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Abstract

The behavioral and motivational changes that result from use of abused substances depend upon
activation of neuronal populations in the reward centers of the brain, located primarily in the corpus
striatum in primates. To gain insight into the cellular mechanisms through which abused drugs
reinforce behavior in the primate brain, changes in firing of neurons in the ventral (VStr, nucleus
accumbens) and dorsal (DStr, caudate-putamen) striatum to “natural” (juice) vs. drug (intravenous
(V) cocaine) rewards were examined in four rhesus monkeys performing a visual Go-Nogo decision
task. Task-related striatal neurons increased firing to one or more of the specific events that occurred
within a trial represented by: 1) Target stimuli (Go trials) or 2) Nogotarget stimuli (Nogo trials), and
3) Reward delivery for correct performance. These three cell populations were further subdivided
into categories that reflected firing exclusively on one or the other type of signaled reward (juice or
cocaine) trial (20-30% of all cells), or, a second subpopulation that fired on both (cocaine and juice)
types of rewarded trial (50%). Results show that neurons in the primate striatum encoded cocaine
rewarded trials similar to juice rewarded trials, except for 1) increased firing on cocaine rewarded
trials, 2) prolonged activation during delivery of IV cocaine infusion, 3) differential firing in ventral
(VStr cells) vs. dorsal (DStr cells) striatum cocaine rewarded trials. Reciprocal activations of
antithetic subpopulations of cells during different temporal intervals within the same trial suggest a
functional interaction between processes that encode drug and natural rewards in the primate brain.
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Introduction

A major factor studied extensively with respect to the neurobiological basis of drug abuse and
addiction has been the difference between the rewarding properties of abused substances and
natural appetitive/nutritional rewards (Carelli et al 2000, Dackis and O’Brien 2001, Vezina

2004). Understanding the relationship of drug induced alterations in normal brain activity to
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drug seeking behavior in animals (Kantak et al 2002, Sun and Rebec 2005) is necessary in
order to develop effective agents that can control addiction in humans (Risinger et al 2005). It
has also been postulated that drug seeking behavior engages the same motivation-related brain
circuits in the striatum and other regions (Gass and Olive 2008), including the same
dopaminergic (DA) projections, that are activated by natural rewards (Marinelli and White
2000, Kalivas and McFarland 2003). Insight into the neural changes related to drug addiction,
relapse and abstinence has been gained by monitoring activity in these reward circuits in
animals actively engaged in drug seeking behaviors (Bowman et al. 1996, Bradberry et al
2000, Bradberry 2008, Rebec 2006, Vezina 2004, Hollander and Carelli 2007). It is likely that
drugs such as cocaine can “tap into” existing brain reward circuitry therefore, as information
on neuronal processes within these areas accumulates (Samejima et al 2005, Morris et al
2006, and Lau and Glimcher 2008) it is important that neuronal encoding associated with
stimuli that represent drug vs. natural rewards be directly compared to provide insight into a
potential basis for cocaine addiction in humans (Volkow et al. 2006, Cooper and Knutson
2008).

To examine the neural basis of the difference between drugs vs. natural rewards, recordings
were obtained from the caudate-putamen and nucleus accumbens in the respective dorsal (DStr)
and ventral (VStr) regions of striatum in rhesus monkeys (n=4) performing a Go-Nogo task
for intravenous (V) cocaine or a squirt of a sweet juice liquid as rewards delivered on separate
trials within the same session. The results indicate that: a) neurons in VStr and DStr encode
the same events within the Go-Nogo task, however the firing tendencies for events in different
classifications were not similar in the two areas, b) event-related cell firing in both areas was
also segregated with respect to firing to stimuli that signaled either juice or cocaine reward
delivery on a given trial, and 3) both VStr and DStr cells consistently exhibited more robust
firing on cocaine vs. juice rewarded trials irrespective of event-classification.

All animal procedures for NHPs were reviewed and approved by the Institutional Animal Care
and Use Committee of Wake Forest University, in accordance with U.S. Department of
Agriculture (USDA), International Association for the Assessment and Accreditation of
Laboratory Animal Care (AAALAC), and National Institutes of Health guidelines.

Four adult male rhesus monkeys (Macaca mulatta) weighing 4.7-9.3kg were acclimated to
primate chairs and trained to respond to a visual display screen using a video tracking device
attached to the wrist for detection of arm movements which were displayed by displacement
of a 3 cm diameter filled circle (cursor) on the screen (Hampson et al. 2004). Arm movements
were “tracked” by two-dimensional cursor displays on the same screen where stimulus objects
were presented and responses (cursor movements) were required to perform the task (Figure
1).

Behavioral Task

Animals were trained to perform a Go-Nogo task consisting of presentation of specific images
on the screen to which the monkeys were trained to respond by either: 1) moving the cursor
into the image (Target) on Go trials, or 2) withholding the cursor for 5.0 s from placement in
a different (Nogotarget) image on Nogo trials. Animals were motivated to respond for highly
preferred juice rewards by withholding the daily allocation of fluid until after behavioral test
sessions. Such restrictions ranged between 2—4 hrs from change to “daytime” in home cage
light-dark cycle. Hydration levels were monitored on a weekly basis according to standard
ACUC protocols for classification of dehydration. Trials were initiated by placing the cursor
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completely inside a 15 cm diameter circle (“Start Ring”) displayed in the center of the screen,
after which (1.5 s) either the Target or Nogotarget image was presented at one of nine different
locations on the screen. The type of impending reward on a given trial was signaled (Figure 1)
by: 1) the color of the Start Ring (yellow = juice reward, blue = cocaine reward), and 2) the
color and shape of the Target and Nogotarget images that signaled the type of required
behavioral response (Go or Nogo). A “Go” response to a Target image required cursor
positioning within the image boundaries for at least 0.5 s, after which was delivered either: 1)
a squirt of juice (via sipper tube mounted next to the animal’s mouth) or 2) an 1V injection of
cocaine hydrochloride (via indwelling catheter) from a computer activated peristaltic pump.
“Nogo” trials required withholding the cursor outside the Nogotarget image boundary after
presentation for at least 5.0 s, after which either juice or cocaine (depending on the type of start
ring and image) was non-contingently delivered automatically in the same manner as after a
correct response on Go trials described above. The inter-trial interval (ITI) varied between 3.0
and 10.0 s for juice rewarded trials and for cocaine trials that followed juice trials. However,
a 10 sec ITI automatically followed cocaine trials due to the duration of the IV infusion pump
operation. The probability of juice vs. cocaine rewarded trials varied randomly during the
session with the exception that a minimum 2.0 min was imposed between cocaine rewarded
trials. Animals received a maximum of 20-25 cocaine rewarded trials per session. Failure to
respond appropriately under either type of trial contingency (Go or Nogo) initiated a 10.0 sec
“timeout” period where no reward was delivered and the screen was blanked until start of the
next trial. On Target (Go) trials if a response did not occur it was scored as an error and on
Nogotarget (Nogo) trials if the cursor touched the image during the 5.0 s display period the
trial was scored as an error. Five dose levels of cocaine (0.015, 0.03, 0.06, 0.09, 0.15 mg/kg/
injection) were employed at various times during the study, with only one dose level
administered for all trials within a session. Assessments of neuronal firing were combined over
the above dose levels for this report to provide sufficient numbers of active neurons to
accurately determine firing differences between cocaine vs. juice rewarded trials. Neuronal
dose-effects and related findings are the subject of another report from this same study (Opris
et al. 2009, in preparation).

