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Cue-evoked encoding of movement planning and
execution in the rat nucleus accumbens
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The nucleus accumbens is involved in the modulation of motivated behaviour by reward-

associated sensory information. However, little is known about the specific nature of the nucleus

accumbens’ contribution to generating movement. We investigated motor encoding by nucleus

accumbens neurons in rats performing a delayed response task that allowed us to dissociate

the effects of sensory and motor events on firing. In a subset of neurons, firing in the delay

period preceding movement was highly selective; this selectivity was tightly correlated with the

direction of the subsequent movement, but not with the sensory properties of the instructive

cue. Direction selectivity in this population of neurons developed over the course of the delay

period, with the strongest selectivity apparent just prior to movement onset. Selectivity was

also apparent in nucleus accumbens neurons during movement, such that firing showed a

tight correlation with movement direction, but not the instructive cue presented nor the

spatial destination of the movement. These results are consistent with the hypothesis that a

subpopulation of nucleus accumbens neurons contributes to the selection and execution of

specific motivated behaviours.
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Reward-predictive cues have potent effects upon
behaviour; animals that can exploit these cues to guide
behaviour greatly increase the likelihood of obtaining the
rewards necessary for survival and reproductive success.
The nucleus accumbens (NAcc) is a critical element of
the brain circuit that mediates motivated behaviours,
including those guided by reward predictive cues. The
NAcc receives convergent glutamatergic input from the
prefrontal cortex, hippocampus and amygdala, as well as
a dense dopaminergic input from the ventral tegmental
area (Brog et al. 1993; Wright & Groenewegen, 1995).
Each of these areas is implicated in encoding aspects of
reward-related information. The NAcc, in turn, projects
to brain regions associated with generation of motor
behaviours, such as the pedunculopontine tegmentum and
the ventral pallidum (Groenewegen & Russchen, 1984;
Heimer et al. 1991). This anatomical arrangement is one
basis of the influential hypothesis that the NAcc serves
as a ‘limbic–motor interface’, in which information about
reward, context and drive is integrated to guide motivated
behaviour (Mogenson et al. 1980).

How does the NAcc contribute to the transformation
of cue-related sensory information into motor commands

for reward-directed movement? Models of striatal function
propose a role for this brain region in facilitating
the selection of one behaviour from among competing
alternatives (Pennartz et al. 1994; Redgrave et al. 1999;
Hikosaka et al. 2006; Nicola, 2007). Key to testing
this idea is determining how firing in NAcc neurons
encodes movement parameters (e.g. timing and direction
of movement), particularly during periods of movement
planning when behavioural selection is likely to take place.
Previous electrophysiological studies of NAcc responses
to reward-predictive cues, though numerous, have chiefly
focused on reward-related encoding. NAcc firing in
response to cues is modulated by association with a
reward, the identity and magnitude of a reward, and the
valence (aversive or appetitive) of an associated reinforcer
(Hollerman et al. 1998; Carelli & Ijames, 2001; Hassani
et al. 2001; Cromwell & Schultz, 2003; Setlow et al.
2003; Nicola et al. 2004; Peoples et al. 2004; Roitman
et al. 2005; Wilson & Bowman, 2005). These and other
studies demonstrate that NAcc firing importantly encodes
information related to anticipated outcomes. However, few
studies to date have focused explicitly on elucidating motor
encoding in the firing of NAcc neurons. Understanding
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how the NAcc encodes motor information is important
for understanding normal appetitive behaviour as well as
disorders of motivation such as addiction.

In the present study, we used electrophysiological
recording techniques to investigate NAcc movement
encoding in rats during performance of a delayed response
task. Importantly, behavioural responding was temporally
separated from cue presentation in this task, allowing
neural activity related to these two distinct processes
to be distinguished. Our aims were (1) to determine
how NAcc neurons encode motor preparatory signals
prior to movement execution; and (2) to elucidate
movement correlates of NAcc firing during execution of
reward-related behaviours.

Our results show that neural activity in the NAcc,
both prior to and during movement execution, encodes
movement variables with a surprising degree of specificity.
This result suggests that subsets of NAcc neurons encode
information sufficient to facilitate the selection and
implementation of specific behaviours.

Methods

Experimental subjects

All procedures used were approved by the Ernest
Gallo Clinic and Research Center Animal Care and
Use Committee. Male Long–Evans rats (n = 9; Charles
River Laboratories, Wilmington, MA, USA) were used
for electrophysiological recordings. Throughout the
experimental period, rats were food restricted to maintain
90% ad libitum body weight. Data from a subset of these
rats (n = 6) describing the response properties of a single
class of NAcc neurons that possess long-lasting inhibitions
of firing were published previously (Taha & Fields, 2006).
These firing patterns are not analysed further in the present
study.

Behavioural paradigm and surgical procedures

Rats were trained in a delayed response task in an operant
chamber (42 × 53 × 40 cm) equipped with an audio
stimulus generator, house lights, and a central nosepoke
hole flanked by identical reward receptacles (Medical
Associates, Georgia, VT, USA). A continuous white noise
cue signalled to the animal that a trial could be initiated
at any time. Trials were initiated by performance of a
sustained nosepoke. At nosepoke onset, the white noise
cue was terminated. One of two instructive tones (3 kHz
or 7 kHz at 90 dB, chosen randomly) was delivered
at short latency after the initiation of the nosepoke
(200–350 ms latency, randomized), cueing the animal to
respond to either the left or the right reward receptacle
for delivery of a sucrose reward. Tone duration was
randomly varied (950–1550 ms). Importantly, rats were
required to withhold responding until tone offset.

Tone-response direction pairings remained constant for
each rat throughout training and recording sessions, but
were counterbalanced across rats. Successful completion
of each trial required that the nosepoke be maintained
for the duration of the tone presentation, and that the
subsequent response be directed to the appropriate
reward receptacle. Rats typically executed short-latency,
rapid movements from the central nosepoke to
the reward receptacles (average latency ± s.d. to
reward receptacle = 390 ± 98 ms). Successful trials
resulted in delivery of 100 μl of 10% sucrose into
the instructed reward receptacle. During a 4 s base-
line interval immediately after reward receptacle
exit following sucrose delivery, new trials could not
be initiated. Rats had to abstain from nosepoke
responses and reward receptacle entry during this
interval; if either of these behaviours occurred, the
baseline interval was extended until a 4 s interval occurred
without any recorded behavioural responses. This ensured
that reward-related behaviours were absent during the
baseline interval. House lights were briefly extinguished
(0.25 s), and the white noise cue was again delivered to
signal the start of the next trial.

Termination of the nosepoke prior to tone offset
constituted an error, as did responding to the
non-instructed reward receptacle. Errors of either kind
terminated the ongoing trial, and were immediately
signalled by extinguishing the house lights for 10 s, during
which time sucrose rewards could not be earned, nor
could additional trials be initiated. Rats were trained in the
delayed response task until they completed > 50 successful
trials in two consecutive behavioural sessions. Average
training time was approximately 4 months.

