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Abstract

Reaching and grasping are fundamental behaviours that humans and other mammalian

species depend on to perform useful interactions with our environment. To execute this

behaviour,  forelimb  movements  require  to  be  accurately  targeted  based  on  the

egocentric spatial position of objects of interest. As we navigate our environment, we

first  visually  identify  the  location  of  nearby  objects,  then  use  this  information  to

compute  necessary  movement  trajectories.  Decades  of  primate  research  has

successfully utilised reaching tasks to identify and characterise a number of brain areas

involved in visually-directed movement.  Mice display a somewhat similar behavioural

repertoire to humans, including the ability to reach and grasp, and can therefore be

used  as  a  model  system  to  investigate  neural  control  of  movement.  The  improved

genetic tractability of mice has expanded our ability to delineate cell type- and pathway-

specific functionality in the brain, and such research benefits from higher throughput

and lower financial cost. However, due to the lack of a suitable behavioural task, to date

there has been a distinct lack of research using mice to study visually-directed reaching.

To address this problem, I aimed to design a novel task for mice that researchers can

use to study this critical behaviour.

First, I designed and implemented a task in which freely moving mice learned to perform

visually-directed reaches. During the task, one of two reach targets was illuminated and

mice learned to reach and grasp the illuminated target to receive a water reward. Once

trained, mice would perform an initial reach to the visual stimulus followed by up to 10

repetitive, self-initiated reaches. Expert mice had a high success rate and performed an

average of 120 cued reaches per 30-minute session after 4 weeks of training.

Next, to take full advantage of the kinematic richness of the behaviour by enabling the

task to be combined with high temporal resolution extracellular recordings, I developed

a  user-friendly  data  processing  and  analysis  pipeline  for  electrophysiological  data

collected using Neuropixels silicone probes. The pipeline, named  pixels  and open-

sourced  at  https://github.com/DuguidLab/pixels,  provides  a  simple  Python  API  that
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enables visualisation and statistical  testing of neuron population extracellular activity

recorded during trial-based behavioural tasks. To enable high resolution examination of

the  spatiotemporally  detailed  movements  performed  during  the  task  and  how  they

relate  to  neural  activity,  pixels  integrates  closely  with  the  DeepLabCut  motion

tracking toolbox (Mathis et al., 2018).

Lastly, as a proof-of-concept demonstrating the utility of the visually-directed reaching

task, I performed extracellular recordings in expert mice and used pixels  to examine

neural correlates of behaviour. Using chronically-implanted Neuropixels silicone probes,

I  recorded  population  activity  in  posterior  secondary  motor  cortex  (pM2)  and

dorsomedial striatum (DMS), brain areas implicated in visuomotor control (Hwang et al.,

2019; Itokazu et al., 2018) and goal-directed behaviour (Hwang et al., 2019; Wang et al.,

2013),  respectively.  In  deep  layers  of  pM2,  over  half  of  pM2  neurons  exhibited

reproducible  firing  rate  changes  as  mice  initiated  and  executed  visually-directed

reaches.  During  a  300  ms  pre-reach  window,  a  small  proportion  of  pM2  neurons

displayed activity changes, suggestive of a role in movement preparation or initiation.

During reach execution, reduced firing rates dominated pM2 population activity in both

pyramidal cells and interneurons, while a small subset of pyramidal cells became more

active. Two competing models may explain this finding. The small excitatory component

may convey motor signals, with widespread inhibition possibly serving to improve the

signal-to-noise ratio in recipient areas. Alternatively, movement-related information may

be conveyed directly by the firing rate decreases, complementing the excitatory signals

to provide bidirectional modulation of recipient areas. Only approximately half of pM2

neurons  active  during  cued  reaches  remained  active  during  repetitive  reaches,

suggestive  of  distinct  motor  pathways  underlying  these types  of  behaviours.  Activity

profiles  in  DMS  mirrored  those  in  pM2,  indicative  of  a  close  functional  relationship

between the two areas. A quarter of DMS neurons active during cued reaches were also

active during repetitive reaches. As repetitive reaches had lower average peak velocities,

this finding is consistent with DMS regulating movement vigour according to expected

reward value (Wang et al., 2013). By identifying novel correlates between activity in these

brain areas and visually-directed reaching, this experiment demonstrates how the newly

developed  task  can  yield  new  insights  into  the  neural  dynamics  underlying  this

behaviour.
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In  addition,  I  utilised  pixels  to  analyse  silicone  probe  recordings  as  part  of

collaborative projects to investigate the neural underpinnings of forelimb motor control

in mice performing object manipulation tasks (Currie et al., 2022; Dacre et al., 2021). We

found  that  cerebellar-thalamocortical  signals  are  required  to  shape  motor  cortical

activity and trigger movement in a behavioural context-dependent manner (Dacre et al.,

2021). Next, we examined how motor cortex encodes movement when mice perform

two distinct movements. We found that while movement-invariant responses dominated

layer  5B  projection  neurons,  movement-specific  activity  is  displayed  by  a  small,

distributed population of layer 5B neurons and differentially between projection neuron

classes (Currie et al., 2022).
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Lay Summary

Whether it  is  picking up our morning cup of  coffee or returning serve in a game of

tennis, the interactions we make with objects in our environment critically depend on

visual information for guidance. Using our sense of sight, we first collect information

about  the  identity  and  location  of  nearby  objects,  then  we  use  this  information  to

compute  the  trajectory  of  subsequent  limb  movements.  This  process  recruits  brain

areas concerned with vision and motor control,  which coordinate to generate motor

commands that are sent to the spinal cord and muscles. Over the past few decades,

research  using  non-human  primates  has  revealed  a  number  of  brain  areas  whose

activity relates to visually-directed reaching as well  as how these areas interact.  This

research  has  illuminated  our  understanding  of  how  the  brain  is  able  to  generate

movements guided by vision, our most vital behaviour, but using primates to probe the

causal roles of specific neuron pathways in detail is difficult and costly.

In recent years, mice have become increasingly popular as model systems in biological

research due to the similarities between the mouse and human brain.  Their  relative

affordability  has  improved  the  throughput  of  experimental  work  and  facilitated  the

development  of  procedures  that  enable  neuroscientists  to  answer  more  specific

questions about the brain. Despite these advantages, mice have yet to be exploited to

further our understanding of how the brain controls visually-directed reaching. To begin

to take advantage of this opportunity, the neuroscience community needs an accessible

visually-directed reaching task for mice that can be used alongside common laboratory

techniques used for probing brain function.

To address this, I first designed and implemented a behavioural task during which mice

learned to perform visually-directed reaches. During the task, one of two reach targets

was illuminated and mice learned to reach and grasp the illuminated target to receive a

water reward. Expert mice typically followed cued reaches with a series of repetitive,

self-initiated  reaches,  likely  to  collect  any  remnants  of  water  left  on  the  target.  By

training mice to perform high numbers of  visually-directed reaches,  the task can be
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employed by researchers to study how the brain controls this behaviour while benefiting

from the advantages of the mouse model.

Silicone probes are implantable devices that are often used to record the activity  of

populations  of  cells  in  the  brain  with  high  temporal  resolution,  which  is  critical  for

understanding how this activity relates to complex movements, such as reaches. To take

full  advantage of  cutting-edge silicone probes  called  Neuropixels,  I  developed a  data

processing and analysis pipeline referred to as pixels . pixels  forms a user-friendly

library that can be used in scripts written in Python, one of the most commonly used

scientific programming languages. The library has in-built integration with software for

tracking complex movements during behavioural  experiments and can be used with

other trial-based behavioural tasks to improve the ease and speed of data analysis.

Lastly, as an example experiment to demonstrate how the task facilitates research into

the  brain’s  control  of  visually-directed  reaching,  I  investigated  how  brain  activity

correlates  with  the  behaviour.  I  examined  activity  in  two  brain  areas:  posterior

secondary motor cortex (pM2), which is involved in visual behaviours, and dorsomedial

striatum (DMS), which supports decision making. Once mice had become expert in the

task,  I  implanted  Neuropixels probes such that  I  could simultaneously  record activity

from populations of cells in both areas. After recording from these cells as mice engaged

in the task, I used pixels  to assess how changes in their activity related to the time

course  of  reaches.  Over  half  of  pM2 cells  changed their  activity  as  mice  performed

visually-directed  reaches:  some  cells  displayed  heightened  or  reduced  activity  from

before movement, while throughout movement the proportion of cells that had reduced

activity grew, suggestive of a potential role for pM2 in initiating and performing reaches.

The  increases  and  decreases  in  activity  may  complement  each  other  to  signal

movement-related information to other brain areas, or alternatively,  a signal may be

sent by the small group of cells that were more active, with the widespread reduction in

activity serving to improve the clarity of the signal. A smaller proportion of DMS cells

appeared  to  be  involved  in  the  task,  though  movement-related  DMS  cells  followed

similar activity patterns to pM2 cells. In both pM2 and DMS, only a subset of movement-

related  cells  continued  to  be  display  activity  changes  during  repetitive  reaches,

suggesting that the brain controls cued and repetitive reaches differently. This may be

due  to  cued  reaches  being  more  ‘goal-directed’,  or  alternatively,  the  differences  in
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activity may reflect differences in expected reward (i.e. water volume) or reach velocity,

which was lower during repetitive reaches.

In  addition,  I  also  contributed  to  collaborative  projects  investigating  how  the  brain

controls limb movement by examining activity in key movement-related brain areas in

mice performing cued pushing and pulling of a lever  (Currie et al., 2022;  Dacre et al.,

2021). For these projects, I employed pixels  to characterise movement-related activity

in cells  in a brain region called motor cortex.  First,  we showed that a pathway from

cerebellum, through thalamus, to motor cortex is required for performing learned lever

pushes, and artificially stimulating parts of this pathway led to initiation of movement.

Next, we explored how two distinct movements were encoded by the activity of cells in

motor cortex and found that only a small proportion of cells active during movement

displayed  activity  that  was  different  between  the  two  movements,  indicating  that

movement non-specific activity dominates this population of cells.
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Chapter 1

Introduction

Reaching  and grasping  is  a  vitally  important  ability  that  we and many  other  animal

species use to interact with our environment, from picking up food and drinks to skilfully

performing fast-paced actions like catching a basketball.  The competitive advantages

that these behaviours provide have resulted in the evolution of increasingly complex

neural mechanisms to facilitate them. To perform these movements, we first use visual

information to identify an object of interest and its egocentric spatial position. Next, we

make  the  decision  to  move.  Finally,  motor  control  brain  areas  output  the  motor

command to the brain stem and spinal  cord to engage the muscles and initiate the

movement.  These  processes  require  a  complex  interplay  between  brain  areas

concerned  with  visual  perception  and  decision  making,  and  motor  areas  that  drive

movement execution.

Primate  research  has  revealed  much  about  how the  brain  directs  reaches  to  visual

targets,  but  the  specific  cellular  and  circuit  mechanisms  that  underlie  this  process

remain  unresolved.  Using  the  mouse  as  a  tractable  model  system  with  which  to

interrogate circuit function, in this thesis, I will describe the design, implementation, and

validation of a novel visually-directed reaching task for mice and some of the neural

dynamics underlying this essential behaviour.

1.1 Studying reaching behaviours in humans, non-human

primates, and rodents

Reaching represents one of the primary interfaces through which we interact with our

environment and has consequently been the subject of intense study by neuroscientists

seeking to understand the neural underpinnings of human and animal behaviour. To
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Figure 1.1: Visually-directed reaching tasks for primates and humans.

Example task designs for monkeys (top) and humans (bottom) involve the stationary subject reaching to

visual targets in 1, 2 or 3 dimensions.

Research  into  the  neural  control  of  reaching  requires  a  characterisation  of  the

biomechanics of the behaviour. By using high frame rate cameras to record humans

performing reaches of different distances, Jeannerod (1984) investigated how extension

of  the  limb  and  shaping  of  the  grasping  hand  align  during  reaching.  Reaches  were

described as having two phases, a high-velocity phase involving movement of the limb

and a low-velocity grip shaping phase, which consistently encompassed approximately

75% and 25% of  the reach duration,  respectively,  regardless of  distance or  duration

(Jeannerod,  1984).  Using  electromyography  to  record  muscle  activation  patterns  in

humans and non-human primates  performing  reaches  to  visual  targets,  researchers

have  thoroughly  characterised  how  upper  body  muscles  engage  and  disengage  in

concert to extend the limb (Gielen et al., 1984; W.J et al., 1979). In brief, muscles in the

chest and shoulder engage to initiate the movement and lift the limb  (Gabriel, 1997),

while  the biceps and triceps act  as  agonist  and antagonist  muscle pairs,  performing

complementary contractions and relaxations to accelerate and then decelerate the limb

towards the target  (Gabriel, 1997;  Gielen et al., 1984;  W.J et al., 1979). Muscles in the

wrist  and hand coordinate  to  shape the  hand into  an  appropriate  configuration for

grasping, after which the reach is complete.

To learn how activity in the brain relates to reaching movement and muscle activation

patterns,  studies  employed  electrophysiological  recordings  in  monkeys  trained  in

reaching tasks  (Mountcastle et al.,  1975;  Schwartz et al.,  1988). By correlating neuron

spike patterns to task or movement variables, neural recordings have provided much

insight into how different areas of the brain are involved in reaching. To probe causal

involvement  of  specific  brain  areas  in  the  behaviour,  researchers  began  using

manipulation methods such as lesions  (Savidan et al., 2017), injections of muscimol (a

GABA-A receptor agonist)  (Mason et al., 1998), and cortical cooling  (Cooke et al., 2015; 

Takei et al., 2021) to disrupt normal brain function. Combined with anatomical tracing

studies  (Bakola  et  al.,  2013;  Galea  and  Dariansmith,  1994;  Gerbella  et  al.,  2011; 

Gharbawie et al., 2010) and observations in human patients with localised brain lesions

(Gréa  et  al.,  2002;  Pisella  et  al.,  2000),  these  experimental  approaches  have  been

instrumental in clarifying the neural substrates of reaching.
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Human and non-human primate research has been complemented by studies  using

rodent  model  systems,  such  as  the  rat  and  mouse,  which  take  advantage  of  the

behavioural  and physiological  similarities they share with humans. Rodents display a

somewhat similar behavioural repertoire to humans, including comparable reach and

grasp movements (Figure 1.2)  (Sacrey et al., 2009), and with the use of food and water

control  procedures  can  be  quickly  and  easily  trained  to  perform  behavioural  tasks,

providing high experimental throughput with relatively low financial cost. The improved

genetic  tractability  of  rodents  has  expanded  our  ability  to  delineate  cell  type-  and

pathway-specific functionality in the brain (Luo et al., 2008; Navabpour et al., 2020). This

genetic  access,  when combined with  sophisticated  technologies  such as  optogenetic

manipulation methods (Chen et al., 2018; Zhang et al., 2007) and optical imaging (Peron

et al., 2015), allows researchers to ask highly specific questions about the rodent brain.

For  these  reasons,  rodents  have  proved  extremely  valuable  as  model  systems  for

investigating  the  neural  control  of  movement  (Klein  et  al.,  2012;  Nicola  et  al.,  2022; 

Ölveczky, 2011). Rodents have also been instrumental for modelling disease states and

their  effects  on the ability  to  perform reaches  (Diep et  al.,  2012;  Klein  et  al.,  2012),

facilitated by the relative ease and speed of developing disease models  (Vandamme,

2014).

Figure 1.2: Conserved reach and grasp movements between humans and rodents.

Images  illustrating  the  kinematic  structure  of  reaching  and  grasping  in  a  rat  and  a  human,

demonstrating homology between the species. In both cases, the hand is lifted, the digits collect, the

arm is extended towards the target, the hand pronates, and is lastly placed upon the target. Adapted

from Karl and Whishaw (2013).

As with primates, rodents have been used in reaching task experiments to understand

how the brain generates these movements (Figure 1.3) (Guo et al., 2014a; Montoya et al.,
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Figure 1.3: Reaching tasks for rodents.

Example task designs for rodents show a diversity of features including unrestricted movement (top) or

head fixation (bottom). Tasks that associate an arbitrary sensory stimulus to a learned movement rather

than requiring that the animal use spatial information to direct movement are indicated by *.

The lack of  a mouse visually-directed reach task represents a missed opportunity to

extend  the  numerous  scientific  advantages  of  the  mouse  as  a  model  system  to

interrogate  circuit  function.  While  mice  do  have  inferior  vision  when  compared  to

primates,  they  are  capable  of  traversing  virtual  reality  environments  using  visual

landmarks  (Harvey  et  al.,  2009;  Leinweber  et  al.,  2017),  and  when  attempting  to

approach and capture prey, visual perception is critical for success  (Hoy et al.,  2016).

Therefore,  development  of  a  visually-directed  reaching  task  for  mice  will  enable

researchers to ask highly specific questions about how visual brain areas interact with

motor control areas to direct movement.

1.2 Neural control of visually-directed reaching in primates

By  combining  behavioural  tasks  with  in  vivo  neural  recording  and  manipulation

techniques, and analysing neuroanatomy, researchers have identified a number of key

brain areas required for visually-directed reaching and what roles they may serve.

Motor  cortex  is  the seat  of  motor  execution and has  therefore  been the subject  of

intense study. Primate motor cortex is composed of several subregions including the

primary motor cortex (M1), premotor cortex (PM), and supplementary motor area. The

primary function of M1 is to generate motor commands and output them via pyramidal

tract neurons, which target the brainstem and spinal cord (Dum and Strick, 2002; Galea

and  Dariansmith,  1994),  ultimately  leading  to  engagement  of  the  muscles  and  the

initiation of movement (Fogassi et al., 2001; Schaffelhofer and Scherberger, 2016; Umilta

et al., 2007). During movement execution, neural activity in M1 correlates with a range of

movement parameters, including speed (Churchland et al., 2006), direction (Schwartz et

al., 1988), and force  (Evarts, 1968). Neural activity has also been found to correlate to

more complex features of movement. For example, when monkeys reach and grasp an

object,  neurons  in  M1  display  activity  that  is  selective  for  the  reach  and  grasp

components  (Vaidya  et  al.,  2015).  Similar  observations  have  led  to  recent  models
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positing that M1 organisation aligns with ethological categories of behaviours such as

hand-to-mouth,  defensive,  or  reaching  movements  (Graziano,  2006).  Activity  within

these subregions is required for specific movements, as exemplified by the finding that

inactivating  thumb-  or  index  finger-related  regions  with  muscimol  disrupts  grasping

(Brochier et al., 1999). The importance of this activity is underlined by experiments that

showed electrical microstimulation of motor cortex can elicit complex, multi-joint arm

movements, indicating that motor cortical output is sufficient to command movements

(Graziano et al., 2005).

Premotor cortex is further subdivided into dorsal PM (PMd) and ventral PM (PMv), which

are  believed to  support  decision making  and preparatory  functions  (Boussaoud and

Wise, 1993; Cisek and Kalaska, 2005; Lara et al., 2018). Inactivating PMv, whose activity

reflects the grip posture required for grasping observed objects  (Murata et al.,  1997; 

Umilta et al., 2007), results in failure to perform visually-directed grasping (Fogassi et al.,

2001).  While  PMd displays  activity  related to  both reaching  and grasping  (Cisek  and

Kalaska, 2005; Grol et al., 2007), electrical microstimulation of subregions across PM can

induce reaching or grasping specifically  (Gharbawie et al., 2011;  Graziano et al., 2005; 

Kaas  et  al.,  2013),  suggesting  parallel  pathways  may  control  these  components.  In

addition  to  outputting  from  M1,  corticospinal  projections  also  arise  from  premotor

cortex to exert direct control over computations in the spinal cord (Dum and Strick,

2002; Geyer et al., 2000).

Motor  cortical  activity  is  shaped  by  a  number  of  subcortical  areas.  Activity  in  the

cerebellum has been found to represent movement parameters during reaching such as

direction, position, and speed (Casabona et al., 2010), and disrupting this activity induces

inaccuracies  in  reaching  and  grasping  movements  (Bonnefoi-Kyriacou  et  al.,  1998; 

Goodkin and Thach,  2003;  Mason et  al.,  1998;  Monzee et  al.,  2004).  The cerebellum

modulates activity in motor cortex via the thalamic ventral lateral nucleus (Geyer et al.,

2000; Ilinsky and Kultas-Ilinsky, 2002; Nashef et al., 2019), which is thought to integrate

motivational  and  proprioceptive  information  from  basal  ganglia  and  cerebellum,

respectively, while forming a feedback loop with cortex (Bosch-Bouju et al., 2013). This

input from thalamus is required for motor cortex to generate reaches (Sauerbrei et al.,

2020).

For  motor  areas  to  accurately  direct  movement,  their  computations  must  integrate

information processed by the visual system. The visual scene is first captured by the
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Electrophysiological  recordings  have  primarily  linked  the  dorsomedial  pathway  to

reaching  (Cisek  and  Kalaska,  2005;  McGuire  and  Sabes,  2011) and  identified  grasp-

related activity  in  the dorsolateral  pathway  (Murata  et  al.,  2000;  Sakata  et  al.,  1995; 

Umilta  et  al.,  2007).  Additionally,  long-train  electrical  microstimulation  of  the

dorsomedial or dorsolateral pathways elicits reach or grasp movements, respectively,

(Gharbawie et al., 2011; Graziano et al., 2005; Kaas et al., 2013). These findings have led

to the “dual visuomotor channel theory”, according to which the dorsomedial pathway

underlies  extension  of  the  hand  to  the  reach  target  based  on  the  target’s  extrinsic

properties (such as its egocentric location), whereas the dorsolateral pathway ensures

that the grasping hand is shaped appropriately based on the target’s intrinsic properties

(such as its shape and size) (Flindall and Gonzalez, 2019; Karl and Whishaw, 2013). These

parietofrontal  circuits  between  PPC  and  motor  cortex  continue  to  direct  reaching

throughout  movement  to  ensure  success  even  if  limb  or  target  positions  undergo

unexpected changes (Archambault et al., 2011; Buneo and Andersen, 2006; Desmurget

et al., 1999; Lee and Donkelaar, 2006).

1.3 Neural control of reaching in rodents

Mirroring findings from primate experiments, rodent motor cortex has also been found

to display movement-related activity  preceding and during reaches  (Estebanez et  al.,

2017;  Galiñanes et al.,  2018;  Wang et al.,  2017).  Rodents have enabled research into

motor  cortical  function  to  ask  questions  with  cell-type  and  pathway  specificity.  For

example, Estebanez et al. (2017) were able to specifically examine the activity profiles of

layer 5 (L5) parvalbumin-expressing interneurons during reaching and compare them

with  other  neurons.  To  do  this,  they  used  a  genetically  modified  mouse  line  that

expresses  Cre  recombinase  in  parvalbumin-expressing  cells  and  delivered  Cre-

dependent Channelrhodopsin-2 into M1 using a virus vector (an example of using the

Cre/loxP recombinase system for cell  type-specific gene expression).  They performed

extracellular recordings in M1 and identified parvalbumin-expressing interneurons using

‘opto-tagging’, i.e. illuminating M1 and identifying neurons that exhibited short-latency

spiking  (Lima et al., 2009). They found that pre-reach M1 activity is led by this neuron

subpopulation and propose that  these interneurons may provide early  inhibition for

shifting  the  state  of  an  M1  dynamical  system  or  restricting  the  execution  of

inappropriate movements. Experiments probing the causal role of M1 in reaching have
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also  benefited  from  genetically  modified  mouse  lines.  By  using  mice  expressing

Channelrhodopsin-2  in  interneurons,  studies  have  been  able  to  specifically

photoactivate  cortical  interneurons  to  suppress  M1  output  with  a  high  degree  of

temporal  control,  demonstrating  that  motor  cortical  output  is  required  for  reach

initiation and ongoing limb control (Galiñanes et al., 2018; Guo et al., 2015; Sauerbrei et

al., 2020).

Rodent M1 is complemented by secondary motor cortex (M2), a heterogeneous region

that plays critical  roles in the control  of voluntary actions  (Barthas and Kwan, 2017).

While  specific  M2  subregions  have  been  found  to  be  required  for  reach  and  grasp

behaviours  (Galiñanes  et  al.,  2018;  Wang  et  al.,  2017),  the  absence  of  a  published

visually-directed reaching task for mice has precluded research elucidating how motor

cortex is influenced by visual areas to direct reaches. As primate and human research

has placed the parietofrontal loop between PPC and PM as central to visual control of

the forelimb (Archambault et al., 2015; Battaglia-Mayer et al., 2014), posterior M2 (pM2),

which is the sole recipient of PPC inputs to motor cortex (Figure 1.5a) (Hovde et al., 2018;

Itokazu et al.,  2018;  Zingg et al.,  2014),  appears uniquely placed to bridge visual and

motor areas for guiding movement. Rodent studies have confirmed that PPC is required

to perform visually-cued decision making behaviours  (Goard et al., 2016;  Harvey et al.,

2012; Hwang et al., 2017; Licata et al., 2017) and have found that it becomes more active

when  mice  push  a  lever  in  response  to  an  auditory  cue  (Makino  et  al.,  2017).  The

projections from PPC to pM2 are required for accurate control of forelimb movements

(Hwang  et  al.,  2017) and  are  reciprocated  (Hovde  et  al.,  2018;  Itokazu  et  al.,  2018),

further  supporting  homology  between  pM2  and  PM.  To  exert  influence  over  motor

commands, pM2 may modulate spinal cord activity via its projections to M1 L5b (Hooks

et  al.,  2013),  though  some  evidence  suggests  pM2  may  have  direct  corticospinal

projections (Figure 1.5a) (Liang et al., 2011; Wang et al., 2017).
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Internal  motor  cortical  circuits  are  composed  of  excitatory  principal  neurons  and

interneurons. Principal neurons comprise three broad and heterogeneous classes based

on  projection  targets  and  laminar  distributions  (Figure 1.5b):  intratelencephalic,

corticothalamic, and pyramidal tract neurons. Intratelencephalic neurons have somata

across L2-6 and primarily project bilaterally to motor and somatosensory cortex and

striatum (Lin et al., 2018; Muñoz-Castañeda et al., 2021). From pM2, these neurons also

output  to  PPC  and  visual  cortex,  conveying  motor  information  thought  to  provide

movement  efference  copies  that  support  visually-directed  movement  (Itokazu  et  al.,

2018;  Leinweber  et  al.,  2017).  In  deep  layers,  corticothalamic  neurons  primarily

innervate thalamus and reside in L6, while pyramidal tract neurons, which demarcate

L5b, form the principal output of motor cortex via projections to brain stem and spinal

cord (Harris and Shepherd, 2015;  Muñoz-Castañeda et al., 2021). These populations of

excitatory neurons form complex relationships that are modulated by inhibition from

interneurons (Yamawaki and Shepherd, 2015), which comprise an array of classes that

display  distinct  electrophysiological,  morphological,  and  gene  expression  properties

(Blatow et al., 2005; Gupta et al., 2000; Harris and Shepherd, 2015; Jiang et al., 2015; Mar

kram  et  al.,  2004).  While  parvalbumin-expressing  interneurons  in  M1  L5  have  been

found to display activity prior to movement when mice perform reaches (Estebanez et

al., 2017), much remains to be investigated about how other interneuron classes might

be  involved  in  reaching.  Compared  with  other  cortical  areas,  motor  cortex  has  a

substantially  reduced  L4  (Yamawaki  et  al.,  2014) and  therefore  deviates  from  the

canonical cortical microcircuit, in which the dominant intracortical pathway of excitation

flows from L4 to L2/3 then L5 (Harris and Mrsic-Flogel, 2013; Harris and Shepherd, 2015).

Motor  cortex  instead exhibits  a  top-down organisation,  where  descending  excitation

from L2/3 shapes the activity of output neurons in deep layers (Figure 1.5c) (Weiler et al.,

2008).

Long-range inputs to rodent motor cortex,  which are largely reminiscent of  those in

primates, modulate motor commands generated by cortex. The cerebellum influences

motor  cortical  activity  via  motor  thalamus,  which  primarily  innervates  L2/3  and  L5

(Figure 1.5a) (Hooks et al., 2013), forming a cerebellar-thalamocortical pathway that has

been shown to be capable of triggering movement in a forelimb lever task (Dacre et al.,

2021). This pathway arises from the anterior interpositus nucleus, which has a direct

role in controlling the accuracy of reach trajectories (Becker and Person, 2019; Low et al.,

2018), and thus may regulate visually-directed reaching via its inputs to pM2 (Hooks et
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al., 2013; Hunnicutt et al., 2014). Basal ganglia, which have been linked to a diverse set of

functions including action selection and initiation (Humphries and Gurney, 2002;  Klaus

et  al.,  2019;  Mink,  2003,  1996),  originate another significant thalamocortical  pathway

that terminates in L1 (Kaneko, 2013;  Kuramoto et al., 2009). Signals from the striatum,

which plays influential roles in regulating forelimb movement kinematics (Dhawale et al.,

2021) and vigour  (Dudman and Krakauer,  2016;  Wang et  al.,  2013),  are conveyed to

motor  cortex  via  this  pathway  (Kasahara  et  al.,  2022).  Motor  cortex  also  receives

corticocortical afferents in addition to those from PPC, including dense input to L2/3 and

L5a pyramidal neurons from somatosensory cortex (Figure 1.5a) (Mao et al., 2011; Petrof

et al., 2015), which is required for successful reach execution (Mirza Agha et al., 2021).

These motor cortical circuits generate motor commands that are output to the brain

stem  and  spinal  cord.  In  pM2,  neurons  also  output  to  dorsomedial  striatum  (DMS)

(Figure 1.5a)  (Hintiryan  et  al.,  2016;  Pan  et  al.,  2010),  a  subcortical  area  which  uses

learned action-outcome associations to guide action selection (Balleine and O’Doherty,

2010; Hwang et al., 2019). Like pM2, DMS receives substantial input from PPC, but these

two projections originate from largely non-overlapping populations of neurons, giving

rise  to  parallel  pathways  proposed  to  bias  action  selection  and  control  movement,

respectively  (Hwang  et  al.,  2019).  Conflicting  with  this  model,  a  region  of  M2  that

overlaps with PPC inputs has also been linked to a role in adjusting action selection

based on outcome (Gremel and Costa, 2013a). Moreover, DMS may contribute to motor

control;  movement-related  spatial  information  is  encoded  by  a  small  population  of

neurons  in  associative  striatum in  primates  (i.e. homologous  to  rodent  DMS)  during

visually-directed reaching (Ravel et al., 2006), though it is unclear whether this originates

from PPC, PM, or elsewhere. To further understand the role of pM2, it would be valuable

for  future  work  to  clarify  the  functional  and anatomical  relationships  between pM2,

DMS, and PPC.

1.4 Overview of thesis

Rodents  have  enabled  researchers  to  ask  questions  with  cell-type  and  pathway

specificity,  complementing  primate  research.  However,  as  no  published  task  trains

rodents to perform visually-directed reaches, significant gaps remain in our knowledge

of  how the brain controls  this  behaviour.  Critically,  much remains to be understood

Page 27 of 213



about how different populations of neurons in visual brain areas (such as visual cortex

and PPC) influence activity in motor cortical populations. As described in the previous

section,  the  parietofrontal  loop  between  PPC  and  PM  in  primates,  key  for  visually-

directed reaching, may have a homologous circuit  in rodents.  If  a suitable task were

made available for rodents, characterising this homology would enable researchers to

ask highly specific questions about the structure and function of these circuits. Similarly,

it would be possible to investigate in greater detail the contributions of subcortical areas

such as  basal  ganglia  and cerebellum,  which  have  been shown to  be  important  for

visually-directed reaching.

Our  understanding  of  the  neural  systems  that  underlie  visually-directed  reaching

remains limited by the absence of a visually-directed reaching task for mice. To address

this,  I  designed and implemented a  task  for  mice  that  neuroscientists  can adopt  to

interrogate specific cellular and circuit mechanisms that underlie this behaviour.

The task is designed for freely moving mice and aims to be compatible with common

neuroscience  methods  such  as  in  vivo  electrophysiological  recordings.  Chronically

implanted devices using wire electrodes (Bhalla and Bower, 1997), tetrodes (Dhawale et

al., 2017), or silicone probes (Bragin et al., 2000; Okun et al., 2016; Voroslakos et al.,

2021) have  been critical  for  performing  neural  recordings  in  unrestrained,  behaving

mice, and improvement of these tools continues to make freely moving recordings more

powerful  and  accessible.  For  example,  Neuropixels  silicone  probes,  which  can

simultaneously  record  extracellular  activity  from  hundreds  of  neurons,  can  be

chronically implanted for use in freely moving animals (Juavinett et al., 2019;  Jun et al.,

2017; Steinmetz et al., 2021).

To validate the task and demonstrate its utility, I performed proof-of-concept recordings

of  the  neural  correlates  of  visually-directed  reaching  in  pM2 and  DMS.  I  performed

extracellular  recordings  in  mice  engaging  in  the  task  via  chronically  implanted

Neuropixels  silicone probes.  To  simplify  and expedite  analysis  of  Neuropixels  probe

recordings  collected  during  behavioural  experiments,  I  developed  a  bespoke

Neuropixels  data  processing  and  analysis  pipeline,  which  was  instrumental  in

understanding how motor cortical activity related to cued lever movements as part of

two peer-reviewed studies (See appendices) (Currie et al., 2022; Dacre et al., 2021). Then,

using the pipeline,  I  related firing rate changes in pM2 and DMS to visually-directed
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reaching  to  gain  novel  insight  into  how  these  brain  areas  may  be  involved  in  the

behaviour.
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Chapter 2

A visually-directed reaching task for mice

2.1 Introduction

Reaching and grasping is a crucial behaviour that facilitates effective interaction with our

environment.  Humans  and  other  primates  use  their  forelimbs  to  perform  basic,

everyday  tasks  guided  by  visual  perception  of  objects  within  their  environment.

Underlying purposive visually-directed movements is a complex interplay between brain

areas required for visual processing and motor control. Research seeking to understand

how the brain controls  visually-directed movements often takes advantage of  model

animals that can be trained to perform these behaviours under controlled conditions.