All surgical procedures were reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) of Wake Forest University and performed in accordance with established
practices as described in the National Institutes of Health Guide for Care and Use of Laboratory
Animals. Animals were sedated with ketamine (10 mg/kg), intubated, and maintained
throughout surgery with isoflurane (1-3% to effect) and oxygen as needed. Craniotomy sites
were selected to overlie the stereotaxic coordinates (23.0 = 1.0 mm anterior to interaural line;
4.0 £ 0.5 mm lateral to midline) for Dorsal (DStr) and Ventral (\VStr) Striatum (Caudate
Nucleus and Nucleus Accumbens respectively) as certified by individual MRIs for each
monkey (Szabo and Cowan, 1984). Recording access cylinders (Crist Instruments) were fixed
to the skull with screws and dental cement above each craniotomy site to allow daily placement
of microelectrodes into the brain (Hampson et al. 2004). Each animal received antibiotics
(cefazolin, 25 mg/kg) for 7 days after surgery, and acetaminophen (10 mg/kg) and/or
buprenorphine (0.7 mg/kg) as needed for pain. Animals were allowed to recover from the
procedure for 5-10 days before resuming behavioral training and testing. VVascular access ports
(Norfolk Medical Products, Skokie, IL) for drug infusions were implanted in a separate surgery
session. The port was positioned subcutaneously in the mid-scapular region with the catheter
inserted into the femoral vein, and threaded for a distance calculated to terminate near the vena
cava. The port and cannula were flushed daily with heparinized saline (5 ml).
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Cocaine Administration and Dose

Correct performance on signaled cocaine rewarded trials operated a peristaltic pump for 10
sec. intravenous (IV) administration of cocaine hydrochloride. The doses of cocaine used as
rewards for correct performance (0.015, 0.03, 0.06, 0.09, and 0.15 mg/kg/injection in saline)
were changed daily and were within the range for published dose-effect curves for cocaine
self-administration and administration during cognitive performance in nonhuman primates
(Bradberry et al. 2000, Jentsch et al. 2002, Nader et al. 2006, Bradberry 2008). Upon successful
completion of a trial, cocaine was immediately infused intravenously (1) over a 10.0 s interval
via infusion pump into the vascular access port (0.15 ml/sec, 1.5 ml/injection). Cocaine trials
were spaced at least 2.0 min apart and interleaved randomly with juice rewarded trials.

Electrode Positioning and Recording

Recording procedures in monkeys were as described elsewhere (Hampson et al., 2004). Single
neuron action potentials were recorded using tungsten electrodes (1-5 MQ impedance)
mounted in an Alpha-Omega EPS-8 multiple electrode positioning system. Electrodes were
positioned independently on a daily basis in tracks that traversed the DStr (caudate nucleus;
AP 23, ML 4, DV 18-28 mm) and VStr (nucleus accumbens; AP23, ML 4, DV 29-33 mm)
stereotaxic coordinates, confirmed by individual MRIs, using a multi-electrode microdrive
(Alpha Omega, Inc.) mounted prior to each session that allowed recording of 1-4 individual
neurons simultaneously along the above dorsal-ventral tract traversed at slightly different
lateral coordinates in each recording session. Recording loci were monitored within the session
via stereotaxic coordinates and distances from landmark white-matter structures where single
unit activity was consistently absent during electrode advancement along a selected vertical
track. A representative range of recording tracks is shown in Figure 8B. The electrode tracks
ranged from 20.5-22.5 mm anterior/posterior relative to Interaural zero; 3.6-5.2 mm from
midline (right side) and 19.0 to 28.0 mm from brain surface for DStr (dorso/ventral) and 31.0
to 33.0 mm for VStr (dorso/ventral). At the completion of the recording session electrodes
were removed, the cranial cylinders disinfected and sealed and the animal returned to its home
cage. Single as well as multiple simultaneously identified recordings from DStr and VStr
neurons were isolated and stored via waveform and timestamp in relation to specific events
(perievent histograms) within trials in the Go-Nogo task.

Statistical Analysis

Single-neuron waveforms were discriminated and analyzed with a multineuron acquisition
system (Plexon Systems Inc) and NeuroExplorer software. Standard scores [z = (peak firing
rate to event — pre-event 1.0s baseline firing rate) + (SD of baseline firing rate)] were calculated
for each neuron for each of the six events in the task to determine relevance of firing. Only
neurons that showed significant firing changes (z > 3.09, P < 0.001) in perievent histograms
derived from specific events according to the responses to particular images (Target or
Nogotarget) or type of reward (juice or cocaine) were retained for analysis. Neurons exhibiting
other firing properties (i.e. negative z scores) were not frequently observed and exhibited much
higher firing rates than the mean values of DStr and VStr cells. Single neuron activity recorded
from each brain region is presented as perievent histograms (PEHS) related to Target and
Nogotarget images as well as firing associated with Reward (juice or cocaine) delivery.
Comparison of juice and cocaine trial events involved assessment of differences in mean firing
rates for successive 250 ms time bins displayed as mean (+SEM) firing rate histograms around
each of the 3 task events. Cells encountered during pre-session recording that did not respond
to trial events (< 15%) were not utilized. It was also possible for a given neuron to show
significant activation to more than one event or reward condition within a session, however,
further breakdown to that level of categorization was not included in the current study in order
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to provide sufficient statistical representation of proportions of cells that fired on a given trial
event to compare on cocaine vs. juice rewarded trials.