After behavioural training, rats were stereotaxically
implanted bilaterally with eight-wire electrode arrays (NB
Laboratories, Denison, TX, USA) directed at the NAcc
(anterioposterior, 1.2–1.7; mediolateral, 0.7–1.5; dorso-
ventral, 7.2–7.5). Arrays were composed of blunt-cut
stainless steel 50 μm wires arranged in a 2 × 4 array.
Anaesthesia was induced and maintained with 3%
isofluorane (Baxter, Deerfield, IL, USA). Respiratory
rate and toe pinch reflex were monitored to ensure
adequate anaesthesia was maintained during surgery.
Rats were treated postoperatively with 0.5 mg kg−1

medetomidine HCl (Domitor; Pfizer, Exton, PA, USA) via
intraperitoneal injection for analgesia.

Single unit recording and discrimination

Neural activity was recorded in the nucleus accumbens
during 2 h sessions while rats performed the delayed
response task. Rats typically completed between 50 and
100 trials in each experimental session. Neural signals were
recorded with a unity-gain head stage amplifier, amplified
10 000-fold and captured digitally using commercial
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hardware and software (Plexon Instruments, Dallas, TX,
USA). Discrimination of individual units was performed
off-line using principal component analysis of waveform
shape to discriminate between different units
simultaneously recorded on a single wire. Single
units were identified by constancy of waveform shape,
autocorrelogram and interspike interval. In many cases,
single units persisted for multiple recording sessions.
In these cases, data from these sessions were pooled in
analysing the unit’s response properties.

For the population of single units, the range of
experimental sessions across which single unit response
were pooled ranged from a minimum of one to maximum
of seven sessions. There was no minimum spike rate
required for inclusion in the analyses.

Analysing neural response properties

Two kinds of neural firing were of principal interest
in our analysis. First, we identified neurons with
increased/decreased neural activity during delay (termed
D+ and D– firing patterns, respectively) or movement
(M+ and M−) intervals, relative to firing during a baseline
period. Second, we identified neurons in which firing rate
was dependent on trial contingency for the instructive cue
and/or response direction – firing rates in these neurons
differed for distinct cues/response directions. We refer to
these as selective responses. Note that these categories are
not mutually exclusive. For example, a neuron could be
both M+, showing an overall increase in firing during
movement, and also show movement selectivity, in which
firing during one cue/response direction was significantly
different from that occurring for the other cue/response
direction. Statistical analyses related to each of these firing
patterns are discussed in turn below.

Identifying delay and movement excitations
and inhibitions

Delay and movement responsive neurons were identified
by comparing firing during these behavioural intervals
with firing during a baseline period, the 2 s interval prior
to the onset of the white noise cue (the start signal that
indicated a new trial could be initiated). The delay period
consisted of the duration of the nosepoke interval, and
the subsequent movement period began with nosepoke
exit, and terminated with reward receptacle entry. A
stringent criterion for significance (P < 0.01, t test) was
used to identify delay and movement responsive neurons,
to ensure that only well defined excitations and inhibitions
were considered in this analysis.

Identifying selective firing and quantifying selectivity

Neurons with selective firing were identified by comparing
firing rates occurring during trials in which the rat

responded to the right reward receptacle to those in
which it responded to the left reward receptacle. Only
correct trials – those in which movement occurred in the
direction instructed by the cue – were included in this
analysis, which was applied to identify selectivity occurring
both in the delay period and the subsequent movement
period. Neurons in which firing rate differed significantly
(P < 0.01, t test) between the two trial types were identified
as having selective firing.

Visual inspection of firing patterns suggested that in
many neurons, delay selectivity was not present early in
the delay interval, but emerged during later stages of the
delay period, just prior to movement onset. Therefore, we
analysed delay selectivity over both early (400 ms following
cue onset) and late (last 400 ms of the delay prior to
movement) portions of the delay period. Neurons that
possessed selective firing in either of these intervals were
included in the pool of neurons identified as having delay
selective firing. Selectivity during these two periods was
statistically analysed using Wilcoxon’s signed rank test
comparing the magnitude of selectivity (see selectivity
index, below) occurring during these two intervals.

To quantify the magnitude of selective firing, we used
the following selectivity index (SI): SI = (PcuePmovement −
N cueN movement)/(PcuePmovement + N cueN movement). P indi-
cates the firing rate for the preferred cue/movement
direction, which by definition was the cue/movement
direction associated with the higher firing rate. N indicates
the firing rate for the non-preferred cue/movement
direction. This index ranged from a minimum value
of 0 (no difference in firing rates on preferred and
non-preferred trials) to a maximum value of 1 (no firing
occurred during non-preferred trials).

Dissociating the role of instructive cues and response
direction in selective firing

To dissociate the roles of instructive cues and response
direction on firing, we analysed error trials in which the
rat moved in the non-instructed direction. RM ANOVA
on ranks was used to statistically compare firing across
different trial contingencies for the entire population of
neurons with selective firing. Statistics were performed
on raw firing rates. In Figs 4 and 7, data shown were
normalized to the firing rate occurring during preferred
cue/response trials (i.e. successful trials in which firing was
elevated) to emphasize the change from baseline selectivity.
This analysis was used both for neurons with delay and
movement selective firing.

Dissociating sensory and motor variables in driving
onset/offset of delay responsive neurons

A two step process was used to determine if onset/offset
of neural responses were better correlated with motor
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or sensory events. First, histograms (100 ms time bins)
were constructed around each of the relevant events (for
onset responses. These events were the nosepoke onset and
cue onset; for offset responses, these were cue offset and
nosepoke exit), and smoothed with a boxcar filter (filter
width of 500 ms). For each histogram, we then calculated
the derivative of the firing rate as a function of time. This
curve was smoothed (boxcar averaging, 700 ms filter) and
from this smoothed curve, we extracted the absolute value
of the maximal rate of change (in units of spikes s−2) in
firing for each event, and the time (relative to the event)
at which this occurred. Statistical comparison of maximal
changes in firing rate allowed identification of the event
associated with the most rapid and robust change in spike
frequency. Absolute values of this measure were used to
facilitate comparison of onset and offset responses, as the
sign of the rate of change was opposite for these responses.
Timing information allowed us to determine if the change
in firing preceded or followed the particular event around
which the histogram was constructed. Smoothing used in
this analysis was necessary to limit noise introduced by
typically low NAcc spike rates. Statistical comparisons were
performed using Wilcoxon’s signed rank test.

Some neurons showed delay modulations that were
very long-lasting. This was particularly true of inhibitions,
which not infrequently persisted through the period of
reward consumption. Offset responses of these neurons
were not included in this analysis if there was no clear
change in firing occurring near the time of delay offset.