While  mice  are  understood  to  have  inferior  visual  capabilities  when  compared  to

primates,  they  do  require  vision  to  guide  their  behaviour.  A  common  experimental

paradigm used to probe visual perception in mice involves training them to discriminate

between  gratings  and  other  geometric  shapes  that  are  visually  distinct.  Using  this

approach,  it  has been shown that  mice can discriminate between visual  stimuli  that

differ in movement orientation and contrast (Andermann et al., 2010; Zatka-Haas et al.,

2021), even when perception is degraded by the introduction of noise (Khastkhodaei et

al., 2016; Stirman et al., 2016). Moreover, mice are capable of using visual information to

navigate virtual reality environments  (Harvey et al., 2009;  Leinweber et al., 2017), and

rely on vision for accurate approach and capture of prey  (Hoy et al., 2016). Therefore,

mice rely  on vision to direct  complex behaviours  and are suitable  for  serving as  an

animal model for investigating the neural control of visually-directed movements.

Despite the mouse model’s potential  for high throughput experiments and improved

genetic tractability compared with primates, the absence of a visually-directed reaching

task for mice has so far precluded their use for studying this important behaviour. In this
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chapter  I  will  discuss  the  development  of  a  novel  visually-directed reaching  task  for

freely moving mice, the methods I used, and will demonstrate its utility.

The task was designed to meet several important criteria:

Reaches  must  be  visually-directed.  Visually-directed  reaches  are  reaches  to visual

stimuli;  the spatial  location of a reach target is communicated to the animal by a

visual cue originating from that location.

Mice should perform high numbers of comparable reaches for statistical robustness.

The learning regime should maximise the number of animals that are able to achieve

an ‘expert’ level of task performance.

The  implementation  must  be  compatible  with  common  experimental  techniques

such as neurological recordings and optogenetic perturbations.

Next,  I  will  describe the design and implementation of features that meet the above

criteria.

2.2 Methods

2.2.1 Animals

All procedures were performed under license from the UK Home Office in accordance

with  the  Animal  (Scientific  Procedures)  Act  1986  and  approved  by  the  University  of

Edinburgh local ethical review committee. Female and male C57BL/6 mice (Charles River,

UK) aged 6-12 weeks with baseline weights of 20-22 g were used. Baseline weights were

calculated as the mean of 3 consecutive daily weights. Mice were housed in same-sex

groups  of  2-5,  with  male  mice  housed  exclusively  with  littermates.  Cages  contained

running wheels, tubes, tissue, and paper dens for enrichment, and mice were given ad

libitum access to food. Mice were maintained on a reverse 12:12 hour light cycle and all

procedures were carried out during the dark period.

Mice underwent a water restriction protocol to facilitate learning as described in Dacre

et  al.  (2021).  Briefly,  mice  were  given  1  mL  drinking  water  per  day.  Mice  generally

• 

• 

• 

• 
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consumed less than 1 mL of water while engaging with the task and therefore were

supplemented up to 1 mL after training. Body weights were measured daily and animals

that dropped below 85% of their baseline weight were supplemented with additional

water.  Providing  mice  with  running  wheels  can  cause  a  drop  in  body  weight,  so  to

ensure that weights had stabilised, baseline weights were calculated at least 3 days after

mice were provided with running wheels. During the first 7 days of water restriction,

mice underwent daily habituation to procedure rooms and handling areas. Behavioural

training began after this habituation period.

2.2.2 Task hardware

The aim of the task was to train mice to perform visually-directed reaches, which are

reaches targeted to the egocentric spatial position of visual stimuli. This required a task

with  more  than  one  reach  target,  because  otherwise  mice  would  not  need  to  pay

attention to the position of the visual stimulus, where simply responding to the stimulus

onset  (i.e. via  a  change  in  ambient  light  originating  from  the  stimulus)  would  be

sufficient to signal mice to reach to the target. Therefore, to ensure that mice used the

spatial  location  of  stimuli  to  direct  reaches,  the  task  design  used  two  independent

targets.

The target hardware was designed so that mice associated reaching and grasping the

visual stimuli with receiving water rewards. This was achieved by fixing a light-emitting

diode (LED) and a touch sensor to the tip of a water spout. The LED provided a visual

stimulus that  when grasped immediately  resulted in  water  being dispensed into the

grasping hand.

Two targets  were constructed and controlled by  a  Raspberry  Pi  4  B  (Figure 2.1a;  RS

Components  182-2096),  a  low-cost  single-board  computer  commonly  used  for

laboratory  experiments  in  the  biological  sciences  (Jolles,  2021).  The  Raspberry  Pi

executed custom-made Python-based software that asynchronously controlled outputs

to  and  listened  for  events  from  a  circuit  controlling  the  task  apparatus  via  general

purpose input/output (GPIO) pins (Figure 2.1a).

LEDs: To generate visual stimuli from each of the reach targets, I used Cree XLamp XQ-A

SMD LEDs (RS Components 103-4292). Small dimension LEDs (1.6 x 1.6 x 1.6 mm) were

selected to facilitate embedding within the targets while not being too large for mice to
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grasp.  While  white  light  was  used  in  this  project,  they  come in  a  range  of  colours,

allowing for flexibility in experimental design if  alternative colours are preferred. The

LEDs were triggered by a 3.3 V signal from the Raspberry Pi and were grounded via a

680 Ω resistor.

Touch sensors: Each target was designed with a corresponding touch sensor in the

form of a small piezoelectric sensor (RS Components 285-784) with dimensions 15 x 1.5

x 0.6 mm (Figure 2.1b). The piezoelectric sensors required an additional Arduino Uno

microcontroller  (RS  Components  715-4081)  to  process  the  raw  voltage  signals

(Figure 2.1a). Each sensor was powered by a 3.3 V output and was monitored via a GPIO

socket  on  the  Arduino.  The  Arduino  relayed  a  binary  signal  to  the  Raspberry  Pi

representing  whether  the  piezoelectric  sensor  was  experiencing  vibration-induced

mechanical distortion above a threshold value (see Section 2.2.4), used to detect when

mice made contact with the targets. Self-contained capacitive sensors can also be used

in place of the combination of piezoelectric sensors and Arduino controller as they are

able to output binary signals directly. However, during testing I found that the sensitivity

of  capacitive  touch  sensors  often  drifted  over  time  making  them  unreliable.

Furthermore,  capacitive  touch  sensors  can  introduce  electrical  noise  during

electrophysiological recordings.
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Figure 2.1: Behavioural task hardware.

(a) Overview of task hardware. All inputs (touch sensor events preprocessed by an Arduino Uno) and

outputs (control of LEDs, solenoid valves and linear actuator) were controlled by a Raspberry Pi single-

board computer. Raspberry Pi photo adapted from Jolles et al. 2021. Arduino Uno photo attributed to

SparkFun Electronics Boulder USA licensed under Creative Commons 2.0.

(b) Reach targets were fixed to a 3D-printed target mount, which was attached to a linear actuator. The

linear actuator was supported by a 3D-printed actuator stand. The direction of travel of the actuator is

indicated by the pink arrow and has a 1 mm range of travel.
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(c)  Solenoid  valve  driver  circuit.  Each  solenoid  valve  was  controlled  by  a  dedicated  driver  circuit

connected to the Raspberry Pi ensuring consistent and reliable valve control.

(d)  The reach targets from the mouse point-of-view with the left  target illuminated.  Note that from

within the areana, the targets are visible through the slits.

Water spouts: The targets were each mounted on the end of a trimmed 19 gauge (19G)

injection  needle  (BD  Microlance).  The  top  end  of  each  needle  was  connected  to  a

solenoid valve (Bibus Ltd) via 2 mm inside diameter silicone tubing (BRAND 143352),

which in turn connected to a water reservoir (Figure 2.1a, top). The solenoid valves were

powered  and  controlled  from  dedicated  Raspberry  Pi  GPIO  outputs  via  individual

solenoid driver circuits (Figure 2.1c). The solenoid driver circuits aided in reliably opening

and closing the values to provide reproducible water rewards.

Linear actuator: The spouts were mounted on a linear actuator (Actuonix PQ12-R 20

mm  63:1  6V)  via  a  3D  printed  target  mount  (Figure 2.1b).  The  actuator  was  then

mounted  on  a  3D-printed  stand  (Figure 2.1b)  allowing  for  controlled  and  precise

forward/backward  movement  of  the  targets.  To  allow  mice  to  make  an  association

between the targets and water, mice were initially able to reach the targets with their

nose and tongue through a slit  in the task arena wall  (see Section 2.2.3).  Once mice

started to engage with the task, the linear actuator enabled movement of the targets

away,  forcing  mice  to  instead  use  their  forelimb  (further  described  below  in

Section 2.2.5). The 10 mm actuator travel was sufficient to move the targets beyond the

reach of the tongue.

The above components were assembled in the configuration illustrated in Figure 2.1,

following these steps:

The 19G needles were trimmed to remove the bevel and inserted into a custom 3D-

printed target mount (Figure 2.1b), before being fixed in place using Araldite epoxy

adhesive (RS Components 756-0102).

~3 cm of silicone tubing was cemented into the top of each needle with Araldite.

The solenoid valves were connected via tubing to water reservoirs (Figure 2.1a, top).

The  solenoid  valves  were  plugged  into  solenoid  driver  circuits  connected  to  the

Raspberry Pi.

1. 

2. 

3. 

4. 
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The LEDs were soldered to thin (< 1 mm) wires that ran along the back of the needles

from the tip (Figure 2.1b, black wires). The LEDs and wires were fixed to the needles

using UV-curing glue (Henkel Loctite 4305), which is ideal for this purpose due to its

water-resistance and transparency. Layers of UV-curing glue were used to sculpt a

round node at the end of each needle to form the reach targets. The LEDs and their

solder  joints  were  fully  sealed  within  the  glue,  but  the  nearby  needle  openings

remained unsealed to permit water flow onto the surface of each target.

The two LEDs were each connected to 3.3 V outputs on the Raspberry Pi and their

ground wires were combined and connected via a 680 Ω resistor to a ground on the

Raspberry Pi.

A piezoelectric touch sensor was cemented to the back of each target (Figure 2.1b)

and connected to 3.3 V and a GPIO input on the Arduino Uno (Figure 2.1a, purple). A 1

MΩ resistor was connected in parallel to each sensor.

A GPIO output on the Arduino Uno was connected to a GPIO input on the Raspberry

Pi for transmission of detected touch sensor events.

The linear actuator was mounted to a 3D printed stand, and the target mount was

attached to the end of the actuator (Figure 2.1b).

The actuator’s input pin was connected to a GPIO output on the Raspberry Pi.

The Arduino Uno, Raspberry Pi and linear actuator were each powered by dedicated

power supplies to ensure that operation of each component was reliable.

The  final  design  of  the  reach  targets  is  shown  in  Figure 2.1d. The  components  list

required to build a single set of task apparatus is documented in Table 2.1.

5. 

6. 

7. 

8. 

9. 

10. 

11. 
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Table 2.1:  Component list for a single task arena. Sources of generic components have been omitted. 

Component Quantity Source

Raspberry Pi 4 B 1 RS Components 182-2096

Arduino Uno 1 RS Components 715-4081

Cree XLamp XQ-A SMD LEDs 2 RS Components 103-4292

Piezoelectric vibration sensor 2 RS Components 285-784

Araldite epoxy adhesive 1 tube RS Components 756-0102

UV-curing glue 1 tube Henkel Loctite 4305

19 G injection needles 2 BD Microlance

2-way 5V solenoid valve 2 Bibus Ltd

2 mm inside diameter silicone tubing 50 cm BRAND 143352

Linear actuator 20 mm 63:1 6V 1 Actuonix PQ12-R

Target mount 1 3D printed

Actuator stand 1 3D printed

<= 1 mm wire 50 cm -

1 MΩ resistor 2 -

680 Ω resistor 1 -

BS170 N-Channel MOSFET 2 -

1N4148 diode 4 -

2.2.3 Arena

To facilitate  convenient  and efficient  training  in  the  visually-directed reaching  task,  I

designed and constructed a task arena for mice that permitted naturalistic freely moving

behaviour and created an environment free of task-irrelevant stimuli. The arena design

was similar to that used by Metz and Whishaw (2000) based on a simple rectangular box.

The reach targets were positioned behind the front panel of the box, accessible through

slits in the wall (Figure 2.2a). During early training, mice explored the arena, slits, and
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reach targets, learning to associate visual stimuli with water rewards before continuing

to learn visually-directed reaching.

The front panel was made from 3 mm thick transparent acrylic, allowing mice to see the

reach targets from any location inside the arena. The remaining walls were made from 3

mm thick opaque black acrylic to prevent mice from getting distracted by external visual

stimuli  during  training.  An  opaque  black  acrylic  lid  was  used  to  prevent  mice  from

escaping from the arena during early training.

The reach targets were placed outside the arena adjacent to the front panel, with the

linear actuator oriented orthogonally (Figure 2.2b). Thus, extension and retraction of the

actuator moved the reach targets towards and away from the front panel. The targets

were initially  placed 5  mm from the front  panel  parallel  to  the axis  of  the actuator

movement (Figure 2.2b, target nearest to panel). During training the actuator retracted

by up to an additional 10 mm (Figure 2.2b, faded target).

To permit naturalistic, ethologically relevant reaches, I sought to determine the optimal

slit width that reduced the extent to which reach trajectories were obstructed by the slit

edges. First, I trained a cohort of mice in the task (see Section 2.2.5) using a slit width of

7 mm based on published mouse pellet-reaching tasks  (Esposito et  al.,  2014;  Li  and

Hollis, 2021). Once mice had learned to perform reaches, I observed their posture and

movement trajectory when reaching through slits with widths of 8, 9, 9.5 and 10 mm.

Wider  slits  allowed  for  greater  freedom  of  movement,  but  also  resulted  in  greater

variability in the distance that mice were able to place their snout through the slit, due

to differences in face size and shape. This introduced undesirable variability in reaching

posture and trajectory. To avoid this confound
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Figure 2.2: Task arena design.

(a) Two slits in a 3 mm thick transparent panel provided the only access for mice to reach the two

targets.

(b) Side view of the position of the targets relative to the front panel’s outer surface in the y-z plane.

With the actuator fully extended, the targets (left) were 5 mm from the outer edge of the front panel in

z. When retracted, the targets (right, faded) were 15 mm from the front panel in z. The 10 mm actuator

travel is represented by the pink arrow.

(c)  Arena  outer  dimensions.  The  front  panel  was  made  from  3  mm  thick  transparent  acrylic

incorporating the 2 slits. Right, slit geometries for corresponding region of front panel, showing reach

targets in the x-y plane. The targets were centred on the slits in x as indicated by grey circles.

(d) Top-down view of the arena and adjacent hardware. Two high frame-rate cameras were placed at

45° to the slits in the x-z plane as shown.

(e)  Schematic  diagram showing  the  organisation  of  the  electronic  hardware.  The  Raspberry  Pi  LED

power  signal  and  camera  frame  trigger  signals  were  recorded  by  the  National  Instruments  PXIe

acquisition module. The acquisition module was controlled by a PC using Mantis64 software (https://

www.mantis64.com), which directly acquires video pixel data from the cameras through a USB interface.

All units are mm.

while  limiting  restriction  of  forelimb movement,  I  used  a  9.5  mm width  at  forelimb

height and a 7.5 mm width at head height (Figure 2.2c, right).

To enable motion tracking of reach trajectories with high temporal resolution, two high

frame-rate  infrared cameras  (Mako U U-029,  AlliedVision)  were directed at  the front

panel, each rotated 45° to the axis of the slits as shown in Figure 2.2d. The arena was

illuminated with infrared LEDs so that camera lighting did not affect the visual contrast

of task stimuli. Frame timestamp signals were recorded via a National Instruments data

acquisition  module  (NI  PXIe-1071)  with  Mantis64  data  acquisition  software  (https://

www.mantis64.com) and saved in National Instruments TDMS format (Figure 2.2e). To

enable  synchronising  of  the  video  and  behavioural  data,  a  digital  signal  toggled

simultaneously with the target LEDs was emitted from the Raspberry Pi and saved in

parallel to the video frame timestamp signal.

2.2.4 Task control

The  Raspberry  Pi  controlled  the  hardware  by  means  of  purpose-built  software

(Figure 2.3). The software, reach , available at https://github.com/DuguidLab/reach, is a

small Python library for creating reaching tasks for rodents.  reach  provides a simple
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object-oriented  interface  for  designing,  running  and  analysing  training  sessions.  The

hardware-interfacing code is encapsulated in a Backend  class which can be extended

for use in derivations of the task hardware described above (Section 2.2.2). Behavioural

data can be analysed at the level of cohort, animal, or session by using corresponding

Python representations:

The Session  class handles data for a single training session, and is responsible for

managing the event sequence during training sessions.

The  Mouse  class  maintains  an  ordered  list  of  Session  objects  that  together

represent  the  training  history  of  a  single  animal.  Mouse  exposes  methods  that

facilitate analysis of individual mouse training data.

The  Cohort  class can be used to manage a set  of  Mouse  objects  and exposes

methods that facilitate analysis of training data across multiple mice.

Training data is saved in JSON format per animal and can be conveniently loaded into

Python analysis scripts using the above classes.

The Arduino Uno executed a simple Arduino Code filter that continuously read analog

voltage signals from the two piezoelectric sensors, converted them into binary signals,

and  transmitted  them  to  the  Raspberry  Pi.  This  analog-digital  conversion  involved

thresholding the analog signal  using a  threshold that  was calibrated individually  per

touch sensor.  reach  packages a utility script to assist with this calibration. This script

logs touch events on the sensors while the threshold in the Arduino code is adjusted

until the touch sensitivity is appropriate. The optimal threshold was a balance between

being  sufficiently  sensitive  to  detect  gentle  touches,  but  insensitive  to  irrelevant

vibrations while mice navigate around the arena.

• 

• 

• 
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2.2.5 Training regime

Next, I designed a training regime that enabled mice to learn to associate reaching to a

visual cue with delivery of a water reward. The training regime had a structure typical of

tasks used in the Duguid lab, such as the cued lever push task (Dacre et al., 2021) and

cued  lever  push/pull  task  (Currie  et  al.,  2022).  Mice  underwent  a  water-restriction

protocol as described in Section 2.2.1 before undergoing daily 30 m training sessions.

During  a  session,  the  Raspberry  Pi  continuously  cycled  an  event  sequence  that

scheduled sequential trials (Figure 2.4a).

When placed into the arena, mice were able to touch the targets freely. After an inter-

trial  interval (ITI)  of 4-6 seconds, one of the two targets was illuminated (Figure 2.4a,

cue). If a mouse touched the illuminated target, a 6 µL water reward was dispensed and

the trial was deemed a  correct trial (Figure 2.4b). If a mouse instead touched the non-

illuminated  target,  this  was  deemed  an  incorrect  trial and  no  water  reward  was

dispensed (Figure 2.4c). If no touches occurred within a predetermined duration termed

the cue duration, the cue switched off and the trial was deemed a miss trial. Any touches

occurring during the ITI reset the trial. Thus, mice were trained to perform cued reaches

towards visual stimuli.

Incorrect  trials  and spontaneous reaches made during the ITI  were penalised with a

timeout of 3 s to discourage reaches not directed by visual stimuli. The timeout duration

was reduced to 1 s later in training to maximise the number of trials during sessions.

The  target  used  in  each  trial  was  chosen  pseudo-randomly.  Unsuccessful  trials

(i.e. incorrect or miss trials) were followed by correction trials which presented the same

target until the mouse performed a correct reach. Correction trials served to limit the

number of rewards mice could obtain if they continuously reached for one of the two

targets.

Mice first needed to learn to associate touching the visual stimuli with receiving rewards.

To facilitate this, training began with a shaping period with a reduced task difficulty. The

targets were initially positioned close to the slits so that mice were able to interact with

them using their  snout and/or tongue while  exploring the arena (Figure 2.2b).  When

mice touched the illuminated target during exploration, a water
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(c) Incorrect trials involved mice approaching and reaching to the non-illuminated target.

(d) Miss trials were trials during which neither target was touched.

reward was dispensed, resulting in rapidly increased engagement with the targets. The

targets were retracted in 1 mm increments after every 5 trials if at least 13 of the last 15

trials  involved  target  contacts  (i.e. including  both  correct  or  incorrect  trials).  This

progressive lengthening of slit-target distance resulted in an increase in task difficulty

eventually  resulting  in  mice having to  reach to  the target.  At  this  point  the shaping

period ended and the targets remained stationary.

The cue duration was 10 s during the shaping period, and therefore one of the targets

would  be  illuminated 2/3  of  the  time if  no  touches  were  made (i.e. as  ITI  durations

average to  5  s).  This  meant  that  exploratory  touches  were likely  to  trigger  rewards,

facilitating fast learning of the stimulus-reward association. To reduce the likelihood that

spontaneous reaches coincided with the presence of  the visual  stimuli,  which would

confound the results with correct trials that did not involve visually-directed reaches, the

cue duration was slowly reduced after the shaping period. This also served to train mice

to remain attentive to the stimuli and quickly respond by performing cued reaches. Cue

durations  were  decreased  following  every  correct  trial  by  subtracting  0.3  %  of  the

current duration to a minimum of 2 s.

2.2.6 Motion tracking

Reaching movements are complex actions composed of multiple epochs with distinct 3D

kinematic signatures. To facilitate detailed investigation of the neural circuits underlying

such  movements,  a  high  spatial  and  temporal  resolution  description  of  their  limb

trajectories  is  required.  To  track  mouse  position  and  reach  trajectories,  I  used  the

DeepLabCut toolbox for markerless pose estimation (Mathis et al., 2018), which uses a

deep  learning-based  approach  to  identify  body  parts  of  interest  or  other  arbitrary

features within video frames. I configured DeepLabCut to track 13 features to reliably

track movement during the task: the tip of each finger, the centre of each palm, the tip

of the nose, and the two reach targets. While the linear actuator position and thus target

position was controlled and known, tracking the targets with DeepLabCut made it more

convenient and reliable to estimate the relative distances between the targets and the

mouse.
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For each feature tracked by DeepLabCut, it generates an (x, y) coordinate time series

representing that  feature’s  location within  each frame.  DeepLabCut  also reports  a  p

value for each coordinate, which was used to identify coordinates that do not accurately

represent a feature’s location. Coordinates with p values above a threshold of 0.05 were

replaced with a linear interpolation of coordinates from remaining frames. To further

reduce the impact of poorly tracked features in a small number of frames, the median

coordinate of the hand features (i.e. fingers and palm) was used to infer the position of

the hands.

Motion tracking was performed on videos recorded from two cameras as illustrated in

Figure 2.2d,  enabling  tracking  of  reach  trajectories  from  two  perspectives.  However,

when grasping a reach target, the view of the reaching hand by the contralateral camera

becomes  obscured  by  the  target.  Therefore,  to  further  improve  reliability,  reach

trajectories were determined using coordinates generated from the video recorded by

the ipsilateral camera.

2.3 Results

2.3.1 Mice learned to perform visually-directed reaches

All mice (N = 11) interacted with the targets from the first training session. Following the

initial  shaping period, mice learned to obtain increasing numbers of rewards per 30-

minute session (Figure 2.5a). This was mirrored by a steady increase in the percentage

of trials that resulted in correct reaches (i.e. success rate) (Figure 2.5b).

The sensitivity index (d’) is a statistic that originates from signal detection theory (Swets,

1988) and has since been applied to behavioural experiments to assess a subject’s ability

to  detect  a  specific  signal.  Here,  d’  was  used  to  assess  an  animal’s  ability  to  reach

specifically to the spatial position of the visual stimuli. d’ is defined as:
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(a), success rate (b), sensitivity index (d’) (c), and the cue duration at the start of the session (d). Lines are

mean ± 95% confidence interval.

(e-f)  Chance  levels  of  correct  trials  (e)  and  d’  (f)  estimated  from simulated  data  (mean ±  standard

deviation) for simulated cue durations of 2 s and 10 s. The y axes correspond to those of (a) and (c)

respectively. Green dashed lines show threshold values used to identify expert level task performance.

d' = norminv(hit rate) - norminv(false alarm rate)

where  norminv  is the inverse of the cumulative normal function  (Andermann et al.,

2010; Lee et al., 2012; Swets, 1988). To apply d’ to this behavioural task, I calculated d’ for

each session using this derivation:

d' = norminv(left correct rate) - norminv(right incorrect rate)

where  ‘left’  and  ‘right’  correspond  to  left  and  right  target  trials.  As  discriminability

improves, d’ increases. Indeed, d’ steadily increased across training (Figure 2.5c).

While  mice  maintained  high  performance,  cue  durations  were  slowly  reduced  as

described in Section 2.2.5 to an average of 5.0 s in expert mice (Figure 2.5d).

To quantitatively determine whether mice had successfully learned the task, I estimated

the  performance  that  could  be  expected  by  chance.  I  performed  a  discrete-event

simulation  of  5000  repeated  sessions  for  0  to  1000  reaches  randomly  distributed

throughout  a  30  m  period.  This  was  repeated  for  cue  durations  of  2  and  10  s,

corresponding to cue duration lower and upper bounds. The target of each reach was

selected randomly. The simulation estimated that the maximum number of correct trials

expected by chance is 27 and 54 for 2 and 10 s cue durations respectively (maximum of

mean + 2 standard deviations; Figure 2.5e). For d’, the maximum chance level (maximum

of means for 2 and 10 s cue duration + 2 standard deviations) was estimated as 1.55

(Figure 2.5f).  This  is  more  conservative  than  values  used  in  published  studies  (0.8, 

Andermann  et  al.,  2010;  1.0,  Lee  et  al.,  2012).  From  these  results,  performance

thresholds  of  54  correct  trials  and  1.55  d’  were  used  as  criteria  to  identify  training

sessions in which mice had performed with above-chance success.
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Mice that achieved above-chance performance for 4 consecutive sessions were deemed

‘expert’ (n = 8). This was achieved after 33.4 ± 6.7 training sessions (mean ± standard

deviation). Mice with performance that did not show improvement were excluded from

further analysis after 40 sessions (n = 3).

2.3.2 Characterisation of reaches

Reach trajectories were determined using a motion tracking approach as described in

Section 2.2.6 and  used  to  identify  key  timepoints  during  task  engagement.  During

correct  trials,  expert  mice  performed  a  stereotyped  sequence  of  actions  upon  cue

presentation:

Locomote or perform a body re-orientation to face the slit  directly in front of the

illuminated target.

Adjust posture to prepare for the upcoming reach (i.e. placement of the hands on the

floor of the arena in front of the slit).

Lift the dominant forelimb.

Extend the dominant forelimb through the slit and towards the target.

Grasp the target and collect the water reward.

Retract the forelimb back through the slit.

Consume the water reward.

This sequence of actions was used to decompose reaches into a series of distinct and

well-defined epochs, termed:  approach,  extension,  retraction,  consumption (Figure 2.6a).

The  approach  epoch  encompasses  the  period  from  cue  to  reach  onset,  which  was

defined  as  when  the  reaching  hand  was  lifted  from  the  arena  floor.  Extension

encompasses the period from reach onset to grasp. Retraction encompasses the period

from grasp to reach offset, which was defined as the reaching hand returning through

the slit. Lastly, on correct trials, reach offset is followed by the consumption epoch.

1. 

2. 

3. 

4. 

5. 

6. 

7. 
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histogram  showing  results  from  one  session  from  an  expert  mouse.  Kernel  density  estimates  are

overlaid representing the proportion of trials in which the start of each epoch had passed at a given

time. Right: kernel density estimates for sessions with 7 expert mice.

Mice displayed variability  in  reach trajectories,  possibly  reflecting different  strategies

employed to complete the task (Figure 2.6b). For example, the trajectories in the first

column  in  Figure 2.6b  consistently  curved  downwards  following  grasp  of  the  target,

before moving towards the mouth. The second column displays trajectories which took

a more direct route to and from the target. The third example shows similarly direct

trajectories, but rather than positioning itself in front of the correct target prior to reach

onset,  the  mouse  positioned  itself  centred  between  both  slits.  Furthermore,  all

examples display different temporal profiles, representing variable reach duration.

To assess whether movement trajectories were similar when reaching to the left or right

target,  mean x  and y  coordinate  trajectories  were correlated between left  and right

target  trials.  Coordinates  were  taken  from  150  ms  before  to  150  ms  after  grasp,

encompassing the period during which the hand was beyond the slit in the arena wall.

Pearson’s  r correlations found that  x  and y  coordinate trajectories  were significantly

correlated between left and right target trials for all  sessions (Bonferroni corrected  p

values). Thus, reach trajectories were similar regardless of reach target.

It is difficult to infer precisely what mice were doing during the approach epoch, as it is

impossible  to  determine  when  mice  first  perceived  the  visual  stimulus  or  chose  to

approach it.  Interpretation of  this  epoch in future experiments may be improved by

using  an  overhead  camera  to  track  locomotion  throughout  the  arena,  which  would

enable identification of when mice began to face or move towards the slits. This would

provide an earlier approximation of reaction time than was possible with the current

design, in which the earliest approximation was reach onset. As trials had a limited cue

duration, mice were incentivised to quickly react to visual cues. Indeed, around 80% of

reach  onsets  on  correct  trials  happened  within  the  first  2  seconds  after  cue  onset

(Figure 2.6c,  blue).  Moreover,  the  temporal  distribution  of  events  that  marked  the

beginning of each epoch was similar across mice, suggesting that all mice had learned to

quickly react to the visual cues (Figure 2.6c, right).

Reach durations (i.e. time from reach onset to offset) varied between mice and averaged

0.61 s  (Figure 2.7a).  Reaches displayed stereotyped velocity  profiles with two distinct

Page 51 of 213







2.4 Discussion

In this chapter I have described the design, implementation and use of a novel visually-

directed reaching task. Once trained in the task, mice reliably performed high numbers

of naturalistic visually-directed reaches, providing a robust model system with which to

investigate the neural control of this fundamental behaviour.

The  design  and  construction  of  the  task  hardware  is  simple  and  does  not  require

specialised equipment or knowledge to build, and the ease of adoption is facilitated by

the use of inexpensive and readily available materials. While the present design trained

mice to perform reaches to two visual targets, the straightforward arena, target, and

circuit design are easily modified to alternative configurations. For example, the arena or

slits could be built with different dimensions, or could contain a different number of

targets. Similarly, the software that controls the task hardware can be customised, for

example to change the brightness or colour of the visual stimuli. The modular design of

the hardware and software means that the present design can be used as a foundation

for researchers aiming to employ adaptations of the task.

During the task, mice were required to reach to the location of the independent visual

stimuli, ensuring the task was visually-directed. This represents a critical feature of the

task:  rather  than  an  arbitrary  stimulus-response  association,  which  would  likely  be

sufficient to achieve high performance if the task involved a single target (i.e. a visually-

triggered task), mice were required to use spatial information to drive their behavioural

response.  The  task  design  offers  a  turnkey  solution  for  researchers  seeking  to

investigate visually-directed reaching, while leveraging the power of the mouse model,

and thus bridges the technical gap between mouse and primate research focussing on

this important behaviour.

Published studies employing rodent reaching tasks have provided valuable insight into

how the brain controls reaching  (Klein et al.,  2012;  Nicola et al.,  2022).  However, the

visual element of the behaviour, which is a critical part of natural reaching behaviour in

primates, has so far remained unexplored in mice. My task design can be combined with

detailed  analytical  approaches,  such as  delineating  the  accelerative  and decelerative

phases  of  reaches  (Becker  and Person,  2019) or  tracking  individual  digits  and joints
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(Azim et  al.,  2014;  Esposito et  al.,  2014),  thus taking full  advantage of  the kinematic

richness of the behaviour.

Overall,  the task offers a cost-effective and accessible tool  for  leveraging the mouse

model to answer neuroscience questions about visually-directed reaching. The task is

designed to be compatible with common experimental methodologies used with freely

moving  animals,  such  as  electrophysiological  recordings  and  optogenetics,  allowing

researchers to correlate or causally link neural activity with movement. While the task

does have some limitations, it is highly adaptable and can be extended to be useful for

answering additional questions. For example, the task could be extended to vary LED

brightness  or  use  both  LEDs  during  each  trial,  enabling  reward  contingencies

experiments.  In  this  case,  an  experiment  could  adjust  illumination  of  the  targets

proportional to available reward volume or to illuminate both targets simultaneously

with different illumination levels to assess stimulus discrimination. Secondly, integrating

real-time motion tracking  or  motion sensors  could  provide closed-loop feedback  for

triggering  optogenetic  manipulations  at  specific  points  during  movement,  allowing

researchers to investigate the requirement of  intact  neural  activity  of  different brain

areas from different timepoints during the reach. Another limitation of the task is that

the targets are static, and so the task does not allow for the investigation of dynamic

aspects  of  the  behaviour,  such  as  target  tracking  or  interception.  However,  while

extending the task to include moving targets may be challenging, researchers could then

study the continuous stimulus-response dynamics that underlie movements that update

in real-time.

Importantly, the task design is compatible with common experimental methodologies

used  with  freely  moving  animals,  such  as  extracellular  recordings  via  chronically

implanted silicone probes. In Chapter 4, I take advantage of this to investigate how the

activity  of  neurons  in  posterior  secondary  motor  cortex  and  dorsomedial  striatum

relates to visually-directed reaching.
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Chapter 3

A Neuropixels data processing and analysis

pipeline for trial-based behavioural experiments

3.1 Introduction

In recent years, the Neuropixels 1.0 silicone probe (Jun et al., 2017) become a popular

tool  for  performing  extracellular  recordings  during  neuroscience  experiments.  Each

probe can simultaneously record from 384 out of 960 electrodes spanning a 10 mm long

shank,  yielding  well-isolated  spiking  activity  from  hundreds  of  neurons  during  each

recording. While their use has become popular for assaying neural activity in behaving

animals, researchers have so far been required to independently develop  ad-hoc data

processing scripts based on often out-dated and inflexible code snippets shared online.