Results

Behavioral Performance on Juice and Cocaine Rewarded Trials

Because of the implication of the dorsal (DStr) and ventral (VStr) striatum in cocaine addiction
in animals and humans (Volkow and Fowler, 2000; Kalivas and McFarland 2003, Risinger et
al. 2005), this study employed a simple Go-Nogo task to test the influence of cocaine vs. juice
rewards on the encoding of behavioral contingencies by striatal neurons under circumstances
where the task was well-learned and difference in behavioral performance on cocaine vs. juice
rewarded trials was not a major contributing factor. Firing rates of DStr and VStr neurons were
recorded in animals performing a simple Go-Nogo task (Figure 1) which manipulated three
different parameters: 1) the type of reward (cocaine or juice) signaled by the Start Ring; 2)
type of response required on a given trial (Go for Target images or non-responding for
Nogotarget images), and 3) the method of reward delivery (IV cocaine vs. oral juice) for correct
responses. The graph at the lower left in Figure 1 shows the dose-dependence of correct
responding to cocaine Target images for each animal to illustrate the typical inverted U-shaped
relation to performance over the 0.015-0.15 mg/kg dose range employed (Bradberry et al
2000). Figure 1 shows that there were no major differences in overall performance on Go trials
across animals at each of the dose levels used in the task. The graph at the lower right illustrates
the average day-to-day performance of a single animal on the four different types of trials in
the task, Go or Nogo for juice and cocaine reward. There were no major differences in
performance on Go vs. Nogo trials either within or across animals, consistent with the intended
simplicity of the task to minimize behavioral influences on striatal neuron firing tendencies.

Ventral Striatal (VStr) Cell Activity on Juice vs. Cocaine Rewarded Trials

Figure 2 shows single neuron activity recorded in the VStr of animals performing the Go-Nogo
task on either juice or cocaine rewarded trials (Figure 1). Figure 2A depicts the firing of 3
different VVStr neurons recorded during performance in the Go-Nogo task. The perievent
histograms and raster displays in the left column (Juice) show firing of each cell to one of the
3 main trial events (Target, Nogotarget and Reward) on juice rewarded trials. In the right
column (Cocaine) are shown firing correlates of the same cells to the same trial events when
cocaine was signaled or delivered as the reward for successful performance. As can be seen
the same type of phasic cell firing was recorded for a particular event but in some cases (top
and bottom) on both types of rewarded trial (cocaine or juice).

Figure 2B shows mean (£SEM) firing rate histograms (+ 2.75 s) of V/Str cells for the three trial
events illustrated in Figure 2A that occurred on cocaine (black bars) or juice (grey bars) trials.
A total of 133 VStr cells responded to one or more of the 3 events in the Go-Nogo task in the
following proportions: Target 60.2%, Nogotarget 51.1% and Reward 64.6%, which was not
significantly different with respect to a given event category. Significant changes in mean firing
rate are shown in Figure 2B (upper) for Target events on cocaine trials in the 0.5 — 2.75s time
interval (F(13 5950y = 2.91, p<0.01) following Target image presentation and on juice trials over
ashorter time period (0.25-0.75s, F(g 5950) = 5.96, p<0.01). Asterisks in this and other Figures
with firing rate histograms indicate significant differences between cocaine vs. juice firing at
the indicated 250 ms intervals. Significant changes in mean firing rate to Nogotarget events
(Figure 2B middle) at 0.25s after presentation on cocaine (F (g, 5302) = 4.99, p<0.001) and juice
trials (F (6,5302) = 3.22 p<0.01) are also shown in the same format. The most pronounced
distinction between cocaine and juice trials was following reward delivery (Figure 2B lower)
where cocaine trials were associated with significantly increased firing relative to juice trials
for at least 2.5s after a correct response (cocaine 0.5 - 2.75s vs. pre 1.0s, F(14,6214) = 6.72. p <
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0.001, juice 0.25-0.75s vs. pre 1.0s Fg 6214y = 3.03 p<0.01). Importantly, when summed over
all three task-related events (Target, Nogotarget and Reward), mean firing was significantly
greater on cocaine vs. juice trials in the post-event firing period (F(14,1876) = 5.02, p<0.001),
but mean firing rates prior to the same events were not significantly different (F1, 1g76) = 2.48)
between reward conditions. A major basis for this difference in VStr cell firing on juice vs.
cocaine trials was the increased discharge at 0.5-1.5 s following Target and Reward events
(F(1,4197) > 11.48, **p< 0.001, asterisks in Figure 2B) which corresponded to the time of IV
delivery of cocaine via the operation of the infusion pump (see Methods).

Subpopulations of VStr Cells Firing to Different Rewards within each Event

Figure 3A illustrates firing of individual VStr cells to Target presentation on juice (left) or
cocaine (right) signaled trials with discharge patterns that reflect a further sub-categorization
of reward related firing within each event. This differentiation segregated cells on the basis of
increased firing specific only to juice trials (Juice-specific, upper left); or specific only to
cocaine trials (Cocaine-specific middle), while a third sub-category showed cells that fired on
both trial types cocaine and juice (Both TT lower) rewarded trials. Cells that fired to the
Target image in the Juice-specific (37.7% of total cells) or Cocaine-specific (33.0%)
subcategories did not show increased discharge to the Target image on the opposite trial type
(Figure 3A upper and middle), while cells classified as Both TT (40.2%) discharged to
Target image presentations on cocaine and juice trials (Figure 3A lower). Figure 3B shows
mean (x SEM) firing rate histograms for all VStr cells in each of the 3 reward subcategories
for the Target event (n=128) segregated by type of signaled reward (juice vs. cocaine). Firing
was significantly increased for 1.0 sec following Target presentation (Fg 203g) = 5.14, p< 0.01)
in cells that fired only on juice reward trials (Juice-specific). Interestingly, activity in Cocaine-
specific VStr cells that fired to Target images only on cocaine trials was increased for 0.5s
(Fa,2038) = 16.18, p< 0.001) after presentation, returned to background firing level, then
increased again at 1.75 — 2.75s after presentation (F(1 2038) > 2.89, p < 0.01 each bin), the time
interval corresponding to infusion pump delivery of IV cocaine. Comparison of firing increases
between the two cell groups revealed no significant differences in the first 0.5s following
Target presentation, however there was significantly higher firing in the later time period for
the Cocaine-specific vs. Juice-specific cell groups (1.5 -2.75's, F(3 203g) > 11.14, p< 0.001
asterisks in Figure 3B). Superimposed on the histograms in Figure 3B are the distribution of
latencies (gray bars) for behavioral (Go) responses to the Target image for cocaine and juice
trials respectively, indicating no significant differences in behavioral response latency as a
function of type of reward and, also showing that the late prolonged discharge in Cocaine-
specific cell firing was not due to delayed behavioral responses.