Analysing movement responses and response latency
to reward receptacle

Spike rates in M+ and M− neurons were compared during
error trials to determine if trial outcome (success or failure)
affected firing in these neurons. In addition, we analysed
firing rates for each of these trial types as a function
of latency to reach the reward receptacle (binned into
latencies less than and greater than 500 ms) following
nosepoke termination. Two-way RM ANOVA was used to
analyse firing, with trial type and response latency taken
as independent factors. Statistics were performed on raw
spike rates. In Fig. 6, data shown were normalized to firing
rate occurring during successful, short latency (< 500 ms)
trials to emphasize the relative magnitude of changes in
spike frequency.

Dissociating movement direction from destination
in movement selective neurons

We analysed firing occurring during spontaneous
approach to reward receptacles to determine if selective
firing was preserved under these conditions. Spontaneous
reward receptacle approach was defined to include any

reward receptacle entry that occurred more than 2 s
after any nosepoke exit; this interval was sufficiently
lengthy to exclude both correct and error trials, as reward
receptacle approach for these trials invariably occurred
within 2 s of nosepoke exit. The last 400 ms prior to
reward receptacle entry was used during calculation of
firing rate for spontaneous reward receptacle approach –
this interval approximates the mean latency for movement
to the reward receptacle during correct trial performance
(391 ms). Selectivity indices were calculated for each type
of reward receptacle approach, and statistically compared
using Wilcoxon’s signed rank test.

Histology

Rats were deeply anaesthetized with pentobarbital
(300 mg kg−1) and recording sites were marked by passing
positive current (10 μA, 20 s) through each recording
electrode. Rats were perfused with a solution of 10%
formaldehyde and 3% potassium ferricyanide to mark
sites of iron deposition. Brains slices were cut at 40 μm,
and recording sites located under a light microscope and
recorded on atlas figures adapted from Paxinos & Watson
(1997). In 7 of the 9 rats, recording sites for each unit were
mapped onto recording sites to determine core versus shell
distribution of firing patterns (186 units mapped of 218
total units recorded). In 2 of the 9 rats, left versus right brain
hemispheres were not clearly marked during the histology
process, and so core/shell positions could not be assigned
to these electrode locations.

Results

Behaviour and recording sites

In the delayed response task (Fig. 1A and B) rats completed
60 ± 5% (mean ± s.e.m.) of all trials correctly (Fig. 1C).
Delay length averaged 1.3 ± 0.3 s (mean ± s.d.) in correct
trials. Two kinds of errors resulted in termination of the
ongoing trial and a brief time out period. The first of these,
which comprised the majority of the errors committed
(27 ± 5% of all trials), was a failure to maintain the
nosepoke for the duration of the instructive cue. Following
correctly maintained nosepokes, movement errors to the
incorrect reward receptacle were less common (13 ± 2%
of all trials). There was no directional response bias
during correct or error trials (Fig. 1D: P > 0.05, comparing
responses to the left and right reward receptacles, t test).

All recording locations were confined to the NAcc,
spanning the core and shell subregions (Fig. 1E and
F). There were no differences in the core versus
shell distribution of most firing patterns (all P > 0.05,
comparing core versus shell distribution of each firing
pattern to overall distribution of all units recorded, χ 2

test). Neurons that fired selectively during movement
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were encountered in the shell at elevated frequencies
(P < 0.05). However, this was a weak association which was
not apparent when core/shell distributions were analysed
within rats (all P > 0.05). Because we did not selectively
target core or shell subregions, many recording sites were
very close to the border region, potentially obscuring
subregion-specific responses.

Neural responses

We recorded a total of 218 NAcc neurons from nine
rats in the delayed response task. NAcc responses were
heterogeneous, with some neurons responding to every
component of the delayed response task. We focus in this

Figure 1. Behavioural paradigm and task
performance
A and B, a nosepoke (NP) after the start signal initiated
the delay period. After a short variable interval, one of
two instructive tones was delivered, signalling the
required response direction (left or right). Rats were
required to maintain the nosepoke until tone offset,
which served as a trigger signal for movement to the
reward receptacle (RR). Correct trials, in which the
nosepoke was maintained for the duration of the tone
presentation and the subsequent movement was
directed to the instructed reward receptacle, resulted in
delivery of a sucrose reward. C, movement prior to tone
offset (27 ± 5% of all trials) or movement to the wrong
reward receptacle (13 ± 2%) constituted error trials,
and sucrose was withheld. In the remaining 60 ± 5% of
trials, the NP was maintained until tone offset and
movement was made to the correct reward receptacle,
resulting in sucrose delivery. D, analysing only trials in
which the delay was successfully maintained, there was
no direction bias for subsequent movement to the
reward receptacle (P > 0.05, comparing percentage
correct trials for left versus right, t test). E, a
representative section showing electrode placements in
the NAcc. F, all recording sites were confined to the
nucleus accumbens, spanning the core and shell
regions. Anteroposterior distance relative to bregma is
shown to the right of each section in millimetres.

analysis on modulations occurring specifically during
the delay and movement periods, the intervals in which
presumptive movement planning and execution,
respectively, took place. Many neurons in our sample
showed responses during these intervals. Inhibitions of
neural activity were particularly common, during both the
delay (D–, 91/218 neurons; 42%) and movement intervals
(M−, 76/218; 35%). Excitatory responses occurring
during the delay (D+, 41/218; 19%) and movement
interval (M+, 47/218; 22%) were also encountered. Note
that response categories were mutually exclusive within
a single behavioural interval, but not across successive
intervals. For example, D− neurons often also showed
M− firing patterns.
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The onset of changes in firing rate during the delay
period was typically gradual, whether the change was an
increase or decrease in spike frequency. Representative
examples are shown in Fig. 2. Firing rates changed
progressively over a short period near the beginning of
the delay period, usually starting before the nosepoke that
initiated the delay. Delay excitations (D+, Fig. 2A) and
inhibitions (D−, Fig. 2B and C) were often maintained
for the duration of the delay period. In D+ neurons, firing
rate usually increased over the course of the delay period,
with peak firing occurring near movement onset (Fig. 2A).

In contrast to the gradual onset of neural modulations,
the offset of firing initiated during the delay period
typically occurred abruptly near the time of movement

Figure 2. Firing patterns recorded in the nucleus
accumbens during the delayed response task
Three example neurons are shown in raster plots and
perievent histograms. Firing patterns shown include
delay excitation (A), delay inhibitions (B and C) and
movement excitations (A and C). Histograms and rasters
were constructed around the following behavioural
events: TS, trial start; NP, nosepoke (delay start); NPE,
nosepoke exit (delay termination); RR, reward receptacle
entry; RR Exit, reward receptacle exit. In this and other
histograms, broken grey lines indicate baseline firing
rate for each neuron. Time (in seconds) is represented
on the x-axis of each histogram; each panel extends
from −1 to +1 relative to the behavioural event around
which the histogram was constructed. Trials shown in
rasters are rank ordered by latency from the nosepoke
to cue onset (red symbols). Blue symbols indicate the
nosepoke exit time for each trial. Time bins of 100 ms
were used in constructing histograms. Only successful
trials are represented in the histograms; the number of
behavioural trials contributing to each histogram was
54 (A), 535 (B), and 213 (C) trials.

onset. In some neurons, the change in firing occurring at
delay offset was a return to baseline firing rate (Fig. 2A and
B); in other neurons, a reversal in the direction of the neural
response observed during the delay period occurred, as in
the example shown in Fig. 2C, in which the transition from
the delay to movement period was accompanied by a rapid
shift from inhibition to excitation.