To make it  easier  to  perform Neuropixels  data  analyses  and reduce the time spent

writing custom scripts, I aimed to develop an easy-to-use data processing and analysis

pipeline  that  can  be  applied  to  any  kind  of  behavioural  experiment  with  minimal

customisation.

The objective of the pipeline is to enable researchers who have collected simultaneous

Neuropixels and behavioural data to easily perform common electrophysiological data

processing steps,  automatically  manage data storage on the file system, and extract

behaviourally-aligned  segments  of  neural  data.  Existing,  mature  software  will  be

harnessed to perform specialised tasks such as spike sorting and motion tracking of

behaviour videos. Thus, the pipeline will act as a core, general-purpose interface for all

steps required to get from raw Neuropixels and behavioural data to neural activity in

various forms, such as spike times or firing rates, aligned to behavioural events. This

output will be provided in a standard format for subsequent visualisation or statistical

analysis.
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By providing a simple and intuitive interface for performing common data processing

and  manipulation  tasks,  researchers  can  spend  less  time  writing  highly  customised

scripts to fit the format of their behavioural data (which often varies between research

groups and experimental apparatus) and individual scripts for the various processing

steps  (such  as  spike  sorting  or  behaviour  alignment).  As  neuroscientists  are  often

unfamiliar with software development and its best practices, having an accessible tool

available for performing these tasks not only reduces duplicate work being performed

across the community but also accelerates the analysis stages of experiments, helping

researchers focus on extracting meaningful insight from their valuable data.

While the pipeline will provide access to common functionalities such as spike sorting,

generation of firing rates, and behavioural alignment, it does not aim to be a monolithic

tool that can do many highly specialised functions. For example, deep learning-based

methods such as DeepInsight (Frey et al., 2021), a toolbox for the interpretation of raw

wide-band  neural  activity,  are  not  implemented  or  integrated  directly.  Instead,  the

pipeline should have an extensible design to facilitate integration of other third-party

tools by the user with relative ease.

In this chapter, I first discuss the requirements of the pipeline, followed by a description

of its final design, structure, and usage.

3.1.1 Functional requirements

The pipeline should fulfil several requirements regarding its function, which have been

selected  based  on  the  needs  of  researchers  who  perform  behavioural  experiments

utilising Neuropixels probes.

Generalisability: A critical requirement is that the pipeline has a generalised design that

makes  it  straight  forward  to  apply  to  different  trial-based  behavioural  experiments.

Implementing support for new behavioural tasks should be simple and when possible

streamlined by adapting implementations for similar tasks that are already supported.

Helper  methods  should  be  provided  to  assist  with  testing  and  confirmation  that

behavioural data is correctly aligning to neural data.

Data management: When managing files, data integrity and storage efficiency should be

maintained. To facilitate this, the pipeline should manage data in three distinct stages,
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each with a corresponding set of directories on the storage file system: raw , interim ,

and processed . The raw  folder should contain the raw data as collected, preserving

the data for long-term storage and reproducible analysis; the  interim  folder should

contain intermediate files that can be deleted and later regenerated from the raw data

as  needed;  and  the  processed  folder  should  contain  the  final  output  of  data

processing  steps,  which  should  be  compact  and  information-dense  to  reduce  the

financial cost of its storage. To help reduce storage requirements, raw data should be

compressed  and  transparently  decompressed  when  accessed.  When  raw  data  is

needed,  it  should  be  copied  into  the  interim  folder  (decompressed  if  necessary)

before  use,  ensuring  that  any  third-party  software  being  used  via  pixels  cannot

directly  access  the  raw data.  This  would  guarantee  that  the  integrity  of  raw data  is

maintained and not at risk of modification or corruption.

Efficiency: Some data processing tasks can be costly in terms of data reading/writing or

computation and thus take long periods of time. This would add friction to the workflow

of users,  so steps should be taken to reduce this  friction and improve usability.  For

example,  if  tasks have already run and performing them again would be redundant,

then  they  should  be  skipped.  Similarly,  caching  should  be  used  where  possible  to

improve the user experience. Optimised and battle-tested open source libraries should

be exploited to maximise the performance of computationally intensive tasks.

3.1.2 Interface requirements

The pipeline should also fulfil several interface requirements that describe how it should

interface with users and other software. These requirements are critical for ensuring

that  the  pipeline  is  usable  and accessible  for  neuroscientists  who may have  limited

programming experience.

User  interface:  The  user  interface  must  be  accessible  for  users  unfamiliar  with

programming. A script-based workflow is generally friendly for such users, suggesting

that the pipeline should take the form of a simple library. To facilitate onboarding, the

source repository should provide a basic, well-documented template script to serve as a

tutorial  for  the  main  tasks  supported  by  the  pipeline.  It  should  be  implemented  in

Python, which has become the most popular programming language used for scientific

work due to the wide availability of powerful and well-documented libraries for data

manipulation  and  statistical  analysis,  such  as  numpy  (Harris  et  al.,  2020) and  scipy
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(Virtanen et al., 2020). Interfacing with third-party libraries, such as Kilosort for spike-

sorting  (Steinmetz et al., 2021), should be transparent and hidden from the user, but

configurable where appropriate.

Application programming interface (API): The API should be idiomatic and intuitive such

that simple workflows become trivial to perform, but a flexible and open design should

allow  for  custom  logic  to  be  straightforward  to  implement  using  standard  Python

approaches  such  as  class  inheritance.  Applying  the  “deep  module”  software  design

philosophy, wherein the library provides a wide range of useful functionalities that are

exposed  through  a  relatively  small  and  simple  interface,  could  reduce  the  cognitive

overhead for performing the most common, basic tasks, which would be available ‘out

of the box’ with minimal customisation.

3.2 Design

The software is implemented as a Python package named pixels , which contains the

core pipelining logic and is used as a library to process experimental data. pixels  aims

to  perform  all  processing  steps  required  for  analysis  of  data  collected  in  these

experiments. Here I describe the design of pixels , which is open-sourced on GitHub

at https://github.com/DuguidLab/pixels.

3.2.1 Data model

pixels  has a simple object-oriented design centred around two classes: Experiment

and  Behaviour .  The  Experiment  class represents a set of one or more recording

sessions that are managed together (i.e. their data files are organised together in the

same folder) and provides methods for batch processing the set of sessions. An instance

of  Behaviour  represents a single one of those sessions.  Behaviour  is an abstract

base class  that  requires  behavioural  task-specific  subclasses  to  ‘fill  in  the  blanks’  by

providing an implementation for a single method, namely that which pertains to parsing

the raw behavioural data and converting it into a standard format. For new users to

apply the pipeline to their custom task, implementing that method is the main setup

step.
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The pipeline provides a few methods for processing LFP data, such as resampling and

temporal  alignment  to  the  action  labels  (Figure 3.1,  right),  however  functionality

operating on this data stream is limited.

3.2.3 Usage

3.2.3.1 Installation

To  begin  using  the  pixels  software,  a  conda  environment  (‘Anaconda  software

distribution’, 2020) can be used to manage third-party dependencies:

conda create -n pixels -c conda-forge numpy pandas \

    nptdms scipy matplotlib opencv

conda activate pixels

pip install ffmpeg-python spikeinterface probeinterface

Then, using pip , install the pixels  package into the conda environment:

pip install git+https://github.com/DuguidLab/pixels.git

This setup does not include DeepLabCut and its dependencies, which are optional. For

their installation steps, see the DeepLabCut documentation.

3.2.3.2 Supporting a new task

The first thing required when setting up the pipeline for use with a new behavioural task

is to implement a Behaviour  subclass that contains the logic for interpreting the task’s

raw behavioural data. This logic defines the body of the  _extract_action_labels

method, which receives the raw data as a numpy array, and the method must return the

newly created action labels.

For example, we can define a new class  ReachTask  in the file  reach_task.py  for

processing sessions using the reaching task described in the previous chapter:
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# reach_task.py

import numpy as np

from pixels.behaviours import Behaviour

class ReachTask(Behaviour):

    def _extract_action_labels(self, behavioural_data: np.array):

        # Task-specific implementation added here to generate the

        # action labels from raw behavioural data.

        return action_labels

We must also define the tasks set of actions and events, for example:

# reach_task.py

class ActionLabels:

    miss_left = 1

    miss_right = 2

    correct_left = 4

    correct_right = 8

    incorrect_left = 16

    incorrect_right = 32

class Events:

    led_on = 1

    led_off = 2

    reach_onset = 4

    grasp = 8

These classes serve as enumerations of the values contained in the action labels, and

can be used in  _extract_action_labels  to create the action labels and then later

for selecting which action(s) to align data to during downstream analyses.
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3.2.3.3 Processing raw data

With the above steps completed, the new task-specific classes can be used in simple

scripts  to  run  pipeline  tasks  or  extract  aligned  data.  We  first  create  an  instance  of

Experiment  to manage our set of recording sessions, passing our list of animal IDs

(used to identifying relevant files on disk), the new  ReachTask ,  and the path to the

folder containing all data:

# my_experiment.py

from pixels import Experiment

from reach_task import ReachTask, ActionLabels, Events

my_exp = Experiment(

    ["Mouse1", "Mouse2", "Mouse3"],

    ReachTask,

    '~/path/to/data/folder/',

)

When  instantiated,  the  Experiment  object  creates  a  ReachTask  object  for  each

recording  session  and  stores  these  in  a  list  at  Experiment.sessions .  The

Behaviour  methods listed in Figure 3.1 can be accessed on the ReachTask  objects to

perform processing steps on individual sessions. For example, to generate action labels

for all sessions:

# my_experiment.py

for session in myexp.sessions:

    session.process_behaviour()

The Experiment  class exposes methods for batch processing tasks across all sessions;

this is equivalent:
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# my_experiment.py

myexp.process_behaviour()

Most processing steps will be transparently skipped if their output already exists and

they are idempotent, reducing processing time.

3.2.3.4 Analysing processed data

Subsequent  analysis  of  extracellular  data  is  facilitated by methods that  conveniently

select events of interest in the action labels (e.g. cue onset during correct trials)  and

align other  data  to  these events  (e.g. spike  times,  instantaneous firing rates,  motion

tracking trajectories). Alignment of data is performed using the align_trials  method

of Behaviour  (or Experiment  when batching across sessions). For example, we can

extract the instantaneous firing rate for all  units during correct,  left  target trials (the

action), aligned to LED onset (the event), for 1 s total duration (0.5 s either side of the

event), as follows:

# firing_rates.py

from my_experiment import myexp, ActionLabels, Events

firing_rates = myexp.align_trials(

    ActionLabels.correct_left,

    Events.led_on,

    "spike_rate",

    duration=1.0,

)

align_trials  handles the generation of processed data formats transparently, such

as the creation of instantaneous firing rates by convolving spike times with a Gaussian

kernel.  The output of  align_trials  is  a  DataFrame ,  which is a human-readable,

table-like  data  structure  from  the  popular  pandas  library  (The  pandas  development

team,  2020).  This  is  a  standard  format  commonly  used  for  data  manipulation  and

statistical  analysis  and  has  a  shallow  learning  curve  for  those  unfamiliar  with  it.  In
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essence,  the output  is  a  multi-dimensional  table  in  which each column contains the

aligned data type (e.g. firing rates) for a single session, Neuropixels probe (in the case of

sessions that involved simultaneous recordings from multiple probes),  unit,  and trial.

This  design  makes  it  intuitive  to  access  the  firing  rates.  For  example,  using  the

matplotlib  library (Hunter, 2007), we can plot the firing rates for a single unit across

all trials as follows:

# firing_rates.py

import matplotlib.pyplot as plt

# Select the 1st session, 1st probe, and 10th unit

session = 0

probe = 0

unit = 9

plt.plot(

    firing_rates[session][probe][unit]

)

align_trials  accepts  a  number  of  options  alternative  to  "spike_rate"  when

selecting  which  data  to  extract,  including  "spike_times" ,  "lfp" ,  and

"motion_tracking" . This method represents the primary output of the pipeline: an

interface for extracting conveniently structured, task-aligned processed data for use in

question-specific analysis scripts.

3.2.3.5 Selecting subsets of units

A common requirement when extracting aligned spike data is  the ability  to  select  a

subset  of  units  of  interest.  To  enable  this,  the  Behaviour  class  has  a

Behaviour.select_units()  method that  can  be  used  to  define  a  named set  of

units. Units can be selected using a depth range (i.e. within a minimum and maximum

distance along the probe) or spike width range. For example, we can select units with an

implanted depth of 500 to 1200 μm and minimum spike width of 0.4 ms as follows:
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# firing_rates.py

units = myexp.select_units(

    min_depth=500,

    max_depth=1200,

    min_spike_width=0.4,

)

This can then be passed directly to align_trials  to extract data only for that subset

of units:

# firing_rates.py

firing_rates = myexp.align_trials(

    ActionLabels.correct_left,

    Events.led_on,

    "spike_rate",

    units=units,

)

This is useful for investigating the activity of specific brain areas or cell types.

3.3 Discussion

After collecting raw data during a recording session, a researcher must traverse two

steps  before  they  can  gain  insight  from  their  experiment.  First,  raw  data  must  be

processed and converted into formats that are more directly useful, such as extracting

unit  spike  times  from  raw  extracellular  voltage  data.  Second,  the  researcher  must

visualise  and statistically  test  the processed data  as  appropriate  for  answering their

scientific question. The pixels  pipeline streamlines and reduces the work required to

perform  the  first  of  these  steps  so  that  researchers  can  be  more  focussed  on

interrogating  their  data.  The  pipeline  was  written  to  be  generalised  for  trial-based

behavioural tasks and straightforward to extend to new tasks.
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To date, the pipeline has been used as part of two peer-reviewed studies, in which it was

critical  for  examining  how  activity  in  primary  motor  cortex  related  to  cued  lever

movements (See appendices)  (Currie et al., 2022;  Dacre et al., 2021). The pipeline was

also used to analyse the recordings in the next chapter, and has been adopted for use

by researchers in at least one other group.

The extensible design is  not  limited to new tasks,  but  also alternative types of  time

series data for task-alignment. For example, a ‘motion index’ metric used to measure

broad pixel intensity changes in behavioural videos  (Dacre et al., 2021) has been used

and  aligned  to  events  using  the  same  align_trials  method  described  above.  It

would be possible to similarly extend the set of align-able data types to other common

recording  techniques  such  as  calcium  imaging  or  patch-clamp  recordings,  providing

similar workflow improvements to researchers using these techniques.

As  pixels  is open source and available on GitHub at  https://github.com/DuguidLab/

pixels, others are free to fork and modify the codebase to suit their needs. However, it

may be beneficial for users to collaborate on one master copy of the repository so that

researchers can benefit from each other’s improvements and reduce duplicate work.
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Chapter 4

Neural correlates of visually-directed reaching in

secondary motor cortex and dorsomedial striatum

4.1 Introduction

The reaching behaviours that we depend on for survival are directed by visual input. In

primates, premotor cortex (PM) is thought to be a key node bridging visual and motor

areas. Recent evidence has implicated a subdomain of secondary motor cortex (M2) as

playing a similar role in mice. However, how activity in this area of M2 relates to visually-

directed reaching remains unknown.

Neural recordings in primates trained to perform reaches to visual targets have shown

that  neurons  in  PM  exhibit  target-specific  activity  beginning  prior  to  movement

execution (Boussaoud and Wise, 1993;  Cisek and Kalaska, 2005;  Lara et al., 2018). This

activity reflects both motor and visual features relating to reaching movements and their

targets (Gregoriou et al., 2005; Murata et al., 2000; Schaffelhofer and Scherberger, 2016),

with  motor-related  activity  encoding  variables  such  as  hand  position,  speed,  and

movement direction  (Archambault  et  al.,  2011;  Schaffelhofer and Scherberger,  2016).

The visual features encode intrinsic properties of objects targeted for grasping, such as

shape, size and orientation  (Murata et al., 2000;  Schaffelhofer and Scherberger, 2016),

and are believed to be received from posterior parietal cortex (PPC), an area involved in

visual processing that forms the parietofrontal loop together with PM (Archambault et

al., 2011; Caminiti et al., 2017; Marconi et al., 2001; Schaffelhofer and Scherberger,

2016). Based on these findings, and manipulation experiments demonstrating a causal

role for PM in performing reaches (Fogassi et al., 2001; Stepniewska et al., 2014), current

models place PM as a critical integrator for incorporating visual information into motor

computations during behaviour (Battaglia-Mayer et al., 2014).
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In mice, recent findings have suggested that posterior M2 (pM2) plays a comparable role

during visually-directed reaching. In an experiment where head-fixed mice were trained

to perform reaches to olfactory stimuli  at  different  locations,  Galiñanes et  al.  (2018)

found that optogenetic inactivation of pM2 during reach extension disrupted kinematic

trajectories.  Another  study  found that  blocking  input  to  pM2 from PPC immediately

before a visually-cued lever press perturbed forelimb kinematics  (Hwang et al., 2019).

Mirroring  the  primate  parietofrontal  loop,  rodent  pM2  and  PPC  form  reciprocal

connections  (Hovde  et  al.,  2018;  Itokazu  et  al.,  2018;  Zingg  et  al.,  2014) conveying

predominantly  motor  and  visual  signals,  respectively  (Itokazu  et  al.,  2018).  These

observations, taken with the finding that pM2 projects to other regions of motor cortex

(Luo  et  al.,  2019),  suggest  that  pM2  is  a  region  that  is  integral  for  visually-directed

reaching.

Another brain area likely to play a role in the behaviour is dorsomedial striatum (DMS).

DMS is a subcortical area involved in action selection during visually-directed behaviours

(Hwang et al.,  2019) and has been shown to regulate movement vigour according to

reward value  (Wang et al., 2013). As repetitive reaches performed during the task are

self-initiated and yield little to no reward, examining differences in DMS activity between

cued and repetitive reaching may reveal differences in how these two behaviours are

motivated.

In this chapter, I  aim to characterise the activity of neurons in pM2 and DMS during

visually-directed  reaching.  This  will  be  achieved  by  recording  the  spiking  activity  of

populations of neurons in mice trained in the visually-directed reaching task described

in  Chapter  2 and  examining  how  their  activity  relates  to  different  aspects  of  the

behaviour. I take advantage of recent advances in silicone probe technology to yield high

unit  count  population  recordings  with  high  temporal  resolution,  which  is  critical  for

understanding population dynamics during the rich time-modulated behaviour. The long

linear  probes  enable  recording  in  multiple  brain  areas,  so  I  will  optimise  the  probe

implantation  angle  to  record  simultaneously  from  pM2  and  DMS.  After  describing

experimental and analytical methods, I explore how activity patterns of units in pM2 and

DMS correlate with the behaviour, then finally discuss the implications of the findings for

understanding the neural mechanisms underlying visually-directed reaching.
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4.2 Methods

Mice  expert  in  the  visually-directed  reaching  task  were  chronically  implanted  with

Neuropixels silicone probes (imec;  Jun et al. (2017)) to enable recording of population-

level neural activity while engaging in the freely moving task. Neuropixels 1.0 probes

(Figure 4.1a;  Jun et al. (2017)) enable simultaneous extracellular recording of hundreds

of neurons with high temporal resolution. Each probe has 960 electrodes spanning a 1

cm long shank from which 384 recording channels can be used at any one time. For my

experiments, the 384 electrodes closest to the tip were used, permitting simultaneous

recording of pM2 and DMS.

Figure 4.1: Experimental design overview.

(a) Neuropixels 1.0 silicone probe (imec) used for recordings. Adapted from Steinmetz et al. 2021.

(b)  Experimental  timeline including water  restriction,  habitation,  behavioural  training,  and recording

phases.  Expert  level  was  reached  after  an  average  of  33  days.  Mice  then  needed  to  maintain

performance for 4 days, after which they underwent probe implementation and recording was started.
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4.2.1 Animals

Female and male C57BL/6 mice (Charles River) aged 6-12 weeks and weight matched to

20-22 g baseline weights were maintained as described in Section 2.2.1. Mice underwent

a water restriction protocol to facilitate task learning, with 6 µl water rewards dispensed

after successful trial completion (see Section 2.2.1). Following 7 days of water restriction

and habituation to handling and procedure rooms, mice began training in the visually-

directed task described in  Chapter 2 (Figure 4.1b). Mice that reached and maintained

expert level performance for 4 days were deemed to have successfully learned the task

and underwent chronic implantation of a Neuropixels probe (Figure 4.1b).

4.2.2 Handedness testing

The implantation procedure described below is limited to implantation of a single probe,

so recordings of pM2 and DMS required selection of a target hemisphere. As neural

control  of  movement  displays  a  high  degree  of  lateralisation  (Dacre  et  al.,  2021; 

Galiñanes  et  al.,  2018;  Soma et  al.,  2017;  Tennant  et  al.,  2011),  it  was  necessary  to

ascertain  handedness  before  probe  implantation.  Neuropixels  recordings  were  then

performed in the hemisphere contralateral to the dominant hand.

Once mice had reached expert level,  defined as an above-chance number of correct

trials and a sensitivity index (d’) of above 1.5 (see Section 2.3.1), they were required to

maintain performance for 4 days to ensure consistency. Mice were monitored during

one behavioural session in this 4-day period and the reaching hand was recorded for at

least  30 correct  trials.  If  the same hand was used for  95% or  more reaches,  it  was

deemed to be the dominant hand. If  the mouse did not have a dominant hand, the

mouse was excluded from the remainder of the experiment to avoid invasive surgery

and the  risk  of  implant-related  probe damage.  During  optimisation  of  the  task  (see

Chapter 2), only one mouse used both forelimbs to engage in the task, likely reflecting

an idiosyncratic alternative learned strategy for reaching.

4.2.3 Chronic implantation of Neuropixels probes

To reduce animal use and the risk of probe damage, probe implantations were only

performed once mice had successfully learned to perform visually-directed reaches with

a high level of success (Figure 4.1b). To record from pM2 and DMS, Neuropixels probes
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were implanted 0.5 mm lateral and 0.3 mm anterior to bregma at an angle of 16° in the

coronal plane (Figure 4.2).

Figure 4.2: Implant target position.

View of implant entry point (left) and path (right). At right, the red line corresponds to the recordable

length of probe shaft.

pM2, posterior secondary motor cortex; DMS, dorsomedial striatum; CFA, caudal forelimb area.

The  implant  scaffolding  and  procedure  was  adapted  from  a  protocol  published  by

Juavinett  et  al.  (2019).  In  this  protocol,  an  implant  scaffolding  composed  of  two

lightweight 3D printed plastic parts, an internal mount and an external casing, together

fix a Neuropixels probe and headstage in position on the skull.  The probe base was

glued  to  the  internal  mount  with  cyanoacrylate  adhesive  (RS  Pro  Super  Glue,  RS

Components).  During  surgery,  the  internal  mount  was  screwed  into  a  stereotactic

adapter (Figure 4.3a) and the external casing was placed around the internal mount and

fixed  in  place  with  tape  (Figure 4.3b).  The  headstage  was  connected  to  the  probe

(Figure 4.3c) and the adapter was then mounted to the stereotax, before the shank was

lowered into the brain to the target position (Figure 4.3d). Lastly, the external casing was

disconnected from the internal mount, positioned to maximise contact with the skull,

and cemented to the internal mount (Figure 4.3d). This approach resulted in a stable

head-mounted implant that exposes the data transfer connector of the headstage and

permits recording of the same brain volume across multiple days.
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Figure 4.3: Neuropixels probe chronic implant.

(a) The probe base was fixed to the internal mount and connected to a stereotactic adapter.

(b) The external casing was positioned around the probe using a rail system.

(c) The headstage was connected to the probe base and taped into the back of the external casing.

(d) The casing was cemented to the skull.

Figure adapted from Juavinett et al. 2019.

To perform this procedure, mice were anaesthetised with 4% isofluorane (IsoFlo, Zoetic

Inc) in an induction chamber. After shaving the head with an electric shaver, mice were

mounted in a stereotactic frame (Kopf instruments). Isofluorane was then reduced and

maintained at 1.2 - 2% throughout the procedure. Mice were subcutaneously injected

with carprofen analgesic  (Rimadyl,  Zoetis  Inc)  and 0.5 ml  Ringer’s  solution (Steriflex).

Protective  eye  cream  (Bepanthen)  was  applied  to  the  eyes  to  prevent  drying.  An

isothermal  heat  pad  and  aluminium  foil  drapes  were  used  to  maintain  body

temperature at 37 ºC and mice were covered in sterile film to ensure an aseptic surgical

environment (Glad Press n’Seal). Anaesthetic depth was confirmed by checking for the

absence of the pedal pinch reflex.

To provide access to the brain, a craniotomy was performed above pM2. First, the scalp

was cleaned with iodine solution before being removed with surgical scissors. A sterile

scalpel was used to remove the exposed periosteum and the skull was scratched with a

small injection needle to increase the surface area to which glue could bond. The edges

of  the  skin  were  sealed  to  the  skull  with  tissue  adhesive  (Vetbond,  3M),  and
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cyanoacrylate adhesive was applied to the sealed edges and skull for strengthening. To

ensure the skull was level, a pulled glass micropipette (Drummond Scientific Company)

was mounted to the stereotax and used to confirm that the height difference of the skull

surface 1.5 mm either side of  bregma was less than 0.2 mm, and similarly between

bregma and lambda. If the height difference was found to be greater than 0.2 mm, the

head  was  repositioned  until  the  skull  was  deemed  level.  More  ridges  were  then

scratched into the dried adhesive to increase the surface area to which dental cement

could bond. Next, a dental drill (NSK Volver Max, 0.3 mm diameter burr) was used to

create  a  small  burr  hole  0.5  mm lateral  and 0.3  mm anterior  to  bregma above the

hemisphere contralateral  to the dominant hand (see Section 4.2.2).  A small  hole was

made  in  the  dura  using  #5  forceps  (Dumont).  The  probe  with  internal  mount  and

external casing, mounted to the stereotactic adapter (Figure 4.3c), was attached to the

stereotax and rotated 16°  in  the coronal  plane (Figure 4.2).  DiI  (Vybrant  DiI,  Thermo

Fisher  Scientific),  a  stable,  lipophilic  stain  used to obtain histological  confirmation of

implant positions following recordings,  was applied to the first 3-4 mm of the shank

using a 1 μL pipette tip. The tip of the shank was then positioned above the hole in the

dura and slowly lowered. If the shank fouled the edge of the dura (i.e. missed the entry

point as evidenced by a bending of the shank), the probe was retracted and the hole

was slightly  enlarged using fine forceps.  The shank was lowered into the brain at  a

speed of 25 μm/s until  it  reached a depth of 3.7 mm (i.e. parallel  to the shank).  The

shank was then retracted back 100 μm to the final position with an implanted length of

3.6 mm. Next,  the tape securing the external  casing to the stereotactic  adapter was

removed so that the casing could move. The casing was then lowered and repositioned

to maximise contact  with the skull,  and cemented using dental  cement (Jet  Denture

Repair Acrylic, Lang Dental Manufacturing Co.). The casing was cemented to the internal

mount at the interface provided by the rail system (Figure 4.3b), and the internal mount

was  unscrewed  from  the  stereotactic  adapter,  which  was  subsequently  retracted,

leaving the mount and casing in place. To protect the exposed portion of the shank,

masking tape (3M Scotch 101E) was used to cover any gaps around the scaffolding and it

was then fixed in place with dental cement, fully sealing the implant except for the data

cable connector on the headstage. Lastly, mice were left to recover from the anaesthesia

and transferred  to  a  heated  recovery  chamber.  Once  recovered,  mice  were  housed

individually  to  prevent  damage  to  the  implants  caused  by  cage  mates.  Carprofen

analgesic was provided at 24, 48 and 72 hours post-surgery.

Page 76 of 213



4.2.4 Explantation of probes and tissue fixation

Neuropixels probes have a significant financial cost and so re-use is essential. To enable

re-use of implanted probes following an experiment, mice underwent an explantation

procedure. This procedure was immediately followed by transcardial perfusion fixation

to harvest the brain for histological confirmation of implant location.

Mice  were  anaesthetised  and  mounted  to  a  stereotactic  frame  as  described  above.

Large forceps and scissors were used to remove the tape around the implant scaffolding

and expose the probe, external casing and internal mount (Figure 4.3). Next, an adapter

was mounted to the stereotax and rotated 16° in the coronal plane to be parallel with

the implant.  The adapter  was lowered into and screwed to the internal  mount.  The

cement  fixing  the  external  casing  and  internal  mount  together  at  the  rail  system

(Figure 4.3b)  was  removed  using  a  dental  drill  (NSK  Volver  Max),  disconnecting  the

internal mount and probe from the casing and skull. The adapter was then retracted,

lifting the mount and probe away from the skull. Thus, the probe shank was explanted

from the brain along the implant path. As the internal mount was permanently fixed to

the probe base, it was also re-used, and therefore care was taken to ensure the internal

mount  does  not  get  damaged due  to  drilling.  The  probe  shank  was  then  placed  in

Tergazyme solution (Alconox), a detergent with protease, for overnight cleaning.

The  explantation  procedure  was  immediately  followed  by  perfusion  fixation.

Anaesthetised mice were given an overdose of pentobarbital (Euthatal, Merial) via intra-

peritoneal injection and transcardially perfused with 30 ml Ringer’s solution (Steriflex)

followed by  30  ml  4% paraformaldehyde  (Sigma-Aldrich).  Brains  were  extracted  and

stored  overnight  in  4%  paraformaldehyde  at  4  °C,  before  being  transferred  to

phosphate-buffered saline until used to confirm implant path (see Section 4.2.8).

4.2.5 Neuropixels recording apparatus

A task arena (see Section 2.2.3) was placed inside a Faraday cage table for recordings.

Techspray anti-static spray (RS Components) was applied to the arena as test recordings

determined that this reduced noise artefacts related to mice reaching to the target. To

prevent twisting of the data cable and to improve mouse comfort during recordings, a

commutator  (Adafruit  Industries,  slip  ring  1196)  was  installed  above  the  arena

(Figure 4.4a).
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A ‘sync channel’ analog signal (described below) generated by a dedicated Arduino

Uno (Figure 4.4c, bottom).

This data stream was configured and recorded using SpikeGLX software (Jun et al.,

2017). SpikeGLX was used to configure the probe hardware to select which electrodes

on the shank were enabled and in all experiments I used the 384 electrodes nearest to

the shank tip (“bank 0”). SpikeGLX was also used to configure the electrode on the shank

tip as an internal voltage reference. The dual-band data was saved per band, generating

‘action potential’ (AP) and ‘local field potential’ (LFP) binary data files, each storing their

voltage  data  alongside  a  copy  of  the  sync  channel  at  30  and  2.5  kHz,  respectively

(Figure 4.4b, bottom).

Data stream 2, acquired via a National Instruments PXIe-6341 DAQ card, recorded data

from 3 sources:

Outputs from the 2 high-speed cameras used for motion tracking, including a frame

trigger signal (Figure 4.4c, top) and pixel data. Pixel data bypassed the DAQ chassis

and was transmitted to the PC via USB interface (Figure 4.4b, right).

An analog signal originating from the Raspberry Pi that represented the power sent

to  the  reach  target  LEDs  (Figure 4.4c,  middle).  From this  signal,  behavioural  data

saved by the Raspberry Pi (as described in Section 2.2.4) could be aligned to this data

stream.

The same ‘sync channel’ analog signal saved in data stream 1 (Figure 4.4c, bottom).

This  data  stream  was  acquired  using  Mantis64  DAQ  software  (https://

www.mantis64.com)  and  saved  in  National  Instruments  TDMS  format  (Figure 4.4b,

bottom). Analog signals were recorded at 2.5 kHz; camera pixel data were recorded at

100 Hz. Additionally, Mantis64 was used to generate an analog signal transmitted to the

cameras to trigger frame capture at 100 Hz; this trigger signal was fed back into the data

stream to be recorded as an analog signal (Figure 4.4c, top).

Thus, the complete dataset for a single recording comprised: metadata and binary data

for  AP and LFP voltage  data  recorded from the  Neuropixels  probe,  two videos  (see

Section 2.2.3 for  camera  positions),  camera  trigger  signals  (used  to  calculate  frame

timestamps),  task LED signals,  and a sync channel.  The sync channel  was a random

2. 

1. 

2. 

3. 
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frequency-modulated square wave continuously generated by a dedicated Arduino Uno

and was saved to both data streams (Figure 4.4c, bottom). Following the experiment,

this  was  used  to  temporally  align  data  from  the  two  data  streams  as  described  in

Section 3.2.2.

4.2.6 Recording in awake, behaving mice

Neuropixels recordings were performed in expert mice at least 24 hours after the probe

implantation  surgery.  If  mice  appeared  to  still  be  recovering  from  the  surgical

procedure, the recording was postponed until the following day.

After preparation of the recording hardware and software (see Section 4.2.5),  a short

data transfer cable was used to connect the commutator to the headstage connector on

the implant. Successful communication between the software and probe was confirmed

using SpikeGLX. Next, the mouse was placed into the task arena, the Faraday cage was

closed, and all lights were turned off. Recording of the two data streams (Figure 4.4b)

was then enabled in SpikeGLX and Mantis64, followed by the behavioural task sequence

controlled by the Raspberry Pi (see Section 2.2.4).

The software and the mouse were monitored throughout the session to ensure that

recordings  proceeded  without  issue.  If  mice  were  not  engaging  with  the  task  (for

example,  if  all  trials  within  the  first  3-4  minutes  were  miss  trials),  the  session  was

aborted. This happened on few occasions when recordings were attempted on day one

following surgery.

4.2.7 Data processing and analysis using the pixels  pipeline

The  pixels  pipeline  described  in  Chapter  3 was  used  to  process  and  align  the

electrophysiological and behavioural data (i.e. data streams 1 and 2, respectively; see

Section 4.2.5). In brief, the action potential data was first spike-sorted using Kilosort 3

(Steinmetz et al., 2021) and spike clusters curated with phy (https://github.com/cortex-

lab/phy) to yield well-isolated units representing putative neurons. The sync channels

were used to convert each data stream into a common timeline, facilitating alignment of

neural data to behavioural timepoints.
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As described in Section 2.2.6, the DeepLabCut toolbox for markerless pose estimation

(Mathis et al., 2018) was used for extracting reach trajectories from camera data. The

camera trigger signals (Figure 4.4c, top) were then used to calculate timestamps for each

frame, which enabled aligning inferred motion trajectories to the behavioural and neural

data.

