.7±0.9(12) 46.5+0.9(12)

1

2

* Numbers of mice in parenthesis
On Day 21 the values for the three groups of chimaeras differed from
each other at the 0.1% level of significance.

Table 6.3
The origin of cells dividing in the thymus of T6T6 mice 60 days after
lethal irradiation and repopulation by mi/flu, nu/+ or CM
bone-marrow cells

Exi

Genotype of
repopulating cells No

±

Mean thymus
Mitos4s scored
wt.(aa.) Total S donor-type

1&2

3

15.4±2.6

167

100

1

1

20.6

63

100

3

15.2±4.9

199

100

1 & 2

CBA

sensitization with oxazolone was determined • The early response
3-4 days after sensitization involves the proliferation of T-cells
[Davies eta].., 1969] which is readily assayed in terms of DNA
synthesis in the lymph nodes draining the sensitized .it., (...
Chapter 3). Later, B-lymphocytes may also divide [Davies et a]..,
19e9) but this does not occur in the absence of prior T-cell
proliferation (Fig. 3.8). Fig. 6.3 illustrates the response to
oxazolone at intervals after sensitization of the chimaeras 60 days
after irradiation and repopulat ion. The results of experiments 1
and 2 did not differ and have been combined. Incorporation of
125 IUdR in sensitized thyinectoniized chimaeras did not differ from
that found in control animals sham-sensitized with ethanol. In
non-thym.ctom ized ohirnaeras exposed to oxazolone incorporation of

125IUdR

was significantly above the cotrol level. No differences

were observed between chimaeras prepared with

mu,

1+ or CBPI

bone marrow cells. Similarly, the weights of stimulIted lymph
nodes from non-thymectomized chimaeras were increased but the results
were more variable (Fig. 6.4).
Since the proliferative response against oxazolone might
possibly have been attributable to host T-cells which survived the
effects of irradiation [Davies, 1969), the origin of the cells
dividing in stimulated lymph nodes was investigated cytologically.
The cells were fowd to be almost exclusively donor-derived in
every type of chimaera (Table 6.4).
Thus, no deficiency was found in

bone marrow cells with

respect to the presence of progenitors of thymoctes and, subsequently,
of T-cells.

Fig. 6.3.
125 JdR incorporation into regional lymph nodes of thymectomized (solid
symbols) or sham-.thymectomized (open symbols) lethally irradiated T6T6
mice repopulatec with 3 x

10

bone marrow cells.

Donors nu/nu (,O); nu/+ (A,); CBA (ILl).
The stippled area shows 9516 confidence limits of IUdR uptake for twenty
sham-sensitized chimaeras. The two points without standard errors
represent single mice; otherwise 3-5 mice per point.

3.0

2.0
I
:

1

Days after sensitization

Fig. 6.4.
Lymph node weights after sensitization with ozo1one, of thymectomized
( --- ) or sham-thymectomized(

) lethally irradiated T6T6 mice repop-

ulated with 3 x 106 bone marrow cells from nu/nu (s), nu/+ (A) or
CBA

(I)

donors. The stipplöd area shows 95% confidence limits of

weight for sham-sensitized chimaeras.

2

0 1 2 3 4 5 6
Days after sensitization

Table 6.4
The origin of cells dividing in lymph nodes draining the site of
oxazolone sensitization in thynectomized and shan-thymectomized
T6T6 hosts, 60 days after lethal irradiation and repopulation with
3xl06

Y'PM /+, or CM bone-marrow cells

Day after Donor cell
No. of
Mitoa4e scored
oxazolons genotype recipients Total % donor-type
(

3

2

31

100.0

nu/+

2

98

100.0

CM

2

79

98.7

4

263

99.6

3

138

100.0

3

134

100.0

3

8

100.0

1

7

100.0

2

14

100.0

(

(

3

C

'3
ShamThymectasnized
4
(
(

(4
(

(
C
(

4
3 or 4

Thymectomized(
4
C
( 3or4

CM
/nu

CM

* Mitoses were scarce in thyneotcmized recipients.

Grafting of al1ogneic thy-mug to flu/flu mice
Restoration of thymus-dependent response, following treatment
of flu/flu mice with allogeneic neonatal thymus grafts was described
in Chapters 3 and 4. The origin of the functional T-cells was not,
however, determined in these experiments; they may have been entirely
donor (graft)-derived [Davies et al., 1966; Miller et al., 1966).
The present experiment, sought to determine whether the thymocyte
progenitors present in nunu bone marrow could differentiate into
thymocytea within the epithelium of an allogeneic thyrnu. graft
Implanted into the physiological environment of the nude mouse.
Eight nu/nu mice grafted with a single lobe of T6T6 neonatal
thymus at 15-35 days of age were killed between 15 and 54 days after
grafting. The origin of the cells proliferating in the graft
was determined cytologically. Twenty-one days after grafting 90%
of these dividing cells were host-derived, while 30 days and thereafter, almost 100% of mitoses were of host karyotype (Table 6.5)
In four nu/nu mice grafted with a single lobe of T6T6 neonatal
thymus, 70-97% of the cells proliferating in the lymph node three
days after sensitization with oxazolone were of host origin (Table
6.6). The incorporation of 125IUdR in these nodes was markedly
higher than that in non-grafted p/p mice; this substantiated the
previous finding that thymus-grafting partially restored the response
to oxazolone (Chapter 3).
Grafting of irradiated allogeneic thymus. Mice were grafted subcutaneously with the epithelial residue of the thymus obtained from
letl* ily-irradiated T6T6 donors, or were sham-grafted, at between
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Table 65

The origin of cells dividing in T6T6 thymus grafts Implanted

subcutaneously in the axil].ary region of nu/nu mice

Age at

Day after

Thymus graft wt.

Mitoses scored

grafting

grafting

(mgms.)

Total

23

15

3.8

11

72.7

23

21

12.3

65

90.9

36

30

9.3

50

100.0

15

30

6.6

52

98.1

35

31

6.6

51

98.0

15

43

64

55

98.2

19

64

19.0

57

100.0

21

54

4.8

48

100.0

S host-derived

W.

Table 6.6
The origin of cells dividing in lymph nodes ofnu/nu mice 3 days after

sensitization with o,zolone, 54, 70 or 390 days after grafting a neonatal T8T6 thymus subcutaneously.
Responses were measured by 125 IUdR
incorporation in the nodes, and compared with those of sham-grafted or
non-grafted sensitized Wnu and M4 mice

Thymus
graft
wt(mg)

Age at
grafting
(or sham-)
(days)

nu/nu

4.8

21

nu

19.0
17.0

Genotype

/nu

/nu

nu/+

Age at

test

125

Mitoses scored

%
Total

hostderived

75(54)41. 1,342

100

70

19

73(54)

783

100

73

19

89(70)

536

60

95

14

404(390)

393

34

97

-'(shai)

20

74(54)

106

-(sham)

17

87(70)

29

-

-

42

29

-

-

68

2,447

80

3,775

404

1,526

t

-

uptake
(days)

= Graft not visible
= Not grafted or sham-grafted, as indicated.
Days after grafting in parentheses.

17-39 days of age. Thirty-nine to forty-two days later survivors
(20% of the grafted and 15% of the sham-grafted) were sensitized
with oxazolone or sham-sensitized with ethanol. The proliferative
response was measured 3 days later by the 125IUdI1 incorporation
assay (Table 6.7). Uptake in two grafted flu/flu mice sensitized with
oxazolone was higher than in sham-grafted sensitized controls
(pKO02). In one of these two animals the dividing cells were
shown to be of host origin; 41 mitoses were scored and all were
of normal (not T6T6) karyotype.
Serum samples were obtained from mice 30, 35, or 36 days after
grafting or sham-grafting. The serum concentrations of '(A, '(Gi,
'(Ma and "(M globulins, determined by single radial immunodiffusion,
did not differ significantly between the grafted and the control
mice (Table 6.8).
Discussion
The stem cell content of w'nu adult bone marrow is equivalent
to that of normal (/+), littermates and to that of CM mice in
terms of its CFU ratio and its ability to reprieve lethally-irradiated
T6T6 mice in the critical period 1-2 weeks after irradiation and
repopulation. Holub at al. (1974] have reported a similar CPU ratio
in the bone marrow of nu/nu and '+ mice, though the marrow of CBA
and +1+ littermates of nude mice were found to have an unusually high
CPU content.
The presence of cells proliferating in the thymus of /-*T6T6
chimaeras which were clearly of donor origin demonstrates unequivocally that potential thymocyte precursors are present in y/ mice.
WortiaA.I.

[iøn]

also showed by histological and cytological
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Table 6.8

Serum inuuunoglobulin concentrations in flu/flu mice grafted with an
irradiated T6T6 thymus, in sham-grafted flu/flu and in nu/+ mice

Genotype

NO. Of
Mice

9

Epithelial Age at
Age at
thymus
grafting bleeding
graft
(days)
(days)

-(sham)

9

-

lInmUfloglobulin
Concentrations""
'(A '(G2a YG1

11-39

41-74 0.06 2.20 0.11 2.46

13-45

48-75 0.06 1.62 0.09 2.38

-

47-75 0.35 6.00 1.68 2.55

Expressed as rug inimunoglobulin per ml of serum. None of the
differences between grafted and sham-grafted nu/nu groups was
significant (P) 0.4).

(M

techniques that cells from /nu bone marrow repopulated the thymus
of lethally-irradiated mice. The present experiments further
demonstrated that the thymocyte progenitors differentiated to form
active T-cells and migrated to the peripheral lymphoid tissue, since
the proliferative response in the lymph-nodes of =/nu-+T6T6 chimeras
to ozolone was as great as in /+ -T6T6 or CBA-T6T6 chimaera*.
Again the dividing cells were of donor karyotype.
The low haematoorit values found in some nu/-46T6 ohlmaraa
21 days after repopulation may have been due to a relatively paucity
of erythrocyte precursors in the gW2L bone mai row. Alternatively,
since / nu marrow is allogsneio with the hoot and contains no
T-]ymphocytes, a host-versus-graft reaction by reidual T-calls of
the host may have resulted in anaemia • Such a reaction would, to
some extent, have been suppressed by donor T-cella in the y'+ -T6T6
chimaeras and have resulted in the hasmatoorit 'alus Intermediate
between those found in nu/p chimaeras and CBA, syngeneic, chimaeras.
A host-v.rsua-graft reaction would also, in accordance with
the conclusions of Trent in (1959], adequately account for the high
mortality which occurred among /-T6T8 chimaeras in one experiment
between 2 and 5 weeks after irradiation. If this were indeed the
case, a better degree of imeunosuppress ion by irradiation must have
been achieved in the second experiment • The high mortality and
rapid weight loss in y/+-9T6T6 chimaeras 7-9 weeks after irradiation
In experiment 2 is reminiscent of the'secondsry disease' which afflicts
lethally-irradiated recipients of allog.neic bone marrow, and which is
attributed to lymphoid aplasia and to graft-versus-host reactions
(Barnes, Loutit & Micklem, 19621. The increase in mortality with
time In thym.ctomiz.d recipients in also typical of lymphocyte-

deficient chimaeras and T-oell deprived mice (aarnas et *1., 1962;
Miller, 1962; Barnes, Loutit & Sansom, 19641.
Restoration of T-cell functions following grafting of allogeneic
neonatal thymus into

has been clearly deaonstra ted • For example,

the capacities to reject 'third-party' skin grafts and to respond to
o,zo1one were restored (Chapter 3); thymus-grafted JW&U mice were
also capable of thymus-dependent antibody production against SRI3C and
T4 phage (Chapter 4). Although many of the responsive T-cells may
have been derived from the thymus graft, the presence of host cells,
presumably of bone marrow origin, dividing within an allogeneic graft
suggests that the overall environment of the nude mouse is not unfavourable to the development of thyinocytes if a suitable thymic
microenvironment is provided.
Subsequent differentiation of these pWnu thymocytoo to form
functional T-cells is suggested by the high proportion of host-type
cells dividing in the lymph nodes three days after sensitization with
oxazolone, at which time Davies et al. (1969), have shown that most
of these dividing cells are likely to be T-cells. The histological
studies discussed in Chapter 2 have revealed a slow population of the
thymus-dependent areas of the lymph nodes and spleen of thymus-grafted
mice • Normal morphology was achieved only six or more weeks
after grafting, which again suggests a contribution by host, as well
as graft-derived, T-cells.
Loor & Kindred [1973] reached similar conclusions on the basis
of iwunofluoresc.nce studies with anti-theta and anti-Ti. sera.
The grafting of AKR (theta-AKR TL) thymus into Balb/C-'nu mice
(theta-M, 7L2) was followed 2-3 weeks later by the appearance of

M.