The lower two histograms in Figure 3B depict the third sub-category where VStr Target cell
firing significantly increased within 1.0 s after image presentation on both juice (Juice trials-
Both Fg,1943) = 2.78, p< 0.05) and cocaine reward trials (Cocaine trials-Both F(7 1943) > 16.83,
p<0.001). However, higher firing rates occurred to presentation of the cocaine Target image
(F(1,1043) > 11.36, p< 0.01 asterisks in Figure 3B) even though the same VStr cells were
recorded in both circumstances. It is important to note that unlike Cocaine-specific cells there
was no secondary or prolonged increase in firing on cocaine trials during IV cocaine delivery
for VStr cells that responded to Target images on both types of trial (Figure 3B Both TT, cocaine
trials). In addition cocaine trials produced a brief transient increase in firing (F(1,1943) > 6.13,
p < 0.01) in the pre-period before Target presentation in the Cocaine-specific and in the Both
TT subgroup (cocaine trials) classifications, which may have reflected increased firing to the
Start Ring, signaling the onset of a cocaine trial (Figure 1).

The specificity of VStr cell discharges in the other two event categories, Nogotarget and
Reward, was similar to that in the above detailed description for Target events, in that reward
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related firing was also segregated with respect to Juice-specific, Cocaine-specific, or Both
TT subcategories. Figure 4 (left) shows mean (xSEM) firing rate histograms of VStr cells to
Nogotarget (Nogo) image presentation on Juice-specific (53.1% of total cells) or Cocaine-
specific (21.8%)) trials (top) as well as for cells (lower left) that fired on Both TT (31.1%).
Nogotarget event firing for Juice-specific and Cocaine-specific cells showed only minor
increases in cell discharge immediately following (0.25s) Nogotarget presentation for either
reward condition (Figure 4A), however this was coupled with significantly increased firing in
the pre-event (-2.75 to —1.5 s) period (F(1 2231) > 11.73, p<0.001) in the Cocaine-specific sub-
category (Figure 4, top left). In addition, there was also a significant decline in cell firing in
the same sub-category (F(s,2231)=12.55, p< 0.001) immediately prior to Nogotarget
presentation. In contrast, cells in the Nogotarget subcategory that increased firing on both
cocaine and juice trials (Both TT) exhibited significantly increased firing on cocaine trials
(F(5,1487) = 5.72, p< 0.01) in the 1.0 s interval following image presentation (F 1 1487) > 14.53,
p <0.001) compared to when the same cells fired on juice trials (Figure 4A, lower left, grey
bars).

A more distinct difference between cocaine vs. juice trials was exhibited by VStr cell firing to
Reward events, shown in Figure 4B. Cells that fired on Juice-specific (38.2% of total cells) or
Cocaine-specific (30%) trials each yielded significant firing increases (F(4,2015) =3.54 p
<0.001; F22,2015) =2.41 p <0.001, respectively) commencing 0.5s after Reward delivery.
Reward event discharges were significantly higher for Cocaine-specific cells (F(1 1967) > 16.37,
p< 0.001, asterisks in Figure 4B) persisting for at least 2.75 s which was consistent with the
extended duration of the IV pump delivery of cocaine rewards (10.0 sec). A similar set of firing
increases was obtained in VStr cells that fired to Reward events (64%) on juice (F(g 1967) =
2.65, p<0.01, post 0.50-0.75s) and cocaine (F (22 1967) = 4.13 p<0.001, 0.75-2.75s) trials (Both
TT), with cocaine trials again showing significantly higher and more prolonged firing rates
(F(1,4030) >16.58, p<0.001,asterisks in Figure 4B, lower). The unique tendency for VStr cell
firing to segregate into the above event categories and reward sub-categories of firing suggests
that reward-dependent identification of individual trial events dominated VStr encoding of
information while animals performed the Go-Nogo task.

Neuronal Firing in Dorsal Striatum (DStr) on Juice vs. Cocaine Rewarded Trials

Recordings in the same animals of presumed medium spiny neurons (Shidara et al. 1998,
Samejima et al. 2005) in the dorsal striatum (DStr) were analyzed as VStr cells above and
segregated with the same classification schemes. The overall mean (tSEM) baseline firing rate
of DStr cells (Figure 5B) was significantly higher than VStr cells (3.83 + 0.29 Hz vs. 2.60
0.21 Hz, respectively, p<0.001) however, phasic changes in firing rates with respect to Go-
Nogo trial events and type of reward were similar. In addition there were slight differences
compared to VStr cells with respect to the percentage of total recorded DStr cells (n=81) that
fired in one or more of the 3 event categories during performance of the task, Target (69.1%),
Nogotarget cells (55.5%), and Reward (57.4%). Figure 5A shows six individual DStr neurons
that exhibited increased firing on signaled juice or cocaine rewarded trials during Target,
Nogotarget and Reward events as shown in Figure 2 for VStr cells. Figure 5B depicts mean
(x SEM) firing rate histograms for DStr cells recorded during each of the three events on juice
(gray bars) and cocaine (black bars) rewarded trials. Firing was significantly increased in the
percentage of DStr cells (26.4%) that fired to the Target image on cocaine trials (F(11 4174) =
5.27, p <0.001) and in the percentage of DStr cells (33.9%) that fired on juice trials

( F(7,4174) = 2.78, p<0.01) with cocaine trials showing significantly higher rates (F(1 4174) >
11.34, p<0.001) following Target image presentation (top, Figure 5B asterisks). Unlike VStr
cells, firing of DStr cells to Nogotarget events was increased markedly on juice (F(s 3gg6)=
8.02, p<0.01, 44.8%) and cocaine (F(s 38g6) = 32.9, p<0.001, 34.1%) rewarded trials, with firing
also significantly higher (F (1 3gg6) > 17.98, p<0.001) on cocaine trials (asterisks, Figure 5B
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middle). Firing relative to the pre-reward delivery baseline was significantly elevated for
Reward events on juice and cocaine trials (F(g 3910) > 3.35, p<0.01) with the percentage of DStr
cells nearly the same (40.8% and 34%, respectively), with slightly higher firing (F1 4419 > 9.60,
p<0.001) on cocaine trials but only within 0.5-0.75s interval following reward delivery
(asterisks in Figure 5B, lower).