4.2.8 Probe tract reconstruction

Implant placements were confirmed using a histological approach. This served to ensure

that recordings were performed in pM2 and DMS and to accurately align neural activity

with anatomical  features and areas found along the implanted shank.  Following the

explantation and tissue fixation procedure  described above, brains were cut into 100

μm coronal sections using a vibratome (Leica VT1000S) and mounted with Vectashield

Antifade Mounting Medium with DAPI (H-1200, Vector Laboratories). Slices were imaged

with an automated slide scanner (Axioscan 7, Zeiss) configured to detect DAPI and DiI.

Anatomical location of tissue was determined by referencing features to the Paxinos and

Franklin mouse brain atlas  (Paxinos, 2001). The paths of implanted shanks within the

brain were reconstructed and used to identify spiking activity in pM2 and DMS. pM2

layer boundaries were estimated by referencing pM2 tissue to the Allen Reference Atlas

(Mouse  Brain)  and  measuring  the  lengths  of  implanted  shank  that  penetrated  each

layer.

Probe tracts were further confirmed by examining the raw extracellular voltage data and

identifying the boundary between low and high noise recorded inside and outside of the

brain, respectively. For each recording, the standard deviation of extracellular voltage

recorded from each electrode provided a measure of that electrode’s overall noise level.

The distribution of noise levels across electrodes was then clustered using the k-means

clustering algorithm. The number of clusters within the distribution of noise levels was

identified using the elbow method: clustering was performed using 1 to 5 clusters (k),

then the variance explained was plotted as a function of k and the position of the ‘elbow’

of the curve was selected as the optimal number of clusters. This method reproducibly

reveals two clusters of noise levels that correspond to two non-overlapping series of

electrodes along the probe shank. The boundary between these two sets of electrodes

was  deemed  as  the  surface  of  the  brain.  The  results  of  this  method  were  used  to

corroborate  histologically-determined  probe  tracts,  which  were  re-examined  if  their
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estimated implant length (i.e. depth parallel to the shank) differed from the noise-based

estimation by over 50 μm. This method provided an objective and quantitative measure

of  the  length  of  probe  tracts,  serving  as  a  ‘quality  assurance’  step  to  improve  the

accuracy of estimations compared to relying solely on inspection of histological images.

4.2.9 Identification of principal neurons and interneurons

To distinguish between spike clusters corresponding to principal cells and interneurons,

I  applied  a  clustering  method  to  the  spike  widths  of  individual  units,  which  have

previously been shown to be a reliable method for separating pyramidal neurons and

interneurons in cortex (Currie et al., 2022; Dacre et al., 2021; Guo et al., 2014b; Ison et

al., 2011; Mitchell et al., 2007) and striatum (Gage et al., 2010; Planert et al., 2013; Wang

et al., 2013). First, the median spike width for each unit was calculated. The extracellular

waveforms  for  all  spikes  were  loaded  from  file  using  phylib  (https://github.com/

cortex-lab/phylib)  and  spike  widths  were  calculated  as  the  duration  from  trough  to

following maxima  (Jia  et  al.,  2019).  Unit  spike widths were computed as the median

width  across  individual  spikes.  For  each  of  pM2  and  DMS,  k-means  clustering  was

applied to the distribution of spike widths across all recordings. The optimal number of

clusters was then estimated using the elbow method, and boundaries between adjacent

clusters were calculated as the centre point between their closest values.

4.2.10 Detection of movement-related firing rate changes

To identify units that exhibited reproducible reach-related activity, I analysed their firing

rates  during  correct  trials.  Firing  rates,  computed  by  convolving  spike  times  with  a

Gaussian  kernel  (σ  =  50  ms),  were  calculated  for  three  task-aligned  epochs  and

compared to a baseline period defined as the 1 s preceding visual stimulus onset. The

first epoch was defined as -300 to 0 ms before reach onset, which was detected using a

motion  tracking  approach  (see  Section 2.3.2),  representing  the  period  encompassing

preparation  and  initiation  of  movement  (Dacre  et  al.,  2021).  The  second  and  third

epochs  corresponded  to  reach  extension  and  retraction,  respectively.  In  brief,  the

extension epoch began at reach onset (i.e. when the hand lifted from the arena floor)

and ended at the point of grasp of the reach target. The retraction epoch began when

the grasp was released and ended at reach offset (i.e. when the hand returned through

the slit  in the arena wall).  For each trial,  the mean firing rate was calculated for the
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baseline period and each epoch.  Next,  a  bootstrapped distribution of  changes from

baseline to epoch was generated across trials (10,000 samples of 20 randomly sampled

trials) and deemed significant if  the 95% confidence interval (CI)  did not overlap 0. A

unit’s activity during each epoch was considered to be increased if the CI for that epoch

was greater than 0, or decreased if the CI was below 0.

Neurons involved in  sensory  or  decision-making processes may display  reproducible

changes in activity between stimulus onset and the beginning of the first epoch. If this

change in activity continues into the first epoch, this approach would identify the neuron

as having “movement-related” activity when in fact this may not be the case. To avoid

this potential confound, I identified units where firing rate changes occurred during -600

to -300 ms before reach onset. If a unit exhibited increased or decreased activity during

this period that was sustained into the subsequent epoch, those sustained firing rate

changes were deemed non-movement related and excluded from further analysis.

To test whether units displayed significant activity changes during repetitive reaches,

firing  rates  during  the  first  self-initiated reach following  the  initial,  cued reach were

analysed as above. Repetitive reaches were included if they occurred within 3 s of the

cued reach, which was the case during most trials (see Section 2.3.2).  This is a more

conservative time window than used in Figure 2.8b, which shows repetitive reach counts

within 5 s of the cued reach. In contrast to the cued reaches, repetitive reaches were

initiated  from  a  standing  posture  and  consequently  their  earliest  well-defined  and

reliably motion-tracked event was when the hand passed through the slit. The baseline

period used was -400 to -200 ms before the hand passed through the slit, chosen to

exclude  limb  movement  while  maximising  the  number  of  trials  to  include  for

comparison; repetitive reaches that passed the slit within 450 ms of the cued reach were

excluded on the basis that the baseline period partially included movement from the

cued reach. Firing rates were calculated during a response period from when the hand

passed through the slit to reach offset, and the distribution of changes from baseline for

each unit was tested for reproducible increases or decreases as above.

4.2.11 Clustering of units based on firing rate profiles

For each recording, pair-wise correlations were made between trial-averaged firing rate

profiles of units within pM2 and DMS. The mean firing rate profile of each unit  was

calculated across correct trials for the period starting from the earliest 2.5th percentile
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of cue onsets to the latest 2.5th percentile of reach offsets. Use of this period aimed to

minimise the time within the inter-trial interval that was included in correlations. The

Spearman’s rank correlation coefficient was calculated between the average firing rates

of pairs of units. Hierarchical clustering was then performed on the resultant correlation

coefficient matrix using average linkage clustering (i.e. the UPGMA algorithm;  Müllner

(2011)) to construct a similarity hierarchy. The hierarchy was subsequently divided to

produce flat clusters; the number of clusters was chosen to best describe the similarities

and differences between units, and was the same for all recordings.

To  make  generalisable  statements  about  pM2  and  DMS  functional  organisation,

correspondence between clusters from different recordings was determined. First, the

average  firing  rate  profile  of  each cluster  was  calculated  as  the  grand mean across

normalised mean firing rates of units within the cluster for a 4 second window centre-

aligned on reach onset. Next, clusters were grouped such that each group contained 1

cluster per recording, and the Spearman’s rank correlation coefficient was calculated for

all pairs of clusters within each group. The sum of correlation coefficients across all pairs

and groups was used to assess the quality of the groupings. This was repeated for all

possible groupings, and the grouping with the greatest sum of correlation coefficients

was deemed as the best correspondence of clusters between recordings.

4.3 Results

Probe  tracts  were  confirmed  histologically  using  DiI  for  all  mice  (Figure 4.5a).  A

systematic  error  in  implantation  path  resulted  in  the  initial  cohort  of  mice  having

recordings from only pM2. Histological assessment of implantation path identified this

error as an erroneous rotation of probe trajectory towards the posterior of the brain.

The  surgical  procedure  was  revised  to  correct  for  this  error,  resulting  in  successful

penetrations  of  pM2 and DMS in  later  cohorts.  Histologically-estimated probe tracts

were  corroborated  by  identification  of  the  boundary  between relative  low and  high

noise electrodes (Figure 4.5b), which corresponds to the surface of the brain. In total,

recordings were made from pM2 in 10 mice and DMS in 5 mice.

High  noise  levels  within  an  electrophysiological  recording  can  result  in  masking  or

filtering of spiking events. Therefore, to identify particularly noisy recordings, a global
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were excluded if their noise level exceeded those observed in other recordings from the

same mouse by 10% or more. Lastly, following spike sorting with Kilosort 3 (Steinmetz et

al., 2021) and manual curation of spike clusters with phy, the recording with the greatest

number of single-unit clusters for each mouse was selected.

Following the assessment of implantation tract and recording quality, I selected a list of

recordings for further analysis, as shown in Table 4.1. Mice with recordings from both

pM2 and DMS had an average of 129 well-isolated units, consistent with published freely

moving Neuropixels recordings (Jia et al., 2019; Juavinett et al., 2019).

Table 4.1:  Summary of recordings used for analysis. pM2, posterior secondary motor cortex. DMS,

dorsomedial striatum. 

Cohort Mouse pM2 Units DMS Units Sex Handedness

1 1 46 - male left

2 61 - male left

3 18 - male right

4 11 - male left

2 5 93 86 female right

6 66 51 male left

7 28 38 male left

8 90 114 male right

9 15 64 female right

10 34 - female right

Count: 10 462 353 5:5 5:5

4.3.1 Unit identification

As neural circuits are composed of principal cells and interneurons, which have different

functional roles (Harris and Shepherd, 2015), interpretation of the firing rate properties

of recorded units would be improved by the identification of which of these two cell
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al., 2022; Dacre et al., 2021; Jia et al., 2019), and was used to identify putative pyramidal

cells  (>0.42 ms) and interneurons (<0.42 ms).  Moreover,  spike waveforms of the two

clusters  were indicative  of  pyramidal  cells  and interneurons and their  differences in

spike widths as previously reported (Figure 4.6c) (Guo et al., 2014b; Mitchell et al., 2007).

Pyramidal neurons and interneurons constituted 80.1% and 19.9% (± 5.9% [SD]) of pM2

units, respectively, in accordance with previous observations in secondary motor cortex

(Guo et al., 2014b).

I  then  subdivided  DMS  units  into  putative  striatal  principal  cells  (i.e. medium  spiny

neurons (MSNs)) and interneurons using the same clustering method (Figure 4.6d-f).  k-

means clustering of unit spike widths in DMS identified 2 clusters (Figure 4.6e) with a

boundary  of  0.45  ms,  slightly  higher  than  in  pM2.  This  is  consistent  with  published

observations in rodent striatum  (Gage et al.,  2010;  Planert et al.,  2013). Furthermore,

spike  waveforms  of  the  two  clusters  are  indicative  of  MSNs  and  interneurons

(Figure 4.6f)  (Berke  et  al.,  2004;  Keller  et  al.,  2016).  Overall,  MSNs  and  striatal

interneurons constituted 71.5% and 28.5% (± 13.7% [SD]) of DMS units, respectively, in

line with previous findings (Wang et al., 2013).

Next, I determined the anatomical locations of units across pM2 and DMS. The electrode

that recorded the mean spike waveform with the largest amplitude for a unit was used

to determine its position along the probe track. Figure 4.7 summarises the anatomical

distributions of putative pM2 and DMS neurons. While spikes were detected in L2/3 of

pM2, Kilosort was less able to separate spikes from different units, and consequently

fewer well-isolated single unit spike clusters were detected in L2/3 compared to deeper

layers (Figure 4.7b). The underlying cause for this is unclear. A possible explanation is

that  Kilosort  determined  that  waveforms  in  these  spike  clusters  were  sufficiently

variable to label the cluster as ‘multi-unit’, but with overlapping distributions of features

such that Kilosort could not separate spikes into distinct units with sufficient confidence.

Recordings in primary motor cortex that led to the results published in Dacre et al.

(2021) and Currie et al. (2022) similarly found a greater proportion of spike clusters in

L2/3 containing multi-unit  activity  rather than single-unit  activity,  suggesting that  the

ability of Kilosort to separate spikes from L2/3 units is limited compared with units in

deeper layers of motor cortex. Consequently, the following results for pM2 will focus on

units in deeper layers.
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(Galiñanes et al., 2018;  Hwang et al., 2019), its activity patterns during visually-directed

reaching have yet to be investigated. To gain insight into activity patterns within pM2

and  DMS  and  how  they  may  contribute  to  movement,  I  examined  the  timing  and

direction of firing rate changes displayed by pM2 and DMS units during correct trials.

Initiation of forelimb lever pushes has been found to be driven by a thalamocortical

motor timing signal that appears in primary motor cortex 300 ms prior to movement

onset  (Dacre et  al.,  2021).  Motor thalamus also projects  to pM2  (Hooks et  al.,  2013; 

Hunnicutt et al., 2014), so it is likely that this signal is also received by pM2. Therefore, as

described in Section 4.2.10, spiking activity was compared between a baseline period

and three epochs: a 300 ms pre-reach period ending at reach onset, extension (i.e. reach

onset to grasp; see Section 2.3.2), and retraction (i.e. grasp to reach offset). Firing rate

changes  during  the  pre-reach  epoch  may  be  indicative  of  thalamus-driven  activity

related to  movement  initiation,  whereas activity  during the extension and retraction

epochs may be more suggestive of contributions to the control of ongoing movements.

Units displaying reproducible firing rate changes in one or more epoch will be referred

to as active units.

Units in pM2 and DMS displayed a variety of movement-related firing rate changes. For

example, Figure 4.8a shows an example pyramidal cell  in pM2 that increased spiking

from 2 Hz to a peak of 16 Hz approximately 60 ms before reach onset. The pre-reach

change in firing rate,  which was also exhibited by the example DMS principal  cell  in

Figure 4.8e, suggests a possible contribution to the initiation or preparation of reaching.

In contrast, the example pM2 pyramidal cells shown in Figure 4.8b-c and DMS principal

cells shown in Figure 4.8f-g displayed activity changes only after reach onset, which is

more indicative of a role in movement execution. Movement-related activity was also

exhibited by interneurons in both brain areas (Figure 4.8d,h).

Across the population of pM2 units, 57% of pyramidal cells and 75% of interneurons

were  deemed  movement  related  (Figure 4.9,  top).  In  both  subgroups,  the  dominant

activity  profile  was a  decrease in  firing rate (pyramidal  cells,  37% decreased vs  17%

increased; interneurons, 60% decreased vs 4% increased). Principal cells in DMS were

less
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The percentage of neurons with increased or decreased activity was compared between

epochs,  confirming  that  reduced  activity  became  progressively  more  widespread

throughout  each  neuron  population  (Figure 4.10,  blue;  one-way  repeated  measures

ANOVAs with post-hoc pairwise t-tests; pM2 pyramidal cells, F(2, 18) = 8, p = 0.004; pM2

interneurons,  F(2, 18) = 24,  p < 0.001; DMS principal cells,  F(2, 8) = 27,  p < 0.001; DMS

interneurons,  F(2,  8)  =  12,  p =  0.004;  repeated  measures  ANOVA  p-values  are

Greenhouse-Geisser  corrected to adjust  for  any lack of  sphericity).  In  contrast,  units

displaying increased activity were less common in both pM2 and DMS. Pyramidal cells in

pM2 displayed  a  peak  in  the  percentage  with  increased  activity  of  only  15% during

extension,  while  pM2 interneurons showed increased activity  in  15% of  units  mostly

before  reach  onset  (Figure 4.10a-b,  red).  In  DMS,  around 10% of  principal  cells  had

increased  activity  throughout  movement,  roughly  similar  to  the  percentage  with

decreased activity.  Overall,  the dominant activity profile in pM2, and interneurons in

DMS, was a reduction of activity that became more widespread across the population

throughout the movement.
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increased,  decreased,  or  no  change  in  activity  per  epoch.  A  minority  of  pyramidal  cells  displayed

increased  activity  at  all  times,  while  an  increasing  proportion  of  pyramidal  cells  and  interneurons

displayed reduced activity.

4.3.4 Functional clustering of pM2 and DMS units

To further understand the functional organisation of local circuits within pM2 and DMS, I

clustered units within each area based on similarities and differences in their firing rate

profiles as described in Section 4.2.11.

While  selecting  the  number  of  clusters  is  arbitrary  and  depends  on  the  desired

granularity of the description (Hennig, 2015), flattening the similarity hierarchies (e.g. the

dendrogram  in  Figure 4.13a)  into  3  clusters  revealed  patterns  consistent  across

recordings.  Generally,  increasing  the  number  of  clusters  resulted  in  clusters  with

qualitatively similar average firing rate profiles, appearing, for example, as slightly offset

versions of the same profile.
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(b) Same as (a) for cluster 2.

(c) Same as (a) for cluster 3.

4.3.5 Cued vs repetitive reaches

As described in Section 2.3.2, the initial, cued reaches made during correct trials were

typically followed by a series of repetitive reaches. Firing rates were compared between

the cued reach and the first repetitive reach of correct trials to explore whether units

responded selectively to the cued reach or generally to movement.

Unlike during cued reaches, movement during repetitive reaches did not start at the

arena floor (see Section 2.3.2). Instead, reaches started from near the animal’s mouth

(i.e. due to reward consumption) and limb extension travelled from there, through the

slit, then towards the target. The earliest event during repetitive reach extension epochs

that  was  reliably  tracked was when the hand passed through the slit.  Therefore,  to

enable comparison of neural activity between cued and repetitive reaches, they were

temporally  aligned to when the hand passed through the slit.  Consequently,  activity

presented  here  is  late-shifted  compared  with  the  reach  onset-aligned  activity  in

Figure 4.8.

Task-related activity was either exclusive to cued reaches or occurred during both cued

and repetitive reaches (Figure 4.17).  Repetitive reach-related activity  was observed in

pM2 units that displayed increased or decreased activity during the initial, cued reach,

and this was observed in both pyramidal cells and interneurons (Figure 4.17a-c).  This

was also the case for the two DMS subgroups (Figure 4.17e-g). However, both areas also

contained units that responded exclusively during cued reaches (Figure 4.17d,h). Note

that repetitive reach firing rates shown in Figure 4.17 reflect a temporally shifted and

‘smeared’ version of the initial reach-aligned firing rates. For example, the smaller peak

in Figure 4.17a (light green) at ~-400 ms corresponds to the large cued reach-aligned

peak at ~400 ms.

Active units were tested for significant repetitive reach-related activity as described in

Section 4.2.10. Among active pM2 units, 58% (± 27% [SD]) of pyramidal cells and 50% (±

36% [SD]) of interneurons were also active during repetitive reaches (Figure 4.18a; no

difference  between  subgroup  as  determined  by  t-test,  t(18)  =  0.69,  p =  0.50).
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4.4 Discussion

4.4.1 A proof-of-concept for the novel visually-directed reaching task

The experiments performed in this chapter serve as a proof-of-concept demonstrating

the use and utility of the novel visually-directed reaching task described in Chapter 2. By

combining extracellular electrophysiological recordings with the behavioural task, neural

activity  profiles  could  be  correlated  with  reaching  movements  with  a  high  level  of

temporal  resolution.  While  comparable  experimental  designs  involving  non-human

primates have yielded useful insights into how the brain processes sensory information

to generate visually-directed reaches (Archambault et al., 2011; Dickey et al., 2013; Lara

et al., 2018; Sani et al., 2021), until now this has not been possible in experiments using

mice.

4.4.2 Analytical considerations

When  analysing  and  describing  the  activity  of  populations  of  neurons,  choosing  an

appropriate  method  to  categorise  neurons  is  crucial.  In  this  chapter,  I  chose  to

categorise neurons based on whether they displayed significant firing rate increases or

decreases during different epochs of visually-directed reaching. This approach allowed

for the identification of subpopulations of neurons with similar activity profiles, and a

comparison  of  their  sizes  between  epochs  using  an  ANOVA  clarified  global

behaviourally-relevant activity changes. The strength of this method is that it provides a

clear and interpretable way to describe the recorded brain areas.

However,  this  approach  has  limitations.  For  example,  it  does  not  account  for  the

magnitude  of  firing  rate  changes,  which  may  be  important  for  understanding  the

functional role of different subpopulations of neurons. A further loss of information is

applied by binning firing rates during the epochs, which impacts the validity of making

inferences about population activity based on comparing these bins. A more detailed

analysis could involve fitting firing rate changes to a model that allows for continuous

changes in firing rate over time, such as a GLM. This may account for the hierarchical

nature of the data (i.e. neurons and animals) and potential pseudoreplication, and may

provide a more nuanced understanding of the relationship between neural activity and

behaviour, at the cost of simplicity and interpretability.
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More advanced approaches for describing population dynamics may avoid categorising

neurons  and  instead  focus  on  the  distribution  of  activity  across  all  neurons  and

timepoints. For example, latent variable modelling or state space analysis could be used

to examine the collective activity of all neurons and relate this to behavioural variables,

such as the motion tracking data  (e.g.  Pandarinath et al., 2017). This would provide a

more data-driven approach to understanding the population activity that may account

for all available variability, revealing structure in the data that may not be apparent with

the current analysis.

4.4.3 Reduced firing rates dominate pM2 population activity during

visually-directed reaching

In this chapter I aimed to assess how the activity of neurons in pM2 relates to visually-

directed reaching. To this end, I recorded spiking activity from pM2 in behaving mice

using  chronically  implanted  silicone  probes  and  found  that  60%  of  pM2  neurons

exhibited  reproducible  firing  rate  changes  as  mice  initiated  and  executed  visually-

directed reaches.  During  the  300 ms pre-reach window,  ~24% of  neurons  displayed

increased or decreased activity relative to baseline,  indicative of a role in movement

preparation or initiation. During reach execution, pM2 units were progressively recruited

with reduced activity dominating firing rate changes.

At approximately 300 ms before movement onset, thalamocortical signals drive motor

cortical activity to trigger movement (Dacre et al., 2021). While this would coincide with

the observed pre-reach firing rate changes, pyramidal cell (PC) firing rate changes were

twice as likely to decrease than increase (17% vs 9%) and therefore less likely to be the

result of direct thalamocortical input, which is excitatory. However, a small population of

deep layer INs (8%) displayed increased pre-reach activity, possibly as a result of direct

thalamic input to layer 5  (Hooks et al., 2013), and thus may have driven the reduced

activity by inhibiting PCs and other INs. Input from thalamus also targets parvalbumin-

expressing INs  (Ji et al., 2016;  Nashef et al., 2022), generating a feedforward inhibitory

connection from which layer 2/3 INs may suppress deep layer neurons. Other inputs to

pM2, for example from ipsi- and contralateral motor cortex, posterior parietal cortex

(PPC), or higher visual cortical areas (Hwang et al., 2019; Itokazu et al., 2018; Luo et al.,

2019;  Zingg  et  al.,  2014),  likely  also  shape  deep  layer  pM2  activity  directly  or  via

superficial  layers.  Currently  little  is  known  about  the  specific  cell  type  or  laminar
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distributions of inputs to pM2, besides inferences made based on reports aggregating all

of motor cortex or secondary motor cortex. Input patterns to pM2 specifically must be

characterised to  understand in  detail  how pM2 is  controlled  by  other  areas.  As  the

current experiment was unable to characterise the activity of superficial pM2, how its

activity relates to the behaviour or activity in deeper layers remains an open question. 

What function may be served by the widespread reduction of pM2 activity during reach

execution?  One  possibility  is  that  motor  control  signals  may  be  conveyed  via  the

relatively  small  excitatory  component  of  pM2’s  activity  (i.e. the  9-15%  of  PCs  with

increased activity), in which case widespread inhibition may act to enhance the signal-to-

noise  ratio  of  the  excitatory  signals  in  recipient  areas.  In  this  model,  excited  and

inhibited ensembles of neurons may act in competition (e.g. via mutual inhibition) to

shape  pM2  output  and  suppress  inappropriate  motor  output  (Zagha  et  al.,  2015),

thereby  ensuring  that  reaches  are  on-target.  This  gating  of  motor  output  would  be

consistent  with  an  action  selection  function  that  has  previously  been  attributed  to

secondary motor cortex  (Barthas and Kwan, 2017;  Erlich et al., 2011;  Sul et al., 2011).

Alternatively, decreased firing rates may directly convey movement-related information

to  downstream  areas.  Decreased  activity  has  previously  been  linked  to  a  role  in

controlling movement in M1 corticospinal neurons (Peters et al., 2017; Quallo et al.,

2012). For example, Peters et al. (2017) found that a majority of corticospinal neurons in

M1 exhibited reduced activity when mice pressed a lever, and this effect became more

widespread throughout learning as movements became increasingly stereotyped. Even

after  learning,  a  minority  of  neurons  displayed  increased  activity  during  movement,

mirroring the current findings. This mechanism in M1 is further supported by studies

that  found blocking M1 output resulted in an increase of  non-productive movement

rather than a reduction of movement (Gao et al., 2003; Stoltz et al., 1999; Zagha et al.,

2015). While these observations specifically relate to M1 corticospinal neurons, a similar

mechanism  may  apply  to  pM2  neurons.  Indeed,  there  is  evidence  of  corticospinal

projections originating from pM2 (Liang et al., 2011; Wang et al., 2017).

The  causal  role  of  pM2  in  visually-directed  reaching  remains  unclear.  Short-term,

reversible pM2 inactivation using optogenetic techniques have shown that it plays a role

in  the execution of  forelimb movement  (Galiñanes et  al.,  2018;  Hwang et  al.,  2019).

Additional evidence in support of a causal role for pM2 in directly controlling movement

is the finding that optogenetic stimulation of PPC in rats engaging in a lever-press task
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can trigger lever presses (Soma et al., 2019), likely driving motor cortex via pM2 (Itokazu

et  al.,  2018).  Soma et  al.  (2019) found that  photoactivation-evoked movements  (and

movement-related  activity  in  PPC)  displayed an  ipsilateral  bias,  although movement-

related M2 activity displayed a contralateral bias, albeit more weakly than M1 (Soma et

al., 2017). Future experiments should clarify whether the PPC to pM2 pathway is indeed

capable  of  driving  movement  by  selectively  activating  PPC  axons  in  pM2.  Another

possible function that pM2 may support is in communicating upcoming movement plans

for  the  purpose of  comparing  expected and real  visual  feedback  resulting  from the

movement (i.e. an efference copy as part of a forward model). pM2 densely projects to

primary visual cortex (V1) and sends a motor-based prediction of visual flow that V1 uses

for detecting sensory mismatches during visually-directed locomotion (Leinweber et al.,

2017).  Thus,  pM2  works  with  V1  to  detect  unexpected  deviations  from  planned

movements,  supporting  feedback  mechanisms  that  guide  ongoing  movement.  pM2

contributions to feedback mechanisms performing online movement correction may be

assessed by manipulating projections to visual areas (i.e. PPC and V1) during behaviours

that demand updates to movement trajectory. In humans and non-human primates, the

parietofrontal loop between premotor cortex and PPC is believed to support updating of

ongoing reaches  (Archambault  et  al.,  2015;  Lee and Donkelaar,  2006).  As pM2 is the

main motor cortical recipient of PPC projections (Hwang et al., 2019; Itokazu et al., 2018; 

Zingg et al., 2014), this parietofrontal loop may likewise underlie reach updating in mice.

4.4.4 pM2 activity changes are more prevalent during cued reaches

than repetitive reaches

Of pM2 units that were active during cued reaches, approximately half were selective for

the cued reach, while the remainder also displayed reach-related activity correlated with

successive self-initiated reaches. As movement trajectories were similar between cued

and  repetitive  reaches  (Section 2.3.2),  what  explains  the  differences  in  activity?  One

possibility is that cued reaches trigger a motor pattern that rhythmically generates a

sequence of repetitive reaches, and that pM2 is differentially involved in voluntary and

rhythmic behaviours. A role in voluntary behaviour has been identified for anterior M2,

which  when  lesioned  causes  self-initiated  lever-pressing  to  become  insensitive  to

outcome devaluation and biases mice towards ‘habitual’ action strategies  (Gremel and

Costa,  2013a).  pM2  may  function  similarly,  whereby  it  first  facilitates  voluntary

responses to visual stimuli before disengaging and permitting automatic behaviours to
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be  driven  elsewhere,  such  as  in  subcortical  motor  circuits  (Kawai  et  al.,  2015).  An

alternative  (not  necessarily  mutually  exclusive)  explanation  is  that  the  two  types  of

reaches may be similar behaviourally (i.e. neither are rhythmic) and the difference in

pM2  activity  may  reflect  a  difference  in  valence,  i.e. mice  expect  outcome  value  to

diminish  rapidly  following  the  initial  reach.  This  would  be  consistent  with  previous

experiments  that  have  found action  valuation  signals  in  rat  M2  (Gremel  and  Costa,

2013a; Sul et al., 2011).

Which of  these two possibilities is  more accurate may be assessed by covarying the

brightness of the visual stimuli and available reward value while recording pM2 activity.

Relating pM2 activity to expected changes in reward value during cued reaches would

reveal whether pM2 is indeed sensitive to outcome valuation. Examining pM2 activity

during repetitive reaches would then clarify whether repetitive reaches are represented

in a fundamentally different way in pM2 than cued reaches, or whether their relatively

low  reward  valuation  and  more  sparse  firing  rate  changes  match  the  relationship

between reward value and activity determined from cued reaches.

4.4.5 Task-related activity in dorsomedial striatum

Dorsomedial striatum (DMS) principal cells (i.e. medium spiny neurons (MSNs)) formed

two similarly sized subpopulations of neurons that displayed increased or decreased

firing rates during visually-directed reaching. This is consistent with previous findings of

MSNs displaying a range of  increases or decreases in activity following learning of  a

lever-press task  (Vandaele et  al.,  2019).  In contrast,  INs were dominated by reduced

activity, mirroring findings from a subpopulation of DMS INs that displayed decreased

activity  between  movement  initiation  and  achievement  of  reward  in  an  odor-cued

decision making task  (Stalnaker  et  al.,  2012).  Kim et  al.  (2021) also  found that  task-

relevant motor-related DMS neurons predominantly displayed reduced activity around

movement,  a  pattern  they  determined to  be  mediated  by  projections  from anterior

cingulate  cortex  (ACC).  Photoactivation  of  visual  cortical  inputs  to  ACC  suppressed

movement-related  ACC  neurons,  activated  movement-related  DMS  neurons,  and

triggered  movement,  leading  them  to  propose  that  this  pathway  is  important  for

inhibitory  control  during  goal-directed  behaviour  (Kim  et  al.,  2021).  Corticostriatal

projections target INs to mediate feedforward inhibition of MSNs (Mallet et al., 2005), a

mechanism that has been suggested to support action selection by filtering MSN activity
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reflecting inappropriate actions (Parthasarathy and Graybiel, 1997), disruption of which

leads to uncontrolled initiation of inappropriate movement (Gernert et al., 2000). While

DMS  receives  projections  from  across  the  brain,  most  inputs  arise  from  cortex  or

thalamus (Wall et al., 2013), including from pM2 (Hintiryan et al., 2016), PPC (Hwang et

al., 2019), and visual cortical areas (Hintiryan et al., 2016; Zingg et al., 2014). Recent work

has  started  to  clarify  the  functional  relationships  between DMS and various  cortical

areas, such as ACC  (Kim et al., 2021), PPC  (Hwang et al., 2019), and prefrontal cortex

(Terra et al., 2020), but much remains to be understood about how these diverse inputs

interact to support DMS and modulate its activity during visually-directed reaching.

Interestingly,  both  over-activation  and  suppression  of  parvalbumin-expressing  INs

attenuates MSN activity,  so the MSNs with reduced activity observed here may have

been suppressed by local INs, though this effect is reduced across learning (Lee et al.,

2018). Nevertheless, reductions of MSN activity seem to become more prominent across

task acquisition  (Thorn et al., 2010). It is unlikely that mice in the present experiment

were over-trained,  as the criteria used to determine expert  level  in the task did not

require that  learning metrics had plateaued (Figure 2.5).  Presumably,  therefore,  DMS

continued to  support  acquisition  of  the  task’s  action-outcome association.  Functions

relating  to  learning  and  reinforcement,  previously  linked  to  DMS  (Hart  et  al.,  2014; 

Kravitz et al., 2012), may explain the observed differences in DMS activity between cued

and repetitive reaches. Only approximately a quarter of cued reach-related MSNs and a

half  of  cued  reach-related  INs  also  displayed  firing  rate  changes  during  repetitive

reaches, consistent with a role in reinforcing the association between the visual stimuli

and reward. Previous experiments have shown that DMS neurons encode the net value

of actions and that lesions of DMS diminish the effects of net value on motivation and

movement vigour (Wang et al., 2013; Yin et al., 2005). As the initial reach of a sequence

of repetitive reaches provided the water reward, and repetitive reaches had significantly

reduced  peak  movement  velocities  (Section 2.3.2),  differences  in  reward  expectation

(and consequently movement vigour) between cued and repetitive reaches likely explain

the respective differences in DMS activity. This is consistent with existing results that

have shown that DMS is more active during voluntary than rhythmic behaviours (Gremel

and Costa, 2013b) and is more concerned with ‘higher-level’ decision making than with

‘lower-level’ motor control (Bolkan et al., 2022; Dhawale et al., 2021).
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Chapter 5

General Discussion

The  ability  to  visually  direct  reaching  and  grasping  enables  humans  and  animals  to

interact  with  their  environment,  manipulate  objects,  and  obtain  food  and  other

necessary resources. As one of our most critical behavioural outputs, researchers have

spent decades studying how the movement is performed and how it is supported by the

human and primate brain. Human studies have yielded insight about which brain areas

are involved in visually-directed reaching by comparing behaviours between healthy and

lesioned patients  (Bonnefoi-Kyriacou et al., 1998;  Gréa et al., 2002;  Pisella et al., 2000),

reversibly inactivating specific brain areas with transcranial magnetic stimulation (Della-

Maggiore  et  al.,  2004;  Desmurget  et  al.,  1999),  and  recording  neural  activity  with

functional magnetic resonance imaging  (Himmelbach et al.,  2013). Studies using non-

human  primate  models  have  benefitted  from  more  invasive  techniques,  such  as

neuronal recordings (Archambault et al., 2011; Battaglia-Mayer et al., 2013; Dickey et al.,

2013; Mountcastle et al., 1975; Schwartz et al., 1988), focal inactivation mediated by the

injection of  muscimol  (Battaglia-Mayer et  al.,  2013;  Hwang et  al.,  2012),  intra-cortical

microstimulation (ICMS)  (Gharbawie et al., 2010), and anatomical tracing (Bakola et al.,

2013;  Gerbella  et  al.,  2011;  Gharbawie  et  al.,  2010).  The  mouse  model  system  can

provide  further  advantages,  such  as  enabling  cell  type-  and  pathway-specific

interrogations of circuit function (Luo et al., 2008; Navabpour et al., 2020), which can be

combined with manipulation methods such as optogenetics to probe brain function with

high  specificity  (Chen et  al.,  2018;  Zhang et  al.,  2007).  However,  until  now,  studying

visually-directed reaching in mice has not been possible.