TL2 and theta-C3H in the grafted thymus. Further, although graftderived (theta-AKR) T-cells appeared in the lymph nodes and spleen
soon after grafting, at seven weeks the theta-bearing cells were
of host (theta-C3H) type.
Since the nude mouse apparently po.sesees thymocyte progenitors
which are capable of proliferating and differentiating in a suitable
environment, then implantation of an irradiated thymus-graft would be
expected to restore immunological responsiveness [Miller e
1966]. In the present small experiment the presence of a thymic
epithelium did confer some responsiveness to oxazolone, Similarly,
Blankwater & Lina [1974] found that thymuses of irradiated newborn
mice implanted into pWau mice effected restoration of the PHA response
and of antibody formation against fflBC. In contrast, the present
experiments showed that the concentrations of immunoglobulins, most
notably I'Gl, which are restored to near normal levels by whole thymus
grafts [Chapter 51, remained at low levels in thymus-epithelium-grafted
AVRu mice. Repopulation of the thymus epithelium, the processing
and differentiation of the thymocytes to mature functional T-cells
and the subsequent restoration of Ig concentrations may, of course,
require a longer time than the 30-36 days allowed in this experiment,
[Hays, 1969]. Many of the "nu mice, having only a short life-span
in the absence of acquired T-cells (Chapter 2) died before the effects
of the repopulation became apparent • In addition, the epithelial grafts
were taken from 4-week old donors; thymus tissue of this age might be
slower and/or less effective in restoration than neonatal thymus
tissue, since the thymus & situ is extraordinarily active in the
production and seeding of T-cells in the Immediate post-natal period

1 N.

[Dukor et al., 1965; Raff & Owen, 19711.
A number of other findings suggest that the thymic dysgeneais
in the nude mouse is caused 1.7 defective development of the thy ic
epithelium, rather than failure of the progenitor cell-line. For
example, unlike normal thymic epithelial tissue, the putative thymus
rudiments, when grafted under the kidney capsule of normal syngeneic
recipients, did not became lymphoid [wortis et *1., 1971]. In
addition, administration of haemopoietic stem cells of foetal liver
origin did not restore thymus architecture, life-span or immune
responsiveness to nu/nu recipients [Wortis et al., 1971;
1972];

Kindred & Weiler,

bone marrow inocula were similarly unsuccessful in restoring

immune capabilities [Kindred & Weiler, 1972].
Certain T-cell characteristics, including thta-positivity,
helper function, graft-versus-host reactivity and sensitivity of
spontaneous IIYC to azathioprine, can be bestowed upon

flu/flu

spleen

and bone marrow cells by exposing them in vitro to extracts of
calf or mouse thymus, or to a 'thymic activity factor' found in the
serum of normal mice [Kanuro & Boyne, 1973b; Dardenne & Bach, 1973;
Bach & Dardenne, 1973*; Scheid et al., 1973; Nieuwerkerk et al.,
19741. Although the biological significance of the effects of
thymic humoral factors is not yet fully understood (see Chapter 3),
these data are consistent with the suggestion that jWpu lymphoid
cell populations contain thymocyt. and T-lymphocyte progenitor cells
which can, upon appropriate stimulation, differentiate into mature
T-cells.
Two questions remain open; the relative frequencies of progenitors of thymocytes and T-cells in adult nude mice and normal mice, and

Rs.
the existence of such precursors in nude mice during foetal as
opposed to adult, life. If it were shown that those cells which
are susceptible to the in vitro influence of thymus extracts were
thymocyte progenitors, then the results of Komuro & Boyne [1973]
would indicate that nu/nu and normal mice have similar high numbers
of these cells • In contrast, a study of thymus regeneration after
the injection of limiting numbers of bane marrow cells to lethallyirradiated recipients indicated that the numbers of determined
T-progenitors are small (Davies, 1972, pen. comm.].

It In possible

that the exact frequency of thymocyte progenitor cells is a purely
academic point as the thymus seems to require very few cells to
prime it (Ford,

3.966a

Ford ot a]., 19661.

The question of whether progenitors exist in the foetal nude
mouse is of greater interest. The microenvironments of foetal
haematopoietic tissues are unlikely to be identical to those in
adult bone marrow (Metcalf & Moore, 19711, and it could be that
the appropriate microenvironment for the differentiation of thymocyte
progenitors is absent in the nu/nu foetus. (Th. term "microenvironment" is used here in a broad sen.e to include not only the cells in
the immediate vicinity but also any humoral factors which may be
involved.) Rosen [1972] has suggested that the arrested development
of the thymus in severe combined immunodeficiency of man could be due
in the first instance to failure of thymocyte progenitors to populate
the epithelial rudiment, and it was this which caused the subsequent
maldevelopeent of the epithelial structure itself. It appears that
the 'thymic epithelium' of W/Mi mice, such as it is, is irreversibly
affected before the time of birth, since grafts of this rudiment

fTG.

implanted into phenotypically normal mice of the same backoroas
generation revealed no signs of lymphopoiesis despite the fact that
they were not rejected tWoris at al., 1971]. Although the simplest
interpretation of the available evidence Is that the primary inmiunological defect li•n in the thymic .pithelial rudiment, the possibility
that the epithelial abnormality itself results from an absence of
thymocyte progenitors in the foetal haeaopoietic tissues has not been
excluded.

CHAPTER 7
NERAL DISCUSSION
Since the discovery in 1968 of its Congenital thymic aplasia,
the mouse mutant 'nude' has been used extensively in many areas of
immunological research. While the defects arising from the immunological lesion may be confounded by other manifestations of the mutant
gene, for example endocrine abnormalities and stress due to hairlessness (Chapter 2), the iminunol4gical capacities of the nude mouse do
closely conform to those anticipated from earlier studies of animals
experimentally deprived of thymic influences.
Cell-mediated immune responsiveness, assessed both in terms of
delayed-hypersensitivity reactions and allo- and xsnograft rejection,
has been shown b be absent from nude mice (Chapter 3). Indeed, these
animals may prove to be invaluable as a "culture-vessel" for the study
of explanted normal or malignant materials, as tissues from such
diverse vertebrate classes as amphibia, reptiles and birds, are
accepted and develop within a nude host.
Studies of the humoral response of nude mice to a variety of
antigens has confirmed the thymus-dependence of optimal antibody
production to certain antigens, and, further, has revealed elements
of thymus-dependence in the response to some antigens (e.g. polymerized
flagellin) previously held to be thymus-independent (Chapter 4).
Nonetheless, the concept that certain antigens are thymus-independent
with respect to humoral antibody production has been substantiated by
the observation of normal responses against a number of polymeric
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antigens (including Sill and LPS) in nude mice (Chapter 4).
The observation that the '(G phase of thymus-dependent antibody
production in nude mice is more profoundly impaired than that of 'Y M
supports the concept, derived previously from studies of mice experimentally deprived of T-lymphocytes, of a major role of the thymus
derived cell in the shift from NM to '(0 antibody production (Chapter 4).
Further indication of a role for T-cells in the regulation of the class
of immunoglobulin synthesised by B-cells may be deduced from the finding
of severely depressed levels of serum "(0 and '(A in nude mice, but not
in thymus-grafted nude mice (Chapter 5). No such consistent depression
was noted in earlier studies of neonatally-thymectomized and thymectomizod-irradiated mice, possibly as a result of the activity of the
residual T-cell population in those animals (see Chapter 5).
Developmental studies and analytical reconstitution experiments
have shown that a defect of the epithelial rudiment probably underlies
the failure of thymic development in nude mice (Chapter 6). The
progenitor cell population which can give rise to the lymphoid compartment of the thymus is present in adult nude mice and will differentiate normally when provided with a suitable spithelial locus, both
when nude bone marrow cells reconstitute lethally-irradiated hosts and
when thymus grafts are implanted into nude hosts • The latter finding
further indicates that the general physiology of the nude mouse is
not inimical to the differentiation of thymocyte progenitors, or to the
expression of T-cell membrane-characteristics and functions.
A number of lines of investigation have indicated that the effect
upon the immune system of the mutant gene '
nude' is confined to the

thymus-dependent compartment; the B-lymphocyte population as such
apparently being unaffected. For example, while the paracortical
regions of the peripheral lymph nodes are grossly depleted of
lymphocytes, the B-dependent areas display a more normal morphology
(Chapter 2). Moreover, the thoracic duct lymph of nude mice
contains normal absolute numbers Of cells exhibiting the cell-surface
markers and migratory properties characteristic of B-lymphocytes
[Sprent, 1973; Sprent & Basten, 1973], and normal numbers of B-cells
capable of binding antigen specifically have been found to populate
the spleen (see Chapter 4).
The B-cells of nude mice can also be shown to be functionally

normal. Spleen cells from nude mice are equivalent to those of
normal animals both in response to stimulation by B-cell mitogens
[Anderason, Muller & Sjoberg, 1972; Coutinho & Moller, 1973] and
in the production of humoral responses against thymus-independent
polymeric antigens.
Although limited, the available information would indicate that,
like the B-cell population, the 'accessory' cell population in nude
mice are probably normal. For example, nude mouse lymph nodes and
spleen are capable of localizing antigen within the primary follicles,
which suggests that the web of dendritic-follicle cells is intact
[Mitchell at al, 1972].
Studies of the near-complete restoration of the immune capacities
of nude mice by 'replacement therapy' with thymus grafts and thymocyte
inocula also argue that the sole defect of the immune system lies in
the deficiency of thymus-derived cells. For example, the histology
and proportion of theta-bearing cells in the peripheral lymphoid

Im

tissues of thymus-grafted nude mice resemble those of normal animals
(Chapter 2, Loor & Kindred, 1973). Moreover, grafting of whole
thymus or thymocytes restores, at least partially, functional
immunological competence to nude mice, both in terms of cell-mediated
reactions against oxazolone and alien skin grafts, and in terms of
humoral responsiveness to thymus-dependent antigens including 8RBC
and T4 phage, The incompleteness of restoration frequently observed
in these experiments does not necessarily imply any paucity or deficiency
of the B-cell population in the nude mouse. Indeed, a similarly
Incomplete restoration is evident after replacement therapy of animals
experimentally-deprived of T-cells.

In

both classes of animal the

failure is most readily explained in terms of such factors as the 'late'
Implantation of the thymus graft, incompatibility between the donor
and host tissues and the presence of inadequate numbers of donor
T-cells at the time of testing.
The nude mouse has been widely acclaimed as a model system in
which to study the effects of absence of the thymus and thymusdependent functions, and as a source from which cell-populations
entirely devoid of T-lymphocytes may be isolated • All the evidence
to date would indicate that nude mice have extreme maldevelopment of
the thymus and a severely depressed T-dependent immune system, whether
this is measured in terms of function or numbers of T-lymphocytes.
However, this evidence does not justify the assumption that depression
of the T-lymphocyte population is equivalent to an absence of all
thymic influence •
1972;

Indeed, Raff (1973; see also Lanolin at al.,

Matter et al., 197] has argued that the small numbers

(0.2-1.6%) of theta-antigen-bearing cells detectable in nnde mouse

peripheral lymphoid tissues represent a residual T-cell population.
The absence of cell-mediated immunity in nude mice would, of
course, argue that even if these theta-bearing cells are T-cells
they are essentially non-functional. However, the assays of
cellular immunity may well be insensitive to very low levels of
T-cell contamination. Evidence from assays of humoral immunity
are equivocal, for example, 7$ globulins, although depressed, are
present at low levels in the serum, and among the antibodies
synthesized against specific antigens. These data could be taken
to indicate that some 78 immunoglobulin synthesis is independent
of thymic influence or, alternatively, as a manifestation of the
presence of very small numbers of functional T-lymphocytes.
Future definitive studies using the nude mouse as a model of
complete thymic deficiency, and as a source of pure B-cells, must
require confirmation of the total absence of thymic influence, even
during embryonic and foetal life. Thus, the source and potential
functional significance of theta-bearing cells in nude mice must be
established.
These cells may be of essentially extrinsic origin or arise
within the nu/nu animal itself. Extrinsic sources may include the
passage of maternal (nu/+Y T-cells across the placenta, or the
influence of maternal or sibling thymic humoral factors upon those
nu/nu stem-cells potentially capable of differentiating to become
theta-bearing T-cells (see Chapters 3 & 6). These sources may be
eliminated by maintenance of the stock under SPY or germ-free conditions, where the improved fertility of both male and femalenu/nu

IN-

animals allows nude individuals to be obtained by mating together
homozygete mutant parents.
The possibility that theta-bearing cells arise autonomously
within the nude mouse may prove less amenable to experimentation.
Such intrinsic sources could include the processing and release of
small numbers of lymphoid cells by the ap]astic thymus rudiment and
the synthesis of humoral factors by the rudiment. It is also conceivable that the expression of cell-surface antigens which react
with anti-theta serum is not entirely restricted to the T-cell subpopulation of lymphoid cells. Although histological studies,
Including those of Pantelouris & Hair [1970] and Rygaard & Povlsen
[1974b), generally provide no evidence of lymphoid cells within the
rudiment, other workers (Moore, 1973, pers. Comm.) have identified
a email, ephemeral population of these cells within the foetal
epithelial itructure. These sources of theta-bearing cells in nude
mice may be resolved by more detailed retrogressive analysis of the
immunological lesions of the mutant, and by the accumulation of
additional membrane-antigen or ultrastructural features diagnostic
of T-cells.
Despite the caution warranted by the presence of the few thetabearing cells in the nude mouse, the data presented here and in the
current literature highlight the actual and potential value of this
remarkable mutant in the dissection and analysis of the immune system.
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APPENDIX I

Immunoglobulin nomenclature

The nomenclature of the imniunoglobulin classes employed in this
thesis is that of Herzenberg & Warner [1968]. The relationship
between this eytem and those described earlier by Fahey, Wunderlich
& Mishell, [1964a,b] and by Bazin (1966) is given In the table below.

Heavy-chain
type
Herzenberg & Warner

Nomenclature of Imniunaglobulin
class according to
Baz in
Fahey et al.

'(ga

Y G2a

IgG2a

7 S-V2s

Y

'{ G2b

lgG2b

7 S-Y2b

'(ci

IgGl

7 341

IL

IM

1gM

cC

'(A

IgA

2b

Yi

f32M

P2 A

The prefix '( was preferred to Ig, since it avoids confusion with
the nomenclature of the genes which encode the heavy chain polypeptides.
These genes are designated 1g.-1, Igh.2 and Ig-3 specifying respectively
the heavy chains of \( G2a,Y A and '( G2b • A series of eight alleles
at the 1g.-1 locus are designated Ig-1 a , 1g.-i b , 1g.-ic etc.