Figure 6 A shows the same sub-categorization as in Figure 3 for DStr cell firing to Target images
on Juice-specific (33.8%) or Cocaine-specific (26.4%) trials. DStr cells that fired to the
Target event on both types of rewarded trials (Both TT 49.6%) are shown in Figure 6B. Firing
of Cocaine-specific DStr cells (Figure 6A) was significantly reduced 1.0 s prior to Target
presentation (F(7 934) = 3.76, p<0.01) but increased significantly (F(1 934) > 10.90 p<0.001) in
the 0.75 s period following Target image presentation relative to cells that fired only on juice
trials (Figure 6A Juice-specific). Juice-specific DStr cells showed small increases in firing to
Target images 0.5s (F(2,934) = 4.12, p<0.01) following Target presentation (Figure 6A lower).
In marked contrast, DStr cells that fired on cocaine and juice rewarded trials (Both TT) showed
robust and sustained firing increases (Figure 6B) for 1.0 s after Target presentation on cocaine
(F1,1151)= 4.02, p<0.001, 0.25-2.0s post-Target) and juice trials (F 1151) = 3.46, p<0.01),
with firing on cocaine trials significantly higher and of longer duration (F(y 1151y > 11.38, p<
0.001, asterisks in Figure 6B).

DStr Nogotarget and Reward cell firing shown in Figure 7 was divided into the same 3 sub-
categories as shown in Figure 4 for VStr cells. Nogotarget firing in DStr cells classified as
Juice-specific (34.1%) or Cocaine-specific (40.8%) showed significantly increased discharges
in the 0.25-0.75s interval after Nogotarget image presentation (Juice-specific Fg gg3) = 2.02,
p<0.05; Cocaine-specific Fg gg3) = 2.44, p<0.05), with Cocaine-specific cell firing
significantly higher (F(1 gg3) > 14.06, p<0.001 asterisks, Figure 7A). However DStr cells that
showed elevated firing on both types of rewarded trial (Both TT 35.8%, juice; F(s g47) = 3.07
p<0.01, cocaine; F(g e47) = 12.70, p<0.001), also showed significantly higher firing rates on
cocaine trials (F(1 647) > 23.03, p<0.001, Figure 7A).

DStr cells classified as firing to Reward events (Figure 7B) were segregated into Juice-
specific (44.8 %) and Cocaine-specific (34.1%) subcategories and showed significantly
elevated firing after reward delivery (Juice-specific, F(1,1030) = 4.47 p< 0.05, 0.25s post-
delivery; Cocaine-specific, Fg 1030) = 3.70, p<0.001, 0.5-1.5s post-delivery) with Cocaine-
specific cells in this category showing significantly higher firing (F(1,1030) > 15.04, p<0.001,
asterisks in Figure 7B upper,). In DStr cells that fired on juice and cocaine trials (Reward, Both
TT 33.3%) rates were significantly elevated for 0.5 s following reward delivery (juice trials,
F(6,911) = 2.99, p<0.01; cocaine trials F(g o11) = 15.20, p<0.001, 0.25-0.75s) with cocaine trials
showing larger increases than juice trials (F(g,911) > 11.5, p<0.001 asterisks in Figure 7B).
However as noted by the (1) symbol in Figure 7B, on juice and cocaine trials firing in this
subclass of DStr cells declined significantly (F4,911) > 7.17, #p< 0.001) in the 1.0s interval
immediately prior to reward delivery (dotted line) which was unique with respect to other event
sub-classifications in the task (Figure 3-Figure 6).

Relative Firing Differences Between VStr and DStr Cells

Figure 8 summarizes the changes for VStr and DStr cells in the 12 inter-related (event and
trial-type) sub-classifications based on normalized firing rates that can be compared directly
across each category. VStr cells were more responsive than DStr cells for Target events on
Juice-specific and Cocaine-specific trials (p< 0.01, t > 2,99) and for cocaine Reward events
irrespective of reward specificity sub-classification (Figure 8, Ventral Striatum; Reward
Cocaine-specific, Reward Cocaine Both TT, p<0.01, t > 2.66). In contrast DStr cells exhibited
significantly higher normalized rates of discharge to Nogotarget events (Nogotarget Cocaine
Both TT, p<0.001, t > 3.45), but again only on cocaine rewarded trials. Figure 8 also shows

Neuroscience. Author manuscript; available in PMC 2010 September 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Opris et al.

Page 9

that DStr cells actually showed slight decreases in normalized firing following delivery of juice
rewards as indicated by the negative percentage increase.

Figure 8B shows the distribution of recording tracks in the monkey striatum from the Paxinos
et al (2003) atlas cited in Methods. The tracks were designed to traverse both DStr and VStr
in the same electrode recording session. Using this approach DStr cells were recorded before
VStr cells in most cases but each region was regularly sampled within the same behavioral test
session in most cases and there were no differences with respect to the order in which cells in
each region were recorded with respect to firing correlates. The mediolateral extent of most
recording tracks was determined by the anatomic location of VStr, but some DStr recording
tracks were not immediately above Nucleus Accumbens. The anterior-posterior extent of the
recording tracks was determined by the cranial well on the animal’s skull which allowed
traversals of 1.5 to 2.0 mm.

Dynamics of Reward Encoding By Different Subclasses of VStr Target Cells

Differential encoding of trial events as a function of type of signaled reward (juice or cocaine)
was not the sole function of the VStr cells that fired to Target events in the Go-Nogo task. This
was revealed by the types of discharge patterns that occurred when the opposite type of trial
was presented (i.e. juice trial for Cocaine-specific cells, or cocaine trial for Juice-specific cells)
during the session. This is illustrated in Figure 9A by comparisons of mean (+ SEM) firing rate
histograms for VStr Juice-specific (gray bars) and Cocaine-specific (black bars) cells on trials
where the reward for that cell group was signaled by the Target image (i.e. “coded trial”), with
firing in the same cell groups synchronized to presentation of Target images that signaled the
“opposite” type of reward (Figure 9A “opposite trial””). While there were no significant
increases in discharge following presentation of the opposite Target image, there was increased
firing in the cell groups prior to presentation of Target image that coded the opposite trial type
(Figure 9A pre-arrows). Figure 9A (‘Pre”) shows a significant increase in firing for both cell
groups inthe 1.0 s period immediately prior to presentation of the Target image for the opposite
trial (Juice-specific Fg 203g) = 6.30, p<0.001; Cocaine-specific F(g 203g8) = 3.40, p<0.01), with
significantly higher firing rate for Juice-specific cells (F(1 203g) > 6.52, —1.0-0s, asterisks in
Figure 9A, opposite trial). Secondly, there was a significant elevation in firing in Juice-
specific cells commencing 1.25 s after Target image presentation on the opposite (cocaine
signaled) reward trial (F(4 203g) = 5.96, p<0.001) which corresponded to the time of cocaine
delivery via the infusion pump (Figure 3,Figure 4,Figure 6,Figure 7). Finally, the distribution
of behavioral “Go” response latencies after Target image presentation for cocaine and juice
rewarded trials is shown at the bottom of Figure 9A to indicate the absence of increased firing
during behavioral responding by the “inappropriate” cell groups on the opposite trial.