Delay onset and offset responses are closely
associated with movement

Cue and movement events occurred in close temporal
proximity during the delay. At delay onset, cue delivery
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followed nosepoke initiation at short latency; at the end
of the delay period, cue offset was followed by movement.
Thus, changes in firing rate occurring at delay onset and
offset could be related either to cue or to movement events.
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Figure 3. Changes in firing rate occurring near delay
onset and offset are closely tied to movement,
rather than the instructive cue
A, a single example neuron, showing perievent
histograms constructed around onset responses (left
panel) occurring at nosepoke (NP: black line) and cue
delivery (Cue on: grey line); and offset responses (right
panel) occurring at movement onset (Mvmt: black line;
identical with delay termination) and cue termination
(Cue off: grey line). For this neuron, the excitatory
response occurring near delay onset (left panel) was
similar for nosepoke and cue onset. However, the
excitatory response preceded cue onset, indicating that
firing was not driven by cue delivery. The offset of this
D+ firing pattern is more closely associated with
movement onset than cue offset; the rate of change in
firing is larger and more rapid in the histogram
constructed around movement. B, onset and offset
histograms for a D− M+ neuron. Conventions are
identical to those described in A above. Note that the
change in the rate of firing at delay offset (right panel) in
this neuron was large, relative to delay onset; and that
the offset response was more closely associated with
movement onset than cue offset. These patterns were
typical of the entire population of neurons. C, absolute
rate of change in firing for the population of D+ onset
(left panel) and offset (right panel) responses. Box plots
depict median and 1st and 3rd quartile values. For onset
responses, changes in firing occurring at nosepoke onset
were larger than those occurring at cue onset (P < 0.05,
Wilcoxon’s signed rank test). Similarly, offset responses
were larger at the time of movement initiation relative to
cue offset (P < 0.05). All units are in spikes s−2. D,
average absolute rate of change in firing D− onset and
offset responses. Figure conventions are identical to those
in C above. At both delay onset (left panel) and offset
(right panel), changes in firing rate were larger during
nosepoke events (both P < 0.05). E and F, data shown in
C and D are regraphed as differences in the rate of
change of firing, comparing movement and cue
parameters. For each graph, values > 0 indicate higher
values for movement parameters (nosepoke and
movement onset) relative to cue parameters (cue onset
and cue offset). Note that for all graphs shown in E and
F, median values are positive, indicating higher rates of
change in firing associated with movement parameters.
G, for D+ neurons, delay onset responses occurred just
prior to nosepoke onset (black bar), but significantly
earlier relative to cue onset (grey bar) (left panel;
P < 0.05). Delay offset responses occurred shortly after
cue offset (grey bar) and movement initiation (black bar)
(right panel; P > 0.05). Bars show median, 1st and 3rd
quartile values of the time at which the change in firing
occurred relative to the event of interest. H, for D−
neurons, onset and offset responses (left and right
panels, respectively) corresponded closely to nosepoke
events, rather than cue onset/offset (P < 0.05 for both
comparisons). Conventions are identical to those in E.

To distinguish between these possibilities, we constructed
perievent histograms around onset (nosepoke and cue
onset) and offset (cue offset and nosepoke exit) events
(Fig. 3A and B). Comparison of these histograms allowed
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us to identify the event most closely correlated with the
change in firing, as changes in spike frequency were rapid
and maximal in the histogram constructed around the
event giving rise to the change in firing rate.

At delay onset, the rate of change in firing was similar
in histograms constructed around nosepoke and cue
onset (Fig. 3A and B, left panels). However, the onset of
these changes typically preceded both nosepoke and cue
onset, indicating that these firing patterns could not have
been initiated by cue delivery (though possibly related
to anticipation of cue onset). Differences in histograms
constructed around cue offset and movement onset were
more striking. In most neurons, changes in firing rate
occurring near delay offset were closely tied to movement
onset, rather than the termination of cue delivery (Fig. 3A
and B, right panels). This was true of neurons showing
both D+ and D− firing patterns.

We quantified the changes in firing associated with
cue and motor events (see Methods) to allow statistical
comparisons. For the population of both D+ and D−
firing patterns, delay onset and offset responses were larger
during motor events – nosepoke initiation at delay onset
(Fig. 3C–F , left panels) and the nosepoke exit with which
movement was initiated at delay offset (Fig. 3C–F , right
panels; for all comparisons P < 0.05, Wilcoxon’s signed
rank test).

The timing of these responses also suggested a close
association with motor events. Changes in firing for
D+ and D− firing patterns at delay onset occurred
just prior to nosepoke onset, but occurred significantly
earlier than the corresponding cue onset (Fig. 3E and F ,
left panels; P < 0.05). At delay offset a similar pattern
occurred, with maximal changes in firing occurring just
after movement initiation and significantly later relative
to cue offset (Fig. 3E and F , right panels, P < 0.05 for
D− only). These data suggest a close association between
the onset of movement and the timing and amplitude
of changes in spike frequency occurring during the delay
period.

Delay selective firing predicts subsequent
movement direction

A subset of neurons (14/218; 6%) showed delay selective
responses, in which firing rates during the delay period
differed as a function of tone-response direction pairings.
The example neuron shown in Fig. 4A and B illustrates this
firing pattern. The firing rate in this neuron was greatest
in trials in which the preferred cue-response direction
occurred (black line, histogram), and significantly lower
when the non-preferred cue-response pairing occurred
(grey line, histogram; right panel, P < 0.05, t test). Note
that both trial types reflect correct performance of the
delayed response task – the term ‘preferred’ is used only

to indicate the cue and response direction associated with
the higher firing rate.

As was the case for delay onset/offset responses,
selectivity could be associated either with sensory cues,
reflecting the cue delivered on a particular trial, or
with motor preparatory processing, encoding related to
movement from the nosepoke to the reward receptacle. To
dissociate the effects of these variables on neural firing
rates, we examined firing occurring during error trials
in which responses were directed to the non-instructed
reward receptacle; these error trials allowed us to dissociate
the impact of preferred (and non-preferred) cue and
movement variables on firing rates. In the example
neuron shown, firing rates varied as a function of
response direction, rather than instructive cue (Fig. 4B).
Neural activity was robust when the non-preferred
cue was followed by movement in the preferred
direction and significantly lower when the preferred cue
was followed by the non-preferred response direction
(P < 0.05).