Two of

these, 1g.-i5 and 1g.1b were used to identify the origin of serum
' G2a globulins in experiments described in Chapter 5.
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SUMMARY

Cell proliferation in regional lymph nodes of mice sensitized with oxazolone was
measured by uptake of 1251 UdR. Experimental factors affecting incorporation of
IUdR into lymph nodes are described. The delayed hypersensitivity response was
assessed by measuring the increase in ear thickness after subsequent challenge with
oxazolone. Unlike normal mice, thymus-less 'nude' mice showed no detectable
response to oxazolone. Implantation of an allogeneic neonatal thymus, either subcutaneously or under the kidney capsule, adoptively conferred on 'nude' mice the
ability to mount a lymphoproliferative response.
INTRODUCTION
Flanagan (1966) described a recessive gene, nude (nu), which was associated with hairlessness in homozygotes. Pantelouris (1968) recorded that nude mice lacked a visible
thymus. More recently, Pantelouris & Hair (1970) showed the thymic anlage present at 14
days of foetal life to be retarded in development. No trace of lymphoid cells was found
in the thymus at this stage, or at I to 2 days after birth.
Nude mice die within 3-5 months of age. Death is associated with a wasting syndrome
similar to that observed in neonatally thymectomized mice (Parrott, 1962). The blood
leucocyte count is low (Pantelouris, 1968). The paracortical areas of the lymph nodes and
spleen are deficient in lymphocytes (de Sousa, Parrott & Pantelouris, 1969), and in cells
bearing the theta antigen (Raff & Wortis, 1970).
Nude mice have a severe impairment of immunological capacity. Although they can
mount a limited response to sheep erythrocytes and to T4 bacteriophage (Wortis, 1971;
Pantelouris 1971; Kindred, 1971), a human malignant tumour (Rygaard & Poulsen, 1969)
and skin allografts and xenografts are accepted indefinitely (Rygaard, 1969; Wortis, 1971;
Pantelouris, 1971; Pennycuik, 1971).
The present report describes quantitative studies on the cellular development and
expression of contact sensitivity in nu/mi and normal control mice.
Correspondence: Dr H. S. Micklem, Immunobiology Unit, Department of Zoology, University of
Edinburgh, West Mains Road, Edinburgh EH9 3JT.
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MATERIALS AND METHODS

Mice
The recessive gene nude no is found in the VIE linkage group and is associated with two
dominant marker genes, rex (Re) and trembler (Tr) (Flanagan, 1966). As the majority of
nude mice are of low fertility, mice heterozygous for the nude gene are mated to produce
the homozygous nude offspring. The colony was derived from four pairs of heterozygotes
which were the gift of Professor D. S. Falconer (Dept. of Genetics, University of Edinburgh),
and has subsequently been maintained in a closed but not inbred group. Thymusless nude
(nu/nu) mice were studied in comparison with littermate Re/+ controls, which possess a
grossly normal thymus and are assumed to be in most cases heterozygous for the no gene.
This assumption is based on a crossover frequency of 13% between Re and no. The mice are
referred to in the text as nu/nu and nu/+ respectively. Animals of both sexes were studied at
6-14 weeks of age. Male mice of the inbred strain CBA/H aged 10-15 weeks, were also used
in some preliminary experiments. Neonatal CBA/H-T6T6 mice were used as donors of
thymus grafts.
Sensitization
Mice were sensitized to oxazolone (4-ethoxymethylene-2-phenyl oxazolone, BDH Chemicals Ltd.). 10 mg of oxazolone dissolved in 01 ml absolute ethanol at 60°C was applied to
an area of skin approximately 2 cm in diameter, on the abdomen or left side of the thorax.
Control animals received 01 ml of absolute ethanol only.
Challenge
Expression of contact hypersensitivity to oxazolone was measured by the method of
Asherson & Ptak (1968). Mice were anaesthetized with ether and the thickness of each ear
was measured with a dial gauge (Thomas Mercer Ltd.). Both sides of both ears were then
smeared with 8 pl 2% oxazolone in olive oil, a total of 32 tl per animal. The thickness of the
ears was measured again 24 hr, and sometimes also 6 and 48 hr, after challenge. The change
in ear thickness after challenge in previously sensitized mice was compared with the increase
in mice which received the challenge exposure only. Ear thickness was expressed in units of
10-3 cm.
125 lododeoxyuridine

incorporation into DNA
Cell proliferation in the lymph nodes draining an area of skin painted with oxazolone
was estimated by measuring the incorporation of radiolabelled JUdR (5-iodo-2'deoxyuridine-i125 ,specific activity 4-7 mCi/mg, the Radiochemical Centre, Arnersham), after
10-8
the method of Hughes et al. (1964). Mice received an intraperitoneal injection of 5 x
moles fiuorodeoxyuridine (FUdR) in 02 ml sterile distilled water, followed after 10 mill
by 1 uCi125 IUdR by the same route, and were killed 2 hr later. These standard conditions
of dose and timing were established on the basis of preliminary experiments described
below.
The lymph nodes draining the area treated with oxazolone (left brachial and left axillary)
were excised, weighed and fixed in neutral formalin for 24 hr. Precursor not incorporated
into DNA was washed from the lymph nodes with several changes of 70 ethanol until the
wash was free of activity (Bryant & Cole, 1967; Elkins, 1970). Individual nodes were
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counted for 2 min in a Packard Autogamma crystal scintillation spectrometer. The activity
of the IUdR injected to each animal was determined and was compared with an arbitrary
standard count of 1,250,000 cpm. To render the results of different experiments comparable,
the activities of the individual lymph nodes were converted to this standard. No significant
differences emerged in the responses of brachial and axillary nodes and the counts were
therefore pooled.
Thymus grafting
A single lobe from a neonatal CBA/H-T6T6 thymus was grafted either under the left
kidney capsule, or subcutaneously in the axillary region to nude mice aged 29-58 days.
Statistics
The radioactivity counts and the lymph node weights were log-transformed to bring
them into conformity with a normal distribution. Means and variances were calculated from
the transformed data. No transformation was necessary for data on ear thickness. The
significance of differences between experimental groups was evaluated by Student's 't'-test.

RESULTS
Factors atjcting incorporation of

12

5 IUdR

into DNA in the lymph nodes

1251UdR was rapidly taken up by cells synthesizing DNA in the lymph nodes. The following
experiments show the effects of varying the conditions under which incorporation was
allowed to take place. CBA/H mice treated with oxazolone 3 days before testing were used
in these experiments. Nte/ + mice showed similar, though somewhat more variable responses.
The incorporation of labelled precursor in the lymph nodes took place rapidly (Fig. 1).
Half of the final level of incorporation was reached within 10-12 min of injection and a
plateau was attained within 90 mm.
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Ftc. I. Influence of time between ' 25 IUdR injection (1 pCi) and sacrifice on uptake in subcutaneous lymph nodes. Ten-week-old CBA males were sensitized with oxazolone 3 days before
assay. 5x 10 moles FIJdR injected 10 min before 125IUdR. Four mice per point.
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Relationship of '25IUdR dose to 2-hr uptake in subcutaneous lymph nodes. Fifteenweek-old CBA males were sensitized with oxazolone 3 days before assay. 5 x 108 moles FUdR
injected 10 min before 125IUdR. Four mice per point.

FIG. 2.

The amount of activity found in the lymph nodes was proportional to the amount
injected to the mouse, as shown in Fig. 2.
The size of the natural thymidine pool is decreased by prior intraperitoneal injection of
FUdR (Hughes et al., 1964). The increase in activity in the lymph nodes when amounts of
FUdR ranging from zero to 5 x 10-6 moles were injected 10 min prior to '25 IUdR is
shown in Fig. 3. There was a twofold increase in the activity of nodes from mice receiving
5 x 10, 5 x 108 and 5 x 10 moles FUdR. The lowered level of increase when 5 x 10
moles were injected may be due to the toxicity of the compound at this concentration
(Hughes ci al., 1964).

saline —12 —II —10 —9 —8 —7
Dose of FUdR (loqlo moles

—6

5

Influence of FUdR, injected 10 min previously, on uptake of ' 25 IUdR (1 pCi) in subcutaneous lymph nodes. Ten-week-old CBA males were sensitized with oxazolone 3 days before
assay. Four mice per point.
FIG. 3.
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FIG. 4. ' 25 IUdR incorporation in the regional lymph nodes of oxazolone-sensitized and
control mice.• nu/+, sensitized; nu/+, control. A no/rn,, sensitized;/-\ no/flu, control. Three
mice per point on Days 1-7; one to two mice per point thereafter.
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FIG. 5. Weight change in regional lymph nodes of oxazolone-sensitized and control mice.
nu/ +, sensitized; o nu/ +, control; A nu/no, sensitized; A nil/no, control. Three mice per point

on Days 1-7; one to two mice per point thereafter. Variances for the no/no groups are large
(see text) and for the sake of simplicity are not indicated.
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Response to sensitization with oxazolone
The cellular response of nu/nu mice to oxazolone was studied by daily estimations of
DNA synthesis in the regional lymph nodes and was compared with the response in sensitized nu/+ animals. Fig. 4 depicts the pooled results of three experiments with mice
6-12 weeks old. The activity in nu/+ mice reached a peak 2-hr 1251UdR incorporation of
6615 cpm on Day 3 after sensitization. Thereafter the activity declined slowly and remained
above the control level, at an average 1500 cpm from Day 7 to Day 10 when the experiment
was concluded. Untreated nu/+ mice showed a low, variable uptake, ranging from 96292 cpm. Untreated nu/nu mice exhibited a similarly small uptake (107-266 cpm). These
presumably indicate the level of DNA synthesis in the unstimulated lymph node.
Effect of neonatal CBA-T6T6 thymus graft on cellular response in regional
lymph nodes of nu/nu mice 3 days after sensitization with oxazolone

TABLE I.

Group Genotype Thymus graft

I
2

3
4

no/no
no/no
no/no
nu/+

subcutaneous
kidney capsule

-

No. of
mice

Mean cpm I "I+ SE*

4
4
4
4

l7916(619)±00458
29592(9l03)± 00479
28543(7l50)± 01315
32680(1854O)± 00509

Comparison
with controls
(Group 1)
P

<0001
<0001
<0001

* Log" (antilog of mean in parentheses)
SE = standard error of the mean.
The pattern of 125 IUdR incorporation in nu/nu mice sensitized to oxazolone could not be
distinguished from that of untreated nu/+ or flu/flu mice, indicating a complete absence of
detectable cellular response. Values fluctuated between 42 and 251 cpm.
The weight of the lymph nodes of nu/+ mice was raised by Day 4 after oxazolone treatment to almost five times that of non-sensitized mice. The nodes were still 3-4 times heavier
at the end of the experiment. Nu/nu mice showed extreme variations of lymph node weight.
At least some of this variation was due to gross accumulations of fluid within the nodes.
Sensitization had no discernible effect. These data are represented in Fig. 5. Standard
errors were very large for the nu/nu groups and are not represented in the figure.
A single lobe from the thymus of a CBA-T6T6 neonate was grafted to nu/nu mice aged
29-58 days under the kidney capsule or subcutaneously. The mice were sensitized to
oxazolone on Day 55 after grafting the thymus under the kidney capsule and on Day 40
after implantation of the thymus subcutaneously. The response to oxazolone was partially
restored (Table I). Three days after sensitization the grafted groups incorporated 11-14
times more radioactivity than did non-grafted controls.
Expression of contact hypersensitivity,
The response of nu/+ and flu/flu mice aged 9-14 weeks to a second contact with oxazolone was determined. The increases in ear thickness occurring when mice previously sensitized on the abdomen were challenged on the surface of the ear are detailed in Table 2.
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TABLE 2. Increase in ear thickness of mice 6-48 hr after challenge with oxazolone
Genotype Time of sensitization No. of mice
(days before challenge)

no/no

Controls
(no sensitization)

5

nu/nu
nu/nu
no/flu

4
7
12

4

nu/ +

-

3
5

4
7
12

6 hr

24 hr

-

2-3+1-5

(P)1

14±25
19±06 2-5±0-8
- 46±0-2
11-2+1-8

5

Controls
(no sensitization)

11111+
nu/+
nu/+

Mean increment (± SE) in ear thickness* at:

4

-

48 hr

(P)t

1.0+011
N.S.
N.S.

1.5+ 1 .0

-

N.S.

1.2+1.2 N.S.

N.S.

51 ± 1-2

262±24 <0001

155± 25 22-5±1-3 <0-001 11.7+2.0

5

3

-

<0-05
21-0±3-9 <0-05 15-7±20 <0-01

* Units of 10 -s cm.
Significance of difference from controls (Student's I'-test).
N.S. = not significant.

The mice were challenged 4, 7 and 12 days after sensitization. Whereas the ears of nu/+
mice showed significant thickening compared with non-sensitized controls, no such effect
was observed in nu/nu mice. Indeed, a decrease in ear thickness after challenge was observed
in a number of nu/nu mice. In addition to mice in the groups which showed a mean decrease
(Table 2), two animals from the group challenged at Day 4, and two from Day 12, measured
at 48 hr also showed reduced ear thickness.
Sensitization on the abdomen tended, by itself, to be followed by an increase in ear thickness. This tendency was more marked in nu/nu than in nu/+ mice, although in absolute
terms nu/nu ears were thinner than nu/+ throughout the experiment. Some thickening was
also seen after'challenge' of non-sensitized mice (Table 3).
TABLE 3. Ear thickness in

,1u/,1lI

and nu/+ mice treated with either a sensitizing or a challenge dose of
oxazolone, or untreated

Genotype No. of mice Treatment Day after treatment Ear thickness* (mean ± SE)
,,u/nu
nu/nu
nu/nu
ilu/nh!
/111/flu
nu/nu
lilt/ +

nu/+
nu/+
lilt/ +
nu/+
nu/+

5

-

4

Sensitized
Sensitized
Sensitized
Challenged
Challenged

5

3
5
5
5
5
5

3
5
5

Sensitized
Sensitized
Sensitized
Challenged
Challenged

4
7
12

194±17
30-8+1.8
239± 08

1

217±20
20-5+1-6
27-4±32
342±2-9
35-3± 1-2
298±51
38-6±2-8
32-4±22

2
4
7
12
1

2

20-5±2-5

(P)

<001
<005
N. S.
N.S.
N.S.
N.S.
N.S.
N.S.
<0-05
N.S.