The mean firing rate histograms In upper and middle panels of Figure 9B show the simultaneous
discharge patterns of both subpopulations of VStr cells (Juice-specific and Cocaine-specific)
on the same trials (upper-cocaine trial; middle-juice trial). In each case firing was increased
approximately 1.0 s prior to when the Target image was presented in the subpopulations
encoding the opposite trial type. Firing in the inappropriate subpopulation decreased to
background level as the appropriate cell group tuned to that Target image increased firing in
association with behavioral responding (Figure 9A, bottom). It can also be seen that firing
increased again 1.5s after Target image presentation in each “specific’ subpopulation, but
only on cocaine trials (Figure 9B. top) and not on juice trials (Figure 9B middle). Comparison
with VStr cells that responded on both types of rewarded trial (Both TT) showed no differential
discharge patterns on the opposite type of trial (Figure 3B), firing only increased after
presentation of the Target image in these cells (Figure 9B).
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Discussion

VStr and DStr neurons were recorded in behaving NHPs to determine how cell activity
represented specific events when cocaine vs. juice was the signaled or obtained reward during
performance of a simple Go-Nogo task. The results support other findings in NHPs showing
striatal mechanisms of task differentiation and reward selectivity (Apicella et al 1992, Shidara
et al. 1998, Tremblay et al 1998, Cromwell and Schultz 2003, Samejima et al. 2005, Lee et al
2006, Lau and Glimcher 2008) as well as differential responsiveness to cocaine vs. natural
rewards (Bowman et al. 1996). However new insight into the neural correlates of how cocaine
and juice rewards were compatibly encoded within VStr and DStr is provided via determination
of a complex hierarchical classification scheme composed of trial-specific neuronal firing
patterns for cocaine vs. juice rewards for the same behaviors. Such a scheme is consistent with
several new proposals regarding 1) the basis for activation of neuronal firing related to drug
seeking in rats, NHPs and humans (Vezina 2004, Rebec and Sun 2005, Risinger et al 2005,
Hollander and Carelli 2007, Wakazono and Kiyatkin 2008) and 2) the encoding of reward value
by the striatum (Zink et al. 2004, Di Pietro et al. 2006, Ding and Hikosaka 2006, Grace et al.
2007, Lee et al 2006) and other brain regions (Takeda and Funahashi 2006, Simmons and
Richmond 2008, Mogami et al. 2007, Belova et al. 2007).

The classification scheme demonstrated here must, however be qualified by several factors
inherent in the comparison of neuronal firing on cocaine vs. juice trials, the most important of
which are mode of delivery, and potency. As indicated above differences with respect to the
extended duration of discharge following cocaine reward delivery (Figure 4) may reflect
conditioned or anticipatory firing relative to the timecourse of drug infusion. Secondly,
although similar with respect to overall average performance levels (Figure 1), variances in
cocaine reward “value” or potency on individual trials could have also contributed to firing
differences between cocaine vs. juice rewards (Figure 8). Both of the above factors impose
inherent discontinuities with respect to direct comparisons of natural and drug-related reward
properties, however, the segregation of cocaine reward effects into the same subcategories as
those exhibited for juice rewarded events, cannot be explained by these two factors. Therefore,
the demonstration that striatal neurons encode drug and natural rewards via the same
classification scheme supports the suggestion that normal ‘unadulterated’ brain-reward
processes are activated by abused drugs such as cocaine.

Differences Between VStr and DStr Cell Firing on Cocaine vs. Juice Trials

Figure 8 indicates the differences in firing tendencies between VStr and DStr cells with respect
to specific events in the Go-Nogo task. Prior reports have indicated different functional roles
for dorsal and ventral striatum in addition to showing differential sensitivity to cocaine
exposure (Apicella et al 1992,Shidara et al. 1998,Bradberry et al. 2000,Porrino et al. 2007,
Meredith et al. 2007, Takahashi et al. 2007,Bradberry 2008). Functional distinctions in the
current study showed DStr cells were biased to fire more to on Nogo trials to Nogotarget
images, whereas VStr cells were more prone to respond to on Go trials to Target images and
following Reward (i.e. cocaine) delivery. Other distinguishing features between DStr and VStr
included differences in baseline firing rates (Figure 3—Figure 7), absence of prolonged
discharge during intravenous cocaine delivery in DStr cells (Figure 7, Reward-Both), and
reduced sensitivity of VVStr Cocaine-specific and Juice-specific cell firing to Nogotarget events
(Figure 4&Figure 8). Such differences support prior and current proposals of an underlying
scheme in which dorsal and ventral striatum provide differential encoding of reward contingent
motor responses (Apicella et al 1991, Rebec 2006,Gdowski et al 2007,Atallah et al.

2007, Takahashi et al. 2007,Seger 2008).

The above distinctions with respect to classifications of task specific firing into sub-categories
likely reflect expression of different cortico-striate inputs to medium spiny and possibly other
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types of striatal neurons (Hemby et al 2005, Haruno and Kawato 2006, Lee et al 2006, Lau and
Glimicher 2007). However, categorization of reward specific firing likely involves well
characterized changes in dopaminergic inputs to striatal neurons (Vezina 2004, Calabresi et
al. 2007, Shultz, 2007) as has been shown in a variety of contexts (Everitt et al. 1999, Tobler
et al. 2005, Morris et al. 2006, Grace et al. 2007) including human reward seeking (Risinger
et al. 2005, Sinha et al. 2005, Volkow et al. 2006). Recently such dopaminergic influences
(Carelli 2004) were demonstrated on a time scale that would account for the trial-to-trial
differences in firing rates of the VStr and DStr cells reported here (Roitman et al. 2008).