For the population of delay selective neurons, firing rates
differed significantly depending on trial type (Fig. 4C;
overall P < 0.001, RM ANOVA on ranks). Relative to
successful trials in which movement in the preferred
direction occurred (PcuePmvmt), firing rates were
significantly lower for both correct and error trials in
which the non-preferred movement direction occurred
(N cueN mvmt and PcueN mvmt, respectively; P < 0.05, Dunn’s
post hoc test). Firing rates during error trials in which
the preferred movement direction occurred (N cuePmvmt)
did not differ from firing rates during PcuePmvmt trials
(P > 0.05). Together, these data suggest that response
direction was the critical variable in giving rise to delay
selectivity in this population of NAcc neurons.

Delay selective neurons more often showed higher
firing rates for the ipsilateral movement direction (8/14
ipsilateral, 6/14 contralateral) but this difference was not
significant (P > 0.05; z-test).

An interesting feature of selectivity in these neurons
was that the degree of selective firing was not constant
over the delay, but rather developed over the course of
the delay period, peaking just prior to movement onset.
The example neuron shown in Fig. 4A and B possessed
robust selectivity near the time of delay offset; however,
selectivity in this neuron was not apparent immediately
after cue presentation (Fig. 5A). For the population of
delay selective neurons, selectivity was significantly larger
late in the delay period relative to early in the delay period
(Fig. 5B; P = 0.01, Wilcoxon’s signed rank test). Together
with the association of delay onset and offset responses
with motor events, and the predominance of selectivity for
response direction, these data suggest that delay responses
predominantly encode aspects of planned movements,
rather than the sensory features of the instructive
cue.
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Movement responses are related to latency to reach
the reward receptacle

Neurons showed both M+ and M− responses during
locomotion to reward receptacles. Many of these responses
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Figure 4. Delay selective firing predicts
subsequent response direction
A, an example neuron with direction selective firing
occurring during the delay period. Histograms are
constructed around nosepoke exit (NPE: synchronous
with movement onset), and show correct trials in
which presentation of the preferred cue was followed
by movement to the preferred reward receptacle (black
line, histogram) and trials in which presentation of the
non-preferred cue was followed by movement to the
non-preferred reward receptacle (grey line). Note that
correct task performance occurred in both preferred
and non-preferred trial types. Broken grey line indicates
baseline firing rate. Mean firing rates occurring over the
400 ms preceding the nosepoke exit for these two trial
conditions are shown in the panel at right (P, preferred;
N, non-preferred). Firing rates were significantly
different for the two trial types (P < 0.01, t test).
B, error trials from the same neuron depicted in A. Peak
firing rates were higher when the non-preferred cue
was followed by movement in the preferred response
direction (black line, histogram). Mean firing rates were
significantly higher when the preferred response
direction occurred, relative to trials in which the
preferred cue was presented (right panel; P < 0.05).
C, for the population of delay selective neurons,
selectivity was correlated with the forthcoming
direction of movement, rather than the instructive cue
presented (overall P < 0.001, RM ANOVA on ranks).
Firing rates for each neuron were normalized to that
occurring during PcuePmvmt trials. Spike rates were
significantly lower during correct and error trials in
which movement in the non-preferred direction
occurred (P < 0.05 relative to PcuePmvmt, Dunn’s post
hoc test) but not for error trials in which movement in
the preferred direction took place (P > 0.05). Box plots
show median, 1st and 3rd quartile values.

showed a dependence on trial type. Figure 6A shows an
example of an M+ firing pattern, in which firing was
elevated during movement to the reward receptacle. Firing
was lower for this neuron during error trials in which
the rat moved to the wrong reward receptacle, suggesting
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a dependence on trial outcome. However, firing during
premature movement errors was not uniformly lower –
surprisingly, this firing was dependent upon the animals’
latency to reach the reward receptacle. When this latency
was short (< 500 ms), excitation was present in the neuron.
For long latencies, however (> 500 ms), excitation was
absent (Fig. 6B; overall effect of trial type, P < 0.05, 1-way
ANOVA).
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Figure 5. Selective firing increases over the delay period
A, firing for the same example neuron shown in Fig. 4A and B is
shown in histograms constructed around instructive tone onset.
Histograms depict firing occurring during the preferred (black line) and
non-preferred (grey line) trial types. Firing rates occurring immediately
after tone presentation were very similar for both trial types, indicating
an absence of selective firing early in the delay period. The vertical
grey bar shows the approximate time of the nosepoke (NP), which
preceded tone onset by a variable interval. Gray broken line indicates
baseline firing. B, selectivity occurring during the early and late
portions of the delay interval (first 400 ms following cue presentation
and last 400 ms of the delay period, respectively) differed significantly
(P = 0.01, Wilcoxon’s signed rank test); selectivity late in the delay was
substantially higher.

To determine if these two parameters of trial outcome
(success or failure) and latency to reach the reward
receptacle affected firing in the population of M+neurons,
we analysed firing rates for each of these trial types as a
function of latency, dividing trials into those followed by
short (< 500 ms) or long (> 500 ms) latencies to reach the
reward receptacle. Data from this analysis are shown in
Fig. 6C, where firing rates were normalized to the increase
from baseline occurring during correct trials with short
response latencies.

Overall, firing in the population of M+ neurons showed
a dependence on both trial outcome and latency to reach
the reward receptacle. Firing rates were highest during
correct task performance and significantly lower for error
trials, and higher for trials in which locomotion to the
reward receptacle was fast relative to those in which it
was slow (main effect of trial type, P < 0.01; main effect
of latency, P < 0.05, 2-way RM ANOVA). Firing rates
were significantly lower for slow relative to fast response
latencies, and lower for both types of error trials relative to
correct trials (P < 0.05 for all comparisons, Holm–Sidak
post hoc test).

To further investigate the dependence of firing rate on
response latency, we performed an additional analysis on
trials in which premature movement occurred. Unlike
other trial types, there was a pronounced bimodal
distribution in the response latencies occurring during
premature movement trials (Fig. 6D). For correct and
wrong reward receptacle trials, reward receptacle entry
always occurred within 1 s of nosepoke exit. However, for
premature movement errors, response latencies ranged as
high as 2 s, a difference readily apparent in the graph of
cumulative response frequency (Fig. 6D, inset). To take
advantage of this larger spread of response latencies,
we therefore analysed M+ responses during premature
movement trials as a function of latency to reach the
reward receptacle, binning trials into < 500, 500–1000 and
> 1000 ms groups. Firing rate showed a strong monotonic
decrease with increasing response latency in this analysis
(Fig. 2E; P < 0.05, RM ANOVA on ranks), with spike rates
very similar to baseline firing at the longest response
latencies (significantly lower than spike rates occurring
during trials with short response latencies; P < 0.05,
Dunn’s post hoc test). These analyses demonstrate that
M+ firing reflects both trial outcome (success or failure)
and movement parameters (latency to reach the reward
receptacle).