* Units of 10 cm.
f Significance of difference from untreated controls of same genotype (Student's 't'-test).
N.S. = not significant.
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DISCUSSION

Incorporation of radiolabelled IUdR has been extensively used to measure DNA synthesis
and hence to provide an estimate of cell proliferation both in tumours and in normal
haematopoietic and other tissues (Hughes etal., 1964; Bryant & Cole, 1967; Bennett etal.,
1968; Dethlefsen, 1971). Mäkelä & Mitchison (1965) used the technique to measure the
cellular response to antigenic stimulation with bovine serum albumin. The present results
show that assay conditions as described by Hughes etal. (1964) can be successfully applied
to the study of cell proliferation in normal and stimulated lymph nodes.
The consistently low level of IUdR incorporation shown by the lymph nodes of nonstimulated nu/+ mice provided a satisfactory baseline against which to view the response of
sensitized animals. The latter incorporated, at the peak on Day 3, some 30 times more
IUdR than the controls. Some pilot studies with +1+ mice (unpublished data) gave similar
values, indicating that possession of the iiii gene in single dose does not affect the response to
oxazolone. In contrast, nu/nu mice, while showing a background level of incorporation
similar to that of nu/ + animals, gave no detectable response to oxazolone. A significant
response was conferred adoptively to nu/nu mice by a graft of allogeneic neonatal thymus.
It is not yet known whether this response was effected entirely by donor cells which migrated
out of the thymus graft into the peripheral lymphoid tissues (Davies etal., 1966) or whether
the graft also enabled host precursors to mature into responsive cells.
The effectiveness of an allogeneic graft is presumably related to the known inability of
flu/Flu mice to reject foreign tissue grafts.
In contrast to the IUdR incorporation assay, the measurement of lymph node weights
was both less sensitive and less consistent. The weight of nu/+ lymph nodes increased after
oxazolone sensitization when compared with nodes from unsensitized controls. However,
nu/nu lymph node weights varied widely and those from sensitized animals were no heavier
than those from non-sensitized controls. Nu/nu lymph nodes were on average heavier than
those from non-sensitized nu/+ mice and this additional weight was frequently associated
with an accumulation of fluid in the lymph nodes of both non-sensitized and sensitized
flu/flu mice.
Contact sensitivity to oxazolone, assayed by increase in ear thickness (Asherson & Ptak,
1968) could be demonstrated in nu/+ mice following a single painting of antigen on the
abdomen 4, 7 or 12 days before challenge. In contrast, the ears of sensitized nu/nu mice
did not increase in thickness at challenge and in thirteen of twenty-five mice examined, a
decrease in thickness was observed. Thus, both the development and expression of contact
sensitivity are absent in flu/nil mice.
After sensitization on the abdomen the ears of both nu/ + and flu/flu mice were observed
to be thicker than in non-sensitized animals. This may have been a non-specific, physiological
effect of irritation caused by the oxazolone. Some mild skin lesions and increased
vascularization of the treated area were evident in flu/flu mice despite the apparent failure to
develop contact sensitivity. Since increased thickness was observed after application of
oxazolone to the ears of unsensitized mice, the ear swelling seen in sensitized mice before
challenge may be due to accidental transfer of oxazolone from the abdomen to the ears,
perhaps during grooming.
It is known that the development of delayed hypersensitivity is thymus dependent
(Arnason et al., 1962; de Sousa & Parrott, 1969; Parrott et al., 1970). It involves early cell
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proliferation in the paracortical area of lymph nodes in guinea-pigs (Oort & Turk, 1965;
Turk, 1967), and mice (Parrott & de Sousa, 1966). The presence of lymphocytes in the
paracortical area depends on the animal possessing an intact thymus (Parrott & de Sousa,
1966). Davies et al. (1969) showed early proliferation of thymus-derived cells ('T-cells' in
modern parlance (Roitt et al., 1969)) in the lymph node paracortex of mice sensitized with
oxazolone. At a later stage, bone marrow derived B' cell proliferation was observed and it
coincided with germinal centre formation and hyperplasia of the medullary cords. T-cell
division reached a peak on Day 4 after sensitization while the peak B-cell proliferation was
observed at Day 8, and was sustained at a slightly lower level for the remainder of the
experiment. The results of the IUdR incorporation assay are consistent with these data.
The peak incorporation at Day 3 in nu/+ mice is presumably due to synthesis of DNA by
T-cells while the continuing incorporation from Day 7-8 onwards may be associated with
proliferation of B-cells. The nu/nu mice showed no response even in the period of B-cell
proliferation although the evidence to date suggests that nu/nu mice have a normal B-cell
population (Wortis, 1971). The B-cell response in thymectomized mice is much reduced
and short-lived (Davies et al., 1969). The evidence, therefore, suggests that the B-cell
response to oxazolone sensitization is dependent on a previous T-cell response. The failure of
sensitized nu/nu mice to show increased ear thickness after challenge with oxazolone confirms the view that the ability to express contact sensitivity to oxazolone is absent in thymusless mice (de Sousa & Parrott, 1969; Parrott etal., 1970). It may be that thymus-derived
cells infiltrate the reactive site during the early stages of hypersensitivity reactions in mice
as has been shown to occur in rats (Williams & Waksman, 1969).
Several workers have reported that nu/nu mice give subnormal responses to SRBC
(Wortis, 1971; Kindred, 1971; Pantelouris, 1971) and are unable to reject skin allografts and
xenografts (Rygaard, 1969; Pantelouris, 1971; Pennycuik, 1971; Wortis, 1971). Wortis
(1971) found no increase in cellularity of draining lymph nodes following injection of PHA
into the footpad of nu/nu mice and only slight lymphocytosis after intravenous injection of
B. pert ussis organisms. Both these responses are reported to depend on an intact thymus
(Dukor & Dietrich, 1967; Kalpaktsoglou et at., 1969). The present data show a total failure
to respond in a system well known to be T-cell dependent. Partial restoration of the response
to oxazolone in thymus grafted nu/nu mice extends the observation that after implantation
of a thymus graft or intraperitoneal injection of thymus cells, nu/nu mice were able to reject
skin allografts (Pantelouris, 1971).
The primary cause of congenital absence of thymus in nu/nu mice is not known. It may be
due to abnormal development of the thymic anlage in foetal life (Pantelouris & Hair, 1971)
but this could itself be associated with absence or abnormal development of the extrathymic
precursors of thymus lymphocytes, which have been shown to be present in yolk-sac and
foetal liver (Tyan, 1968; Owen & Ritter, 1969; Moore & Metcalf, 1970) and in adult bone
marrow (Micklem, Ford, Evans & Gray, 1966) of normal mice. The thymus grafting
experiments reported here do not resolve the question, since graft-derived T-cells might
survive long enough to produce the observed response by themselves, without the occurrence of any functional maturation of host T-cells. Experiments are in progress to investigate the presence of potential T-cell precursors in nu/nu mice.
Among the cases of primary immunological deficiency diseases known in man, three
syndromes are described involving congenital aplasia or hypoplasia of the thymus (Hitzig,
1968). The defects observed in two of these bear some resemblance to those of nu/nu mice.
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In Nezelof's isolated lymphopenia transmitted by an autosomal recessive gene, the thymus
is hypoplastic, and the lymph nodes develop abnormally, but plasma cells are present
despite the severe lymphopenia (Nezelof et al., 1964; Fulginiti et al., 1966). DiGeorge's
syndrome (DiGeorge, 1954; Lischner et al., 1967) is typified by congenital aplasia of the
thymus accompanied by aplasia of the parathyroids and hypoplasia of the mandibula. The
derivatives of the III and IV pharyngeal pouches are not abnormal in iui/iiu mice (Pantebuns & Hair, 1970). The aplasia of the lymphoid system in cases of DiGeorge's syndrome
is apparently limited to the thymus-dependent cell population, and implantation of a
thymus gland is an effective replacement therapy (August ci al., 1968; Cleveland ci al.,
1968). Owen & Ritter (1969) postulated that the primary defect in DiGeorge's syndrome
was thymic, while in other thymic aplasias there was additional failure of immigrant stem
cells, or of stem cell-organ rudiment interaction. Although the immunological responses of
nu/nu mice can be partially restored by thymus grafting, this may be a transient result of the
responsiveness of cells derived from the original graft lymphocytes. Further studies are
needed to elucidate the precise nature of the defect and its relationship to human diseasestates.
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SUMMARY

The concentrations of immunoglobulins in the sera of congenitally thymus-less
'nude' (nu/nu) mice of various ages were studied by single radial diffusion and compared with those in phenotypically normal nu/ + controls. 7M was present in normal
concentrations. yA and yG2a concentrations were greatly reduced. 7G 1 was normal
at the time of weaning (28 days of age), but fell progressively thereafter until it was
indetectable in most animals more than 60 days old. The primary response to 4 x
10 sheep erythrocytes was studied by haemolytic plaque and serum haemagglutination techniques. Nu/nu mice made subnormal quantities of 19S and little or
no 7S antibody. Subcutaneous grafting of neonatal CBA/H thymus at 10-25 days
of age was followed by increased survival of nu/nu mice and by the appearance of
normal concentrations of yG2a and TG I globulins and near-normal concentrations
of yA. Intraperitoneal injection of 108 CBA/H thymus cells resulted in still higher
concentrations of these three proteins. It is concluded that the establishment of
normal serum concentrations of yA, yG2a and, especially, yG! depends upon the
presence of funtional T-lymphocytes. yM shows no such T-dependence.

INTRODUCTION
The recessive gene nude (nu) first described by Flanagan (1966) is associated with hairlessness and congenital aplasia of the thymus in mice (Pantelouris, 1968). An abnormal
thymic rudiment is described in nu/nu mice which never becomes lymphoid (Pantelouris &
Hair, 1970; Wortis, Nehlson & Owen, 1971). The thymus-dependent areas of the peripheral
lymphoid tissues are severely depleted of lymphocytes (de Sousa, Parrott & Pantelouris,
Correspondence: Dr H. S. Micklem, Immunobiology Unit, Department of Zoology, West Mains Road,
Edinburgh, EH9 33T.
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1969), and the number of lymphocytes bearing the 0-antigen is at most very low (Raff &
Wortis, 1970). The immune responses of nu/nu mice show to an extreme degree the abnormalities well-known to be associated with neonatal thyrnectomy in rodents. Thus cell-mediated
responses and antibody formation against various antigens are profoundly impaired
(Rygaard, 1969; Wortis, 1971; Pantelouris, 1971; Kindred, 1971a; Pennycuik, 1971
Pantelouris & Flisch, 1972; Pritchard & Micklem, 1972; Reed & Jutila, 1972). The antibody response to the thymus-independent antigens Escherichia coli lipopolysaccharide
and pneumococcal Sill polysaccharide is, however, reported to be normal (Manning, Reed
& Jutila, 1972).
Studies of neonatally thymectomized rodents have not shown any very consistent and
substantial abnormality in immunoglobulin levels (Humphrey, Parrott & East, 1964;
Fahey, Barth & Law, 1965; Arnason, de Vaux St. Cyr & Shaffner, 1964), although low
levels of yG2a and yGi were often observed, particularly in wasting mice (Humphrey et al.,
1964; Fahey et al., 1965), and Arnason et al. (1964) described reduced levels of a protein
probably corresponding to yGI. Bazin & Duplan (1966), on the other hand, found raised
serum immunoglobulin concentrations in some long-lived thymectomized radiation
chimaeras. Benveniste, Lespinats & Salomon (1969) found that neonatally thymectomized
axenic mice had higher concentrations of yGl and yG2 globulins than did axenic controls,
although they were lower than in conventionally reared animals. Neonatally thymectomized
and thymectomized-irradiated mice are likely to have a certain number of thymus-processed
cells (T-cells) (Raff & Wortis, 1970), and it is not known how much this residual population
may influence immunoglobulin levels.
The present paper describes quantitative studies on the serum concentrations of four
major classes of immunoglobulin and on antibody production to sheep erythrocytes in nude
mice. The influence of thymus grafts on immunoglobulin concentrations is also described.

MATERIALS AND METHODS
Mice

Nude nu/nu) mice were maintained in a closed, but not inbred colony, as previously
described (Pritchard & Micklem, 1972). They were weaned at 4 weeks. Comparisons were
made with age-matched mice heterozygous for the nude gene (nu/+). Although the possibility that the no gene in single dose may confer some minor immunological abnormality,
has not been excluded, nu/+ mice are assumed to be 'normal' for the purposes of comparison.
Thymus grafting

One or two lobes from a neonatal CBA/H thymus were grafted subcutaneously in the
axillary region of nude mice aged 10-25 days. Nude controls were sham-grafted. Serum
samples were obtained 5 or 6 weeks later.
Thymus cells

2x 108 thymocytes from CBA/H donors aged 3-4 weeks were injected in 03 ml Hanks'
solution to nude mice aged 26-32 days. Nude controls received 03 ml Hanks' only. Serum
samples were obtained 6 weeks later.

Immune responses in congenitally thymus-less mice

127

Preparation of specific antisera
The mouse immunoglobulins yM, yG1 , yG2a and yA were purified from the serum or
(for yA) urine of mice bearing the myelomas MOPC 104F, RPC23, 5563, and MOPC 47a
respectively. These tumours were obtained from the National Institute for Medical Research,
Mill Hill, by courtesy of Dr B. A. Askonas and Dr D. W. Dresser, and maintained by serial
passage. yM was purified on the basis of its euglobulin characteristics on Sephadex G-25
(Pharmacia) (Bazin, Savin & Micklem, 1968), followed by gel filtration on Sephadex G-200.
7G and yG2 were purified by ion exchange chromatography on DEAE cellulose (DE52:
Whatman) using a linear gradient of 001 M-003 M phosphate buffer at pH 8, followed by
three precipitations with 45 saturated ammonium sulphate. Urine from mioa carrying
MOPC 47a contains half-molecules of yA, traces of albumin being the only detectable
protein contaminant. The urine was dialysed against phosphate-buffered saline (pH 74)
and concentrated by pressure ultra-filtration through a Pellicon PSED membrane (Millipore). Rabbits were immunized with 500 pg-S mg of purified protein emulsified in Freund's
complete adjuvant (Difco) plus 1010 killed Bordetella pertussis organisms (Wellcome),
subcutaneously at several sites on their sides. They were bled 5 weeks later. Antibodies
against L-chain determinants were removed from the antisera by passage through a
column of Sepharose 4B (Pharmacia) to which was coupled one or more of the myeioma
proteins not used for immunization (Porath ci' al., 1967), or by repeated precipitation
with purified myeloma protein. The specificity of each anti-serum was checked by
immuno-electrophoresis and double diffusion.
Antisera were also raised in a similar fashion against normal serum immunoglobulins,
by injecting B. pertussis organisms which had been coated with mouse anti-pertussis antibodies and washed four times; and against TG globulins purified from normal serum by
DEAE cellulose chromatography. These antisera were used without absorption.
Quantification of immunoglobulins
The single radial immunodiffusion assay described by Mancini, Carbonara & Heremans
(1965) was used to quantify yGl, yG2a, yA and yM globulins in serum obtained from
untreated nude (nu/nu) and normal (nu/ +) mice, and from nu/nu mice grafted with CBA
thymus or injected with CBA thymus cells.
Briefly, an equal volume of 3% Special Agar-Noble (Difco) in veronal-HC1 buffer at
60°C (pH 86 and ionic strength 01) was mixed with a suitable dilution of antiserum in
veronal-HCI buffer at 55°C and poured into a mould of two photographic plates and a
brass support. A layer of agar-antiserum measuring 85 x 6'2 cm and 1-mm thick, was thus
formed on one of the plates. Circular wells of 2 mm diameter were punched out of the gel,
and the agar removed by suction. 25 p1 of antigen, either test serum, standard serum or
dilutions of these, was placed in each well. The plates were maintained for 14 days at 37°C
under a layer of paraffin oil. The oil was removed by rinsing with petroleum ether;
the plates were washed with several changes of veronal-saline (15% NaCl with 4% v/v
veronal buffer), dried and stained consecutively with Oi Y.ponceau red and 0 1 % nigrosin
in 0l M acetate buffer (pH 5).
The diameters of the ring-shaped precipitates formed round the antigen wells were
measured with a precision viewer (Hyland), and the areas within the rings were calculated.
The area of the precipitate is directly proportional to the quantity of the immunoglobulin