The goal of this thesis was to address this issue and enable researchers studying the

behaviour to take full advantage of the mouse as a tractable model system. To this end, I

designed and implemented  a  visually-directed  reaching  task  for  freely  moving  mice.

Previously published non-visual reaching tasks have been used by researchers to study

the motor component of the behaviour in relative isolation (Baird et al., 2001; Galiñanes
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et al., 2018; Levy et al., 2020; Li and Hollis, 2021; Manita et al., 2022), but do not permit

investigation into how visual  and motor  areas interact  to  direct  movement.  My task

design bridges this gap.

The task  is  performed by mice that  are  freely  moving,  which provides  a  number of

benefits versus a design that uses head restraint. Firstly, head restraint induces stress,

which  can  cause  behavioural  and  neurophysiological  changes  (Chiba  et  al.,  2012; 

Juczewski et al., 2020; Ota et al., 2015; Sadler and Bailey, 2016), potentially confounding

experimental  outcomes.  Juczewski  et  al.  (2020) examined  blood  corticosterone

concentration  (an  indicator  of  stress)  across  25-day  behavioural  protocols  in  head

restrained  and  freely  moving  mice  and  found  that  although  mice  did  appear  to

habituate to the head restraint, they continued to have elevated blood corticosterone

concentrations  when  compared  to  freely  moving  mice.  Based  on  their  results,  they

recommended that behavioural experiments using head restraint are preceded by a 10-

day habituation protocol to allow blood corticosterone concentration and body weight

to  stabilise.  Secondly,  head  restraint  disrupts  neural  responses  to  head  and  eye

movement. For example, Parker et al. (2022) noted that visual research had overlooked

how  movement  influences  visual  processing  due  to  the  use  of  head  restraint

procedures,  and by  performing  neural  recordings  in  freely  moving  mice,  found that

many neurons in  primary  visual  cortex  are  modulated by  changes in  head position.

Similar self-motion signals have been observed throughout the brain, even in sensory

areas,  but the role of  these signals  can be difficult  to interpret  when head restraint

disrupts  naturalistic  sensory  exploration  (Parker  et  al.,  2020).  Thirdly,  head  restraint

stops mice from being able to control or adjust their posture and limits their freedom of

movement, causing them to perform reaches with a modified trajectory (Whishaw et al.,

2017).  This  can  also  cause  mice  to  develop  an  alternative  strategy  to  succeed  in  a

reaching task;  Whishaw et al. (2017) found that freely moving mice located food pellet

reach targets by sniffing, whereas head restrained mice instead relied on remembered

target positions and haptic (i.e. tactile and kinaesthetic) feedback from touching targets

to successfully locate pellets. By designing the task for unrestrained mice, animals can

engage  in  more  naturalistic  behaviours  for  both  sensory  exploration  and  reaching

movements, more closely mimicking the natural situation.

It  is  worth  noting  that  head  restriction  has  provided  practical  advantages,  such  as

greater control over task parameters and metrics, and easier compatibility with neural
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recording and manipulation techniques  (Schwarz et al.,  2010).  Tracking movement in

restrained mice is likely made easier by the limited range of viewing angles and positions

in videos directed at the animal. However, as demonstrated in the present experiments

and previously published studies  (Becker and Person, 2019), reach trajectories can be

accurately tracked in freely moving animals thanks to sophisticated markerless motion

tracking software  (Mathis  et  al.,  2018).  The gap between head restrained and freely

moving experiments in available neural recording and manipulation techniques is also

narrowing. As discussed earlier (Section 1.4), extracellular recordings can be performed

in freely moving mice via wire electrodes (Bhalla and Bower, 1997), tetrodes (Dhawale et

al., 2017), and silicone probes  (Bragin et al., 2000;  Okun et al., 2016;  Voroslakos et al.,

2021), including cutting edge Neuropixels silicone probes (Juavinett et al., 2019; Jun et al.,

2017;  Steinmetz et  al.,  2021).  Glass electrode single cell  recordings are also possible

(Valero and English, 2019), and more recently miniaturised, head-mounted microscopes

have enabled two-photon (Zong et al., 2022) and three-photon (Klioutchnikov et al.,

2023) calcium  imaging  in  unrestrained  mice.  Similarly,  optogenetic  approaches  for

stimulating or silencing neural activity are possible by chronically implanting optic fibres

into the brain with fixtures for later connecting/disconnecting cables for light delivery

(Berg  et  al.,  2020;  Moulin,  2021).  Underlining  the  flexibility  of  possible  experimental

designs, some studies have combined optical fibres with tetrodes  (Osanai et al., 2019; 

Zhang et al., 2019) or silicone probes (Levi et al., 2022) to simultaneously manipulate and

record from neurons in freely moving mice.

To validate the task, I performed extracellular recordings in posterior secondary motor

cortex (pM2) and dorsomedial striatum (DMS) in behaving mice and related pM2 and

DMS spiking patterns to cued and self-initiated reaches. I found that a majority of pM2

neurons reproducibly modulated their firing rate as mice initiated and executed visually-

directed reaches,  with the proportion of neurons displaying reduced activity growing

throughout  the  movement.  The  dominant  reduction  of  activity  and  small  excitatory

component may reflect a mutual inhibition process that gates excitatory outputs, which

would be consistent with a role for M2 in action selection  (Barthas and Kwan, 2017; 

Erlich et al., 2011;  Sul et al., 2011). pM2 is distinguished from other areas of M2 by its

dense reciprocal connectivity with posterior parietal  cortex (PPC)  (Hovde et al.,  2018; 

Hwang et al., 2017; Itokazu et al., 2018; Zingg et al., 2014), which is also involved in action

selection (Cui and Andersen, 2011;  Fattori et al., 2010;  Murata et al., 2000). This circuit

forms  the  parietofrontal  loop,  which  in  primates  is  critical  for  performing  visually-
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directed reaching and grasping (Archambault et al., 2015;  Battaglia-Mayer et al., 2014).

According to the dominant “dual visuomotor channel theory” of prehension, reaching

and grasping are controlled by largely independent parallel processes  (Goodale, 2011; 

Jeannerod,  1984).  These  processes  have  been  linked  to  parallel  pathways  between

dedicated subdivisions of PPC and premotor/motor cortex (Binkofski et al., 1998; Flindall

and Gonzalez, 2019; Gharbawie et al., 2011; Goodale, 2011; Graziano et al., 2005; Kaas et

al., 2013; Karl and Whishaw, 2013), which are organised somatotopically and can trigger

complex,  multi-joint  behaviours  when  electrically  stimulated  (Kaas  and  Stepniewska,

2016;  Stepniewska  et  al.,  2014,  2009).  Intuitively,  at  least  for  humans,  reaching  and

grasping seem to be necessarily linked movements, so what explains the evolution of

parallel pathways to control them? Reaching uses extrinsic features of an object (such as

its  egocentric  spatial  location)  to coordinate upper arm muscles and bring the hand

towards the object. In contrast, grasping uses intrinsic features (such as size and shape)

to coordinate wrist and hand muscles to shape the hand into a suitable configuration to

pick up the object.  Karl and Whishaw (2013) propose that reaching may have evolved

from stepping movements that became increasingly independently controllable, likely to

traverse obstacles or uneven terrain, and that reach-related cortical pathways may have

their origins in locomotion-related pathways. They suggest that grasping likely evolved

later to enable manipulation of food items, a behaviour that is particularly reliant on

online haptic feedback. To facilitate accurate visually-guided reaching and fine motor

skills for grasping and object manipulation, the cortical pathways underlying these types

of movements developed unique relationships with visual and somatosensory areas.

The extent to which homologous parallel pathways for reaching and grasping exist in

rodents remains unclear. Whishaw et al. (2017) used high-speed cameras to track reach

and grasp movements in mice with the aim to determine whether the two movement

components can be controlled independently. They found that while reaching could be

performed offline towards remembered egocentric  spatial  locations,  mice never pre-

shaped their hand prior to contact with a food pellet, consistent with the observation

that rats do not scale their grasping hand shape when reaching to different sizes of food

pellets (Metz and Whishaw, 2000). However, upon contact, mice used touch-related cues

to shape their hands online. These behavioural observations suggest that reaching and

grasping can be controlled as independent processes in mice. Neurological experiments

have started to delineate brain areas that contribute differentially to these movement

components.  Characteristic  roles  for  reaching  and grasping  have been linked to  the
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caudal forelimb area (CFA) and rostral forelimb area (RFA) of motor cortex, respectively.

In  rats,  long-duration  ICMS  of  these  areas  has  been  found  to  elicit  primarily  either

reaching or grasping (Ramanathan et al., 2006), although elicited movements appear to

be complex, multi-joint movements that may involve both the limb and hand (Bonazzi et

al.,  2013).  Calcium imaging recordings in  corticospinal  neurons,  the main outputs  of

motor cortex, in mice reaching to food pellets found that CFA was dominated by reach-

related activity and RFA was dominated by grasp-related activity (Wang et al., 2017), but

reach- and grasp-related activity was not completely mutually exclusive. Inactivating CFA

and RFA disrupts reaching and grasping, respectively, but both areas are required for

the  transitional  step  between  them  (Brown  and  Teskey,  2014;  Wang  et  al.,  2017).

Similarly, a series of studies focussing on CFA have found that its activity is required for

initiating as well as maintaining ongoing reaches (Galiñanes et al., 2018; Guo et al., 2015;

Manita et al., 2022). The imperfect split between these areas and reaching and grasping

is indicative that describing them as parallel pathways may be too simplistic. Indeed, at

odds with this model, Tennant et al. (2011) performed ICMS in mice and found that while

stimulation of both CFA and RFA caused elbow or wrist movements, CFA stimulation was

much more likely to elicit digit movements. Future work should seek to add clarity to the

roles  of  these  areas,  perhaps  modelling  them  on  their  ICMS-elicited  complex,

ethologically  relevant  behaviours  rather  than  simple  reach  or  grasp  movements.  In

particular,  given  their  differences  in  sensory  requirements  and  thus  the  types  of

sensory-driven behaviours they support, understanding how visual brain areas interact

with motor cortex during reaching may provide novel clues on whether motor cortex is

receiving relevant information such as extrinsic features about reach targets. If so, the

pathway  providing  this  information  may  be  capable  of  supporting  visually-directed

reaching,  but  not  visually-directed grasping,  which  may not  be  possible  for  mice.  In

contrast,  grasp-related  areas  may  have  a  closer  functional  relationship  with

somatosensory areas to facilitate online touch-based object manipulations.
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Appendices

Included  here  are  two  peer-reviewed  publications  to  which  I  made  significant

methodological and experimental contributions.

Appendix A:  A cerebellar-thalamocortical  pathway drives

behavioural context-dependent movement initiation

Dacre,  J.,  Colligan,  M.,  Clarke,  T.,  Ammer,  J.J.,  Schiemann,  J.,  Chamosa-Pino,  V.,  Claudi,  F.,

Harston,  J.A.,  Eleftheriou,  C.,  Pakan,  J.M.P.,  Huang,  C.-C.,  Hantman,  A.W.,  Rochefort,  N.L.,

Duguid, I., 2021. Neuron 109, 2326-2338.e8. https://doi.org/10.1016/j.neuron.2021.05.016

Actions made in response to sensory cues require to be appropriately  timed by the

motor system. The cerebellum is thought to shape cortical output and control the timing

of  movements,  possibly  through  a  pathway  arising  from  the  dentate/interpositus

cerebellar nuclei (DN/IPN), which project to motor thalamus and directly drive neurons

that output to motor cortex (Hooks et al., 2013;  Schäfer et al., 2021). Neural activity in

DN/IPN and the DN/IPN-recipient region of motor thalamus (MThDN/IPN) has previously

been linked to movement initiation  (Anderson and Turner,  1991;  Butler  et  al.,  1996; 

Butler et al., 1992;  Fortier et al., 1989;  Mushiake and Strick, 1993), and perturbing this

activity  can  disrupt  movement  timing  (Donkelaar  et  al.,  2000;  Nashef  et  al.,  2019; 

Spidalieri  et  al.,  1983).  However,  whether  the  cerebellar-thalamocortical  pathway

emanating from DN/IPN plays a role in movement initiation was uncertain. To address

this  issue,  we  recorded activity  in  MThDN/IPN and  the  caudal  forelimb area  of  motor

cortex  (CFA)  in  mice  performing a  cued lever-push task  and used gain-  and loss-of-

function manipulations to identify causal roles for the pathway in movement initiation

(see attached paper).

First,  to  elucidate  how  neuronal  activity  in  the  pathway  is  transformed  during

movement, I performed two-photon population calcium imaging in MThDN/IPN while mice
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engaged  in  the  task  (Figures  1i-m,  2).  To  record  from  MThDN/IPN,  I  used  chronically

implanted gradient-index (GRIN) lenses, which enabled imaging of deep brain structures.

I  found that  most  MThDN/IPN neurons  displayed significant  movement-related  activity

with 42% becoming more active and 13% becoming less active prior to movement onset,

reminiscent of bidirectional movement-related activity patterns observed in layer 5 of

primary  motor  cortex  (Zagha  et  al.,  2015) and  in  posterior  secondary  motor  cortex

(Chapter 4). The pre-movement changes in fluorescence recorded from these thalamic

neurons  occurred  consistently  ~300  ms  before  movement,  regardless  of  the  time

interval between cue onset and movement onset, suggesting that MThDN/IPN conveys a

motor timing signal to motor cortex. In contrast, movement-related activity was absent

during miss trials (i.e. trials in which mice did not push the lever).

Next, to better understand the anatomical connectivity via which activity in MThDN/IPN

may influence CFA, we sought to quantify the density of CFA-projecting neurons MThDN/

IPN. I injected a retrograde tracer (cholera toxin B subunit) into CFA in 3 mice and, after 7

days of  incubation,  perfused the mice and counted the frequency of  tracer labelling

against a counterstain in MThDN/IPN sections (Figures 1h, S2a-b). I determined that ~76%

of  MThDN/IPN neurons  send projections  to  CFA.  In  a  separate  experiment,  Dr  Joshua

Dacre  assessed  the  proportion  of  CFA-projecting  MThDN/IPN neurons  that  received

glutamatergic  input  from  DN/IPN  and  found  that  this  was  100%  of  neurons.  Taken

together,  these  two  observations  reveal  that  MThDN/IPN is  a  key  node  bridging  the

cerebellum and CFA.

To  identify  causal  contributions  of  the  pathway  to  motor  control,  we  sought  to

determine whether DN/IPN output is  necessary to perform the behaviour.  To assess

this,  Dr  Joshua  Dacre  inactivated  DN/IPN  by  injecting  muscimol  (a  GABA-A  receptor

agonist)  into  DN/IPN while  mice were engaged in  the task.  Following injection,  mice

performed  significantly  fewer  successful  trials,  consistent  with  a  role  for  DN/IPN  in

movement  initiation.  Since  DN/IPN  projections  target  other  motor-related  areas  in

addition to motor thalamus (Asanuma et al., 1983; Teune et al., 2000), we next examined

whether  DN/IPN  output  to  motor  thalamus  specifically  could  trigger  movement.  Dr

Joshua  Dacre  performed  injections  of  an  adeno-associated  virus  vector  to  target

Channelrhodopsin-2 expression to DN/IPN, then stimulated DN/IPN axon terminals in

MThDN/IPN in  behaving  mice  via  optic  fibres  implanted  directly  above  MThDN/IPN.

Photoactivation in the absence of the cue triggered complete lever pushes in ~30% of

Page 117 of 213









ll
OPEN ACCESS Article
differing contributions to movement control, where DN/IPN likely

convey motor timing signals via thalamus to cortex in order to

initiate and modify ongoing movements (Kurata, 2005; Nashef

et al., 2018; Thach, 2014).

In rodents, cerebellar nuclei project to different regions of

ventral thalamus. The fastigial nucleus primarily targets ventro-

medial (VM), while DN/IPN target the anteromedial (AM), and

ventral anterolateral (VAL) subdivisions (Angaut et al., 1985; Gor-

nati et al., 2018; Haroian et al., 1981; Kuramoto et al., 2009;

Teune et al., 2000). DN/IPN axon terminal fields overlap substan-

tially displaying morphological and functional characteristics

consistent with strong feedforward driver inputs, such as large

synaptic boutons (Aumann and Horne, 1996a, b; Aumann

et al., 1994; Gornati et al., 2018) and large unitary responses

(Gornati et al., 2018; Sawyer et al., 1994; Sch€afer et al., 2021).

Cerebellar input drives short-latency spiking in thalamic neurons

that project to superficial and deep layers ofmotor cortex (Hooks

et al., 2013; Kuramoto et al., 2009; Sch€afer et al., 2021), trans-

forming output via top-down excitation through layer 2/3 (Weiler

et al., 2008) or direct excitation of layer 5 (Hooks et al., 2013;

Sauerbrei et al., 2020). Key remaining questions are whether

ventral motor thalamus plays a role in movement initiation and

whether this is dependent on cerebellar input.

To address these questions, we developed a cued lever push

task for mice requiring execution of a basic stimulus-response

behavior for reward. This habitual behavior depends on ante-

cedent stimuli rather than goal value, likely recruiting feedback

reinforcement circuits, including VAL thalamus (Balleine, 2019;

Graybiel, 2008). Using imaging, electrophysiology, and gain-

and loss-of-function experiments, we investigated how an audi-

tory go cue transforms thalamic and motor cortical activity

patterns during movement initiation. Population responses in

DN/IPN-recipient regions of motor thalamus were dominated

by a time-locked increase in activity immediately prior to move-

ment initiation, providing a fixed-latency feedforward timing

signal to motor cortex. Consistent with this view, membrane po-

tential dynamics of layer 5B projection neurons matched pre-

movement timing of thalamic activation, while suppressing

cerebellar or thalamic output blocked movement initiation.

Conversely, photostimulation of DN/IPN or recipient thalamic

regions triggered movement initiation, but in a context-depen-

dent manner. Our results demonstrate an important and causal

contribution of a cerebellar-thalamocortical pathway to volun-

tary movement initiation.

RESULTS

Motor thalamic population activity increases prior to
movement initiation
To investigate voluntary movement initiation, we developed a

cued forelimb push task for mice. The design of the task required

mice to execute horizontal push movements (4 mm) after a ran-
(L) Average DF/F0 across trials for individual neurons. Groupings: early-onset incr

32/248 neurons); late-onset increase (dark green hatching, n = 47/248 neurons

sponsive (gray, n = 38/248 neurons), ordered by DF/F0 onset, purple circles (n =

(M) Spatial distribution of early-onset increase (dark green), early-onset decrease

boxes, individual fields of view. ML, medial-lateral; AP anterior-posterior.
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domized inter-trial interval (4–6 s) and in response to a 6-kHz

auditory go cue. Miss trials, partial pushes, or spontaneous lever

movements resulted in no reward and a lever reset (Figure 1A;

Video S1). Mice rapidly learned the task (mean = 7.5 days [6.3,

8.6] 95% confidence interval [CI], N = 16 mice; all data unless

otherwise stated are presented as mean [bootstrapped 95%

CI]; percentage of successful trials [last session], mean =

63.7% [56.0, 71.7]), displaying moderate reaction times (RTs;

last session median = 0.32 s [0.30, 0.34]) and reproducible

push trajectories (Figures 1B–1E; Video S1). Even in expert

mice, we observed miss trials, likely reflecting changing levels

of attention or satiation within sessions (Figure 1E; Video S1).

Since bothDNand IPNare implicated inmotor timing and send

glutamatergic projections to ventral motor thalamus (Aumann

and Horne, 1996b; Bosch-Bouju et al., 2013; Gornati et al.,

2018; Kuramoto et al., 2009), we sought to define the region of

thalamus that receives input from DN/IPN and projects to the

caudal forelimb area (CFA) of motor cortex using a dual labeling

strategy (Figure 1F). A region of dense overlap centered on VAL

and AM nuclei, with sparse colocalization in the ventral postero-

medial nucleus (VPM). We found no overlap in the ventromedial

nucleus (VM), which primarily receives input from the fastigial

nucleus (Gao et al., 2018; Gornati et al., 2018) (Figures 1G and

S1A–S1E). Although injections were targeted to DN/IPN, low-

level expressionwasdetected in someadjacent vestibular nuclei,

which do not send direct projections to VAL (Figures S1A and

S1C). Within the dense region of overlap,�76% of neurons proj-

ect to CFA, and all CFA-projecting neurons received glutamater-

gic input (vesicular glutamate transporter 2 [VGluT2] positive)

from DN/IPN (Bosch-Bouju et al., 2013; Kuramoto et al., 2009;

Rovó et al., 2012; Sch€afer et al., 2020) (Figures 1H and S2A–

S2D). This degree of connectivity is consistent with DN/IPN-

recipient regions of motor thalamus (MThDN/IPN) being an impor-

tant functional node connecting the cerebellum and CFA.

To explore whether MThDN/IPN population responses were

consistent with a role in movement initiation, we employed

gradient-index (GRIN) lens-mediated two-photonpopulation cal-

cium imaging (Figures 1I and 1J). Lens implantation above

MThDN/IPN did not affect overall behavior when compared to con-

trol (control versus GRIN lens-implanted mice: two-sample Kol-

mogorov-Smirnov test, RT p = 0.56, push duration p = 0.22, num-

ber of successful pushes p = 0.35, N = 23 control versus 9 GRIN

lens-implanted mice, data not shown). Most MThDN/IPN neurons

displayed push-related activity (210/248 neurons) either prior to

movement initiation (early-onset increase in DF/F0, 104/210 neu-

rons; early-onset decrease in DF/F0, 32/210 neurons) or during

the execution/reward period (late-onset increase in DF/F0, 47/

210 neurons; late-onset decrease in DF/F0, 27/210 neurons),

while during miss trials, MThDN/IPN population responses were

absent (11 fields of view [FOVs], N = 8 mice) (Figures 1K–1L).

Increased activity appeared as the dominant population

response prior to movement (early-onset neurons: increased
ease (dark green, n = 104/248 neurons); early-onset decrease (light green, n =

); late-onset decrease (light green hatching, n = 27/248 neurons), and nonre-

11 fields of view, N = 8 mice).

(light green) and late-onset/nonresponsive neurons (gray) in MThDN/IPN. Dotted
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photostimulated movements in mice mounted on a flat base-

plate (ABC) or in a behavioral context that recapitulated the

LBC mouse posture (ABC2) were not different (Figure S6). In

addition, photostimulation of MThDN/IPN in an open-field environ-

ment triggered discrete forelimb movements in �25% of trials,

consistent with a role in movement initiation, but very few

push-like movements (N = 3 mice) (Figure 6E). Together, these

data suggest that the DN/IPN thalamocortical pathway conveys

motor timing signals that trigger behavioral context-dependent

movement initiation.

DISCUSSION

The cerebellum and motor thalamus are brain areas thought to

control movement timing, since activity in both regions precedes

movement initiation (Anderson and Turner, 1991; Butler et al.,

1992, 1996; Fortier et al., 1989; Harvey et al., 1979; Horne and

Porter, 1980; Kurata, 2005; Macpherson et al., 1980; Mushiake

and Strick, 1993; Schmied et al., 1979; Strick, 1976; van Donke-

laar et al., 1999) and local inactivation disrupts motor timing

(Meyer-Lohmann et al., 1977; Nashef et al., 2019; Spidalieri

et al., 1983; Thach, 1975; van Donkelaar et al., 2000). Our

anatomical mapping identified a high degree of connectivity be-

tween DN/IPN and CFA-projecting neurons in VAL, AM, and

VPM. In rodents, VAL neurons receive strong driver-like inputs

(Gornati et al., 2018) that facilitate rapid depolarization of

thalamic projection neurons (Aumann and Horne, 1996a,

1996b; Aumann et al., 1994; Gao et al., 2018; Gornati et al.,

2018; Sawyer et al., 1994; Sch€afer et al., 2021). This driving input,

when integrated with GABAergic input from the basal ganglia

and thalamic reticular nucleus, shapes the magnitude and timing

of thalamic excitability (Bosch-Bouju et al., 2013; Catanese and

Jaeger, 2021; Kim et al., 2017; Kuramoto et al., 2011; Lam and

Sherman, 2015; Sakai et al., 1998; Tanaka et al., 2018). Early-

onset MThDN/IPN activity was temporally uncoupled from the go

cue but tightly locked to movement initiation, suggestive of a

pure motor timing signal that indicates the intention to move

rather than a sensorimotor transformation from cue tomovement

(see Figure 2). Consistent with this view, cue presentation during

miss trials did not evoke a change in activity, likely reflecting a

lack of intention to move and absence of direct auditory input

in VAL thalamus, while suppressing MThDN/IPN generated a se-

lective block of forelimb movement initiation.

Although we focused on the DN/IPN thalamocortical pathway,

projections from DN/IPN also target the ventral tegmental area,

substantia nigra reticulata, brainstem reticular nucleus, andmag-

nocellular red nucleus (Carta et al., 2019; Gornati et al., 2018;

Houck and Person, 2015; Low et al., 2018; Sakayori et al.,

2019; Sathyamurthy et al., 2020; Thanawalla et al., 2020). Direct

projections to the brainstem provide an alternate pathway to

initiate movement. We found that recruitment of the DN/IPN tha-

lamocortical pathway is necessary for learned forelimb move-

ment initiation given that photoactivation of DN/IPN axon termi-

nals in MThDN/IPN mimics cue-triggered CFA population

dynamics and behavior, while silencing each node along the

pathwayblocked initiation. Theseobservationsdiffer fromphoto-

modulation of cerebellar output in locomoting mice, where stim-

ulation initiates ormodifies sequences of limbmovements via de-
2334 Neuron 109, 2326–2338, July 21, 2021
scending projections to the brainstem (Hoogland et al., 2015;

Jelitai et al., 2016; Witter et al., 2013). Direct photoactivation of

MThDN/IPN in an open-field environment triggered discrete, but

not rhythmic, forelimb movements, suggesting selective recruit-

ment of descending or thalamocortical pathways depending on

movement type andbehavioral context. In addition to a proposed

role inmovement initiation,DN/IPNcontribute to the coordination

of ongoing movements. IPN inactivation results in disrupted

endpoint accuracy, hypermetria, and instability of the forelimb

(Becker and Person, 2019; Bracha et al., 1999; Low et al., 2018;

Martin et al., 2000; Mason et al., 1998), while DN inactivation in-

creases path curvature and generates hypermetria and a general

impairment in coordination (Ishikawa et al., 2014; Martin et al.,

2000). The fact that DN/IPN inactivation reduced both paw posi-

tion accuracy (i.e., the ability to maintain postural control) and

movement initiation is consistent with a role in both motor timing

and coordination.

Changes in MThDN/IPN and CFA layer 5B neuron activity

occurred prior to movement and peaked around movement

completion, indicative of rapid preparatory activity that trans-

forms into output dynamics necessary for execution (Lara

et al., 2018). In rodents, rapid go cue-evoked changes in activity

have been observed in a delayed directional licking task for mice

(Catanese and Jaeger, 2021; Gao et al., 2018; Guo et al., 2014; Li

et al., 2015), where input from the pedunculopontine nucleus,

midbrain reticular nucleus, and substantia nigra reticulata, via

ventral motor thalamus, triggers rapid reorganization of prepara-

tory dynamics to initiate directional licking (Catanese and

Jaeger, 2021; Inagaki et al., 2020). Thus, ventral thalamus ap-

pears ideally positioned to act as a central convergence hub,

integrating input from the cerebellum, brainstem, and basal

ganglia in order to initiate precisely timed movements. However,

direct photoactivation of MThDN/IPN did not reproducibly evoke

short-latency tongue or orofacial movements, suggesting paral-

lel, non-overlapping thalamocortical pathways for movement

initiation. Directional licking requires channeling of information

through VM, VAL, mediodorsal, and intralaminar nuclei for both

movement planning and execution (Catanese and Jaeger,

2021; Inagaki et al., 2020), while forelimb movements require ac-

tivity in VAL, AM, and VPM nuclei. Together, this suggests that

parallel processing of motor timing signals through different

ventral motor thalamic nuclei could provide an anatomical sub-

strate for initiating complex, multifaceted motor behaviors.

Using monosynaptic rabies tracing, we confirmed a direct

pathway from MThDN/IPN to layer 5B projection neurons in CFA,

consistent with the idea that VAL projects to both superficial

and deep layers of motor cortex, while neurons in VM project pri-

marily to L1 (Hooks et al., 2013; Kuramoto et al., 2009, 2015).

Strong thalamic input generatesmonosynaptic excitation and di-

synaptic feedforward inhibition in principal neurons (Apicella

et al., 2012; Hooks et al., 2013), shaping cortical output via

top-down control or direct activation of output layers (Hooks

et al., 2013; Sauerbrei et al., 2020;Weiler et al., 2008). Since pho-

toactivation of the MThDN/IPN thalamocortical pathway repro-

duced go-cue-evoked layer 5B neuronal dynamics, thalamic

input may directly influence cortical output by bypassing top-

down processing from layer 2/3 to inform PT-type and IT-type

neurons of the intention to move (Hooks et al., 2013; Weiler
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et al., 2008). This direct timing signal would be integrated with

other long-range task-relevant inputs to generate specific output

patterns necessary for forelimb motor control (Esposito et al.,

2014; Kita and Kita, 2012; Park et al., 2021; Sauerbrei et al.,

2020). Although we focused solely on the contribution of CFA,

VAL also sends projections to the rostral forelimb area (RFA)

(Hooks et al., 2013; Oh et al., 2014), which plays an integral

role in movement coordination (Brown and Teskey, 2014; Mor-

andell and Huber, 2017). Given its strong reciprocal connectivity

with CFA (Hira et al., 2013; Mohammed and Jain, 2016; Rouiller

et al., 1993), assessing the contribution of the VAL-RFA pathway

to movement initiation will be an important next step.

Our behavioral context experiments further support MThDN/IPN
conveying a generic motor timing signal that converges, at the

level of motor cortex, with other task-relevant inputs. In the

absence of thalamic input to MThDN/IPN (i.e., miss trials or MTh

inactivation), layer 5B Vm and firing rate changes were signifi-

cantly reduced, with residual Vm changes being insufficient to

trigger movement, suggesting input convergence is a prerequi-

site for learned movement initiation. The origin of the additional

input(s) remains unknown, but likely candidates are cortico-

cortical interactionsbetween frontalmotor areasandCFA (Hooks

et al., 2013; Reep et al., 1990), thought to accumulate task-rele-

vant information required for motor planning and execution (Gao

et al., 2018; Li et al., 2015), or basal ganglia thalamocortical inter-

actions involved in selecting, timing, and invigoratingdifferent ac-

tions (Dudman andKrakauer, 2016; Inase et al., 1996; Klaus et al.,

2019; Thura and Cisek, 2017; Williams and Herberg, 1987).

Directly activating the MThDN/IPN thalamocortical pathway in

the LBC mimicked the go cue by triggering push movements,

while in the ABC, photoactivation evoked highly variable forelimb

trajectories. Why does photoactivation result in learned move-

ment initiation in the absence of an external sensory cue? We

suggest that the DN/IPN thalamocortical pathway provides one

of the main driving inputs to CFA, which combines with other

task-relevant inputs (e.g., behavioral context, stimulus-reward

associations, and reward expectancy) to generate ‘‘learned’’

cortical output patterns and behavior. In the ABC, task-relevant

inputs are likely absent, thus mimicking the thalamic ‘‘timing

signal’’ is in itself sufficient to generate cortical output patterns

necessary formovement (Tanaka et al., 2018), but not the learned

movement.

In summary, our findings extend our understanding of how

specific subdivisions of the motor thalamus contribute to motor

timing, suggesting that the DN/IPN thalamocortical pathway

plays a critical role in generating cortical dynamics necessary

for context-dependent movement initiation.
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METHOD DETAILS

General surgery
Miceundergoing surgerywere induced under 4%andmaintained under�1.5% isoflurane anesthesia, with each animal receiving fluid

replacement therapy (0.5 ml sterile Ringer’s solution; to maintain fluid balance) and buprenorphine (0.5 mg/kg; for pain relief) at the

beginning of each surgery. Additionally, buprenorphine (0.5mg/kg)wasadministered in the formof an edible jelly cube�24hours after

recovery from surgery. For surgeries involving removal of the periosteum, each animal received an injection of carprofen (5 mg/kg). A

small lightweight headplate (0.75 g) was implanted on the surface of the skull using cyanoacrylate super glue and dental cement (Lang

Dental, USA) andmice were left for 24-48 hours to recover. Craniotomies were performed in a stereotactic frame (Kopf, USA) using a

hand-held dentist drill with 0.5 mm burr (craniotomy diameter: whole-cell patch-clamp recording �⌀300 mm; viral / tracer / pharma-

cological compound injection ⌀500-1000 mm). Viral vectors and tracing compounds were delivered via pulled glass pipettes (5 ml,

Drummond) using an automated injection system (Model Picospritzer iii, Intracell). At the end of each experiment, micewere anesthe-

tized with euthatal (0.10–0.15 ml) and transcardially perfused with 30 mL of ice-cold 0.1 M phosphate-buffered saline (PBS) followed

by 30mLof 4%paraformaldehyde (PFA) in 0.1MPBSsolution. Brainswere post-fixed in PFAovernight at 4�C then transferred to 10%

sucrose solution for longer-term storage.