The operation of the reciprocal striato-nigral circuitry in primates (Haber et al., 2000) is likely
involved in food-related rewards and cocaine drug seeking in a manner similar to that
demonstrated in rodent studies (Rebec 2006). Belin and Everitt (2008) recently demonstrated
a possible prioritization of activation during cocaine-seeking in rodents, dependent on the
permissive actions of the ventral striatum for eventual expression of drug-seeking by dopamine
regulated dorsal striatal output to motor systems. Within this context, an “Actor/Critic” model
(Joel et al 2002) has been suggested by Schoenbaum and associates (Takahashi et al 2007,
Takahashi et al 2008) to incorporate predictive encoding within ventral striatal (“critic”)
neurons for dorsal striatal (‘actor”) motor networks, which can account for deficits in cocaine
sensitized rats. The current finding in NHPs of a differential distribution of firing in VStr
(Target, Reward) vs. DStr (Nogotarget) during cocaine rewarded events (Figure 8) is consistent
with the above proposals in rats of differential roles played by each striatal region in
maintaining correct behavioral performance.

of Task Events and Type of Reward in Ventral Striatum

Since the VStr and DStr encoded the three Go-Nogo trial events with nearly the same
percentages of cells firing for each event, the major distinction within cell populations recorded
in each region was the intensity of cell firing with respect to the type of reward (cocaine vs.
juice) that was signaled or delivered (Figure 2—Figure 7). This is consistent with prior studies
that determined that striatal neurons encode relevant behavioral events in terms of different
types or features of rewards within the task (Apicella et al 1992, Shidara et al. 2002, Samejima
et al. 2005,Lau and Glimcher 2007, Williams and Eskandar 2006,Simmons and Richmond
2008). An important report by Bowman et al (1996) showed selective firing of striatal neurons
to anticipated cocaine rewarded trials in NHPs performing a delay task, and that the firing of
cocaine responsive cells did not predict the activity of cells that fired to natural rewards.
Because of these and other prior reports (Carelli et al 2000,Robinson et al. 2001, Crownwell
and Schultz 2003, Rebec 2006), the current finding of differentiated firing of striatal neurons
to delivery of different types of rewards (i.e. Juice-specific and Cocaine-specific cells) was
expected to some extent. However, the fact that cells that fired on either type of rewarded trial
(Figure 8, VStr Reward-Both TT cells) also gave more robust discharges on cocaine trials,
suggests that reward-related firing may have been independent for some striatal cell types
(Bowman etal 1996). Comparisons of Target, Nogotarget and Reward events (Figure 3—-Figure
7), showed that cocaine rewarded trials produced significantly higher and in some cases more
prolonged, firing rates in VVStr and DStr than on juice trials. This finding suggests that all striatal
neuronal firing is not strictly segregated into either one reward category or another (Carelli et
al 2000), but may have overlapping functional circuits regulated by other contingencies such
as “detection” of reward associated events irrespective of type of reward (Schultz 2007). The
fact that firing associated with delivery of reward on cocaine trials was significantly prolonged
relative to juice trials (Reward Figure 4&Figure 6), most likely reflects a conditioned
association to the delay between successful responding (or not responding on Nogo trials) and
the delayed arrival of 1V cocaine delivered via the infusion pump (Everitt et al. 1999,Dackis
and O’Brien 2001, Sun and Rebec 2006,Hollander and Carelli 2007). However, it is interesting
that behavioral latencies to respond on Go trials to Target images were not different for cocaine
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or juice rewarded trials (Figure 9C). Therefore the prolonged or secondary discharge in VStr
and DStr Cocaine-specific cell firing (Figure 3&Figure 6) suggests a relationship to
“anticipation” (Tremblay et al 1998,Lau and Glimcher 2008) of the subsequent
psychostimulant effects of 1V delivered cocaine (Bradberry 2008,Negus et al 2007), whose
time course of action after systemic delivery has recently been characterized by Wakazono and
Kiyatkin (2007).

Striatal Reward Encoding Scheme: SubClassification of Task-Related Events

Summary

Additional insight into the encoding scheme related to the segregation of VStr and DStr cell
firing with respect to type of reward was provided by data shown in Figure 9 regarding
classified cell group firing on the opposite type of rewarded trial. The unexpected increase in
firing prior to, but not following, presentation of the “inappropriate” Target image (Figures
9A middle, “Pre™), suggests that cells that encoded the opposite reward for the same event were
reciprocally engaged by the Start Ring on trials in which, for these cell groups, the opposite
type of reward was signaled. However, it is clear that these same two VStr (Target) cell groups
suppressed firing to the Start Ring when it signaled presentation of the Target image for the
appropriate reward- to which firing increased (Figure 9B upper & middle). Such temporal
reciprocity of firing between the two exclusive cell groups (Juice-specific and Cocaine-
specific) would tentatively provide a relative enhancement of the instantaneous neural signal
appropriate for a given Target event. A similar scheme of reciprocal categorization of task-
relevant information has recently been suggested by Seger (2008) as an interactive feature of
different “corticostriatal loops” responsible for performance of well-established (i.e.
integrated) motor behaviors, such as employed here. Finally, in contrast, this type of
complementary firing was (necessarily) not present in the third subpopulation of V/Str cells
that fired to Target events on either type of rewarded trial (Figure 9B Both TT).