128

Helen Pritchard et al.

class in the sample under test. The quantity of each immunoglobulin class in each serum
sample was expressed as per cent of the quantity found in a standard serum pool obtained
from 3-6-month-old normal outbred mice. Standard lines obtained from assaying four
dilutions of this serum pool on each plate were used in calculating the proportion of the
standard immunoglobulin level found in all test sera on that plate.
In addition to standard and experimental sera, a sample of a single control serum was
assayed on every plate. Analysis of the results from this repeated assay showed that 95
of the individual observations fell within 3% of the mean.
The lower limits of the sensitivity of the assay expressed as per cent of the level in the
standard pool were approximately l% for yGl; 3% for yG2a; 5 for yA and 9 for TM.
The reilts were log-transformed for statistical comparison by Students t-test.
Antibody response
The 19S and 7S antibody responses of nu/nu and nu/+ female mice aged 9-14 weeks, to
4x 10 sheep red blood cells (SRBC) injected intraperitoneally were determined by an
adaptation (Wortis, Taylor & Dresser, 1966; Dresser & Wortis, 1967) of the haemolytic
plaque assay of Jerne, Nordin & Henry, 1963. Agarose (L'Industrie Biologique Francaise,
Gennevilliers, France) was used for both top and bottom layers. A phosphate-buffered
balanced salt solution (Mishell & Dutton, 1967) was employed in preference to a bicarbonatecontaining medium. A rabbit antiserum directed against components of all major mouse
immunoglobulin classes was used at a dilution of 1/1000 to develop 7S plaque-forming cells,
after initial tests to establish its inhibition and development constants.
Circulating 19S (2-mercaptoethanol-sensitive) and 7S (2-mercaptoethanol-resistant)
antibody was measured by a haemagglutination assay. 005 ml of each serum sample was
diluted serially in gelatin-PBS (phosphate-buffered saline, pH 72, containing l% gelatin),
starting at a dilution of 1 in 2, in Linbro HA trays. Two dilution series were made for each
serum sample. 005 ml of 0.75% SRBC was added to one series and the trays were covered
with Microtitre plate sealer (Cooke Engineering Co.) and incubated at 37°C for 1 hr, and
overnight at 4°C. The second series received 005 ml of 02 M 2-mercaptoethanol, in addition
to SRBC (Claflin, Smithies & Meyer, 1966) and were covered and incubated in the same
way. The titre was read as the last well showing macroscopic agglutination. The supernatant was then removed without disturbing the pellet, and 01 ml of 1/1000 dilution of a
rabbit antiserum to normal mouse yG-globulins was added to all wells of both series. The
trays were re-covered and again incubated for 1 hr at 37°C and overnight at 4°C. The titre
was again read as the last well showing macroscopic agglutination.
RESULTS
Immunoglobulin concentrations in untreated mice
The concentration of yA, 7G2a, yGi and yM immunoglobulins in the sera of fifteen untreated male and female nu/nu mice, aged 52-64 days, and in fifteen iitt/ + controls of similar
age are shown in Table 1. The levels of yA, yG2a and yGl in nu/nu mice were significantly
lower than those of the controls (P<0001), while yM was present in normal amounts. The
most marked reduction was in yGi, of which nu/nu had less than 4% of the normal quantity.
In neonatally thymectomized mice, Humphrey et al. (1964) noted a delay in production
of immunoglobulins following the hypogammaglobulinaemia seen in all young mice. One
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TABLE 1. Serum immunoglobulin concentrations in fifteen
nu/nu and fifteen nu/+ male and female mice aged 52-64 days

Genotype

nu/nu
nuJ+

t
d.f.
P

Mean percentage of standard serum
'A

yG2a

yGl

yM

75
597

191
888

25
712

1070
902

528
7'17
1357
088
28
28
25
25
<0001 <0001 <0001 >02

explanation of the above results could therefore have been that the delay was more prolonged in nu/nu mice. Accordingly, sera from forty-one nu/nu of various ages and 34 agematched controls were assayed. The results are shown in Figs 1-4. Eight of the nu/nu mice
showed elevated yM levels. The concentrations of yA and yG2a were consistently below
those in the controls at all ages. yA was undetectable in more than half the nu/nu mice up to
2 months of age, but tended to increase slightly. Since no change occurred when the nu/nu
animals were isolated from their normal littermates, the increase in yA cannot be attributed
to coprophagy followed by absorption of yA from the gut. At the earliest ages tested, the
amount of yG 1 was normal, but while the level rose in control mice during the second month
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of life, it declined in nu/nu animals until in nine out of fourteen aged more than 60 days
none could be detected. No differences were observed between male and female mice of
either genotype.
Response to sheep erythrocytes
Although the concentration of yM in the serum of nu/nu mice was similar to, or even
above, that in controls, the production of direct (presumed 19S) plaque-forming cells
(PFC) in response to SRBC was impaired (Fig. 5). At the peak, 3 days after antigen administration, it was only 6% of the control response, although the subsequent decline in numbers
was somewhat less rapid. Developed PFC, indicative of 7S antibody synthesis, were scarce
or absent in nu/nu mice (Fig. 5). Concordant results were obtained from the haemagglutination assay (Fig 6). Mercaptoethanol-sensitive antibodies were detected in all immunized
nti/,iu mice, but at a low level. Only five of the nu/nu mice had detectable mercaptoethanolresistant antibodies, which may be supposed to have belonged to one of the yG classes,
whereas they were present in all nu/ + animals assayed at day 5 or later. The addition of
developing serum (Fig. 6b) increased the titres in nu/+ mice by up to six log2 units. It had
only a marginal effect on the titres of nu/nu sera, although on day 10 the titre of two sera
was increased by four units. These data indicate an impairment of antibody formation,
substantial for 19S antibody and profound for 7S, in response to primary exposure to
SRBC. There does, nevertheless, appear to have been some synthesis of antibody molecules
with 7S characteristics (mercaptoethanol-resistance and susceptibility to development);
the present data do not identify to which class of immunoglobulin they belonged.
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5. Plaque-forming cells in the spleens of nu/nu and nu/+ female mice at intervals after
intraperitoneal injection of 4x 101 SRBC. A, 110/nfl direct PFC; A, nu/nu indirect PFC; •,
nut + direct PFC; 0, nu/ + indirect PFC. Three to four mice per point.
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thj'rnus allografing

(a) Survival. A subcutaneous allograft of CBA/H neonatal thymus implanted at 10-21
days of age prolonged the survival of nu/nu mice, often considerably (Table 2). One animal
is 500 days old at the time of writing. Nearly all animals killed and autopsied for experimental purposes up to 60 days after grafting had easily visible and cellular grafts. Some
thymus-grafted mice appeared to gain weight more rapidly than controls, but weight-gain
was in any case rather variable in no//lu mice, and we have not examined the question in
detail.
TABLE 2. Effect of subcutaneous thymus grafting* on survival of
weaned no/au male and female micef
Percentage surviving at (weeks)
nu/nu mice (No.)

8 12 16 20 24 28 32 36 51 >70

Untreated (73)
78 29 11 7 3 0 0 0 0
Thymus-grafted (17) 100 65 47 35 29 24 18 12 6

0
6

* CBA neonatal thymus (one or two lobes) grafted at 10-21 days of age.
t Mice were weaned at 4 weeks of age; number of animals surviving
at this time taken as 100.

XA

Y620

yG 1

1M

0

100

Percent of standard serum

FIG. 7. Comparison of serum immunoglobulin levels in nu/nu and ,iu/+ mice bled at 45-53 days
of age. (Each bar represents the mean ± SE of six to eight sera; for statistical summary see
Table 4). 1, au/rn, sham grafted; 2, nu/nu grafted subcutaneously at 10-18 days of age with one
CBA neonatal thymus; 3, nu/+ untreated.

(b) linmunoglobulin concentrations. The concentrations of immunoglobulins in nu/nu mice
were tested at 35 and 42 days after thymus grafting and compared with nu/+ and shamoperated nu/nu controls (Figs 7-8). A few mice were also tested after longer intervals (Table
3). All immunoglobulins except yM were found in amounts significantly (P<0001) above
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TABLE

3. Serum immunoglobulin concentrations in long-surviving thymusgrafted*
mi/no and control individuals
Percentage of standard serum

Mouse

Genotype

Ia
lb
2a
2h
2c
3a
3b
3c
4a
4b
4c

no/no
no/mi
no/flu
no/no
nu/+
no/au
no//lu
nu/+
nu/nu
nu/nu
n11/+

Thymus
graft

Age
(days)

yA

yG2a

yGi

yM

+
+
+
-

91
91
123
204
204
63
204
204
81
209
209

17
52
13
76
60
14
148
161
28
27
147

11
79
7
22
52
27
354
68
39
69
149

<1
57
n. t.
66
130
2
75
59
2
42
97

72
40
91
122
102
127
68
99
338
33
107

-

* CBA neonatal thymus (one lobe) grafted at 10-21 days of age.
n.t.
not tested.

=

yA

yG1

YM

I

10

100

Percent of standard serum
8. Comparison of serum immunoglobulin levels in nu/nu and nu/+ mice bled at 58-75
days of age. (Each bar represents the mean ± SE of four sera (three sera in group 3); for statistical comparison see Table 4). 1, nu/nu sham grafted or saline injected; 2, no/no injected intraperitoneally at 26-33 days of age with 10 CBA thymus cells; 3, no/no grafted subcutaneously
at 16-25 days of age with one CBA neonatal thymus; 4, nu/+ untreated.

FIG.

Immune responses in congenitally thymus-less mice

135

those in nu/nu controls. yG2a and yGI were raised in grafted animals to levels close to, or
even above, those in nu/ + controls, while yA tended to fall short of normal.
Intraperitoneally injected CBA/H thymus cells restored immunoglobulin concentrations
even more effectively (Fig. 8). yA was up to the nu/+ control level, while yG2a and yGl
were some two to three times higher than that. Treatment with a thymus graft or thymus
cells did not significantly affect the concentration of yM in the serum.
These results are summarized in Table 4.
4. Statistical comparison (Student's t-test) of immunoglobulin levels between nu/nu mice, grafted/injected with CBA
thymus, and flu/mi and nu/+ controls. (Further data in Fig. 7,
Expt. 1 and Fig. 8, Expt. 2)

TABLE

Expt. I

Expt. 2

<<
<

yA
iizi/nu
yG2a nu/nu

<<

yGl

nu/in,

<<<

flu/flu

yM

nu/nu

flu/flu

7A

flu//u/

=
<<<

(Tgr)*
(Tgr)
(Tgr)
(Tgr)

flu/flu

(Tc)*

flu/flu

yG2a

flu/flu

'GI

flu/flu

flu/flu

1/u/no
yM

<<
<<<
<<<
<<<
<<

nu/nu
till/nu

=

flu/flu

nu/nu

no/no

(Tgr)

no/no

(Tc)

nu/nu

(Tgr)

/70/flu

(Tc)

1711/flu

(Tgr)

flu/ill!

(Tc)

nu/nu

(Tgr)

< nu/ +
= nu/+
=
= nu/+
= nu/+
< nu/+
> nu/+
> nu/ +
> > nu/+
= iiu/ +
= nu/ +
= nu/ +

P<0001; <<: P<O01 <: P<005; =: P>02.
*Tgr: subcutaneous thymus graft. Tc: intraperitoneal thymus cells