Behavioral training
Mice were handled extensively before being head restrained and habituated to the behavioral setup. To increase task engagement,

mice were placed on a water control paradigm (1 ml/day) and weighed daily to ensure body weight remained above 85% of base-

line. Mice were trained for one 30-minute session per day, during which they had to hold a moveable lever still during a random

inter-trial-interval (ITI) of 4-6 s, before pushing the lever 4 mm during presentation of a 6 KHz auditory ‘go cue’ to receive a 5 ml

water reward. The duration of the auditory cue (and thus response period) was reduced across training sessions in three stages:

stage 1) 10 s, stage 2) 5 s, stage 3) 2 s, with mice advancing to the next stage after achieving > 80 rewards during a single session

or > 50 rewards during two consecutive sessions. Mice were deemed ‘‘expert’’ after achieving > 80 rewards on two consecutive

days of stage 3 training. Lever movements during the ITI would result in a lever reset and commencement of a subsequent ITI. After

each 30-minute session, mice were removed from head restraint and given the remainder of their daily water allowance before be-

ing returned to their home cage.

In vivo pharmacology
To assess the behavioral effects of CFA, MThDN/IPN or DN/IPN inactivation, a craniotomy was performed above the target area

under general anesthesia. After 5/10 minutes of baseline task execution, the lever was locked and a small volume of the GABAA

receptor agonist muscimol (dissolved in external solution containing 150 mM NaCl, 2.5 mM KCl, 10 mM HEPES, 1.5 mM CaCl2
and 1 mM MgCl2) or saline was injected into the target area (CFA: 200 nl of 2 mM muscimol at each of 5 sites centered on AP:

0.6, ML: 1.6, DV: �0.7 mm; MThDN/IPN: 200 nl of 1 mM muscimol, AP: �1.1, ML: 1.0, DV: �3.4 mm; ipsilateral DN: 100 nl of 1 mM

muscimol, AP: �6.0, ML: �2.25, DV: �2.4 mm; ipsilateral IPN: 50nl of 1 mM muscimol, AP: �6.0, ML: �1.75, DV: �2.4 mm) at a

rate of 5-20 nl/s. To confirm the anatomical location of drug injection, 1% w/v of retrobeads (Lumaflor Inc.) was included in the

muscimol/saline solution. Mice were randomly assigned to drug or control groups, and experiments performed blinded. After

each experiment, mice were transcardially perfused and coronal sections (60 mm) of CFA, MThDN/IPN or DN/IPN were cut

with a vibratome (Leica VT1000S), mounted with Vectashield mounting medium (H-1000, Vector Laboratories), imaged using

a fluorescence microscope (Leica DMR, 5x objective) and manually referenced to the Paxinos and Franklin Mouse Brain Atlas

(Paxinos and Franklin, 2008). Behavioral metrics were analyzed in 5-minute epochs using custom-written MATLAB (MathWorks)

scripts, a two-sample t test was used to compare experimental cohorts during the first post injection epoch, and a one-way

ANOVA was used to compare data between manipulation experiments. Behavioral video data for all pharmacology experiments

was captured using a high speed camera (Genie HM640, Dalsa), and paw position accuracy was calculated as the proportion of

trials in which mice were holding the moveable lever with their contralateral forepaw at the onset of the auditory cue.

GRIN lens imaging
To perform population calcium imaging in motor thalamus, 200 nl of AAV1-Syn-GCaMP6s was injected into contralateral MThDN/IPN
(AP:� 1.1, ML: 1.0, DV:� 3.4 mm) and mice were implanted with a lightweight headplate. 7-10 days after virus injection, a gradient-

index (GRIN) lens (Grintech NEM-060-15-15-520-S-1.0p; 600 mm diameter, 4.83 mm length, 0.5 numerical aperture) was implanted

as described previously (Xu et al., 2016). In brief, a sterile needle (1.1 mm OD) surrounding the GRIN lens was lowered to a depth of

3.2 mm and subsequently retracted leaving the lens at the desired depth. The lens was then secured in place with UV curing glue

(Norland Products, USA) and dental cement. Fields of view were checked for clarity and GCaMP6s expression after implantation.

After 4-8 weeks mice began water restriction and behavioral training. Two-photon calcium imaging was performed in expert mice

during lever task execution with a 3183 318 mm field of view (6003 600 pixels) at 40 Hz frame rate, using a Ti:Sapphire pulsed laser

(Chameleon Vision-S, Coherent, CA, USA; < 70 fs pulse width, 80 MHz repetition rate) tuned to 920 nmwavelength with a 40x objec-
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tive lens. For confirmation of GRIN lens location and viral expression, mice were perfused, sagittal sections (100 mm) of MThDN/IPN
were cut with a vibratome, counterstained with Nissl blue, and imaged using a slide scanner (Axioscan, Zeiss). GRIN lens location

was referenced to the Paxinos and Franklin Mouse Brain atlas.

Raw imaging videos were motion corrected using NoRMCorre (Pnevmatikakis and Giovannucci, 2017). In brief, NoRMCorre per-

forms non-rigid motion correction by splitting each FOV into overlapping patches, estimating the xy translation for each patch, and

upsampling the patches to create a smooth motion field, correcting for non-uniform motion artifacts caused by raster scanning or

brain movement. Regions of interest (ROIs, polygonal areas) were drawn manually using Fiji (Schindelin et al., 2012). Signals were

extracted and neuropil decontaminated using nmf_sklearn (Keemink et al., 2018). Normalized signal was calculated as DF/F0, where

F0 was calculated as the bottom 5th percentile of the 1Hz low pass filtered raw signal, and DF = (F-F0). Normalized signals were then

aligned to the behavioral data and analyzed using custom-written MATLAB scripts.

To detect activity changes of cells, a Friedman test was used to compare 250 ms time binned Ca2+ signals from 500 ms before

movement to 1500 ms after movement with a significance threshold of p < 0.01. A Tukey-Kramer post hoc test was used to identify

significantly different bins, and the direction of each response was defined based on the difference between baseline and the mean

value of the Ca2+ signal in the earliest two significantly different bins. Themedian onset time of each cell was calculated by employing

a previously published onset detection algorithm using a slope sum function (SSF; Zong et al., 2003) with the decision rule and win-

dow of the SSF adapted to the calcium imaging data (threshold 10% of peak, SSF window 375 ms, smoothed with a Savitzky Golay

filter across 27 frames with order 2) and reported as the median of 10,000 bootstrapped samples to reduce the influence of noisy

individual trials. Neurons whose bootstrapped samples had inter-quartile ranges exceeding 3 standard deviations of the median in-

ter-quartile range were considered to have undetectable onset times and categorized as non-responsive. Prior to extracting DF/F0
onsets, we verified this algorithmwith simulated data thereby accounting for any bias in the onset detection potentially introduced by

filtering and/or the decision rule. To simulate the rising phase of the movement related calcium events in our data we used linear

ramps with defined onset times and a rise time of 0.5 s mimicking GCaMP6s kinetics. We then calibrated the onset detection algo-

rithm on the simulated data (100 simulated cells with 30 simulated trials per cell and artificially added noise in each trial matching the

noise level in the imaging data) and updated it by a small FOV-specific correction factor.

Onset times were used to classify MThDN/IPN neurons as preceding movement initiation (early) from those occurring after move-

ment initiation (late). To investigate the relationship between DF/F0 trajectories and reaction time, reaction times were split into thirds

(short [0 – 350 ms], medium [350 - 900 ms] and long [> 900 ms]) and only FOVs with a sufficient number of trials per reaction time

category were included in further analysis. To compare the onset times across short, medium and long reaction time trials, the onset

time of each neuron was calculated using only these subsets of trials. Movement-aligned time binned Ca2+ signals were presented

smoothedwith the loessmethod using a 40-frame slidingwindow and baseline corrected to themean of the 500ms pre-cue period. A

kernel density estimate was calculated for each onset across all trials to calculate amean. The area under themean population kernel

density estimate was calculated using numerical trapezoidal integration.

To investigate whether GRIN lens implantation surgery affected lever task execution, a two-sample Kolmogorov-Smirnov good-

ness-of-fit test was used to compare reaction time, push duration and task success (the ratio of the number of rewarded trials to total

number of cued trials) of the GRIN lens-implanted cohort and a control group.

Whole-cell patch-clamp electrophysiology
Whole-cell patch-clamp recordings targeted to layer 5B, 550–1000 mm from the pial surface, were obtained from awake head

restrained mice after performing a craniotomy and durotomy centered above CFA. Signals were acquired at 20 kHz using a Multi-

clamp 700B amplifier (Molecular Devices) and filtered at 10 kHz using PClamp 10 software in conjunction with a DigiData 1440

DAC interface (Molecular Devices). No bias current was injected during recordings and the membrane potential was not corrected

for junction potential. Restingmembrane potentials were recorded immediately after attaining the whole-cell configuration (break-in).

Series resistances (Rs) ranged from 23.6 to 45.5 MU. Patch pipettes (5.5–7.5 MU) were filled with internal solution (285–295 mOsm)

containing: 135mMK-gluconate, 4 mMKCl, 10 mMHEPES, 10 mM sodium phosphocreatine, 2 mMMgATP, 2 mMNa2ATP, 0.5 mM

Na2GTP, and 2 mg/ml biocytin (pH adjusted to 7.2 with KOH). External bath solution contained: 150 mM NaCl, 2.5 mM KCl, 10 mM

HEPES, 1mMCaCl2, and 1mMMgCl2 (adjusted to pH 7.3with NaOH). All electrophysiology recordings were analyzed using custom-

written scripts in MATLAB. Individual action potentials (APs) were detected with a wavelet-based algorithm (Nenadic and Burdick,

2005) and AP threshold was defined as the membrane potential (Vm) at maximal d2V/dt2 up to 3 ms before AP peak and manually

verified. For subthreshold Vm analysis APs were clipped by removing data points between�1 and +9 ms peri-AP threshold. Average

AP firing frequencies were calculated by convolving spike times with a 50 ms Gaussian kernel. Significant changes in subthreshold

Vm and AP firing frequency were defined by comparing bootstrapped 95% confidence intervals of mean movement-aligned Vm and

AP frequency trajectories to zero (baseline epoch = 200 ms pre-cue; movement epoch = �100 to +100 ms peri-movement). Mean

DVm trajectories were calculated by subtracting the mean Vm during baseline (1 s epoch prior to cue) from the mean Vm during the

peri-movement epoch (�250 to +250 ms when aligned to movement onset). All mean DVm trajectories were decimated and median

filtered with a 50 ms sliding window. Population mean DVm trajectories were normalized to the largest absolute mean DVm value in a

1.5 s peri-movement window. Peri-movement DVm onsets were detected as the 10% rise-time of Vm trajectories when aligned to

movement.
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To inactivate motor thalamus during patch clamp recordings we performed a second craniotomy above MThDN/IPN and a pipette

containing 1 mM muscimol (dissolved in external solution) and 1% w/v red retrobeads was targeted to MThDN/IPN (AP: �1.1,

ML: 1.0, DV: �3.4 mm). Once the whole-cell recording configuration had been obtained, 5-10 minutes of baseline behavior and

electrophysiological data were acquired before 200 nL of muscimol was injected at a rate of 5-10 nl/s. Mice were perfused, and

data analyzed from animals in which retrobeads were found within MThDN/IPN. To compare subthreshold Vm dynamics during pre-

andpost- injection epochs, cue-aligned periods of Vmwere baseline subtracted and the area under the |DVm| trajectory fromcueonset

to median reward delivery was calculated via trapezoidal numerical integration with a 50 ms sample rate. To compare firing rate dy-

namics, the proportional difference between peri-median reaction time versus baseline Gaussian kernel smoothed firing rate was

calculated in both epochs using bin sizes described previously.

Immunohistochemistry
To morphologically identify neurons after whole-cell patch-clamp recording, mice were transcardially perfused and coronal sections

(60 mm) of CFA were cut with a vibratome. To recover neurons, sections were incubated in streptavidin AlexaFluor-488 (1:1000, Mo-

lecular Probes) in 0.1 M PBS containing 0.5%Triton X-100, mounted, imaged using a confocal microscope (Zeiss LSM800, 20x

objective) and referenced to the Paxinos and Franklin Mouse Brain Atlas. To identify projection targets of individually recorded neu-

rons (Schiemann et al., 2015), sections were further processed by heat-mediated antigen retrieval in 10mM sodium citrate buffer (pH

6.0) for 3 hours at 80�C. Sections were incubated in blocking solution (0.01 M PBS, 10% normal goat serum (NGS), 0.5% Triton X-

100) at 22�C for 2 hours and incubated overnight at 22�C in a primary antibody mixture containing mouse monoclonal anti-Satb2

(1:200, Cat. No. ab51502, Abcam) and rat monoclonal anti-Ctip2 (1:1000, Cat. No. ab18465, Abcam) dissolved in carrier solution

(0.01M PBS, 1%NGS, 0.5% Triton X-100). Slices were then incubated overnight at 22�C in a secondary antibody mixture containing

AlexaFluor-568 goat anti-mouse (1:750, Molecular Probes) and AlexaFluor-647 goat anti-rat (1:750, Molecular Probes) dissolved in

carrier solution (0.01 M PBS, 1% NGS, 0.5% Triton X-100), mounted and imaged using a confocal microscope (Zeiss LSM800, 20x

objective).

To assess the proportion of CFA-projecting MThDN/IPN neurons that receive glutamatergic synaptic input from dentate/interpositus

nuclei, selected motor thalamic coronal sections (60 mm) were rinsed thee times with 0.1M PBS for 10 minutes, incubated for 2 hours

at room temperature in blocking solution (containing 10% normal horse serum (NHS) and 0.5% triton diluted in 0.1 M PBS), rinsed

briefly in 0.1 M PBS and incubated overnight with a primary antibody for vesicular glutamate transporter type 2 (VGluT2) (anti-guinea

pig, Millipore Bioscience; diluted 1:2000 in 0.1 M PBS containing 1% NHS and 0.5% Triton-X). Slices were then rinsed four times in

0.1M PBS for 10minutes before being incubated for at least 2 hours with secondary antibody anti-Guinea Pig Cy5 (diluted 1:200 in in

0.1 M PBS containing 1%NHS and 0.5% Triton-X). Sections were rinsed four times in 0.1 M PBS for 10 minutes, mounted with Vec-

tashield mounting medium and imaged using a confocal microscope (Leica LS8; 63x objective). Fast Blue labeled cells with overlap-

ping Venus-labeled + VGluT2 +ve axons (with 1 mm) were manually counted.

Motor thalamic activation
For optogenetic activation of MThDN/IPN neurons or their axon terminals in CFA, 250 nl of AAV1-CAG-ChR2-Venus (2.3x1012 GC/ml,

Addgene 20071; control virus: AAV2-CAG-mCherry (5.2x1011 GC/ml)) was injected into contralateral MThDN/IPN (AP: �1.1, ML: 1.0,

DV:�3.4mm). For directMThDN/IPN stimulation, an optic fiber (200 mmdiameter, 0.39NA; Thorlabs) was implanted�300 mmdorsal to

the viral injection site (sealed with RelyX Unicem2 Automix cement, 3M) and trains of pulsed 473 nm light (5-8 mW, 16.6 Hz pulse

frequency, 33.3% duty cycle) were delivered using a solid-state laser (DPSS, Civillaser, China) and shutter (LS3S2T1, Uniblitz)

controlled by an Arduino control system, coupled to the implanted optic fiber by means of an optic patch cable (Thorlabs,

FT200UMT). For direct simulation of MThDN/IPN axon terminals, a tapered optic fiber (Optogenix, Italy) was implanted to a depth

of 1 mm at the center of CFA (AP: 0.6, ML: 1.6, DV: �1.0 mm) and 12 mW, 473 nm light was delivered as above. Prior to optogenetic

stimulation experiments, mice were trained to expert level performance and habituated to light emanating from an uncoupled optic

patch cable and the sound of shutter activation. During habituation and experimental sessions, mice were exposed to 3 different trial

types: (1) cue and shutter; (2) laser and shutter; and (3) shutter only. Trials were presented with the following pattern: 1, 1, 3, 1, 1, 2,...

repeating for 30 minutes. MThDN/IPN axon terminal stimulation in CFA was performed on the following day, while whole-cell patch-

clamp recordings from CFA were performed in combination with direct MThDN/IPN stimulation in a separate cohort of mice. To inves-

tigate the effects of behavioral context, mice which had previously undergone MThDN/IPN stimulation were head restrained above a

3Dprinted baseplate (Wanhao i3 Duplicator) without support/movable levers or reward spout (ABC), or within the same lever pressing

apparatus with the reward and moveable levers replaced by a 3D printed platform (ABC2), and habituated for 2 sessions, interleaved

with normal training to ensure that the cuedmotor behavior was not extinguished. To compare effects of MThDN/IPN stimulation in the

learned and altered behavioral contexts, mice first underwent a 15-minute optogenetic stimulation protocol in the learned context,

before being exposed to an identical 15-minute optogenetic stimulation protocol in one of the two altered behavioral contexts (ABC

or ABC2). To investigate the effects of MThDN/IPN stimulation during freely moving behavior, mice were placed in an open field arena

(dimensions 30 3 20 cm) with a camera phone (Samsung Galaxy S5) recording the full arena from beneath. A patch cable was

coupled to the MThDN/IPN optic fiber, and mice underwent a 15-minute optogenetic stimulation protocol. Peri-trial movements
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were classified from the videos as push-like (a single movement of the left forepaw in a defined forward direction), discrete (a single

movement of the left forepaw in any other direction), locomotion (> 2 consecutive steps/stridesmade by the left forelimb) and groom-

ing, by two researchers and cross validated.

For histological confirmation of the injection site and optic fiber placement, mice were transcardially perfused, decapitated and the

whole head (including headplate and optic fiber) was post-fixed in 4% PFA for 2 days to improve preservation of the optic fiber tract.

Coronal sections (60 mm) of CFA and MThDN/IPN were cut with a vibratome, mounted with Vectashield, and imaged using a slides-

canner (Axioscan, Zeiss). The center of the optic fiber (COF) was defined as the most ventral extent of the optic fiber tract across all

slices from each brain as measured from the pial surface. Where tracts of equal depth were present, the coronal section containing

the largest diameter tract tip was identified as the COF. The expression of ChR2-Venus in MThDN/IPN was coarsely defined by first

referencing three coronal slices (120 mm spacing) centered on the COF to the Paxinos and Franklin Mouse Brain Atlas before manu-

ally evaluating the proportion of each of the principle motor thalamic nuclei (AM, anteromedial; VL, ventrolateral; VPM, ventral poster-

omedial nucleus; VPL, ventral posterolateral; VM, ventromedial) containing fluorescence, and categorizing three levels based on

expression covering 0%–5%, 5%–50% and 50%–100% of each nucleus. Data were not included from mice in which the COF

was misaligned to virus expression. To investigate whether photostimulation of MThDN/IPN evokes tongue movements, a ROI was

drawn in front of the mouth and tongue movements were detected using a motion index threshold (see below).

The proportion of full and partial push-like movements in cue- and laser- trials were calculated by correcting for the behavioral ‘‘er-

ror’’ rate, i.e., subtracting the proportion of pushes observed in shutter only trials (trial type 3) to obtain a lower bound. DVm trajec-

tories for both cue-evoked and photoactivation-evoked movement trials were calculated as described previously, and trial-by-trial

DVm changes were based on comparing the 200ms pre-cue or pre-photoactivation epoch with the 200 ms peri-movement epoch

within each trial.

Cerebellar-motor thalamic pathway tracing and activation
For tracing and activation of the dentate/interpositus-motor thalamus pathway, AAV1-CAG-ChR2-Venus (2.3x1012 GC/ml, Addgene

20071) was injected unilaterally into ipsilateral dentate (AP: �6.0, ML: �2.25, DV: �2.6 & �2.2 mm) and interpositus (AP: �6.0, ML:

�1.75, DV: �2.4 mm) cerebellar nuclei, with 75 nl injected at each depth within each nucleus. For activation of dentate/interpositus

axons in motor thalamus, an optic fiber (200 mm diameter, 0.39 NA; Thorlabs) was implanted into contralateral MThDN/IPN (AP: �1.1,

ML: 1.0, DV: �3.2 mm) and trains of pulsed 473 nm light (8 mW, 16.6 Hz pulse frequency, 33.3% duty cycle) were delivered as pre-

viously described.Micewere trained to expert level performance, habituated to light emanating from an uncoupled optic fiber and the

sound of shutter activation and exposed to the same alternating trial structure as for MThDN/IPN activation experiments described

previously. For histological confirmation of the injection site, mice were transcardially perfused and coronal sections (60 mm) of

MThDN/IPN and DN/IPN were cut with a vibratome, mounted, and imaged using a slidescanner (Axioscan, Zeiss). Optic fiber location

within MThDN/IPN was ascertained as described previously. The expression of ChR2-Venus in DN/IPN was coarsely defined by first

referencing the three coronal slices centered on the DN and IPN to the Paxinos and Franklin Mouse Brain Atlas before manually eval-

uating the proportion of each of the cerebellar (DN, dentate; IPN, interpositus; FN, fastigial) and vestibular nuclei containing fluores-

cence, and categorizing three levels based on expression covering 0%–5%, 5%–50% and 50%–100% of each nucleus. Data were

not included from mice that had insufficient ChR2-Venus expression in DN and IPN, or in which the COF was not aligned to

MThDN/IPN.

Tomap DN/IPN projections to CFA-projecting neurons in MThDN/IPN, somemice underwent surgery to perform an additional crani-

otomy above contralateral CFA (AP: 0.6, ML: 1.6 mm), where Fast Blue retrograde tracer (Polysciences; 0.2% Fast Blue in 1 M PB

with 0.2% DMSO) was injected at four points equidistant from the center of the CFA craniotomy, with 100 nl injected at two depths,

�800 mm and�400 mmbelow the pial surface. After recovery, mice were returned to the home cage for a further 5 days, before being

transcardially perfused. Coronal sections (60 mm) of CFA, MThDN/IPN and DN/IPN were cut with a vibratome, mounted using Vecta-

shield, and imaged using a confocal microscope (Leica SP8; 20x objective). Raw data images of coronal sections of the motor thal-

amus were manually referenced to the Paxinos and Franklin Mouse Brain Atlas, aligned and cropped to the same exact motor

thalamic subregion. These cropped images were combined into a stack using Fiji and an average intensity projection of each channel

(Venus & Fast Blue) was calculated. The resultant average image for each channel were considered as a matrix of gray-scale pixel

values in MATLAB, and to calculate a matrix of proportional overlap of the two channels, the two matrices were square-rooted and

thenmultiplied together. A 2-DGaussian smoothing kernel with SD = 5 pixels was then used to smooth the resultant imagewhichwas

then remapped with the Jet colormap. For the density plots of individual channels, the average projection matrices were similarly

smoothed and remapped.

To assess the density of CFA-projecting neurons in ventrolateral motor thalamus, 200 nl of CTB-Alexa647 (ThermoFisher) was in-

jected into contralateral CFA (AP: 0.6,ML: 1.6, DV:�0.7mm). After recovery, micewere returned to the home cage for�7 days before

being perfused. Coronal sections (100 mm) of MThDN/IPN were collected, counterstained with NeuroTrace Nissl blue (ThermoFisher),

mounted using Vectashield mounting medium and imaged with a confocal microscope (Leica LSM800). Cells were counted in a

representative 300 3 300 mm region and counts were independently verified.

To quantify vestibular nuclei projections to motor thalamus, we performed a craniotomy above contralateral MThDN/IPN (AP: �1.1,

ML: 1.0 mm) and injected 100 nl of Fast Blue at a depth of 3.4 mm below the pial surface. After recovery, mice were returned to the

home cage for 5 days, before being perfused, and brains processed and imaged as described above.
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Monosynaptic retrograde rabies tracing
For monosynaptic retrograde rabies tracing, conditional expression of TVA receptor was achieved by injecting 60 nl of AAV2/1-

CAG-FLEX-mTagBFP2-2A-TVA (9.0x1012 GC/ml) into contralateral M1FL (AP: 0.6, ML: 1.6, DV: �0.7 mm) of three Rbp4-Cre

mice. Pseudotyped SADDG-mCherry(EnvA) rabies virus (produced as previously described (Wickersham et al., 2007, 2010) was

injected into CFA three weeks after the initial injections. Mice were perfused seven days post-rabies virus injection. Coronal sec-

tions (60 mm) were cut, mounted and imaged using a Nanozoomer Slide Scanner (Hamamatsu, 20x objective). Raw data images

were manually referenced to the Paxinos and Franklin Mouse Brain Atlas and the distribution of fluorescence was manually outlined

and independently verified.

Extracellular recording and spike sorting
To compare neural activity during cue-evoked and photoactivated movements, extracellular unit recordings in CFA were performed

using acutely implanted silicone probes (Neuropixels Phase 3B probes, IMEC). Data were acquired from the 384 channels closest to

the probe tip. Data were acquired with SpikeGLX software at 30 KHz with an amplifier gain of 500 for each channel and high-pass

filtered with a cutoff frequency of 300 Hz. Spike sorting was performed using Kilosort3 to automatically cluster units from raw data

(Pachitariu et al., 2016). The resulting spike clusters were manually curated using Phy (https://github.com/cortex-lab/phy), and any

unit with sufficient refractory period violations, inconsistent waveform amplitude across the duration of the recording, or clipped

amplitude distribution was excluded from analyses. Probe location was confirmed via DiI (Thermofisher) reconstruction of the

recording track, and units from 500-1200 mmbelow the pial surface were included in our analyses. To detect changes in activity, firing

rates were calculated by convolving spike times with a 200 ms Gaussian kernel and mean changes in firing rate were calculated by

subtracting the firing rate during a baseline period (200 ms period before cue or laser presentation) from a response period (�100

to +100 ms peri-movement onset). Significant changes were identified by comparing bootstrapped 95% confidence intervals of

these mean changes in firing rates to 0. Firing rate trajectories are presented as spike times convolved with a 50 ms Gaussian kernel.

Spike time rasters are presented showing a random sample of cue trials matching the number of photostimulation trials. Spike widths

were calculated as the duration from trough to peak of the spike waveform.

Quantifying muscimol diffusion
To measure muscimol diffusion, a small volume of muscimol-BODIPY TMR-X Conjugate (ThermoFisher Scientific; dissolved in 0.1

PBSw/1%dimethyl sulfoxide) was injected intoMThDN/IPN (200 nl of 1mM), CFA (100 nl of 2 mM at�700 mmand�400 mmbelow the

pial surface at 5 sites centered on CFA) or DN/IPN (100 nl and 50 nl of 1mM, respectively). To mark the center of injection, pipettes

were backfilled with a small volume (�20 nl) of green (505 nm) retrobeads (Lumafluor Inc.) prior to filling with muscimol-BODIPY.

Following injection, animals were transcardially perfused and brains snap-frozen on dry ice within 10 minutes of completion of mus-

cimol injection. Brains were stored on dry ice, coronal sections (60 mm) collected with a cryostat (Leica) at �20�C and imaged with a

light microscope (Leica DMR, 5x objective). We assumed maximum fluorescencezmaximum injected concentration and that gray-

scale pixel intensity was proportional to muscimol-BODIPY concentration. Therefore, pixel values were thresholded at the equivalent

pixel value of an EC20 concentration of muscmiol and fluorescence outlines were drawn to generate a ‘spread profile’. Green retro-

beads were used to mark the center of each injection, and images were aligned to the injection center of gravity. From the aligned

profiles, a modal spread profile (i.e., pixels with positive grayscale values across all mice) was generated and aligned to the Paxinos

and Franklin Mouse Brain Atlas.

To assess the functional time course of muscimol inactivation, a silicone probe was vertically implanted into CFA (AP: 0.6, ML: 1.2-

1.6, DV: �2.0 mm) of naive head restrained mice at rest. 15 minutes of baseline activity was recorded, after which 200 nl of 1 mM

muscimol (containg 1% w/v red retrobeads) was injected at a point 500-700 mm horizontal from the shank of the probe (AP: 0.6,

ML: 1.8-2.4, DV:�1.0 mm). The recording was continued for a further 30 minutes before perfusing and collecting tissue as described

previously. Probe location was confirmed by DiI labeling, neural activity was spike sorted and analyzed as previously described, in-

dividual units were localized and the change in spike rate over time was correlated with the distance of each individual unit from the

center of muscimol injection.

Forelimb kinematic tracking
Behavior was recorded using a high-speed camera (Pharmacological experiments: Genie HM640, Dalsa; optogenetic experiments:

Mako U U-029, Allied Vision) and acquired with Streampix 7 (Norpix), synced using a TTL output from the DigiData 1440 DAC inter-

face. Forepaw and wrist positions during pharmacological inactivation experiments were calculated by tracking forepaw markers

using a custom written tracking script in Blender (2.79b, Blender Foundation). Directional tracking of forelimb movement in the

learned/altered behavioral contexts was performed using Deep Lab Cut, a markerless video tracking toolbox (Mathis et al., 2018).

Initial paw vector trajectories were plotted for the 50 ms post movement onset epoch in the learned behavioral context (LBC),

and for the altered behavioral contexts (ABC & ABC2) we plotted trajectories in the epoch 50 ms after the LBC median reaction

time. Push-like movements were defined as trials with an initial paw trajectory vector between 170� and 210�, and manually verified.

Tomeasure gross forelimbmovement, we defined a region-of-interest (ROI) covering the contralateral (left) forelimb and calculated a

motion index (MI) for each successive frame f as MIf =
PN

i 1ðcf + 1;i � cf ;iÞ2, where cf ;i is the grayscale level of the pixel of the ROI,

pixels per ROI (Schiemann et al., 2015). Movement trials were defined by calculating theMI > qwithin 500ms of cue/photostimulation
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onset, with the threshold q defined as three standard deviations above the mean MI for detecting forelimb movements, and 10 stan-

dard deviations above the mean MI for detecting licking.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis was performed using custom-written scripts in MATLAB or Python3 and code will be made available on request. All

statistical details of experiments can be found in the figure legends, including description of the specific test used and sample

sizes. Data are reported as mean ± 95% bootstrapped confidence interval, 10,000 bootstrap samples, unless otherwise indicated.

Where multiple measurements were made from a single animal, suitable weights (proportional to the contribution from each animal)

were used to evaluate summary population statistics and to obtain unbiased bootstrap samples. Statistical comparisons using the

significance tests stated in the main text were made in MATLAB, and statistical significance was considered when p < 0.05 unless

otherwise stated. Data were tested for normality with the Shapiro–Wilk test, and parametric/non-parametric tests were used as

appropriate and as detailed in the text. Data inclusion/exclusion criteria have been listed throughout the method details section

where relevant.
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trials, demonstrating that this projection can initiate movement. If the pathway conveys

a movement timing signal, as suggested by the MThDN/IPN recordings, then CFA activity

during photoactivation-evoked movements should be similar to CFA activity during cued

movements. Motivated by this reasoning, Dr Joshua Dacre recorded the activity of CFA

neurons in the same mice using high-density Neuropixels probes. Using the  pixels

pipeline described in Chapter 3, I processed and analysed data from 4 mice to identify

putative pyramidal cells (216 units) in layer 5B and examined how their firing patterns

related to cued pushes and pushes triggered by DN/IPN terminal stimulation (Figures

5e-h, S5s-u).  By testing for significant firing rate changes between a pre-cue baseline

period and a peri-movement onset period, I identified 47/216 units that were recruited

during cued movements. Next, I tested these units for significant firing changes during

photoactivation trials and found that 30/47 (64%) were similarly recruited during these

trials,  irrespective  of  the  direction  of  firing  rate  changes.  These  results  suggest  that

photoactivation of DN/IPN input to MThDN/IPN could mimic cue-evoked activity patterns in

CFA.

These  experiments,  in  combination  with  experiments  performed  by  others

demonstrating  that  inactivation  of  MThDN/IPN blocks  movement  initiation  and

photoactivation of MThDN/IPN axon terminals in CFA can trigger movement, revealed an

influential role for the DN/IPN-thalamocortical pathway in movement initiation.
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Appendix  B:  Movement-specific  signaling  is  differentially

distributed across motor cortex layer 5 projection neuron

classes

Currie, S.P., Ammer, J.J., Premchand, B., Dacre, J., Wu, Y., Eleftheriou, C., Colligan, M., Clarke,

T.,  Mitchell,  L.,  Faisal,  A.A.,  Hennig,  M.H.,  Duguid,  I.,  2022.  Cell  reports  (Cambridge)  39,

110801-110801. https://doi.org/10.1016/j.celrep.2022.110801

Primary motor cortex generates movement commands and outputs them via layer 5B

projection neurons to the brain stem and spinal cord. While a majority of motor cortex

layer 5 projection neurons have been shown to display movement-related activity  in

rodents, whether this activity encodes information about the type of movement being

executed remained unclear.  To  investigate  movement-specific  signalling  output  from

motor cortex, we examined activity patterns in layer 5B of the caudal forelimb area of

motor cortex (CFA) in mice performing a cued forelimb push/pull task. We found that

population  dynamics  were  dominated  by  movement-invariant  activity,  and  that

movement-specific  activity  was  displayed  differentially  by  small  subpopulations  of

pyramidal tract (PT) and intratelencephalic (IT) neuron populations (see attached paper).