For M− neurons, differences in firing occurring during
trial types were smaller than those observed for M+
neurons, but still significant (Fig. 6F ; main effect of
trial type P < 0.05, 2-way RM ANOVA). Firing in M−
neurons was significantly attenuated during both types of
error trials (P < 0.05, Holm–Sidak post hoc test). Unlike
M+ neurons, there was no dependence on response
latency.
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Movement selective firing is closely associated with
response direction

A subset of neurons possessed selective firing during the
movement period (32/218, 15% of all neurons). As can be
seen in the example neuron in Fig. 7A, firing rates differed
depending on the cue/response direction contingency
(right panel; P < 0.05, paired t test). As for delay selectivity,
we analysed movement selectivity by analysing error trials,
allowing us to dissociate motor events and sensory cues
in determining the source of movement selectivity. In
error trials, firing was most robust in this neuron when
the preferred response direction occurred, rather than
the preferred cue (Fig. 7B; preferred versus non-preferred
response direction; P < 0.05).

Response direction was the critical determinant of
selective firing in the population of movement selective
neurons (Fig. 7C; P < 0.001, RM ANOVA on ranks).
Firing rates were higher when the preferred movement
direction was executed, rather than the preferred cue
presented. Movement in the non-preferred response
direction resulted in lower firing rates for both correct and
error trials (P < 0.05 for both PcueN mvmt and N cueN mvmt

relative to PcuePmvmt trials, Dunn’s post hoc test). Thus
for both movement and delay selective neurons, firing
rates were driven by movement direction, rather than
the sensory or reward predicting properties of instructive
cues. As for D selective neurons, a majority of M selective
neurons had higher firing rates for the ipsilateral response
direction (18/32 ipsilateral, 14/32 contralateral), but this
difference was not significant (P > 0.05, z-test).

Movement selectivity encodes response direction,
not goal of movement

In the delayed response task, rats started each trial at
the central nosepoke port. Because of this invariant
starting point, the movement direction required to reach
a particular reward receptacle never changed during task
performance. Thus apparent selectivity for a response
direction could instead reflect encoding related to the goal
of the movement – the reward receptacle itself, rather than
the movement direction needed to reach it. To distinguish
between these possibilities, we analysed firing occurring
during spontaneous approaches to the reward receptacle.
These included all reward receptacle approaches that
occurred outside of the delayed response task. These
spontaneous approaches were typically initiated after
grooming bouts occurring away from the nosepoke port,
and locomotion to the reward receptacle involved a variety
of locomotor trajectories.

The representative neuron shown in Fig. 8 possessed
robust selectivity during correct task performance. For this
neuron, significantly higher firing rates occurred during
movement to the left reward receptacle (Fig. 8A; P < 0.05,

t test). However, during spontaneous reward receptacle
approach, firing rates remained close to baseline levels and
selectivity was not apparent (Fig. 8B, P > 0.05).

For the population as a whole, selectivity was present
only during correct task performance, and significantly
reduced during spontaneous reward receptacle approach
(Fig. 8C; P < 0.001, Wilcoxon’s signed rank test). This
suggests that the specific movements executed during task
performance are encoded by selective firing, rather than
the spatial goal of those movements.

Discussion

In the present experiment, we analysed cue and movement
related firing in the NAcc of rats performing a delayed
response task for sucrose reward. Our data suggest that
NAcc neurons contribute both to motor preparatory
processing occurring prior to movement onset, and
to movement execution. In both delay and movement
periods, firing in NAcc neurons was, to an unexpected
degree, influenced by movement parameters. We discuss
the firing patterns we recorded during delay and movement
periods and the implications of these results below.

Neural firing during the delay period

We characterized several novel features of neural activity
in NAcc neurons occurring during a delay period prior to
movement initiation. Firing occurring during this delay
period was characterized by a tight correspondence with
movement parameters, namely the timing and direction
of reward-directed actions. In particular, the offset of
changes in delay period firing occurred very close to the
time at which movement to the reward receptacle was
initiated. For the subset of neurons that showed selective
firing during the delay period, this selectivity anticipated
the subsequent direction of movement, rather than the
sensory properties of the instructive cue presented. Finally,
this selectivity, while weak early in the delay, increased in
magnitude during the late periods of the delay just prior
to movement initiation.

Previous studies of NAcc responses to conditioned cues
in the rodent have demonstrated firing correlates to a host
of reward parameters. NAcc neurons encode the identity
of a predicted reinforcer (Carelli & Ijames, 2001), the
rewarding or aversive nature of a reinforcer (Setlow et al.
2003; Roitman et al. 2005; Wilson & Bowman, 2005)
as well as the availability of reward (Nicola et al. 2004;
Peoples et al. 2004). Few studies in rodents, however, have
dissociated cue presentation from the ensuing behavioural
response, making it difficult to unambiguously determine
the most relevant parameter encoded by changes in neural
activity – the predictive cue (and reward information
associated with the cue), motor parameters (both planning
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Figure 6. Movement responses are contingent on trial type and response latency
A, firing in an example M+ neuron, with histograms constructed around nosepoke exit in each panel. From left
to right, nosepoke exits (NPE) shown occur during: correct trials; error trials in which movement to the wrong
reward receptacle occurred; error trials in which the delay was prematurely terminated but was followed by a
short latency (< 500 ms) response at the reward receptacle; and premature movement error trials (premature NPE,
preNPE) in which response latency to the reward receptacle was long (> 500 ms). In this neuron, an excitatory
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and execution), or both, could contribute. In the
present behavioural task, temporal separation of cue
presentation and movement onset allowed us to examine
the relative contribution of these factors separately.
Somewhat surprisingly, we found that NAcc encoding
during this delay period strongly reflected motor variables
in all measures examined – timing of the onset and offset
of firing, selective firing, and the timing of selectivity itself.

The patterns of delay period firing we describe here
are similar to those previously reported in studies of
the primate striatum (Apicella et al. 1992; Schultz
et al. 1992, 1993), in which many neurons possessed
movement related firing prior to the onset of movement.
In go/no-go tasks, for instance, subsets of neurons showed
premovement firing that was specific for the instructed
response – a large subset of neurons fired selectively prior
to ‘go’ responses, while a smaller group showed selective
firing during ‘no-go’ trials (Hollerman et al. 1998). Similar
to our present results, when tasks requiring a directional
behavioural response were employed, direction-selective
firing was often encountered (Hassani et al. 2001).
The results we report here extend these findings by
demonstrating that in the rat, this encoding in the NAcc
reflects selectivity for the movement direction itself, rather
than the target location or stimulus properties of the
instructive cue.