DISCUSSION
Quantitative analysis of sera from flu/flu mice 35-120 days old showed a marked depletion
of yGl, yA and yG2a globulins. The amount of yM was normal or raised. This confirms
and extends the finding of a low proportion of y-globulin in the total plasma protein
(Pantelouris, 1971), and is in general agreement with recent results of others (J.-C. Salomon
& H. Bazin, personal communication; A. L. Luzzati & E. B. Jacobson, personal communication). Existing evidence suggests that nu/nu mice probably have normal B-lymphocyte populations (Wortis, 1971; Kindred, 1971b; Manning et al., 1972). This, together with
the fact that immunoglobulins were raised to near-normal levels after thymus grafting,
suggests that the immunoglobulin deficiencies in untreated nu/nu mice are related to the
thymic aplasia.
Such low serum levels of immunoglobulins could in principle result from any of the
following causes: increased rate of catabolism, loss through the gastro-intestinal tract, and
decreased rate of synthesis. Some neonatally thymectomized mice have been reported to
show increased catabolism or loss of immunoglobulins; this appeared to be related to the
presence of a wasting syndrome (Fahey et al., 1965). It is possible that similar factors affect
immunoglobulin levels in nu/nu mice. However, although these animals gain weight more
slowly than normal littermates, they show little wasting except terminally and do not
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usually have diarrhoea. A reduction in synthesis of the affected classes seems to be the most
probable explanation of the results. Unstimulated axenic mice have been shown to have
low serum concentrations of yG2 and yGI, which rise sharply after exposure to antigens
(Benveniste, Lespinats, Adam & Salomon, 1971). This suggests that circulating yG-globulins
are produced mainly in response to antigenic stimulation. Since the response to many
antigens is known to be more or less dependent on the thymus, the synthesis of the corresponding antibodies would be depleted in flu/flu mice, and this depletion would be
reflected in low circulating immunoglobulin concentrations.
The introduction of an allogeneic T-cell population, whether in the form of a graft or of a
cell suspension, was followed by the appearance of much larger quantities of yA, yG2a and
TG in the serum of flu/flu mice. Kindred (1971b) has suggested that some degree of genetic
matching between thymus donor and host is necessary for long-term improvement of the
antibody response to SRBC. In our experiments there was no deliberate matching, but it is
possible that our nu/nu stock, which was originally from four pairs of animals, may by
chance have a relatively high degree of histocompatibility with CBA. However, some
selection in favour of histocornpatibility with CBA may have occurred during the course of
each experiment, since only a minority of thymus-grafted mice enjoyed an extensively
prolonged lifespan.
Thymus grafts might exert their effect in any of three ways: by releasing donor-type
T-cells, by providing a milieu for the maturation of host-type T-cells from bone marrow
progenitors, or by exercising some hormonal influence on the peripheral lymphocyte population. Since thymus cells were at least as effective as thymus grafts in restoring immunoglobulin levels, the first mechanism may have been predominant under the conditions of the
present experiments. The second may also have played a part, however, since flu/flu bone
marrow undoubtedly contains progenitors capable of populating a thymus and producing
functional T-cells (Wortis et at., 1971 ; Pritchard & Micklem, 1973).
The reason why nu/nu mice injected with thymus cells tended to have supranormal levels
of yG2a and yGI is not clear. It seems unlikely to be related to any reaction by the injected
cells against host antigens (such as was in principle possible), since Koltay et at. (1965)
found graft-versus-host reactions to be associated with markedly reduced concentrations of
circulating immunoglobulins. Furthermore, the clinical state of the animals gave no indication that a graft-versus-host reaction was in fact in progress.
The most striking deficiency of adult nu/nu mice was in yGl globulin. The present
experiments do not establish whether the relatively normal levels present at the time of
weaning are derived from the mother or synthesized by the nu/nu mouse itself. The kinetics
of disappearance with increasing age could fit the reported half-life for this protein of about
10 days (Bazin & Malet, 1969), and are compatible with the idea that no synthesis at all
occurs after weaning. Nevertheless, the fact that introduction of a T-cell population is
followed by large-scale synthesis indicates that B-cells capable of making yGl under
suitable conditions remain in nu/nu mice. The synthesis of yGl thus appears to be peculiarly
dependent on the presence of T-cells. This conclusion agrees with Torrigiani's (1972) data
on the production of specific antibodies in mice thymectoniized at 1 week of age. In axenic
mice, on the other hand, Benveniste et al. (1969) found raised yGi (and yG2) concentrations after neonatal thymectomy. The reason for this difference is not clear, but both the
germ-free state of their animals and the probable presence of residual 1-cells may contribute
to it.
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The ability of nu/nu mice to maintain normal or above-normal concentrations of serum
TM is in marked contrast to their poor 19S antibody response to SRBC (also reported by
Wortis (1971), Kindred (1971a) and Pantelouris & Flisch (1972)). Although it is possible
that the 7M does not represent responses to any exogenous stimuli, the bulk of it may well
consist of specific antibodies to antigens such as bacterial capsular components, the response
to which is relatively or completely thymus-independent. The presence of yM in axenic mice
(Benveniste et al., 1969) does not argue strongly against this supposition, since the diet of
such mice, although sterile, is not antigen-free.
The profound depression of 7S antibody formation against SRBC provides direct
confirmation of the inference which Pantelouris & Flisch (1972) drew from their data, and
is concordant with the view (Taylor & Wortis, 1968) that T-cell deprivation particularly
affects 7S antibody synthesis.
The results reported here demonstrate that T-cells, in addition to their well-known
adjuvant function in the production of many specific antibodies, may also have a profound
influence on the overall serum levels of TG and 7A globulins. Although some effect on the
catabolic rate of these proteins has not been excluded, it is considered that the most probable
mode of T-cell influence is on synthesis.
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SUMMARY

The stern cell potential of thymusless nu/nu mice measured in terms of CFU
ratio and the capacity to reprieve lethally irradiated mice was similar to that of
nu/+ and CBA mice. The thymus of nu/nu—+T6T6 radiation chimaeras was
repopulated by donor cells. Proliferation of donor cells, presumed to be Tlymphocytes, was observed in regional lymph nodes 3 days after sensitization with
oxazolone.
T6T6 thymus grafts implanted subcutaneously in nu/nu mice restored the
response to C57BL skin grafts. The mitotic figures in the thymus implant 30
and more days after grafting were almost exclusively of host karyotype. The high
proportion of host cells dividing in the lymph nodes of thymus-grafted nu/nu
mice suggested that T-cells derived originally from ,iu/iiu bone marrow were
present. Allogeneic epithelial thymus grafts partially restored the response of
nil/flu mice to oxazolone.
It is concluded that the failure of thymic development in nu/nu mice is not due
to an absence of thymocyte precursors in the bone marrow or to anything in the
general physiological environment which prevents their differentiation to thymocytes and T-lymphocytes. It is presumably the result of defective embryonic
development of the epithelial rudiment.
INTRODUCTION
In 'nude' (nu/nu) mice the thymus gland is congenitally absent (Pantelouris, 1968), as are
thymus-derived cells (de Sousa, Parrott & Pantelouris, 1969; Raff & Wortis, 1970; Wortis,
1971). A thymic rudiment abnormal at birth and even at 14-15 days of foetal life, has been
described (Pantelouris & Hair, 1970; Wortis, Nehlson & Owen, 1971). Any of a number
of lesions during development might cause failure in thymic development.
Correspondence: Dr H. S. Micklern, Immunobiology Unit, Department of Zoology, West Mains Road,
Edinburgh EH9 3JT.
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(I) There may be maldevelopment of the epithelial framework of the organ during
ernbryogenesis. (2) Since stem cells are known to migrate to the thymus from the yolk
sac and foetal liver in the embryo (Moore & Owen, 1967; Owen & Ritter, 1969) and from
the bone marrow in adult life (Ford, 1966a; Ford et al., 1966), the thymic failure may be
due to absence or abnormality of the lymphoid precursor cells. (3) The precursor cell
population and the thymic epithelium may both be normal, but the physiological milieu
may be inimical to the proliferation and differentiation of the one in the other. We now
report experiments designed to distinguish between these three possibilities.
MATERIALS AND METHODS
Nude (nu/nu) mice were maintained in a closed, but not inbred colony, as previously
described (Pritchard & Micklem, 1972). They were weaned at 4 weeks of age. Comparisons
were made with age-matched mice heterozygous for the nude gene (nu/+). These mice
are assumed to be 'normal' for the purposes of comparison, although the possibility that
the nude gene in single dose may confer some minor immunological abnormality has not
been excluded.
The CBA/H and CBA/H-T6T6 strains (referred to hereafter as CBA and T6T6 respectively) were obtained from Harwell in 1966 and have since been maintained in our laboratory
by strict brother—sister mating. T6T6 animals are distinguished from CBA and other mice
by the possession of two small marker chromosomes, visible in mitotic metaphase.
Thymus grafting
One or two lobes from the thymus of T6T6 neonates were grafted subcutaneously in
the axillary region of nu/nu mice aged 15-35 days. Control mice were sham-grafted.
Thymectomy
T6T6 mice were thymectomized at the age of 4-7 weeks. Control mice were shamoperated. The completeness of thymectomy was verified in post-mortem examination.
Skin grafting
The grafting technique was essentially that of Billingham & Medawar (1951). Dressings
were removed 6 days after grafting.
Irradiation
Mice were irradiated from above with a Westinghouse machine under the following
conditions: 230 kV; 15 mA; 05 mmCu and 10 mm Al filtration; dose rate 66 r/min.
Preparation and grafting of thyrnic epithelia
Four-week-old T6T6 female mice were lethally irradiated (950-1100 r). The residue
of thymus, consisting mainly of the epithelial framework, was excised 4-5 days later, and
was implanted subcutaneously into nu/nu recipients aged 11-39 days. Control mice were
sham-grafted.
Preparation of cell suspensions for injection
The bone marrow cell suspensions were prepared in TC medium 199 (B.D.H. Chemicals
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Ltd) or in Eagle's minimal essential medium (Burroughs Wellcome & Co.). The cells were
washed once, resuspended and counted and the volume was adjusted to give the required
number in 025 ml.
Sensitization

Oxazolone (4-ethoxymethylene-2-phenyl oxazolone: B.D.H. Chemicals Ltd) was dissolved in absolute alcohol at 60°C at a concentration of 10% mass/vol. An area of skin
2 cm in diameter was shaved on both the right and left sides of the thorax and 005 ml (5 mg
oxazolone) was applied to each side. Control mice received 005 ml hot ethanol on each side.
Treated and control mice were caged separately.
of mito tic cells
Ninety minutes before they were killed mice received 4 Jlg/g body weight of colcemid
(desacetyl-N-methyl coichicine, Ciba) intraperitoneally. Tissues (thymus and lymph nodes)
were processed essentially as described by Ford (I 966b).
Cytological examination

of the number and activity of haemopoietic stem cells
The haemopoietic stem-cell content of the bone marrow of nu/nu and nu/+ mice was
determined by the spleen colony assay of Till & McCulloch (1961). CBA female mice
lethally irradiated (900 r) were injected intravenously with 10-10 bone marrow cells
in 025 ml Eagle's medium. Eight days later the number of macroscopic colonies was
determined.
Measurement

IUdR incorporation assay

Cell proliferation in the lymph nodes draining the site of application of oxazolone, and
in the spleen after injection of haemopoietic stem cells, was estimated by measuring the incorporation of radiolabelled TUdR (5-iodo-2'-deoxyuridine-' 251, specific activity 5 mCi/mg,
obtained from the Radiochemical Centre, Amersham) into DNA, as previously described (Pritchard & Micklem, 1972). Briefly, 5 x 108 mol of 5-fluorodeoxyuridine (the
gift of Roche Products Ltd) were injected intraperitoneally, followed 1 hr later by I pCi
125IUdR. Some mice, destined for cytological analysis, also received colcemid: this was
shown in preliminary experiments not to interfere with the incorporation of the DNA
precursor. Mice were killed 2 hr after the injection of IUdR. Tissues were washed in several
changes of 70% ethanol to remove unincorporated IUdR and were counted in a Packard
Autogamma crystal scintillation spectrometer. Counts in individual tissues were expressed
as a proportion of the counts injected by the formula counts x 106/ injected counts.
Measurement

of

serum iminunoglobulin concentrations

Concentrations of TA, yGI, yG2a and TM globulins in serum were determined by the
single radial diffusion assay of Mancini, Carbonara & Heremans (1965), as described elsewhere (Pritchard, Riddaway & Micklem, 1973). Each was expressed as a percentage of the
concentration in a standard pool of normal serum obtained from 3-6-month-old outbred
mice.
Statistics

The means of the experimental groups were compared by Student's t -test. For this
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purpose the data on CFU numbers, 1251-uptake and immunoglobulin concentrations were
log-transformed in order to bring them into conformity with a normal distribution.
RESULTS
Colony-forming units in flu//lu bone marrow
Bone marrow from flu//lu and nu/+ donors aged 7-9 weeks showed an equal capacity
to form macroscopic spleen colonies when injected to lethally irradiated recipients. The
proliferative capacities of the inocula, as determined by ' 25IUdR incorporation, were also
similar.
TABLE

1. Spleen colony forming capacity of flu/net and nu/+ bone marrow in
lethally irradiated CBA recipients

Donor cell
genotype

No. of
mice

CFU
ratio*

nu/nu

21

22
(134±004)

nu/ +

23

26
(142±003)

P

Mean 125! counts per
10 injected cellst

P

13,210
(422±006)
>01

>005
17,290
(433±004)

*

CFU per 10 cells injected.
Pooled results from three groups which received 10, 5 x 10 or 101 viable cells
Geometric mean, with log10 mean ± standard error in parentheses.

Transfer of bone marrow cells from nu/nu to lethally irradiated normal mice
The stem cell capacity of adult nu/nu mice was also investigated by transferring bone
marrow cells into lethally irradiated recipients and comparing the repopulation with that
achieved by cells from nu/ + littermates or by cells from mice syngeneic with the recipients.
Two experiments were performed. In experiment I, T6T6 female mice were lethally irradiated (900 r) and injected intravenously with 3 x 106 viable bone marrow cells from
nu/nu, nu/+ or CBA donors. In experiment 2 the recipient mice were thymectomized or
sham-thymectomized 11-19 weeks before irradiation and repopulation.
Mortality following irradiation and repopulation is shown in Fig. la and b. The few
deaths occurring during the first week were ignored, since mortality at this time is not
attributable to failure of repopulation (van Bekkum & de Vries, 1967).
In experiment I mortality was highest in nu/nu—+T6T6 chimaeras, lower in nu/+—~
T6T6 chimeras and absent in the CBA—*T6T6 group (Fig. Ia). However, in experiment 2
sham-thymectomized recipients showed less mortality after restoration with nu/nu, as compared with nu/+, bone marrow. The increase in mortality with time after repopulation in
thymectomized recipients (Fig. lb) was associated with the development of a wasting syndrome such as is well known to affect lymphocyte-deficient chimaeras and neonatally
thymectomized mice (Barnes, Loutit & Micklem, 1962; Miller, 1962; Parrott, 1962).
The haematocrit values of mice in experiment 1 were determined 21 and 49 days after
repopulation (Table 2). The values for nu/nu—*T6T6 chimaeras 21 days after irradiation
were significantly lower than those of the other groups (P<0001). At day 49, no significant
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FIG. 1. Cumulative mortality in lethally irradiated T6T6 mice injected with 3 x 106 bone
marrow cells (two experiments). (a) Donors (number of recipients in parentheses). 5,no/no (31);
A, nu/+ (32);., CBA (38). (b) Donors (number and pre-treatment of recipients in parentheses).
s--s nu/nu (22: sham-TX); s—s nu/nu (23: TX); A—A nu/+ (16: sham-TX); A---A nu/+
(16: TX); .—. CBA (13: sham-TX); . --- . CBA (12: TX). (TX denotes thymectomized.)