First, we sought to understand how activity in CFA layer 5B related to the execution of

push and pull movements. In behaving mice, Dr Stephen Currie performed two-photon

calcium imaging in CFA at depths corresponding to layer 5B, which were determined in

separate experiments in which PT neurons were labelled by retrograde tracer injected

into the pons. While a majority of neurons (468/653, 73.5%) displayed movement-related

activity,  only  a  small  minority  (181/653,  27.7%)  displayed  activity  that  distinguished

between the two movement types. This technique provides an indirect readout of neural

activity  that  depends  on  calcium  indicators  that  report  changes  in  calcium  ion

concentration via changes in fluorescence. A limitation of this technique is that calcium

indicators report a low-pass filtered, delayed, and transformed version of firing rates

(Wei  et  al.,  2020).  Therefore,  we  sought  to  confirm  that  the  relatively  low  level  of

movement-specific activity was not the result  of  using calcium indicators,  which may

have masked subtle changes in firing rate. To validate the imaging results with a higher
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In rodents, descending information from the main output layer

of motor cortex, layer 5B, is routed via two molecularly and

anatomically defined projection pathways. Pyramidal tract (PT)

neurons innervate multiple targets, including the thalamus, sub-

thalamic nucleus, superior colliculus, ipsilateral striatum, brain

stem, and spinal cord, but not the cortex or contralateral striatum

(Economo et al., 2018; Kita and Kita, 2012; Muñoz-Castañeda

et al., 2021; Ueta et al., 2014; Winnubst et al., 2019), whereas in-

tratelencephalic (IT) neurons target cortex and the striatum

bilaterally but not other subcortical targets (Levesque et al.,

1996; Muñoz-Castañeda et al., 2021; Wilson, 1987; Winnubst

et al., 2019). Although layer 5Bneurons are reciprocally connected

(Kiritani et al., 2012; Morishima and Kawaguchi, 2006; Morishima

et al., 2011), connectivity is essentially unidirectional from IT to PT

neurons (Kiritani et al., 2012). This formof asymmetric across-pro-

jection class connectivity appears to be a common cortical motif

necessary for sensorimotor processing (Brown and Hestrin, 2009;

Kiritani et al., 2012; Molyneaux et al., 2007; Reiner et al., 2010).

From a descending control perspective, asymmetric connectivity

coupled with differential PT and IT intrinsic excitability, sensitivity

to neuromodulation and local- and long-range inputs (for reviews,

see Baker et al., 2018; Shepherd, 2013) provides amechanism for

flexible routing of information via distinct output channels depend-

ing on behavioral state and task requirements. Accumulating evi-

dence suggests that PT neurons provide an essential source of

descending control for execution of voluntary limb movements

(Economo et al., 2018; Nelson et al., 2021; Peters et al., 2017;

Soma et al., 2017; Wang et al., 2017), whereas IT neurons provide

input to cortical and striatal circuits contributing to movement

preparation and specification (Panigrahi et al., 2015; Park et al.,

2022; Yttri and Dudman, 2016), but howmovement-specific infor-

mation is spatiotemporally organized across the two output chan-

nels remains unclear.

Here we performed 2-photon calcium imaging in deep layers

of the caudal forelimb area (CFA) of mice trained to perform

two diametrically opposing forelimb movements (i.e., an alter-

nating push/pull lever task). By combining population imaging

with neural classifiers and dimensionality reduction, we show

that the majority of layer 5B neurons display movement-invariant

signaling (i.e., the same magnitude of response for push and pull

movements), correlated with movement timing rather than

movement type, whereas small subpopulations of PT and IT neu-

rons convey movement-specific information. Decoding move-

ment type was most prevalent prior to movement initiation in IT

neurons and during movement execution in PT neurons, with

neurons with high decoding accuracy from both projection clas-

ses being temporally uncorrelated and distributed across layer

5B. These findings provide evidence that movement-invariant

signaling dominates layer 5B activity, whereas movement-spe-

cific information is spatially and temporally distributed across

projection neuron classes.

RESULTS

CFA is required for execution of a push/pull lever task
for mice
To explore how layer 5B signaling relates to execution of

different movements, we first developed a cued linear push/
2 Cell Reports 39, 110801, May 10, 2022
pull lever task for mice. The task design required mice to push

or pull a horizontal lever during presentation of a 2-s 6 kHz audi-

tory cue to receive a water reward. After a 4- to 6-s inter-trial in-

terval (ITI), mice had to push the lever 4 mm forward from an

initial starting position. The lever would then be locked, and a

servo-controlled lick spout would deliver a 5-mL reward following

a 1-s delay. The lever then unlocked, and a second ITI

commenced, where mice would be expected to pull the lever

backward 4 mm to the original starting position after presenta-

tion of the same 6-kHz auditory cue. Missed trials or sponta-

neous movement during the ITI resulted in a lever reset and

restarting of the ITI (Figure 1A). Individual mice displayed idio-

syncratic strategies to engage with the lever but showed repro-

ducible trial-to-trial forelimb trajectories (Figure 1B). In general,

mice reoriented their forelimb and paw upon cue presentation

(lift and rotate backward for pushes, lift and rotate forward for

pulls) (Video S1) prior to initiation of the push or pull action.

Mice rapidly learned the task (mean, 10.5 days; [4] inter-quartile

range (IQR); N = 24 mice), displaying fast reaction times and

movement durations that reflect the combination of paw reorien-

tation and lever manipulation (Figure 1C). ‘‘Expert’’ mice

completed 44.5 [9.5] IQR successful push and 45.0 [8.5] IQR

successful pull trials during each 30-min behavioral session,

equating to �71% task success (push median 68.0%, [35.9]

IQR; pull median 74.5%, [43.4] IQR; N = 24 mice) (Figures 1D

and 1E).

To confirm that CFA is required for execution of push and pull

movements, we focally injected the Gamma aminobutyric acid

type A (GABAA) receptor agonist muscimol (1.6 mm lateral and

0.6 mm rostral of bregma; STAR Methods; Dacre et al., 2021;

Schiemann et al., 2015). By applying muscimol during behavior,

we could assess the immediate effects of CFA inactivation within

the first 10 min after drug injection (Figure 1F), where drug

diffusion remained in the targeted region (Figures S1A–S1C).

Muscimol rapidly blocked initiation of both actions, reducing

the number of successful trials in the first 10 min by �65%

(push Pre 13.9 [11.1 17.1] 95% CI trials, push Post 5.0 [3.3 6.8]

95%CI trials, N = 10mice; pull Pre 14.0 [10.9 17.2] 95%CI trials,

pull Post 5.3 [3.2 7.4] 95% confidence interval [CI] trials, N = 10

mice) (Figure 1G). Sham injections of saline into CFA ormuscimol

injections into hindlimb motor cortex had no effect on behavior

(Figures S1D–1G). Blocking CFA activity resulted in an inability

to initiate push or pull movements and monoparesis of the

contralateral forelimb (i.e., localized weakness without complete

loss of function), as evidenced by a significant reduction in paw

position accuracy (i.e., the forepaw was not positioned on the

lever at cue presentation) (Figures 1H and S1H–1J; Video S2).

The effect of muscimol inactivation was most pronounced in

mice that displayed the highest number of successful trials, con-

firming that task execution is CFA dependent even in expert mice

(Hwang et al., 2019, 2021; Kawai et al., 2015; Figure S1K).

Movement-invariant signaling dominates layer 5B
activity patterns
To examine how output from CFA relates to execution of push

and pull movements, we restricted imaging of behavior-related

population activity to cortical depths corresponding to layer 5B,

the upper boundary of which was identified by the presence of
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push and pull trials, whereas smaller proportions of type 2 neu-

rons (25/181 neurons, 13.8%, N = 6 mice) and type 3 (15/181

neurons, 8.3%, N = 6 mice) displayed movement selectivity

(i.e., a significant change in DF/F0 for one movement with no

response during the opposing movement). Finally, a small mi-

nority of cells displayed reduced activity during push and pull

trials, classified as type 4 neurons (5 of 181 neurons, 2.8%;

N = 6 mice) (Figures 2I and 2J). In terms of spatial organization,

movement bias neurons were found in all FOVs and were

spatially intermingled with movement-invariant neurons

(Figures 2H and 2K). Although there was a high degree of vari-

ability in DF/F0 changes trial to trial, no consistent differences in

mean pairwise trial to trial DF/F0 correlations were found be-

tweenmovement-invariant andmovement-bias neurons across

trial types (Figure 2L). A small proportion of bias neurons dis-

played differences in baseline DF/F0 between push and pull tri-

als, which could reflect postural differences (i.e., different trial to

trial start positions for push and pull trials) or differential prepa-

ratory activity (Li et al., 2015; Figures S2D–S2F). However,

baseline differences were, on average, smaller than those

observed during the peri-movement epoch (data not shown)

and, thus, unlikely to be the main driver of movement-specific

signaling. Given that DF/F0 changes provide an indirect readout

of neural activity, we sought to confirm the proportions of move-

ment-invariant and movement-bias neurons in layer 5B using

high-density silicone probe recordings. Putative layer 5B pro-

jection neurons were identified using spike-width thresholding

and electrode depth profiling based on retrograde labeling

from the pons (Figures S2G–S2I). We found similar proportions

of movement-invariant and push/pull bias neurons when

comparing both recording methods (Figures 2M and S2J–

S2L), confirming that movement-invariant signaling dominated

layer 5B responses, whereas a small proportion of neurons

conveyed movement-specific information.

Movement-specific signaling is more prevalent in
superficial layers
Excitatory networks in primary motor cortex display a top-down

laminar organization, where output from layer 2/3 provides

strong excitatory input to upper layer 5B projection neurons (An-

derson et al., 2010; Weiler et al., 2008). Thus, movement bias in

layer 5B neurons could be inherited from top-down input. To

explore this possibility, we imaged behavior-related activity in

layer 2/3 of CFA and found that, in contrast to layer 5B, move-

ment-specific signaling dominated, with �60% of neurons dis-

playing push or pull bias (movement bias, 216 of 375 neurons,

57.6%; movement-invariant, 159 of 375, 42.4%; N = 5 mice).

The vast majority of movement bias neurons were classified as

type 1 (200 of 216 neurons, 93.0%), showing increased DF/F0
during push and pull trials (Figures S3A–S3G). The difference in

lamina-specific activity profiles could indicate a top-down
(K) 2 overlapping FOVs from a single mouse, showing neurons with push (blue) or

neurons.

(L)Mean pairwise trial-to-trialDF/F0 correlation for push (blue) and pull (green) trials

N = 6 mice). Black dots represent individual mice.

(M) Proportion of invariant and push- and pull-biased neurons per mouse (n = 468

cross marks an identified outlier.
convergence of movement-specific information where wide-

spread movement bias signaling in layer 2/3 converges on spe-

cific subpopulations of downstream layer 5B neurons.

A small proportion of layer 5B neurons decode
movement type
Next we investigated how reliably movement type could be de-

coded from layer 5B single-neuron and population changes in

DF/F0 using a Gaussian naive Bayes classifier and logistic

regression, respectively (STAR Methods). Approximately 37%

of neurons (172 of 468 neurons) displayed decoding accuracy

scores above chance (Figure 3A), similar to but slightly higher

than the combined proportion of identified push and pull bias

neurons (see Figure 2M), likely reflecting subtle differences in

the sensitivity of both approaches (see also layer 2/3 decoding

accuracy scores for comparison; Figure S3H). Given the trial-

to-trial variability in DF/F0 and resultant moderate decoding

scores (Figures 2I and 3A), we reasoned that population re-

sponses could provide a more robust movement-related signal

that would enhance decoding of movement type. By applying lo-

gistic regression, population decoding was found to be consis-

tently more accurate (single-cell median decoding accuracy =

0.61, [0.07] IQR; population median decoding accuracy 0.75,

[0.16] IQR; N = 6 mice, p = 2.8 3 10 2, Wilcoxon signed rank

test) (Figure 3B). However, this increase was driven almost

entirely by a small proportion of neurons with high decoding ac-

curacy. Removing the top �20% of neurons ordered by decod-

ing accuracy score abolished movement type classification (me-

dian prop. removed = 0.21, [0.50] IQR, N = 6 mice), whereas

sequential removal of randomly selected neurons resulted in a

significantly larger proportion of neurons having to be removed

before decoding accuracy reduced to chance (median prop.

removed = 0.64, [0.57] IQR, N = 6mice, p = 2.83 10 2, Wilcoxon

signed rank test) (Figure 3D–3F). This dependency on neurons

with high decoding accuracy suggests that movement-specific

information is routed through a selected subset of layer 5B

neurons.

To further explore the underlying structure of layer 5B popula-

tion activity, we employed principal-component analysis

(Churchland et al., 2010, 2012; Cunningham and Yu, 2014; Kauf-

man et al., 2014; Stopfer et al., 2003). For the leading 16 principal

components, we compared the difference between push and

pull trials to compute a discrimination index (d’) (Figure S4A).

Leading principal components tended to be more similar across

actions, whereas movement type was often better represented

by higher components (Figure S4B). Despite correlating with

population decoding scores, high d’ values were not preferen-

tially associated with the leading principal components of the

population activity (Figures S4C–4E), suggesting that movement

type is not a dominant signal in the population response (Kauf-

man et al., 2016).
pull (green) bias. Gray, movement-invariant, non-responsive, or reward-phase

in invariant and push- and pull-biased neurons (n = 468 neurons from 12 FOVs,

neurons from 12 FOVs, N = 6mice). Black dots represent individual mice. A red
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and pull trials. We found weak correlations within and across

groups irrespective of cell type identity (Figures 5C, 5D, and

S6). Moreover, comparing the activities of PT and IT neurons

as a function of their pairwise distance suggested that neigh-

boring neurons did not show correlated activity or spatiotem-

poral clustering (Figures 5E–5G). Thus, our data suggest amodel

where movement-specific information is routed through small,

distributed subpopulations of layer 5B projection neurons,

whereas most neurons convey movement-invariant information

related to the timing of movement execution (Figure 5H).

DISCUSSION

Here we have shown that layer 5B neuronal signaling is mostly

movement-invariant, with similar activity patterns generated dur-

ing execution of two diametrically opposing movements.

Changes in activity were tightly locked to the peri-movement

period, indicative of a generic motor signal relating to movement

timing but notmovement type.Movement- or condition-invariant

signaling also dominates in primate motor cortex, thought to

trigger state-dependent switching from stable neural dynamics

during rest toward oscillatory dynamics underpinningmovement

execution (Churchland et al., 2010, 2012; Kaufman et al., 2014,

2016; Kurtzer et al., 2005), and is an emergent property of recur-

rent neural networks trained to recapitulate complexmuscle pat-

terns during reaching (Sussillo et al., 2015). In contrast to primate

motor cortex, we found widespread movement-invariant re-

sponses at the single-neuron level (Kaufman et al., 2016). This

is unlikely to reflect differences in recording sensitivity, given

that our imaging and electrophysiology approaches identified

similar proportions of movement-invariant neurons across layer

5B (Wei et al., 2020; Zhou and Tin, 2021), or the limited number

of movements in our task because movement-invariant re-

sponses have been shown in relatively simple tasks requiring

few actions (Evarts, 1968; Hocherman and Wise, 1991; Messier

and Kalaska, 2000; Riehle et al., 1994; Weinrich et al., 1984) and

in complex tasks involving more than 20 separate actions (Kauf-

man et al., 2016). Instead, this might reflect evolutionary differ-

ences in how motor cortex recruits and controls muscle activa-

tion during the transition from rest to movement execution.

Cell-type-specific imaging identified that movement-invariant

signaling dominated PT neuron activity, suggesting that a large

proportion of the output conveyed to subcortical, brain stem,

and spinal cord areas relates to execution of movement without

necessarily specifying movement type, whereas equal propor-

tions of IT neurons displayed movement-invariant versus move-

ment-specific signaling. If movement-invariant signaling relates

to the execution of movement and dominates deep-layer motor

cortex activity, thenwhat drives the change in neural activity, and

what purpose might it serve? Long-range inputs from the thal-

amus, basal ganglia, secondary motor cortex, and cerebellum

are possible sources (Hooks et al., 2013, 2018; Nelson et al.,

2021), providing an external trigger to transform motor cortical
(I) Box-and-whisker plots showing median, IQR, and range of single-cell (naive B

accuracy of PT (left) and IT (right) neurons. Comparisons were made with a two

(J) Proportion of neurons with decoding accuracy above chance (i.e., HDA) acros

110 neurons from 5 FOVs, N = 4 mice. Dashed line, MI.
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dynamics necessary for postural maintenance at rest to a neural

state required for movement execution. This switch in neural dy-

namics would signify the intention to move, but not which move-

ment will be executed (Elsayed et al., 2016; Kaufman et al.,

2016). An important next stepwill be to developmethods to iden-

tify and selectively manipulate neurons displaying movement-

invariant signaling to demonstrate their causal contribution to

postural control and timing of movement execution.

We reasoned that execution of two diametrically opposing

movements should, in principle, generate distinct patterns of

cortical output dynamics, given differences in starting posture,

direction of movement, and temporal sequence of muscle acti-

vation (Isomura et al., 2009; Miri et al., 2017). Although we found

that the majority of layer 5B neuron signaling was movement

invariant, a relatively small proportion of neurons displayed

response bias toward push or pull movements. The relatively

low level of movement-specific signaling is unlikely to be due

to masking of subtle changes in spike rate when using calcium

reporters (Wei et al., 2020; Zhou and Tin, 2021) because we

observed similar proportions of movement-specific signaling

when performing high-density extracellular recordings of puta-

tive layer 5B projection neurons. The firing rates of individual

neurons inmotor cortex reflect a complex combination of signals

that correlate with joint angle, direction, and speed (Georgopou-

los et al., 1982; Moran and Schwartz, 1999; Paninski et al., 2004;

Thach, 1978), whereas population dynamics reflect time-varying

changes in neural state during the transition from rest to move-

ment execution (Churchland et al., 2010, 2012; Kaufman et al.,

2014, 2016; Kurtzer et al., 2005; Sauerbrei et al., 2019). In

mice, individual layer 5B neurons displayed moderate decoding

accuracy scores, likely because of relatively high trial-to-trial

variability, whereas the population average was consistently

higher across mice. We found that only a small proportion

(�20%) of neurons contributed to high population decoding ac-

curacy scores, with their combined effects accurately decoding

three-quarters of all trials. Removing only a handful of neurons

per FOVwas sufficient to abolish decoding, confirming that ami-

nority of neurons convey the majority of information regarding

movement type. This dependency on only a few neurons has

important implications for understanding how movement-spe-

cific information is encoded in primary motor cortex, given that

recording of neural dynamics during execution of a single move-

ment task will likely uncover widespread movement-invariant

signaling, which relates to limb movement, but not the specific

movement being executed.

In mouse cortex, projection neurons display connectivity pat-

terns within and across classes that suggest general organizing

principles (Brown and Hestrin, 2009; Kiritani et al., 2012; Mar-

uoka et al., 2017; Morishima et al., 2011). IT neurons in motor

cortex are strongly recurrently connected, whereas inter-class

connectivity is largely directional from IT to PT but not vice versa,

generating a hierarchical organization with unidirectional

signaling from higher-order to lower-order output neurons
ayes classifier, orange) and population (logistic regression, brown) decoding

sample t test. Black dots represent individual mice.

s time. PT, purple; n = 58/171 neurons from 6 FOVs, N = 5 mice. IT, red; n = 43/
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(Kiritani et al., 2012). Asymmetric projection-class connectivity

as well as differences in input structure and intrinsic excitability

(Anderson et al., 2010; Hooks et al., 2013; Kiritani et al., 2012;

Oswald et al., 2013) provide amechanism to flexibly route move-

ment-specific information via two independent output channels

depending on behavioral requirements. Our cell-type-specific

imaging identified that only a small proportion of PT neurons

conveyed movement-specific information. In contrast, almost

half of IT neurons displayed movement specificity, with similar

proportions of push and pull bias. Although PT and IT activity on-

sets occurred prior to and throughout movement, consistent

with both pathways contributing to movement initiation and

execution (Chen et al., 2017; Economo et al., 2018; Li et al.,

2015; Park et al., 2022; Wang et al., 2017), the proportion of IT

neurons with high decoding accuracy was highest prior to move-

ment initiation, whereas for PT neurons, this occurred during

movement execution. This suggests that information relating to

movement type is first conveyed by IT neurons, which project

to the cortex and bilaterally to the striatum but not other subcor-

tical structures (Levesque et al., 1996; Muñoz-Castañeda et al.,

2021; Wilson, 1987; Winnubst et al., 2019), before PT neurons

then propagate information to subcortical, brain stem, and spinal

cord circuits necessary for online control of forelimb movement

(Economo et al., 2018; Kita and Kita, 2012; Muñoz-Castañeda

et al., 2021; Ueta et al., 2014; Winnubst et al., 2019). Importantly,

the proportions of PT or IT neurons decoding movement type at

any time never exceeded 25%, consistent with movement-spe-

cific signaling being confined to a relatively small subpopulation

of layer 5B projection neurons. What is unclear is the extent to

which movement-specific signaling in PT and IT neurons is orga-

nized by the projection target, as seen in anterolateral motor cor-

tex during directional licking (Chen et al., 2017; Economo et al.,

2018; Li et al., 2015). Targeting neurons based on molecular

expression profiles and projection specificity (Muñoz-Castañeda

et al., 2021; Winnubst et al., 2019) will provide a finer-grained un-

derstanding of how movement-specific information is routed via

molecularly distinct projection pathways.

We also found that PT and IT neurons displaying high decod-

ing accuracy were distributed across FOVs. This lack of func-

tional clustering differs from the proposed modular organization

of directionally tuned cells in primate motor cortex, where neu-

rons with a similar preferred direction tend to cluster into verti-

cally oriented minicolumns approximately 50–100 mm wide,

repeated every 250 mm (Amirikian and Georgopoulos, 2003;

Cheney et al., 1985; Georgopoulos et al., 2007; Jones and

Wise, 1977), but consistent with the distributed spatial organiza-

tion of direction-specific layer 5B projection neurons in mouse

anterolateral motor cortex during execution of a whisker-based

object location discrimination task (Li et al., 2015). The apparent

lack of spatial clustering in CFA is unlikely to be due to reduced

sensitivity of our analysis methods because 95% confidence in-

tervals provide a lower bound indication of cluster size so that

spatial clusters based on decoding accuracy would have to be

less than �50 mm. Similarly, we found no evidence of temporal

clustering in neurons with high (movement-specific) or low

(movement-invariant) decoding accuracy, as expected, given

that the onset of PT and IT neuron activity changes occurred

�300ms prior to movement and tiled the peri-movement period.
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Our work extends previous findings in superficial layers of motor

cortex showing that neurons with task-related response proper-

ties are spatially intermingled (Galiñanes et al., 2018; Huber et al.,

2012), supporting amodel wheremovement-specific signaling in

layer 5B is distributed across small but distinct subpopulations

of projection neurons. The flexible routing of information through

distributed descending projection pathways could, in principle,

provide a mechanism for differentially controlling movement var-

iables necessary for executing a wide repertoire of limb

movements.

Limitations of the study
In the present study, we suggest that layer 5B population dy-

namics largely reflect movement-invariant signaling, whereas

relatively small subpopulations of projection neurons convey

movement-specific information. However, our task design was

limited to two diametrically opposing movements along a single

axis, where the starting posture for push and pull movements

differed. A fuller understanding of how movement-specific

signaling is organized across mouse layer 5 projection neurons

would require implementation of a task that incorporates multi-

ple movement trajectories initiated from the same start position

(e.g., a center-out multi-direction joystick or reaching task) or a

task in which mice learn to perform multiple distinct actions

(e.g., lever push and reach to grab). Another limitation of our

study is that we only sampled the activity of identified projection

neurons in upper layer 5B. Given the known depth dependence

of top-down and long-range inputs in layer 5 (Anderson et al.,

2010; Weiler et al., 2008; Hooks et al., 2013) and laminar organi-

zation of output neurons based on projection targets (Economo

et al., 2018), encoding of movement specificity is likely to differ

depending on cortical depth. This could be addressed using

methods to image deeper within the cortex (e.g., using a glass

prism or 3-photonmicroscopy) or high-density silicone probe re-

cordings with optogenetic identification of projection neuron

class.
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able lever still as spontaneous movements of the lever within the ITI triggered a reset and the lever was locked in the original position

for 1 s. The response window was gradually reduced to 5 (phase 3) and then 2 s (phase 4) across training sessions. Mice were

deemed ‘‘expert’’ after achieving > 70 rewards on two consecutive days of training with a response window of 2 s. During

2-photon imaging experiments (see below), a 1 s delay between completion of a successful movement and reward delivery was intro-

duced to temporally separate movement- and reward-related activity.

Forelimb kinematic tracking
Behavior was recorded using a high-speed camera (60 fps Prosilica GC780C, Allied Vision, Germany or 100 - 300 fpsMako U U-029,

Allied Vision - cell-type specific calcium imaging and in vivo pharmacology) and acquired using Streampix 7 (Norpix, Canada) or

Mantis64 (https://www.mantis64.com/). Tomeasure gross forelimbmovement, a region of interest (ROI) wasmanually drawn around

the left forelimb and the frame-to-frame difference in pixel intensity was calculated using the formula: MIf =
PN

i 1ðcf + 1;i � cf ;iÞ2,
where cf,i is the grayscale level of pixel i in frame f. The resulting motion index was smoothed with a 1 s LOESS filter then aligned

to behaviorally relevant time points (lever displacement, cue presentation etc.), with videos and behavior resampled to a common

sampling rate. Motion index onsets were calculated by aligning the motion index to the lever movement and identifying the first point

prior to movement wheremeanmotion index was > threshold (mean upper bound of 95%confidence interval during baseline). Direc-

tional tracking of the forelimb and lever movement was performed using Deep Lab Cut (Mathis et al., 2018). Tracking data were

aligned to cue presentation, baselined to mean xy position during the 100ms prior to cue and then cropped betweenmovement initi-

ation and movement completion. For presentation, trials of different durations were resampled to a fixed length to enable a mean

trajectory to be plotted across multiple trials.

In vivo pharmacology
To assess the behavioral effects of caudal forelimb area (CFA; N = 10) or hind limb motor cortex (M1hl; N = 5) inactivation, ‘expert’

mice had a small burr hole drilled directly above the target area (CFA: 1.6 mm lateral, 0.6mm rostral to bregma; M1hl: 1.25mm lateral,

1.25 caudal to bregma) before being left to recover for > 90mins. After 10mins of baseline behavior, the lever was locked and a small

volume of the GABAA receptor agonist muscimol (200 nl, 2 mM) dissolved in external saline solution (containing 150 mM NaCl,

2.5 mM KCl, 10 mM HEPES, 1.5 mM CaCl2 and 1 mM MgCl2, adjusted to pH 7.3) was injected into the target area. Each injection

site was at a depth of 0.7 mm below the cortical surface. To confirm the anatomical location of drug injection, 1% w/v of retrobeads

(red, Lumaflor Inc.) was included in the injected solution. A subset of mice (N = 5/10) also had saline injected into CFA (vehicle only;

injection was perfromed on a different day). In these experiments, mice were randomly assigned to drug or control groups (each

mouse received one injection of muscimol and one injection of saline) and experiments were blinded. After each experiment,

mice were transcardially perfused and coronal (60 mm) or sagittal (100 mm) sections were cut with a vibratome (Leica VT1000S),

mounted with Vectashield mounting medium (H-1000, Vector Laboratories), imaged using a fluorescence microscope (Leica

DMR, 5x objective) and manually referenced to the Paxinos and Franklin Mouse Brain Atlas (Paxinos and Franklin, 2008). Behavioral

metrics were analyzed by comparing videos of 10 mins pre and post injection. Behavioral video data for all pharmacology experi-

ments was captured using a high-speed camera (Mako U U-029, Allied Vision), and paw position accuracy was calculated as the

proportion of trials in which mice were holding the moveable lever at time of cue presentation.

Quantifying muscimol diffusion
Tomeasuremuscimol diffusion, a small volume ofmuscimol-BODIPY TMR-XConjugate (ThermoFisher Scientific; dissolved in 0.1 PBS

w/1% dimethyl sulfoxide) was injected into CFA (200 nl of 2 mM at 4 sites centered on 1.6 mm lateral, 0.6 mm rostral to bregma at a

depth of 0.7mmbelow the cortical surface). Tomark the center of the injection site, pipetteswere backfilledwith a small volume (�20 nl)

of green retrobeads (Lumafluor Inc.) prior to filling with muscimol-BODIPY. Following injection, animals were transcardially perfused

and brains snap-frozenon dry ice 10minutes after completion of themuscimol injection. Brainswere stored ondry ice, coronal sections

(60 mm) collectedwith a cryostat (Leica) at -20�Cand imagedwith a lightmicroscope (Leica DMR, 5x objective).We assumedmaximum

fluorescencezmaximum injected concentration and that grayscale pixel intensity was proportional to muscimol-BODIPY concentra-

tion. Therefore, pixel valueswere thresholded at the equivalent pixel value of an EC20 concentration ofmuscimol and fluorescence out-

lines were drawn to generate a ‘spread profile’. Green retrobeads were used to mark the center of each injection, and images were

aligned to the injection center of gravity. From the aligned profiles, a modal spread profile (i.e., pixels with positive grayscale values

across all mice) was generated and aligned to the Paxinos and Franklin Mouse Brain Atlas (Paxinos and Franklin, 2008).

Retrograde tracing
To selectively label pyramidal tract (PT) neurons in layer 5B of CFA, red retrobeads (Lumafluor, USA) were injected into the pons

(4.0 mm caudal and 0.4 mm lateral to bregma ipsilateral to the target CFA), delivered via pulled glass pipettes (5ml, Drummond Sci-

entific, PA, USA; 10–20 nl/min) using an automated injection system (Model Picospritzer iii, Parker, NH, USA). Injectionsweremade at

4 sites (100 nl per site) located 200, 400, 600 and 800 mmdorsal from the cranial floor. After > 14 days post-injection, mice were termi-

nally anaesthetized using an intraperitoneal injection of a ketamine/domitor mixture (75mg/kg ketamine, 1mg/kg domitor) and trans-

cardially perfused with 30 ml of phosphate-buffered saline (PBS) followed by 30 ml of 4% paraformaldehyde (PFA, Sigma-Aldrich,
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MO, USA), dissolved in PBS and adjusted to pH 7.4. Brains were post-fixed at 4�C for 1–3 days in 4% PFA solution, then transferred

to PBS solution. Individual brains were cut into coronal sections (60 mm) using a vibrating microtome (Leica VT1200S, Leica Micro-

systems (UK) Ltd.) and mounted with Vectashield Antifade Mounting Medium (Vector Laboratories, CA, USA). Images were acquired

with a Leica DM R epifluorescence microscope and image analysis was performed using ImageJ (Rueden et al., 2017) and MATLAB

(MathWorks, MA, USA). To obtain estimates of the depth of layer 5B in CFA, 3 coronal sections from each brain were imaged

(0.54 mm, 0.6 mm and 0.66 mm rostral to bregma). Brightness/contrast adjustments and background subtraction (rolling ball,

30 pixels wide at 1.28 mm/pixel; Fiji (Schindelin et al., 2012)) functions were performed to reduce the contribution of background au-

tofluorescence. Each ROI was then divided into 25 mm deep bins that were normalized to a value between 0 and 1, with 0 being the

darkest bin and 1 being the brightest bin and all bins were compared to baseline. To obtain a depth profile of layer 5B within CFA, the

depth of the dorsal-most retrogradely labeled neurons were recorded at 100 mm intervals from 1.3 - 1.9 mm lateral to bregma and

repeated in 5 sequential coronal sections from 0.36 - 0.84 mm rostral to bregma. For each mouse, the depth of layer 5B at the center

of CFA (1.6mm lateral, 0.6mm rostral to bregma) was taken as the reference depth and the depths of other locations reported relative

to this value.

Immunohistochemistry
Mice expressing GCaMP6s were transcardially perfused and horizontal sections (30 mm) were cut parallel to the surface of CFA. Sec-

tions were rinsed in PBS overnight, incubated with a blocking solution (PBS, with 0.5% Triton X-100 (Sigma-Aldrich) and 10% goat

serum (Sigma-Aldrich)) for 2 hrs and rinsed with PBS. Sections were incubated overnight with mouse anti-NeuN (MAB377 Anti-NeuN

Antibody, clone A60, Sigma-Aldrich) diluted 1:1500 in carrier solution (PBS, with 0.5% Triton X-100 and 1% goat serum), then rinsed

with PBS. For secondary antibody binding, sections were incubated overnight with goat anti-mouse Alexa Fluor 568 (Invitrogen, MA,

USA) diluted 1:750 in carrier solution then rinsed with PBS. Sections were mounted onto glass slides, briefly air-dried, covered with

Vectashield Antifade Mounting Medium (Vector Laboratories), and sealed with a glass coverslip. Images of CFA were acquired using

a Nikon A1R FLIM confocal microscope (20X objective lens, 0.8 NA, Plan Apo VC, Nikon, Europe). Three images were taken at im-

aging planes corresponding to layer 5B (550 mm from the cortical surface). The number of cells in each image was manually counted

and divided by the area to obtain a measure of neuron density. For most FOVs recorded during calcium imaging, neurons were not

visible in all portions of the frame due to occlusion by blood vessels. Polygons were manually drawn around visible neurons in each

field-of-view to provide a realistic estimate of the imaging area.

2-photon imaging
To perform population calcium imaging in layer 5B (12 FOVs, N = 6 mice), 200 nl of the adeno-associated virus (AAV) AAV1-

SynGCaMP6s (diluted to 2.9x1012 GC/ml, Addgene 100844-AAV1) was injected into CFA (1.6 mm lateral, 0.6 mm rostral to

bregma and 0.6 mm from the cortical surface) using a pulled glass pipette (5 ml, Drummond Scientific; 10–20 nl/min) and auto-

mated injection system (Model Picospritzer iii, Parker), before sealing the craniotomy with silicone (Body Double; Smooth-On,

PA, USA) and implanting a lightweight headplate. For imaging, a cranial window (glass coverslip #0; Menzel-Gläser, Germany

fixed with cyanoacrylate glue), was implanted above the virus injection site. 2-photon calcium imaging was performed using a

custom-built resonant scanning 2-photon microscope (320 x 320 mm FOV; 600 x 600 pixels) with a Ti:Sapphire pulsed laser

(Chameleon Vision-S, Coherent, CA, USA; < 75 fs pulse width, 80 MHz repetition rate) tuned to 920 nm wavelength. Images

were acquired at 40 Hz with a 40x objective lens (0.8 NA; Nikon) and custom-programmed LabVIEW-based software

(LotoScan).