Previous studies have shown a strong dependence of
cue-related firing on predicted reward properties; our
results raise the possibility that this encoding occurs
in movement coordinates, such that expectation of
reward facilitates implementation of the specific behaviour
necessary to obtain it. An influence of anticipated reward
value on movement encoding is a necessary step in
the transformation of goals into behaviour. Reward
predictive-cues have powerful and consistent effects

response occurred during correct trials and during prematurely terminated trials which were followed by short
latency locomotion to the reward receptacle (1st and 3rd panels, respectively). This excitatory response was absent
when movement to the wrong reward receptacle occurred, or when latency to reward receptacle entry was
slow after premature delay termination (2nd and 4th panels, respectively). B, mean firing rate for the example
neuron shown in A for each trial type. Mean firing rates were significantly different (P < 0.05, 1-way ANOVA).
C, normalized response magnitude for the population of M+ neurons. Firing rates showed a dependence on trial
type and response latency (main effect of trial type, P < 0.01; main effect of response latency; P < 0.05, 2-way
RM ANOVA). Firing during wrong reward receptacle and premature movement errors was significantly lower than
that occurring during correct trials (P < 0.05, Holm–Sidak post hoc test). Firing was also significantly attenuated
during long latency reward receptacle responses relative to short latency responses (P < 0.05). Median change in
firing rate (relative to baseline firing) and first and third quartile responses are represented in bar graphs. Trial types
shown are divided into those in which short latency (< 500 ms) and long latency (> 500 ms) responses to the
reward receptacle occurred. D, distribution of response latencies to reach the reward receptacle for each trial type.
For all trial types, response latency was typically rapid (median response latencies: correct trials, 370 ms; wrong RR
trials, 420 ms; premature movement errors, 402 ms). However, premature movement error trials showed a bimodal
distribution of response latencies, with a subset of responses occurring between 1 and 2 s following nosepoke exit,
clearly visible in the cumulative frequency distribution (inset graph). E, M+ firing rates decreased monotonically
with increasing response latency during premature movement errors (P < 0.05, RM ANOVA on ranks). F, M− firing
rates were dependent upon trial type (main effect of trial type, P < 0.05, 2 way RM ANOVA). Post hoc tests showed
firing during both error types was significantly attenuated relative to correct trials (P < 0.05, Holm–Sidak post hoc
test). For M− neurons, there was no dependence of firing rate on latency to reach the reward receptacle.

on behaviour: reward anticipation decreases response
latencies and increases response speeds (Bowman et al.
1996; Bowman & Brown, 1998; Hauber et al. 2000).
Elegant studies of firing in the oculomotor striatum have
demonstrated widespread effects of reward anticipation
on firing in neurons that have a powerful modulatory
role on initiating and executing eye movements (Hikosaka
et al. 2006). Reward anticipatory firing in subsets of
these neurons is correlated with increased probability
of a saccade in the rewarded direction, and increased
speed of the saccade (Lauwereyns et al. 2002; Itoh
et al. 2003). These experiments elucidate some of the
mechanisms through which reward encoding in striatal
circuits facilitates execution of motivated behaviours. In
the present study, we intentionally did not vary reward
value; all successful trials resulted in an identical volume
of sucrose delivery. Thus the precise manner in which
NAcc neurons integrate reward and movement encoding
remains unknown. Future studies in which both reward
value and required response direction are systematically
varied will be required to determine if single neurons in
the NAcc jointly encode commands for movement and
anticipated reward.

Though the present results show that the NAcc
encodes information related to movement planning, the
contribution of this neural activity to generating behaviour
is not clear. Lesions studies demonstrate that NAcc firing
importantly contributes to behavioural performance in
delayed response tasks similar to the one employed
in the present experiments. Thus, excitotoxic lesions
of the ventral striatum increase premature responding
in a sustained nosepoke task (Bowman & Brown,
1998), and lesions of the NAcc core increase premature
responses in a serial reaction time task (Christakou et al.
2004).
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NAcc delay period firing could either promote or
inhibit planned movements. Premovement firing has been
described in many brain regions (Kurata & Wise, 1988;
Alexander & Crutcher, 1990), and has been suggested
to provide a ‘readiness’ signal that speeds or facilitates
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Figure 7. Movement selective firing is closely
related to response direction
A, an example neuron with movement direction
selectivity. The histogram shows that firing rate in this
neuron was elevated during trials in which the preferred
cue and response direction occurred (black line),
relative to trials in which the non-preferred cue and
response direction occurred (grey line). This difference
was significant (right panel; P < 0.05, t test). Histogram
is constructed around nosepoke exit (NPE; synchronous
with movement onset). Broken grey line indicates
baseline firing. B, firing rates in the same neuron shown
in A during error trials. Peak firing rates were higher in
trials in which the preferred response direction occurred
(black line, histogram) relative to those in which the
preferred cue (grey line) was presented. Differences in
mean firing rate were significant (right panel;
P < 0.05). C, firing rates in movement selective neurons
were significantly higher when the preferred response
direction occurred for correct and error trials (overall
effect of trial type, P < 0.001, RM ANOVA on ranks).
Firing was significantly lower in both correct and error
trials in which the non-preferred movement direction
occurred (P < 0.05, Dunn’s post hoc test).

some aspect of the subsequent behavioural response. In
the case of the NAcc, however, it is also possible that
premovement firing serves to inhibit forthcoming
movement, ensuring that movement is delayed until the
appropriate moment. This latter possibility is supported
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Figure 8. Movement selective responses encode movement
direction, rather than movement destination
A, movement selectivity in an example neuron. This neuron fired more
robustly during movement to the left reward receptacle (left panel;
black line) relative to rightward movement (grey line). The difference in
firing was significant (right panel; P < 0.05, comparing left versus
right movement, t test). Histograms are constructed around reward

by lesion and pharmacology literature showing that
NAcc inactivation promotes behavioural activation in
many experimental paradigms (Reading & Dunnett, 1995;
Bowman & Brown, 1998; Basso & Kelley, 1999; Di Ciano
et al. 2001; Christakou et al. 2004; Yun et al. 2004a).
Such inhibition could take place through indirect, rather
than direct, projections to motor output nuclei. It is
interesting in this regard to note that in recordings from
the primate striatum, ‘no-go’ selective responses were
much more commonly encountered when ‘no-go’ trials
were rewarded, relative to paradigms in which they were
unrewarded (Apicella et al. 1992; Schultz & Romo, 1992).
Presumably, greater response suppression is required when
movement must be withheld to obtain a reward (as
opposed to no reward), and increased firing in striatal
circuits that suppress movement is recruited under these
conditions.

Neural firing during movement

Similar to delay responses, NAcc firing patterns recorded
during locomotion to the reward receptacle encoded
correlates of movement. The amplitude of movement
responses was contingent upon both the trial outcome
(changes in firing were larger during successful trials
relative to error trials) and, for M+ responses, the
latency with which movement to the reward receptacle
took place (responses were larger during short-latency
movements). A population of neurons showed selectivity
during the movement period, and this selectivity reflected
the direction of movement, rather than the instructive
cue presented, or the spatial goal of the movement –
selective firing was absent during movements to the reward
receptacles that occurred outside the delayed response task
and originated at locations other than the nosepoke hole.