differences were found between any groups, probably because many animals with the lowest
values on day 21 had died in the meantime. In experiment 2, where mortality was low in
nu/nu—*T6T6 chimaeras during the same period, haematocrits (assayed on day 33) did
not differ significantly between groups.
Two tests were used to compare the content of thymus cell precursors in bone marrow
inocula. In seven mice, the origin of dividing cells in the thymus was determined cytologically. In chimaeras prepared with bone marrow of all genotypes, all such cells were of
donor origin (Table 3). Thus, nil/flu bone marrow contained cells able to repopulate and
proliferate in an allogeneic thymic epithelium.
TABLE

2. Haematocrit values 21, 33 and 49 days after repopulation of lethally
irradiated T6T6 mice with nu/flu, nu/+, or CBA bone-marrow cells

Expt

Day

1

21f
49
33
33

2

Thymec- Mean haematocrit in recipients* of bone marrow from
tomy
nu/nu
nu/
CBA

+

-

+

406±09 (22)
450±09(10)
451±05 (21)
469±08 (21)

444±04 (28)
465±04(23)
437±06 (14)
457±09 (12)

470±03 (33)
458±10(8)
448±05 (12)
465±09 (12)

* Numbers of mice in parentheses.
On day 21 the values for the three groups of chimaeras differed from each other
at the 01 level of significance.
El
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TABLE 3. The origin of cells dividing in the thymus of T6T6 mice 60 days after
lethal irradiation and repopulation by nu/nu, nu/+ or CBA bone-marrow cells
Genotype of
repopulating
cells

No.
mice

no/flu
nu/+
CBA

3
I
3

Mitoses scored

Mean
thyrnus
wt (mg)

Total

% donor-type

154
208
152

167
53
199

100
100
100

To establish whether these cells became functional thymus-derived ('T') lymphocytes
in the peripheral lymphoid tissue, the response of the chimaeras to sensitization with oxazolone was determined. The early response 3-4 days after sensitization, involves a proliferation
of T-lymphocytes (Davies et al., 1969), which is readily measured in terms of DNA
synthesis in the lymph nodes draining the sensitized area (Pritchard & Micklem, 1972).
Later, 'B'-lymphocytes may also divide (Davies et al., 1969). Fig. 2 illustrates the response
to oxazolone at intervals after sensitization of chimaeras 60 days after irradiation and repopulation. The results of experiments 1 and 2 did not differ and were combined. Incorporation of 125 IUdR in sensitized thymectomized chimaeras did not differ from that found in
control animals sham-sensitized with ethanol. In non-thymectomized chimaeras exposed to
oxazolone, incorporation of 125 IUdR was significantly above the control level. No differences were observed between chimaeras prepared with nu/nu, nu/ + or CBA bone marrow.
The origin of cells dividing in stimulated lymph nodes was investigated cytologically,
and was found to be almost exclusively from the donor in every group (Table 4).

30

2 3 4 5 6 7 8 9 10
Days after sensitization
FIG. 2. '25 IUdR incorporation into regional lymph nodes of thymectomized (solid symbols) or
sham-thymectonlized (open symbols) lethally irradiated T6T6 mice repopulated with 3 x 106
bone marrow cells. Donors: ,iu /nt, (•, a); nu/-1- (A, a); CBA (.,n). The stippled area shows
95% confidence limits of IUdR uptake for twenty sham-sensitized chimaeras. The two points
without standard errors represent single mice; otherwise three to five mice per point.
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TABLE 4. The origin of cells dividing in lymph nodes draining the site of oxazolone
sensitization in thymectomized and sham-thymectomized T6T6 hosts, 60 days after
lethal irradiation and repopulation with 3 x 106 no/nit, no/+, or CBA bone-marrow cells

Day after
oxazolone

Donor cell
genotype

No. of
recipients

Mitoses scored
Total

Shamthynicctoniized

nu/nu
nu/+
CBA
na/no

3
3
3
4
4
4

Thymectomized*

11,11+

CBA

3 or 4

nu/nu

4

001+

3 or 4

CBA

donor-type

2
2
2
4
3
3

37
98
79
253
138
134

1000
1000
987
996
1000
1000

3
1
2

8
7
14

1000
1000
1000

* Mitoses were scarce in thymectomized recipients.

Thus, no deficiency was found in na/mi bone marrow with respect to precursors of
thymocytes and, subsequently, of T-cells.
Grafting 01 allogeneic tIlyFflus to flu/flu mice
An allogeneic T6T6 neonatal thymus implanted subcutaneously into flu/nil mice aged
10-21 days, conferred the ability to reject C57BL skin grafted 39 days later (Table 5). Skin
allografts were rejected only when foreign to the thymus graft, T6T6 skin remaining in situ
throughout the life of the recipient. Sham-grafted nu/nu mice retained, and nu/+ mice
rejected, skin grafts from both donors.
Eight mi/flu mice grafted with a single lobe of T6T6 neonatal thyrnus at 15-35 days of age,
were killed between 15 and 54 days after grafting. The origin of the cells proliferating in the
thymus graft was determined cytologically. Twenty-one days after grafting 90 of the
dividing cells were host-derived. At 30 days, and thereafter, the mitoses were almost 100%
host karyotype (Table 6).
TABLE 5. Survival of T6T6 and C57BL skin allografts on no/no mice
previously grafted subcutaneously with two lobes of T6T6 neonatal
thymus, or sham-operated, at 10-21 days of age

Recipient No. of Thymus
mice
graft

no//il,

4

+

no/no

4

-

001+

5

-

Skin graft survival time (days)
T6T6

C57BL

(17, 31, 88, 126)*
(19, 19, 28, 37)*
8-10

15-21
(19, 19, 28, 37)*
8-12

* Graft intact at time of recipient's death
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TABLE 6. The origin of cells dividing in T6T6 thymus grafts implanted subcutaneously in the axillary region of mi/no mice

Day after
grafting

Age at
grafting

23
23
35
15
35
15
19
21

Mitoses scored

Thymus graft
wt (mg)

38
123
93
56
66
64
190
48

15
21
30
30
31
43
54
54

Total

% host-derived

11
55
50
52
51
55
57
48

727
909
1000
981
980
982
1000
1000

In three nu/nu mice grafted with a single lobe of T6T6 neonatal thymus, 70-97% of the
cells proliferating in the lymph nodes 3 days after sensitization were of host origin (Table 7).
Grafting of irradiated allogeneic (T6T6) thymus to nu/nu mice
Mice were grafted subcutaneously with the epithelial residue of thymus obtained from
lethally irradiated donors, or were sham-grafted, at between II and 39 days of age. Thirtynine to forty-two days later survivors (20% of the grafted and 15% of the sham-grafted
animals), were sensitized with oxazolone, or sham-sensitized with ethanol. The proliferative
response was measured 3 days later by 125JUdR incorporation (Table 8). Uptake in two
grafted nu/nu mice sensitized with oxazolone was higher than in sham-grafted sensitized
controls (P <002).
Serum samples were obtained from mice 30, 35 or 36 days after grafting (or shamgrafting). The serum concentrations of TA, yGl, yG2a and 7M globulins, determined by
single radial immunodiffusion, did not differ significantly between the grafted and the
control mice (Table 9).
TABLE 7. The origin of cells dividing in lymph nodes of no/no mice 3 days after sensitization
with oxazolone, 54 or 390 days after grafting a neonatal T6T6 thymus subcutaneously. Responses
were measured by ' 25 IUdR incorporation in the lymph nodes

Thymus graft
wt (mg)

48
190

Age at
grafting
(days)

Days after
grafting

21
19
14

54
54
390

12 IUdR
incorporation
ratio*
% host-derived

Mitoses scored
Total
100
100
34

70
73
97

127
7.4
137

* When tested 54 days post-grafting, ratio = counts in thymus-grafted nu/nu- counts in a
sham-grafted sensitized control of the same age. In the 390-day test, counts in the thymus-grafted
mouse were compared with counts in a non-grafted, sensitized nu/nu mouse, aged 42 days.
Graft not visible.
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TABLE 8. Effect of irradiated T6T6 thymus, implanted subcutaneously in flu/no mice aged 17-39
days, on the response* to oxazolone applied 39 or 42 days after grafting
Epithelial
Group Genotype thymus Oxazolone
graft

1

nu/nu

2

nu/nu

+
+

3

nu/nu

—(sham)

4

nu/+

5

nu/+

-

+
+
+
-

1251

counts in
individuals
(geometric mean
in parentheses)

Comparison
with
group 3
(P)

318, 762
(492)
20, 180, 212
(91)
21, 25, 30, 106
(36)
1530, 2927, 5580
(2923)
76, 121, 259
(134)

<002
>02

* Assayed by 125 IUdR incorporation into regional lymph nodes.
TABLE 9. Serum immunoglobulin concentrations in nu/nu mice grafted with an irradiated T6T6 thymus,
in sham-grafted no/no and in nu/+ mice
Genotype

flu/nu
nu/nu
nu/+

No. of
Epithelial
Age at
Age at
mice thymus grafting bleeding
graft
(days)
(days)
9
9
9

+
—(sham)
-

11-39
13-45
-

41-74
48-75
47-75

Immunoglobulin concentrations*
yA

yG2a

yGI

yM

109
105
674

258
190
704

37
29
573

99•1
959
1030

* Expressed as a mean percentage of the concentration found in a standard pool of normal mouse serum.
None of the differences between grafted and sham-grafted flu/flu groups were significant (P>04).

DISCUSSION
The stem cell content of/iu/mi adult bone marrow measured in terms of its CFU ratio was
equivalent to that of CBA mice and of normal littermates. The presence of cells proliferating
in the thymus of nu/nu—*T6T6 chimaeras, distinguishable karyotypically as donor cells
derived from the nu/nu bone marrow showed that potential thymocyte precursors are
present in nu/nu mice, thus confirming the conclusion of Wortis et al. (1971). Further, these
precursors differentiated to active T-cells, and migrated to peripheral lymphoid tissue,
since the proliferative response in the lymph nodes of nu/nu—*T6T6 chimaeras to sensitization with oxazolone was as great as in nu/+----+M6 or CBA—*T6T6 chimaeras.
Again, the dividing cells were of donor karyotype.
The low haematocrit values found in some nu/nu--*T6T6 chimaeras 21 days after
repopulation, may have been due to a relative paucity of erythrocyte precursors in nufnu
bone marrow. Alternatively, since nu/nu marrow is allogeneic with the host and contains
no 1-lymphocytes, a host-versus-graft reaction by residual T-cells of the host may have
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resulted in anaemia. Such a reaction would to some extent have been suppressed by doncr
T-cells in the nu/+--*T6T6 chimaeras, resulting in a haematocrit intermediate between
chimaeras formed with nu/nu and with syngeneic bone marrow. It would, in accordance
with the conclusions of Trentin (1959), adequately account for the high mortality which
occurred among n1t/nu--T6T6 chimaeras in one experiment between 2 and 5 weeks after
irradiation.
Nit/mi mice grafted with a neonatal T6T6 thymus rejected skin allografts from C57BL
mice. Restoration of thymus-dependent responses following treatment of mu/nu mice with
allogeneic thymus-grafts has also been reported elsewhere (Pantelouris, 1971, 1972; Wortis
et al., 1971 ; Pritchard & Micklem, 1972; Pritchard et al., 1973). Although many of the
responsive T-cells may have been derived from the thymus graft, the presence of host cells,
presumably of bone marrow origin, dividing within an allogeneic T6T6 graft suggests
that the overall environment of the nude mouse is not unfavourable to the development of
thymocytes if a suitable thymic microenvironment is provided.
Subsequent differentiation of these nu/nu thymocytes to functional T-cells is suggested
by the high proportion of host-type cells found dividing in the lymph nodes 3 days after
sensitization with oxazolone. Most, if not all of the cells dividing at this time after sensitization are likely to be T-cells (Davies et al., 1969).
If the nu/nu mouse possesses thymocyte precursors which are capable of proliferating
and differentiating in a suitable environment, then implantation of an irradiated thymus
graft would be expected to restore the immunological responsiveness of nu/nu mice (Miller
et al., 1966). In a small experiment, the presence of a thymic epithelium conferred some
responsiveness to oxazolone. However, the concentrations of immunoglobulins, most
notably 7Gl, which are restored to near normal levels by whole thymus grafts (Pritchard
et al., 1973), remained at the low levels found in untreated flu/flu mice. Repopulation of the
thymus epithelium, the processing and differentiation of the thymocytes to mature, functional T-cells and subsequently the restoration of Ig concentrations may require longer than
the 36-39 days allowed in this experiment. Many of the nu/nu mice, having only a short lifespan in the absence of 'acquired' T-cells (Wortis ci al., 1971 ; Pritchard ci al., 1973) died
before the effects of repopulation could become apparent.
The cause of the thymic aplasia in nu/nu mice seems to be failure in the development
of the thymic epithelium, the absence of thymocytes and T-cells being a secondary characteristic. The nature of the development defect, and its relationship to the other characteristic
abnormalities of nu/inh mice (Flanagan, 1966), are as yet, unknown.
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Summary. The changes that take place in the peripheral lymphoid tissues of
congenitally athymic nude mice after stimulation with Pneumococcus polysaccharide and after thymus grafting are described. We have found that after antigen
stimulation there is an increase in the cellularity of the primary nodules and
changes in the endothelial wall of the post-capillary venules suggestive of an
increased cell traffic into the lymph nodes. No germinal centres were observed in
nude mice subjected or not to deliberate antigen stimulation. After thymus grafting
a slow infilling of the thymus-dependent areas by lymphocytes took place, in addition, the presence of germinal centres was noticed. A number of possible explanations for the findings described is put forward and discussed.
INTRODUCTION
The cellular and immunological defects of the congenitally athymic nude mouse
(Pantelouris, 1968) are well documented (Sousa, Parrott and Pantelouris, 1969; Rygaard,
1969; Raff and Wortis, 1970; Kindred, 1971; Pantelouris, 1971; Pennycuick, 1971;
Wortis, 1971; Pritchard and Micklem, 1972; Wortis, Nehisen and Owen, 1971; Crewther
and Warner, 1972; Mitchell, Pye, Holmes and Nossal, 1972; Pritchard, Riddaway
and Micklem, 1973). Correction of the inability to respond to a number of immunological stimuli such as sheep red blood cells, skin allografts and oxazolone, and of the
deficiency of some immunoglobulin subclasses has been achieved by thymus grafting
(Wortis et al., 1971; Pantelouris, 1972; Pritchard and Micklem, 1972; Pritchard et al.,
1973) and correlated with the increase in the numbers of circulating lymphocytes in the
blood (Wortis et al., 1971) and with the presence of T lymphocytes of nunu genotype in the
peripheral lymphoid organs (Pritchard and Micklem, 1973).
In the present paper, we describe another aspect of the process of recovery of nunu
mice after thymus grafting, namely, the recovery of the peripheral lymphoid populations
within the peripheral lymphoid organs.
MATERIALS AND METHODS
Thymus grafting
J"/unu mice maintained in the Zoology Department in Edinburgh (for details see Pritchard
* Departmental publication number 7321.
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& Micklem, 1972) were grafted subcutaneously in the axillary region with neonatal
thymuses from CBA Y6T6 donors at 15, 19, 23, 24 and 35 days of age. The recipients were
killed at 15, 16, 21, 22, 30 and 48 days after grafting. The thymus grafts were prepared
for cytological examination (Pritchard & Micklem, 1973) and were not included in the
histological study.
Antigen stimulation
A group of seven nude mice aged between 57 and 77 days were stimulated with Pneumococcus polysaccharide type SSSIII (courtesy of Dr J. G. Howard). Four mice received 1 pg
of the antigen and the remainder 01 pg. The spleens were used for the estimation of
plaque-forming cells (PFC) (Pritchard, unpublished data) and therefore were not included in the histology survey.
Histology
The spleen, liver, mesenteric and peripheral lymph nodes, and the mediastinum were
removed from thymus-graft recipients, fixed in formol saline and processed for histology.
Serial sections of the mediastinum were prepared. The sections of all organs were stained
with Haematoxylin—Eosin and Methyl Green—Pyronin.
The liver and lymphoid organs of immunized and untreated nude mice were studied as
controls. The untreated mice belonged to two age groups-40-76 days and 90-123 days.
RESULTS
LIVER AND PERIPHERAL LYMPHOID ORGANS IN UNTREATED AND ANTIGEN-STIMULATED
NUDE MICE