For cell type specific imaging, AAV-pkg-Cre (Addgene 24593-AAVrg; 1.7x1013 GC/ml) was injected into either the ipsilateral (right)

pons (PT; 0.4 mm lateral, 0.4 mm rostral to lambda and 0.2, 0.4 and 0.6 mmdorsal from the cranial floor) or contralateral (left) CFA (IT;

4 injections centered on 1.6mm lateral, 0.6mm rostral relative to bregma at 0.7 and 0.35mm from the cortical surface) followed by an

injection of pAAV-CAG-Flex-mRuby2-GSG-P2A-GCaMP6s-WPRE-pA (Addgene 68717-AAV1; 1.8x1013 GC/ml) into right CFA

(1.6 mm lateral, 0.6 mm rostral to bregma and 0.6 mm from the cortical surface). 2-photon calcium imaging was performed using

an 8 kHz resonant scanningmicroscope (HyperScope, Scientifica, UK; 690 x 690 mmFOV; 512 x 512 pixels) with a Ti:Sapphire pulsed

laser (Chameleon Vision-S, Coherent, CA, USA; < 75 fs pulsewidth, 80MHz repetition rate) tuned to 920 nm. Imageswere acquired at

�30 Hz with a 16x objective lens (0.8 NA; Nikon) using SciScan image software (Scientifica) and synchronized with external high-

speed videos and behavioral data using Mantis64. To facilitate reliable imaging at depths > 500 mm, all imaging was performed

24 hrs post-surgery. Laser power was between 91 – 173 mW (mean = 143 mW) across all imaging sessions, well below the damage

thresholds of 250 – 300 mW outlined in Podgorski and Ranganathan (2016). The combination of low pixel dwell time and systematic

blanking of FOV edges, where the dwell time is higher, and the addition of room temperature artificial cerebrospinal fluid on the sur-

face of the skull reduced the risk of thermal effects (as discussed in Podgorski and Ranganathan 2016).

Motion artifacts in the raw fluorescence videos were corrected using discrete Fourier 2-dimensional-based image alignment (SIMA

1.3.2; (Kaifosh et al., 2014)). ROIs were drawn manually in Fiji and pixel intensity within each ROI averaged to produce a raw fluores-

cence time series (F). To remove fluorescence originating from neuropil and neighboring neurons, fluorescence signals were decon-

taminated and extracted using nonnegative matrix factorization, as implemented in FISSA (Keemink et al., 2018). Normalized fluo-

rescence was calculated asDF/F0, where F0 was calculated as the 5th percentile of the 1 Hz low-pass filtered raw fluorescence signal

and DF = F-F0. All further analyses were performed in custom written scripts in MATLAB or Python 3.
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To identify movement-related neurons, we defined a baseline (-500 ms to -150 ms relative to motion index onset) and peri-move-

ment (-150 ms relative to motion index onset to 40 ms after median movement completion) epoch. Next, we used two independent

methods: 1) a bootstrapped distribution (10,000 samples) of baseline-to-peak values (mean of the 100 ms centered on the largest

deviation from baseline within the peri-movement epoch - mean of baseline epoch) was used to test whether 95% confidence

intervals were different from 0; 2) bootstrapped distributions of mean DF/F0 in 250 ms bins within the peri-movement epoch were

compared to bootstrapped distributions of mean DF/F0 within the baseline epoch. If either method identified significant differences

the neuron was classified as movement-related. Neurons with no differences between baseline and movement epochs were clas-

sified as non-responsive and excluded from further analysis. Neurons with a median onset occurring after median movement

completion (plus a small correction factor of 40ms, to account for the rise time of GCaMP6s) were defined as ‘reward phase’ neurons

and excluded from further analysis. The median onset time of each cell was calculated by employing a previously published onset

detection algorithm using a slope sum function (SSF; Zong et al., 2003; Dacre et al., 2021) with the decision rule and window of the

SSF adapted to the calcium imaging data (threshold 10% of peak, SSF window 375ms, smoothed with a Savitzky Golay filter across

27 frames with order 2 and reported as the median of 10,000 bootstrapped samples to reduce the influence of noisy individual trials).

Prior to extracting DF/F0 onsets, we verified this algorithm with simulated data thereby accounting for any bias in the onset detection

potentially introduced by filtering and/or the decision rule. To simulate the rising phase of themovement related calcium events in our

data we used linear ramps with defined onset times and a rise time of 0.5 s mimicking GCaMP6s kinetics. We then calibrated the

onset detection algorithm on the simulated data (100 simulated cells with 30 simulated trials per cell and artificially added noise in

each trial matching the noise level in the imaging data) and updated it by a small correction factor. Neurons with movement bias

were detected using the same classification criteria described above but across movements (i.e. significant differences in bootstrap-

ped DF/F0 baseline-to-peak or 250 ms peri-movement bins).

Trial-to-trial correlations
To assess the similarity of trial-to-trial activity, the average pairwise trial-to-trial correlation coefficients (Pearson’s r) of the peri-

movement DF/F0, smoothed with a 1 s LOESS filter, were computed for each neuron. Data are presented as bootstrapped medians

per animal for each movement bias classification (10,000 repetitions, 50 samples). To investigate the relationship between trial-to-

trial similarity of movement and population DF/F0, pairwise trial-to-trial correlation coefficients (Pearson’s r) of peri-movement motion

index and pairwise trial-to-trial correlation coefficients (Pearson’s r) of the peri-movement population DF/F0 of the same trials were

compared. Population DF/F0 was the sum of all movement-related neurons in each FOV. Data were binned according to the pairwise

trial-to-trial correlation coefficients of their motion index and are presented as the bootstrapped median (10,000 repetitions, 50 sam-

ples) within each bin.

Extracellular recording and spike sorting
To compare neural activity during the task, extracellular unit recordings in CFA were performed using acutely implanted silicone

probes (Neuropixels 1.0 probes, IMEC). Data were acquired from the 384 channels closest to the probe tip (bank 0) with

SpikeGLX software at 30 KHz, an amplifier gain of 500 for each channel and high-pass filtered with a cutoff frequency of

300 Hz. Spike data were synchronized with external high-speed videos and behavioral data (cue presentation, lever movement,

and reward delivery) using Mantis64. Spike sorting was performed using Kilosort3 to automatically cluster units from raw data (Pa-

chitariu et al., 2016). The resulting spike clusters were manually curated using Phy (https://github.com/cortex-lab/phy), and any unit

with sufficient refractory period violations, inconsistent waveform amplitude across the duration of the recording, or clipped ampli-

tude distribution was excluded from analyses. Probe location was confirmed via DiI (Thermofisher) reconstruction of the recording

track and compared to retrogradely labeled PT neurons (FastBlue (Polysciences) injected into the pons) in each animal to limit anal-

ysis to units within layer 5B (upper boundary, 500-680 mm; lower boundary, 900-1080 mm; N = 5 mice). Spike widths were calculated

as the duration from trough to following maxima of the spike waveform. Putative pyramidal neurons were identified as units with

median spike widths greater than 0.4 ms.

To classify units as responsive to push or pull movements, firing rates were calculated by convolving motion index-aligned spike

times with a 50msGaussian kernel andmean changes in firing rate were calculated by subtracting themean firing rate during a base-

line period (1 s period before cue presentation) from the mean firing rates in 250ms bins tiling a response period extending back from

max(pX ushcompletion,pX ullcompletion)) to include motion index onset. Briefly, motion index onsets were calculated as the first

point after cue where the motion index was > threshold (threshold = mean motion index in a baseline window from the 1.5 s before

cue plus 2 SD). Trials where themotion index onset was prior to cue presentation were excluded from analysis. Significant responses

were identified by comparing bootstrapped 95% confidence intervals of mean changes in firing rates to 0; if at least one bin differed

from 0, that unit is consideredmovement-responsive. Movement-responsive units were classified as having a push or pull bias if con-

fidence intervals did not overlap.

Neural decoding
To decode movement type in single neurons we employed a naı̈ve Bayes classifier, where distributions of features are assumed

to be Gaussian. Movement-aligned DF/F0 data were assessed within a 5 s peri-movement window to produce a time series for

the decoding accuracy. At each time point, leaving one trial out (test trial), the likelihood of determining a push or pull was esti-
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mated based on the remaining trials (training set). The leave-one-out procedure was then repeated for all trials to calculate a

mean decoding accuracy time series for each neuron. The resulting time series were analyzed within the peri-movement epoch

- the peri-movement epoch began at -0.15 s relative to motion index onset and ended based on the peak DF/F0 response of

each neuron; the position of the median peak was calculated for each movement type and the later of these time points used as

the cut off. To identify neurons with decoding performance above chance, the bootstrapped distributions of decoding accuracy

scores were compared against a threshold value for each session. Only neurons with at least 1 bin significantly higher than

threshold were defined as high decoding accuracy. The threshold for each session was calculated based on modeled data

composed of random samples from a Gaussian distribution with the same number of trials as the experimental data. For

each session, modeled data accuracy was calculated 1000 times, assuming a prior probability of 50:50, and the mean + 2

SD was used as the threshold for significance. For population level classification of movement type, we employed logistic

regression. As above, the decoding accuracy of the time series for each population was generated via leave-one-out design

looped over all the trials in a given session. Population decoding accuracy was defined as the maximum decoding accuracy

in any 250 ms bin within the peri-movement epoch. Population decoding was also performed on subsets of the entire popula-

tion. Neurons were removed from the population one at a time, either in order from highest to lowest decoding accuracy score

or randomly, with the network retrained for each iteration. The process was repeated 25 times in the random condition and the

median of all responses used as the representative example for comparison with the ordered removal condition. Subpopula-

tions of neurons decoding significantly above chance were determined by comparing decoding scores with a shuffled dataset

(sampled randomly from 1000 time points with the trial labels (push or pull) randomized for each sample). If confidence intervals

from the population data did not overlap with those of the shuffled data, population scores were deemed to be above chance. In

3/12 FOVs the number of high decoding accuracy neurons and/or trial number were low and were excluded from further

comparison.

Dimensionality reduction
Raw fluorescence traces for all trials with successful movements in a 7.5 s peri-movement window were concatenated, filtered

with a three frame (75 ms) wide boxcar kernel, whitened, and transformed with principal component analysis. The principal

components (PCs) corresponding to the 16 highest eigenvalues, which corresponded to an average 83% (range [77 94]) cumu-

lative explained variance, were analyzed. To compute trajectories in PC space, PC projections for all trials were averaged (sepa-

rately for push or pull) and the variance and 95% confidence intervals for each time point estimated via 100-fold bootstrapping.

The separability of the trajectories for push or pull was computed in each PC separately as d’(t) = |mpush(t) - mpull(t)| /

O0.5(vpush(t) + vpull(t)), where mpush(t) and mpull(t) are the mean trajectories for push and pull, and vpush(t) and vpull(t) the corre-

sponding variances, estimated from trials. The separability d’(t) was bootstrapped from 400 samples, and variance and 95%

confidence intervals estimated from this sample. d’(t) was computed for all frames from movement onset to completion, where

the latter was the longest movement duration recorded in each session. PCs were considered separable if the difference be-

tween d’(t) and dshuffle’(t) (obtained in the same way from trial-shuffled data) was within the 95% confidence interval, which was

estimated from the sum of the relevant bootstrapped variances. For each FOV, the largest significant d’(t) was used; in 1/12

FOVs no PCs showed significant separability and was excluded.

Spatiotemporal mapping
To assess the functional (temporal) organization of simultaneously recorded populations of neurons, pairwise correlation coefficients

(Pearson’s r) from the smoothed (1 s LOESS filter) and motion index-aligned DF/F0 within the peri-movement epoch were compared.

Data were split based on their decoding accuracy scores and the bootstrapped median difference between high decoding accuracy

neurons and those of the population were subtracted and a median difference calculated per sample. This process was repeated

10,000 times to generate a distribution for high decoding neurons versus the entire population and the same sampling procedure

was used to investigate the correlations within low decoding accuracy neurons. To investigate spatial clustering, bootstrapped me-

dian differences between high decoding accuracy neurons and the population using pairwise distances (defined as the Euclidean

distance between the centroids of manually drawn ROIs from 2-photon imaging processing) were compared. A Generalized Linear

Mixed-Effects Model:

r � distancepairwise 3 accuracydecoder +movementtype + animal

was used tomodel the pairwise correlation coefficient as a function of pairwise distance (continuous), decoding accuracy andmove-

ment type. Pairwise distance and decoding accuracyweremodeled as interacting fixed terms, whilemovement type and animal were

modeled as random intercepts to account for the dependency of the measurements on observations from the same animal and

across the different movement types. The model was estimated using the restricted maximum likelihood, or REML, method (Bartlett

and Fowler, 1937). Model assumptions were verified by comparing residual versus fitted values for each covariate in the model

against each covariate removed from the model.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis was performed using custom-written scripts in MATLAB or Python3 and code will be made available on request. All

statistical details of experiments can be found in the figure legends or main text, including description of the specific test used

and sample sizes. Data are reported as mean ± 95% bootstrapped confidence interval, 10,000 bootstrap samples, unless otherwise

indicated. Where multiple measurements were made from a single animal, suitable weights were used to evaluate summary popu-

lation statistics. Statistical significance was considered when p < 0.05 unless otherwise stated. Data were tested for normality and

parametric/non-parametric tests were used as appropriate and as detailed in the text. The GLMMwas designed in Python using the

statsmodels library (Seabold and Perktold, 2010).
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Figure S5 - Quantifying proportions of imaged neurons per field-of-view. Related to Figure 4.

(A) Example field-of-view (FOV) showing PT neurons expressing GCaMP6s (left; green) and mRuby (right; red).
(B) Percentage of mRuby positive PT and IT neurons per FOV imaged (∆F/F0) during behaviour. Box-and-whisker plots showing median, interquartile range and range. PT (red),
IT (purple) and all neurons (gray). Black dots represent individual FOVs. N = 6, 5 and 11, respectively.
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Figure S6 - Temporal organization of high decoding accuracy neurons in layer 5B during push and pull movements. Related to Figure 5.

(A) Left & right, functional networks constructed from the pairwise activity correlations from a representative PT field-of-view (FOV) for push (left) or pull (right) trials. Line color
(light to dark) and width correspond to increasing values of Pearson’s r. Neurons are plotted as nodes in Euclidean space with color and size relating to increasing decoding
accuracy.
(B) Box-and-whisker plots showing the median, interquartile range and range of correlation coefficients across mice for high decoding accuracy (HDA), low decoding accuracy
(LDA) and all neurons. Data are shown for both push (blue) and pull (green) trials. Red crosses, identified outliers.
(C) Left & right, functional networks constructed from the pairwise activity correlations from a representative IT FOV for push (left) or pull (right) trials. Line color (light to dark) and
width correspond to increasing values of Pearson’s r. Neurons are plotted as nodes in Euclidean space with color and size relating to increasing decoding accuracy.
(D) Box-and-whisker plots showing the median, interquartile range and range of correlation coefficients across mice for high decoding accuracy (HDA), low decoding accuracy
(LDA) and all neurons. Data are shown for both push (blue) and pull (green) trials.
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Table S2, statistical details, related to Figures 1-5 and Figures S1-S6. 
 
`𝑋 = mean  𝑋" = median  SD = standard deviation  IQR = interquartile range  
fov = fields-of-view  H / LDA = high / low decoding accuracy    GLMM = generalised linear mixed-effects model 
 

Figure Description Sample size Result Variance  Confidence intervals 
(95%) 

Statistical test result 

1C-E Training time (days) N = 24 𝑋" = 10.5 IQR = 4 
  

1C Reaction time (s; push / pull) N = 24 𝑋" = 0.132 / 0.135 IQR = 0.058 / 0.043   

 Movement duration (s; push / pull) N = 24 𝑋" = 706 / 422 IQR = 352 / 438    

1D Successful trials / session (push / pull) N = 24 𝑋" = 44.5 / 45 IQR = 9.5 / 8.5 

1E Task success (%; push / pull) N = 24 𝑋" = 68.0 / 74.5 IQR = 35.9 / 43.4  
 

1G Successful trials / 10min  (push muscimol 
CFA pre / post) 

N = 10 `𝑋 = 13.9 / 5 SD = 5.22 / 2.94 [11.1 17.1] / [3.3 6.8] t(18) = 4.70, P = 
1.79x10-4, paired t-test 

 
Successful trials / 10min  (pull muscimol 
CFA pre / post) 

N = 10 `𝑋	= 14.0 / 5.3 SD = 5.33 / 3.62 [10.9 17.2] / [3.2 7.4] t(18) = 4.27, P = 
4.64x10-4, paired t-test 

1H Paw position accuracy (push muscimol 
CFA pre / post) 

N = 10 `𝑋 = 1 / 0.66 SD = 0 / 0.2 [1 1] / [0.54 0.77] t(18) = 5.56, P = 
2.79x10-5, paired t-test 

 
Paw position accuracy (pull muscimol 
CFA pre / post) 

N = 10 `𝑋 = 0.98 / 0.50 SD = 0.06 / 0.21 [0.95 1] / [0.36 0.62] t(18) = 6.85, P = 
2.07x10-6, paired t-test 

S1. E Successful trials / 10min  (push saline 
CFA pre / post) 

N = 5 `𝑋 = 12.4 / 12.6 SD = 6.23 / 4.28 [8.6 18] / [10 16.4] t(8) = -0.06, P = 0.95, 
paired t-test 

 Successful trials / 10min  (pull saline CFA 
pre / post) 

N = 5 `𝑋 = 12.2 / 12.6 SD = 5.81 / 4.72 [8.6 17.4] / [9 16.6] t(8) = -0.12, P = 0.91, 
paired t-test 



S1. F Successful trials / 10min  (push muscimol 
CFA pre / post) 

N = 5 `𝑋 = 15.6 / 3.2 SD = 4.88 / 2.17 [12.0 19.8] / [1.6 4.8] t(8) = 5.19, P = 8.29x10-

4, paired t-test 

 Successful trials / 10min  (pull muscimol 
CFA pre / post) 

N = 5 `𝑋 = 16.0 / 4.4 SD = 4.74 / 4.45 [12.4 20.0] / [1.2 8.2] t(8) = 3.99, P = 4.0x10-3, 
paired t-test 

S1. G Successful trials / 10min  (push muscimol 
M1HL pre / post) 

N = 5 `𝑋 = 13.6 / 14.4  SD = 3.29 / 1.95 [10.8 15.6] / [13.0 16.0] t(8) = -0.47, P = 0.65, 
paired t-test 

 Successful trials / 10min  (pull muscimol 
M1HL pre / post) 

N = 5 `𝑋 = 14.2 / 14.2  SD = 3.11 / 1.79 [11.4 16.2] / [13.0 15.8] t(8) = 0, P = 1.0, paired 
t-test 

S1. H Paw position accuracy (push saline CFA 
pre / post) 

N = 5 `𝑋 = 1 / 0.92 SD = 0 / 0.17 [1 1] / [0.77 1] t(8) = 1.0, P = 0.35, 
paired t-test 

 Paw position accuracy (pull saline CFA 
pre / post) 

N = 5 `𝑋 = 1 / 0.95 SD = 0 / 0.07 [1 1] / [0.89 1] t(8) = 1.62, P = 0.15, 
paired t-test 

S1. I Paw position accuracy (push muscimol 
CFA pre / post) 

N = 5 `𝑋 = 1 / 0.59 SD = 0 / 0.22 [1 1] / [0.41 0.76] t(8) = 4.27, P = 2.7x10-3, 
paired t-test 

 Paw position accuracy (pull muscimol 
CFA pre / post) 

N = 5 `𝑋 = 1 / 0.44 SD = 0 / 0.26 [1 1] / [0.23 0.62] t(8) = 4.79, P = 1.4x10-3, 
paired t-test 

S1. J Paw position accuracy (push muscimol 
M1HL pre / post) 

N = 5 `𝑋 = 1 / 0.98 SD = 0 / 0.05 [1 1] / [0.93 1] 1(8) = 1.0, P = 0.35, 
paired t-test 

 Paw position accuracy (pull muscimol 
M1HL pre / post) 

N = 5 `𝑋 = 1 / 0.99 SD = 0 / 0.02 [1 1] / [0.98 1] 1(8) = 1.0, P = 0.35, 
paired t-test 

S1. K Successful trial vs % change in successful 
trials (push / pull) 

N = 10    r2 = -0.65  P = 0.042  /  
r2 = -0.63, P = 0.049 
 

2D Prop. of responsive neurons (non / 
movement / reward) 

N = 6  
fov = 12 
cell = 653 

`𝑋 = 20.9 / 73.5 / 
5.7 

SD = 15.1 / 16.0 / 3.7 [12.8 29.1] / [64.7 81.8] / 
[3.7 7.7] 

 



2E Trial-trial correlation - ∆F/F0 vs motion 
index  for push trials (motion index 
correlation 0.1 / 0.3 / 0.5 0.7)  

N = 6 
fov = 12 
trials = 2931  

𝑋" = 0.36 / 0.62 / 
0.75 / 0.80 

 [0.24 0.40] / [0.46 0.68] / 
[0.60 0.86] / [0.65 0.89] 

 

 Trial-trial correlation - ∆F/F0 vs motion 
index  for pull trials (motion index 
correlation 0.1 / 0.3 / 0.5 0.7)  

N = 6 
fov = 12 
trials = 2931  

𝑋" = 0.25 / 0.47 / 
0.59 / 0.79 

 [0.23 0.27] / [0.37 0.87] / 
[0.52 0.68] / [0.65 0.89] 

 

2G # of movement-responsive neurons (%; 
bias / invariant) 

N = 6 
fov = 12 
Cell = 468 

181 (38.7) / 287 
(61.3) 

  

2J # of movement bias neurons (%; type 1 / 2 
/ 3 / 4) 

N = 6 
fov = 12 
Cell = 181 

136 (75.1) / 25 
(13.8) / 15 (8.3) / 5 
(2.8) 

   

2L Average ∆F/F0 trial-trial correlation for 
push trials (non / push / push) 

N = 6 
fov = 12 
cell = 468 

𝑋" =  0.37 / 0.49 / 
0.45 

IQR = 0.37 / 0.47 / 
0.39 

[0.12 0.56] / [0.21 0.72] / 
[0.04 0.70] 

 

 Average ∆F/F0 trial-trial correlation for 
pull trials (non / push / push) 

N = 6 
fov = 12 
cell = 468 

𝑋" =  0.31 / 0.30 / 
0.53 

IQR = 0.25 / 0.32 / 
0.33 

[0.10 0.65] / [0.08 0.75] / 
[0.06 0.61] 

 

2M Prop. of movement-responsive neurons 
(non / push / pull) 

N = 6  
fov =  12 
cell = 468 

𝑋" = 59.8 / 14.3 / 
11.8 

IQR = 31.4 / 15.9 / 
19.5 

  

S2. C Neurons / 100 µm2 (NeuN / GCaMP6s) N = 1 / 7 
fov = 3 / 15 
 

`𝑿 = 15.6 / 13.3 SD = 0.9 / 2.7    t(16) = 1.75, P = 0.2, 
Student’s t-test 

S2. E-F Prop. of biased neurons (equal / unequal 
baseline) 

N = 6 
fov = 12 
cell = 181 

𝑋" = 69.5 / 30.5 IQR = 8.2 / 8.2    

S2. G-
L 

# units (%; pyramidal / interneurons) N = 5 
n = 146  

137 (93.8) / 9 (6.2)  
  



 # units (%; non / move / reward) N = 5  
n = 137 

61 (45.2) / 72 (52.6) 
/ 4 (2.9) 

   

S2. L  Prop. of movement-responsive neurons 
(non / push / pull) 

N = 5 
n = 72 

𝑋" = 0.57 / 0.15 / 
0.24 

IQR = 0.43 / 0.01 / 
0.19 

  

S3. D # of movement-responsive neurons L2-3 
(%; bias / invariant) 

N = 5 
fov = 5 
cell = 375 

216 (57.6) / 159 
(42.4) 

   

S3. F # of movement bias neurons L2-3 (%; type 
1 / 2 / 3 / 4) 

N = 5 
fov = 5 
cell = 216 

200 (93.0) / 7 (3.3) / 
6 (2.8) / 2 (0.9) 

   

S3. G Prop. of movement-responsive neurons 
L2-3  (non / push / pull) 

N = 5 
fov = 5 
cell = 375 

𝑋" = 0.25 / 0.43 / 
0.32 

IQR = 0.50 / 0.50 / 
0.22 

  

S3. H  Prop. of movement-responsive neurons 
L2-3  

N = 5 
fov = 5 
cell = 375 

𝑋" = 0.64 IQR = 0.53   

3A Prop. of movement-responsive neurons 
(LDA / HDA) 

N = 6  
fov =  12 
cell = 468 

0.63 / 0.37  
   

3B Decoding accuracy (single cell / 
population) 

N = 6 
fov = 12 

𝑋" = 0.61 / 0.75 IQR = 0.07 / 0.16 
 

W = 1, Z = -2.20, P = 
2.8x10-2, Wilcoxon 
signed rank test 

3F Prop. neurons removed (high-low / 
random) 

N = 6 
fov = 9 

𝑋" = 0.21 / 0.64 IQR = 0.5 / 0.57 
 

W = 1, Z = -2.20, P = 
2.8x10-2, Wilcoxon 
signed rank test 

S4. C Population decoding vs max d’ N = 6 
fov = 10 

   r2 =0.88, F(1,5) = 
29.95, P = 5.4x10-3 



4E # of movement-responsive neurons PT (%; 
bias / invariant) 

N = 5 
fov = 6 
cell = 171  

46 (26.9) / 125 
(73.1) 

   

 # of movement bias neurons PT (%; type 1 
/ 2 / 3 / 4) 

N = 5 
fov = 6 
cell = 46 

36 (78.2) / 9 (19.6) / 
1 (2.2) / 0 (0) 

   

 Prop. of movement-responsive neurons PT 
(non / push / pull) 

N = 5 
fov = 6 
cell = 171 

𝑋" = 0.75 / 0.10 / 
0.14 

IQR = 0.21 / 0.19 / 
0.11 

  

4G # of movement-responsive neurons IT (%; 
bias / invariant) 

N = 4 
fov = 5 
cell = 110  

54 (49.1) / 56 (50.9)    

 # of movement bias neurons IT (%; type 1 
/ 2 / 3 / 4) 

N = 4 
fov = 5 
cell = 54 

34 (62.9) / 15 (27.8) 
/ 2 (3.7) / 3 (5.6) 

   

 Prop. of movement-responsive neurons IT 
(non / push / pull) 

N = 4 
fov = 5 
cell = 110 

𝑋" =  0.51 / 0.21 / 
0.32 

IQR = 0.11 / 0.26 / 
0.31 

  

4I Decoding accuracy PT (single / 
population) (HDA only) 

N = 5 
fov = 6 
cell = 58 

𝑋" = 0.55 / 0.68  IQR = 0.02 / 0.14  t(4) = -3.04, P = 0.04 

 Decoding accuracy IT (single / population) 
(HDA only) 

N = 4 
fov = 5 
cell = 43 

𝑋" =  0.56 / 0.73 IQR = 0.04 / 0.21  t(3) = -2.95, P = 0.06  

 Decoding accuracy population (PT / IT) 
(HDA only) 

N = 5 / 4 
fov = 6 / 5 
cell = 58 / 43 

𝑋" = 0.68 / 0.73 IQR = 0.14 / 0.21  t(7) = 0.40, P = 0.70 

S5. B % of all neurons per FOV imaged during 
behaviour (PT / IT / All) 

N = 5 / 4 / 9 𝑋" =  85.8 / 91.2 / 
90.7  

IQR = 17.4 /  9.3 / 
10.7 

  



fov = 6 / 5 / 
11  

5B  Norm. prop. ∆F/F0 onsets push PT (ms; 
HDA / LDA). ANOVA [animal:cell type: 
onset time] 

N = 5 
fov = 6 
cell = 238 

𝑋" = 210 / 113 IQR = 709 / 662  F(4) = 0, P = 1 / F(1) 
= 0, P = 1 / F(17) = 
5.12, P = 8.32x10-9  

 Norm. prop. ∆F/F0 onsets pull PT (ms; 
HDA / LDA). ANOVA [animal:cell type: 
onset time] 

N = 5 
fov = 6 
cell = 238 

𝑋" = 145 / 177 IQR = 226 / 500  F(3) = 0, P = 1 / F(1) 
= 0, P = 1 / F(17) = 
8.57, P = 3.35x10-15  

 
Norm. prop. ∆F/F0 onsets push IT (ms; 
HDA / LDA). ANOVA [animal:cell type: 
onset time] 

N = 4 
fov = 5 
cell = 137 

𝑋" = 500 / 339 IQR = 524 / 677 
 

F(3) = 1.1x10-14, P = 1 
/ F(1) = 0, P = 1 / 
F(17) = 7.31, P = 
4.85x10-12  

Norm. prop. ∆F/F0 onsets pull IT (ms; 
HDA / LDA). ANOVA [animal:cell type: 
onset time] 

N = 4 
fov = 5 
cell = 137 

𝑋" = 403 / 468  IQR = 444 / 710 F(3) = 0, P = 1 / F(1) 
= 0, P = 1 / F(17) = 
3.81, P = 6.85x10-6 

5D Pairwise correlation coefficient PT (r; 
push; HDA vs ALL / LDA  vs ALL) 

N = 5  
fov =  6 
cell = 171 

HDA 𝑋" = 0.07 
LDA 𝑋" = 0.06 
ALL 𝑋" = 0.08 

HDA IQR = 0.05 
LDA IQR = 0.16  
ALL IQR = 0.10 

[-0.103 0.087] / [-0.085 
0.094]  

P = 0.84 / 1.0  

 Pairwise correlation coefficient IT (r; 
push; HDA vs ALL / LDA  vs ALL) 

N = 4  
fov =  5 
cell = 110 

HDA 𝑋" = 0.15 
LDA 𝑋" = 0.09 
ALL 𝑋" = 0.12 

HDA IQR = 0.07 
LDA IQR = 0.05  
ALL IQR = 0.01   

[-0.093 0.081] / [-0.073 
0.076] 

P = 1.0 / 0.96  

5E  Pairwise corr. Vs distance PT (HDA / 
LDA) 

N = 5  
fov =  6 
cell = 171  

Spearman r =  -0.1 / 
0.0  

  
P = 0.87 / 1.0 

 
GLMM PT 
r  distance pairwise accuracydecoder + 
movementtype+animal 

N = 5, n = 
3024 
observations 

   
P = 0.33 

 Pairwise corr. Vs distance IT (HDA / 
LDA) 

N = 4  
fov =  5 

Spearman r =  -0.40 
/ 0.0  

  P = 0.6 / 1.0 



cell = 110 
 

 GLMM IT 
r  distance pairwise accuracydecoder + 
movementtype+animal 

N = 5, n = 
1562 
observations 

   P = 0.49 

5G  Pairwise distance PT (µm; HDA vs ALL / 
LDA vs ALL) 

N = 5  
fov =  6 
cell = 171 

HDA 𝑋" = 226  
LDA 𝑋" = 273 
ALL 𝑋" = 264 

HDA IQR = 26 
LDA IQR = 60 
ALL IQR =  53 

[-69 102] / [-62 69] P = 1.0 / 1.0  

 Pairwise distance IT (µm; HDA vs ALL / 
LDA vs ALL) 

N = 4  
fov =  5 
cell = 110 

HDA 𝑋" = 228 
LDA 𝑋" = 220 
ALL 𝑋" = 229 

HDA IQR = 14 
LDA IQR = 56 
ALL IQR = 58 

[-82 67] / [-63 68] P = 0.88 / 1.0  

S6. B Pairwise correlation coefficient PT (r; pull; 
HDA vs ALL / LDA  vs ALL) 

N = 5  
fov =  6 
cell = 171 

HDA 𝑋" =  0.11 
LDA 𝑋" = 0.06 
ALL 𝑋" = 0.09 

HDA IQR = 0.12 
LDA IQR = 0.10 
ALL IQR = 0.06 

[-0.1 0.15] / [-0.1 0.09]  P = 1.17 / 0.79  

S6. D Pairwise correlation coefficient IT (r; pull; 
HDA vs ALL / LDA  vs ALL) 

N = 4  
fov =  5 
cell = 110 

HDA 𝑋" = 0.16 
LDA 𝑋" = 0.17 
ALL 𝑋" = 0.16 

HDA IQR = 0.12 
LDA IQR = 0.03 
ALL IQR = 0.08 

[-0.08 0.07] / [-0.07 0.1] P = 0.89 / 1.28  

 



temporal resolution assay of neural activity,  Dr Joshua Dacre performed high-density

Neuropixels  recordings  in  CFA.  For  this  experiment,  I  applied  the  pixels  data

processing and analysis pipeline described in  Chapter 3 to identify putative projection

neurons in layer 5B and assess how their firing rate patterns related to movement type

(Figures S2i-l). I compared unit firing rates between a pre-cue baseline period and 250

ms bins spanning the response period to identify units that displayed reproducible firing

rate  changes  as  mice  performed  pushes  or  pulls.  Movement-invariant  signalling

dominated  layer  5B  activity,  while  a  small  proportion  of  units  exhibited  movement-

specific firing rate changes, corroborating the imaging results.

These experiments, in combination with cell-type specific calcium imaging experiments

targeting PT and IT neuron populations, suggest that CFA layer 5B population dynamics

primarily reflect movement-invariant signalling, while relatively small populations of PT

and  IT  neurons  differentially  encode  movement  type  as  mice  perform  two  distinct

movements.
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