Pharmacological studies have established a key role
for the NAcc in generating locomotion (Mogenson et al.
1980; Tzschentke & Schmidt, 2000). Previous electro-
physiological studies of NAcc function, though not
focusing explicitly on locomotion, have demonstrated that
a large subset of NAcc neurons possess firing related
to ongoing movement (Chang et al. 1994; Yun et al.
2004b; Taha & Fields, 2005; Day et al. 2006; Wan &

receptacle entry (RR). Values shown indicate mean firing rates in the
400 ms preceding reward receptacle entry for each movement
direction. Broken grey line indicates baseline firing rate. B, selective
firing in the example neuron shown in A was much reduced during
spontaneous approach to the reward receptacles (P > 0.05). Firing
was near baseline spike rate during spontaneous approach to both the
left (black line) and right (grey line) reward receptacles. C, selective
firing was significantly higher during correct task performance, relative
to spontaneous reward receptacle approach (P < 0.001, Wilcoxon’s
signed rank test). Bar chart shows median, first and third quartile
values.
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Peoples, 2006). For many neurons, performance of an
operant response alone, in the absence of any reinforcer
delivery, is sufficient to elicit firing (Peoples et al. 1997).
Our results provide further evidence of an important
role for the NAcc in generating locomotor behaviours,
demonstrating that a subset of NAcc neurons – those with
M+ firing patterns – possess firing rates that correlated
with the time required to move from the nosepoke to
the reward receptacle. Though these electrophysiological
findings are correlative, they suggest that these neurons
are involved in regulating reward-directed locomotor
behaviours, perhaps by speeding approach when reward is
anticipated. A previous study in primates supports such a
role for dorsal striatal neuron in regulating the velocity of
reward-directed saccades (Itoh et al. 2003).

In the present work, the amplitude of both M+ and
M− responses depended upon trial outcome – these
responses were larger during correct trial performance,
and attenuated during error trials. The source of this
difference in firing rate is unclear, but one possibility is that
movements employed during locomotion to the reward
receptacle were subtly different during correct and error
trials. Alternatively, it is possible that reward expectation
might be diminished during error trials, and differences
in firing rate could reflect differing reward expectancies
during correct and error trials. This interpretation
is consistent with previous studies demonstrating a
role for reward expectancy in modulating movement
related NAcc firing patterns (Cromwell & Schultz,
2003).

Selective firing during reward receptacle approach
(Fig. 8) was apparent during task performance, but not
during spontaneous receptacle approach. While the goal
of both both types of movement was the same – the
reward receptacle – the locomotion required to reach
this goal differed. During task performance, movements
invariably started from the central nosepoke port. This
constrained the locomotor paths possible to reach the
goal, and ensured that for a given direction of movement,
the movement executed to the reward receptacle on
each trial was very similar. In contrast, spontaneous
approaches could be initiated from any point in the cage
and included a variety of approach trajectories. Thus, the
occurrence of selective firing in the former, but not the
latter, scenario, suggests that this selectivity was related
to the movement, rather than the destination of the
movement. Other factors, such as reward expectancy,
may also have differed during task performance versus
spontaneous approach. However, reward expectancy is
unlikely to have contributed to selective firing occurring
during task performance. Firing during correct task
performance differed during movements to the left and
right reward receptacles, despite the fact that identical
reward volumes delivered to these receptacles would give
rise to identical reward expectancy for both directions of

movement. Thus reward expectancy is unlikely to have
contributed significantly to the selective firing.

We did not find significant lateralization for contra- or
ipsilateral movement in direction selective NAcc neurons.
This finding contrasts with the pronounced lateralization
of encoding apparent in studies of the dorsal striatum,
where the majority of neurons typically fire selectively for
movement into the contralateral hemifield (Lauwereyns
et al. 2002). Lesions studies provide additional evidence
that the connections of the ventral striatum to motor
effectors are less lateralized than those of the dorsal
striatum. Unilateral 6-hydroxydopamine lesions of the
NAcc had only subtle lateralization effects on responding
in a visual discrimination task – rats with these lesions
showed elevated contralateral responding only when the
response requirement was made more eccentric (Carli et al.
1989). Unilateral lesions of the dorsal striatum, in contrast,
showed a consistent bias toward ipsilateral responding
under all response requirements.

General implications for NAcc function

An important hypothesis of function in striatal circuits
is that they facilitate action selection (Pennartz et al.
1994; Redgrave et al. 1999; Nicola, 2007). Selection of
a specific action has been proposed to occur through a
mechanism of mutual inhibition, in which robust firing
in neurons encoding the ‘winning’ behaviour not only
promotes initiation of that behaviour through effects on
downstream motor circuits, but also inhibits firing in
other populations of striatal neurons encoding competing
actions. This model requires representation of specific and
competing behaviours in distinct subsets of NAcc neurons.
Our data show that this selectivity for one of a pair of
competing movements is encoded by NAcc neurons during
preparation for and execution of motivated behaviours.
During delay and movement intervals, distinct subsets of
neurons encoded competing motor information (i.e. left
versus right). This encoding could serve as the substrate
for a behavioural selection mechanism. Further studies
are needed to determine if inhibitory interactions occur
between subsets of NAcc neurons encoding competing
behavioural responses.

NAcc movement encoding: instructive or permissive?

Our finding of movement selective firing in NAcc neurons
does not eliminate a broader contribution of the NAcc in
gating the initiation of motivated behaviour in general,
acting as a simple ‘go’ signal without specifying the
nature of the behaviour to be executed. In a previous
paper (Taha & Fields, 2006) we argued that a distinct
subset of neurons, which show long-lasting inhibitions
during the delayed-response task, have a firing pattern
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consistent with such a role. There is clear evidence
from the behavioural literature that neurons in the NAcc
shell gate feeding behaviour (reviewed in Kelley, 2004).
Pharmacological inhibition of firing in the NAcc causes
a robust feeding response, likely through disinhibition of
neurons in target regions (Stratford & Kelley, 1997, 1999).
Some behavioural evidence suggests that a gating function
for NAcc shell neurons may extend beyond consummatory
behaviours to the appetitive behaviours that precede them.
Inhibition of the NAcc shell increases lever-pressing in
a reinstatement paradigm (McFarland et al. 2004) and
inhibition of the core-shell border increases responding
in a discriminative stimulus paradigm (Yun et al.
2004a).

Considering the present data together with our previous
study, we propose that subsets of NAcc neurons
contribute to motivated behaviour in two distinct ways.
Neurons with long-lasting inhibitions gate appetitive
and consummatory behaviours, acting in a permissive
fashion. In contrast, other neurons, such as those
showing movement selective firing, facilitate planning and
execution of specific reward-directed actions.
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