The liver and peripheral lymphoid organs from mice in two different age groups40-76 days old and 90-123 days old—were examined.
The following parameters were considered in the examination of the lymphoid organs
(Table 1): (1) primary nodule definition; (2) presence of germinal centres; (3) degree of
post-capillary venule definition; (4) thymus-dependent area depletion.
SPLEEN

From the results summarized in Table 1 it is obvious that the splenic white pulp was
generally very poorly defined in the younger group. In the older group, the peripheral
TABLE I
MORPHOLOGICAL APPEARANCE OF THE PERIPHERAL LYMPHOID ORGANS IN UNTREATED AND ANTIGENSTIMULATED*
NUDE MICE

Organ
Spleen
Lymph nodes

Age
group
(days)

Treatment

40-76
90-123
40-76
40-76
90-123

SSSIII
-

Number Well-defined Germinal Thymus-dependent Post-capillary
venules
area
centres
peripheral
of
ill-defined
depletion
present
nodules
animals
7
6
8
6
7

3/7
2/6
1/8
5/6

1/7

0/7
0/6
0/8
0/6
0/7

3/7
3/6
8/8
6/6
7/7

* Pneuinococcicr polysaccharide SSSI TI iv. (I jig or 01 jig)

7/8
1/6
6/7
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thymus-independent layer of the Malpighian body was still ill-defined; nevertheless, a
distinction could be made in most animals between the depleted or repopulated penarteriolar thymus-dependent area and the peripheral layer of thymus-indepcndcnt
lymphocytes. No germinal centres were observed in the spleens from either age group.

LYMPH NODES AND LIVER

The distinction between thymus-dependent and thymus-independent populations is
always more marked in the lymph nodes than in the spleen.
In both age groups (Table 1) the lymph nodes from mice that had not been submitted
to antigen stimulation had very poor primary nodule definition (Fig. la). The lymph

Fin. 1. (a) Section of ingumal lymph node removed from a 'nude' mouse in the 40-76 day age group.
Note the narrow rim of cells in the peripheral layer of the cortex, the profound lymphocyte depletion
In the mid cortex and the absence of clearly defined post-capillary venuics. (H and E; magnification
x 75.) (h) Section of inguinal lymph node from a nude mouse in the 40-76 day age group, removed
6 days after the intravenous administration of I ig of Pneumococcus polysaccharide type SSSIII. Note
the presence ofwell-clefined primary nodules in the outer cortical layer and obvious post-capillary venules
in the thymus-dependent area. (H and E; magnification x 125.)

nodes removed at 6 days after the i.v. injection of SSSIII regardless of the dose, with one
exception, all had clearly defined primary nodules. Germinal centres, however, were not
observed (Fig. lb).
The post-capillary venule definition was also generally very poor in the non-antigenstimulated lymph nodes (Fig. 2a) except for the venules in the borderline between thymusdependent and thymus-independent populations. By contrast, most antigen-stimulated
nodes had clearly defined venules (Fig. 2b).
The extreme cortical depletion observed in the older mice was generally accompanied
by the presence of giant cells containing nuclear inclusions (Fig. 3a). This finding and the
frequent presence of patches of severe necrosis in the liver (Fig. 3b) are reminiscent of the
lesions provoked by the mouse hepatitis virus (MHV) in neonatally thymectomized mice
(East, Parrott, Chesterman and Pomerance, 1963).
The examination of the serial sections from the thymic region proved to be negative
for the presence of thymic tissue.
G
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Fin. 2. (a) Post-capillary venule (PCV) in lymphocyte-depleted thymus-clependent area of inguinal
lymph node removed from a nude mouse in the 40-76 day age group. Note that the flat endothelial
cells are hardly visible. (H and E; magnification x 375.) (b) Post-capillary venules (indicated by
arrow) in thymus-dependent area of inguinal lymph node removed from a nude mouse in the 40-76
day age group 6 days after the intravenous administration of 1 pg of Pnewnococcus polysaccharide
intravenously. Note that there are small lymphoid cells in the lumen and in association with the
obvious endothelial cells. (H and E; magnification x 375.)
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Fin. 3. (a) Section of lymph node from nude mouse aged 98 days. Note almost complete loss of organized
structure and the presence of numerous free and phagocytosed round nuclear debris. (H and E;
magnification x 750.) (b) Section of liver from 'nude' mouse killed at 67 days of age. Note the presence
of confluent patches of necrosis in hepatic parenchyma. (H and E; magnification x 75.)

CHANGES IN THE SPLEEN AND LYMPH NODES OF NUDE MICE FOLLOWING THYMUS GRAFTING

The most consistent change observed was the slow population of the thymus-dependent
areas by lymphocytes. The timing of this event has been summarized in Table 2. The
presence or absence of germinal centres has also been included in Table 2.
Regardless of the age or sex of the recipient, full population of the thymus-dependent
area in some lymph nodes and in some Malpighian bodies of the spleen was only observed
at 43 days after grafting. At 15 days, however, the post-capillary venules in the depleted
thymus-dependent areas became apparent (Fig. 4) with the usual appearance of the high
cuboidal endothelium and small numbers of lymphocytes (three to four cells) were seen
in association with the endothelial cells.
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TABLE 2
TIMING OF IDE IYMI'I-IOII) POPULATION
TIIYMUS-DEPENDENT AREAS OF NUDE SPLEEN, LYMPH NODES AND
GERMINAl. CENTRE FORMATION AFTER IMPLANTATION OF A SUBCUTANEOUS THYMUS DRAFT

Animal
number

Age
grafted

Age
killed

Interval
(days)

Female 22
Male
23
Female 24
Female 25
Female 26
Female 27
Female 28
Male
29
Female 18

23
24
23
19
35
15
15
35
21

38
40
44
41
65
45
58
78
73

15
16
21
22
30
30
43
43
52

Splenic
thymus-dependent
area
population

-

Splenic
germinal
centre

Lymph node
thymus-dependent
area
population

Lymph
node
germinal
Centres

-.
+
+
±+
++
+

Present

Present

+
++
-f- +
++

Present
Present

-

Present

-

* Partial population.
f Population of normal density.

In one of the mice killed at 43 days after implantation of the thymus graft, large numbers
of large pyroninophilic blast cells were present in the thymus-dependent areas of both the
spleen and the lymph nodes.
Germinal centres were present in four of the nine thymus-grafted nude recipients.
Their presence, however, could not be related to the degree of lymphocyte population
found in the thymus-dependent areas (Fig. 4).
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FIG. 4. Section of thoracic lymph node from female 22 (see Table 2) killed at 38 days of age, 15 days
after the implantation of a CBA T6 T6 thymus graft under the skin. Note the presence of one welldefined germinal centre and the high endothelial wall of three post-capillary venules in the mid cortex.
At this time the lymphocyte depletion of the thymus-dependent area is still very marked. (Methyl Green—
Pyronin; magnification x 105.)
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DISCUSSION

We have examined the changes that take place in the peripheral lymphoid tissues of
congenitally athymic nude mice after antigen stimulation with Pneumococcus polysaccharide
and after thymus grafting. The peripheral lymphoid organs in the nude mouse are
characterized by two major abnormalities: (1) a striking lymphocyte depletion of the
lymph node and Peyer's patches thymus-dependent areas which is accompanied by poor
post-capillary venule definition (Sousa et al., 1969); and (2) a virtual absence of germinal centres (Mitchell et al., 1973). In the present study, we have found that in addition
to these two major abnormalities, nude mice often have poorly developed primary nodules.
We have also noticed frequent occurrence of foci of necrosis in the liver, with the morphological characteristics of the lesions described in wasting neonatally thymectomized mice
(East et al., 1963).
Six days after the intravenous administration of Pneurnococcus polysaccharide both primary nodules and post-capillary venules became much better defined than the nodules and
venules in the lymph nodes of unstimulated controls. We failed, however, to find any
indication of germinal centre development. Previous work on the response of intact and
neonatally thymectomized mice to Pneuinococcus polysaccharide has shown that germinal
centre formation in the auricular lymph node was poorer in thymectomized than in control
mice at 1, 3 and 4 days after intracutaneous injection of the antigen into the ear; at 7 days,
however, germinal centres were present both in thymectomized and in intact mice
(Sousa and Parrott, 1967).
In a study of the fate of labelled antigens in nude mice, Mitchell et al. (1973) also failed
to detect germinal centre development in spite of a normal deposition of the labelled antigen in the dendritic framework of the primary nodule. It was suggested by Mitchell et at.
(1973) that this apparent failure of germinal centre formation might be the indirect
consequence of the absence of thymus-derived cells in the nude mouse.
In view of the differences between the response of nude and of thymectomized mice, we
reviewed the earlier material (Sousa and Parrott, 1967) confirming that well-defined
germinal centres had clearly developed at 7 days after antigen stimulation in C3H/B1
mice thymectomized within 48 and 72 hours of birth. In addition, we have now observed
that germinal centres were present in the nunu thymus graft recipients not deliberately
submitted to antigen stimulation.
The mechanism by which a few thymus-derived cells might influence germinal centre
development is not clear. A number of possibilities should be considered: (a) thymusderived cells are themselves integral components of germinal centres; (b) thymus-derived
cells penetrate the primary nodules and release factors capable of inducing non-thymusderived cells to transform and divide; (c) germinal centre development depends on the
presence of normal levels of certain immunoglobulin subclasses whose synthesis in turn is
dependent on the specific interaction between T and B cells; and (d) germinal centre
cells are exquisitively sensitive to abnormal hormonal levels and their absence may be
associated with subtle endocrinological deficiencies.
The presence of a few thymus-derived cells in primary nodules and in germinal centres
has been demonstrated by immunofluoresence, nevertheless, the majority of cells in a
germinal centre is clearly of marrow derivation (Guttman and Weissman, 1972). The
possibility that thymus-derived cells release factors capable of inducing neighbouring
cells to transform and divide seems plausible; indeed, based on the finding of lower
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number of mitotic figures in the germinal centre of thymectomized mice than in those of
intact controls, and before it became apparent that the thymus exports large numbers of
cells into circulation, it was postulated that the profound lymphopenia and lymphocyte
depletion of the peripheral lymphoid organs of thymectomized mice were due to lack of
mitotic stimulation of germinal centre cells (Metcalf, 1960).
Another factor that may be of importance in normal germinal centre development is the
class of immunoglobulin produced in response to antigenic stimulation. Nude mice have a
deficiency in serum yA, yG2a and G1 which is corrected by thymus grafting or the intraperitoneal injection of thymus cells; therefore the absence of germinal centres in these
animals may be the reflection of the low concentration of one or other of these immunoglobulins. In this respect the Pneumococcus polysaccharide is not a very 'telling' antigen
insofar as it induces an exclusive 1gM response. Production of 7S antibody has been
reported in C3H/Bi mice (Humphrey, Parrott and East, 1964; Basten and Howard, 1973)
and may be another factor accounting for the presence of germinal centres in our earlier
material. An alterative that cannot be excluded, to explain the presence of germinal
centres in the nude thymus graft recipients is that they are the reflection of some form of
specific T/B interaction in response to some unidentified antigenic stimulation.
Finally, germinal centre cells are clearly one of the most sensitive type of lymphoid cells
to the action of steroids (Dougherty and White, 1945; Sousa and Fachet, 1972), and
the reputed endocrinological abnormalities of the nude mice (Pierpaoli and Sorkin, 1972)
may also be instrumental in their failure to develop germinal centres.
In spite of the lack of evidence of cell division in the primary nodules, their cellularity
increased after stimulation with Pneumococcus polysaccharide. This increased cellularity
of the nodules and the concomitant changes observed in the endothelium of the postcapillary venules in the antigen stimulated mice point to an increase in cell traffic into the
lymph nodes.
The structure of the post-capillary venule seems to be a sensitive indicator of the degree
of lymphoid cell traffic into the nodes (Goldschneider and McGregor, 1968) and it was of
interest to see that, in the present study, the earliest obvious change in the thymusdependent area after thymus grafting was the better demarcation of the endothelial cell
wall in association with the emergence of very small numbers of lymphoid cells.
The infilling of the thymus-dependent zones with lymphocytes after thymus grafting
varied not only between different animals but also between different organs within the
same animal. Nevertheless the overall length of time of this process was similar, though
perhaps a little slower than the repopulation time of neonatally thymectomized mice
following implantation of a syngeneic thymus graft under the kidney capsule (Parrott
and Sousa, 1967).
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