There are three main aspects of the above findings that are critical to interpretation of how the
rewarding effects of abused drugs such as cocaine could gain control of VVStr and DStr neural
activity. First, task-dependent stimulus, response and reward events were integrated into a very
detailed and specific scheme with the information content for any trial segregated into: a)
isolated representation of particular trial event, b) representation of that same event for a
specific type of reward condition and c) differential activation at the time of reward delivery.
This dichotomy with respect to reward specificity is unique in that it reflects a segregation of
signaled trial types by striatal neurons that were: 1) exclusive for a given event for a specific
type of reward (Juice or Cocaine-specific cell groups), or 2) inclusive of that event under either
reward condition (Both trial type cell groups). Secondly, in agreement with prior reports in
NHPs (Bowman et al 1996) and rodents (Carelli 2004, Deadwyler et al. 2004, Hollander and
Carelli 2007), firing of striatal neurons when cocaine was the signaled or delivered reward
exceeded firing to the same event on natural reward trials (Figure 2—Figure 7). This was
demonstrated by the fact that even if cell firing occurred for both types of rewards (Both TT
category); higher discharge rates were nearly always associated with cocaine rewarded trials
(Figure 3—Figure 5, Figure 7). Third, the distribution of overall cell firing to events exclusive
for each type of rewarded trial (20-30% of total cells), or inclusive for the same events on each
type of rewarded trial (approximately 50%), was similar in DStr and VStr. While the finding
of reward exclusivity in striatal cell firing is similar to prior reports in NHPs (Bowman et al.
1996), the finding of a larger proportion of cells that responded to either type of reward (Both
TT) has not been reported previously in primates. However the prior report by Bowman et al.
(1996) of a complete lack of predictability in firing between the two groups of reward specific
neurons was duplicated here in the Cocaine-specific and Juice-specific cell groups. The lack
of significant differences in the percentages of cells responding on cocaine vs. juice rewarded
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trials suggests that cocaine associated trial events activated the same functional cell types in
VStr and DStr but to a higher degree than natural rewards (Takehashi et al 2008, Belin and
Everitt 2008). While a test of reward potency of cocaine vs. juice trials is the subject of another
report (Opris et al 2009, In preparation) such differences are consistent with other reports of
striatal cell discharge in NHPs that showed higher phasic firing rates associated with higher
reward value (Tobler et al, 2005, Samejima et al 2005, Simmons and Richmond 2008, Lau and
Glimcher, 2008). It is therefore likely that drugs that are abused such as cocaine “tap into”
existing brain reward circuitry and utilize encoding and other processing features in the same
manner as natural rewards. This implies that the similarities in firing categorization for juice
vs. cocaine rewarded events reported here may be one potential basis for cocaine, and possibly
other types of drug, addiction in humans (Gottfried et al. 2003, Zink et al, 2004, VVolkow et al.
2006, Cooper and Knutson 2008).
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Figure 1. lllustration of Juice and Cocaine Reward Trials and Behavioral Performance in Go-Nogo
Task

Upper: Illustration of Go-Nogo task for Juice (left) and Cocaine (right) rewarded trials. Start
Ring, Target and Nogotarget stimuli are shown for each type of trial. Trial initiated by
presentation of Start Ring the color of which specified the type of reward (Juice or Cocaine)
for the trial. Placement of cursor inside the Start Ring initiated presentation of Target or
Nogotarget images. The ‘Go’ response required placement of cursor in Target image for 500
ms after which reward delivery was initiated. The ‘“Nogo’ response required withholding cursor
outside Nogotarget image for 5.0 s, after which reward delivery was initiated. Any contact of
cursor with Nogotarget image terminated trial immediately with no reward and screen blanked
for 10 sec. Correct performance on signaled juice reward trials operated a valve to deliver 0.5
mls of a fruit-flavored juice solution via a chair mounted sipper tube near the animals’ mouth.
Correct performance on signaled cocaine reward trials operated a peristaltic pump for a 10 sec.
intravenous (1V) infusion of cocaine hydrochloride (dose range 0.015-0.15 mg/kg). Lower
Left: Performance (mean £SEM percent correct) on cocaine reward trials for each of the four
animals at each dose of IV cocaine show typical inverted U-shape dose-effect curves for each
animal across the dose range employed (0.015-0.15 mg/kg). Overall mean (solid line) and
SEM (dashed line) for juice rewarded trials averaged across the same sessions shown for
cocaine dose-response performance. Lower Right: Performance (mean percent correct) over
20 daily sessions for a single animal for each of the 4 different types of trials Go (Target)
cocaine or juice; and Nogo (Nogotarget) cocaine or juice.
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Figure 2. Firing of Ventral Striatal (VStr) Cells to Events in Signaled Cocaine and Juice Rewarded
Trials

A: Single trial raster displays (dots) and summed perievent histograms (PEHS) illustrate firing
patterns of individual VStr cells during the three events in the Go-Nogo task. At each level the
rasters (dots = neural spike occurrences) and PEHs depict firing synchronized to the indicated
trial event (Target, Nogotarget, Reward). The three levels show a different VVStr cell firing to
one of the three types of trial events (Target, Nogotarget, Reward) on either a juice (left column)
or cocaine (right column) rewarded trial. Superimposed waveforms are shown as insets for
each isolated neuron (scale bar: 1 ms, 250 pV). Solid vertical lines indicate behavioral events:
R=Start Ring response; Stim = presentation of Target, Nogotarget images. Reward (lower row)
indicates firing synchronized to juice delivery (squirt in mouth) or initiation of cocaine
administration via IV infusion pump following successful trial completion. Red dots show
onset of Target images (stim) synchronized to reward delivery (0 s, dotted vertical line). B:
Histograms show mean (x SEM) firing rate in 250 ms bins for V/Str cells over + 2.75s classified
on the basis of one of the three Go-Nogo task events (0 s, dotted vertical line) shown in A.
black bars: cocaine reward trials; gray bars: juice reward trials. All asterisks = cocaine > juice
trials: Target *p<0.01 Fy 5950y > 8.40, **p<0.001 F(1,5950) > 12.72; Nogotarget *p<0.01,
F(1,5302) > 7.96, **p<0.001 F(1 5302) >14.49; Reward *p<0.01, F(1 214) > 10.41, **p<0.001,
F(l,6214) >21.11.
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Figure 3. Classification of Target VStr Cell Firing into Reward Subcategories

A: Single trial raster displays and PEHSs for Target VStr neurons classified with respect to
firing on juice or cocaine rewarded trials. Top: Juice-specific cell fires only to Target stimulus
presentation on signaled juice reward trials (left). Middle: Cocaine-specific cell fires only to
Target image presented on signaled cocaine reward trials (right). Bottom: VStr Target cell that
fired to both types of trial, juice and cocaine (Both TT). Stim = presentation of Target image.
B: Mean (+ SEM) firing rate histograms summed over all VStr Target cells classified in the
categories shown in A for + 2.75 sec relative to Target presentation (time 0 s, dotted vertical
line). Juice-specific and Cocaine-specific VStr cell firing is shown for the respective juice and
cocaine reward signaled trials (upper and middle); Firing of V/Str cells in Both Trial Types
(Both TT) subcategory is shown for cocaine and juice reward trials in the lower two panels.
Superimposed gray bars after Target image presentation (vertical dotted lines) indicate
distribution of % of behavioral response latencies (across all animals) to Target image on the
same time base for the respective trial types. Asterisks: Cocaine-specific > Juice-specific
*p<0.01 F(1,2038) > 9.10, **p<0.001 F(1 203g) > 11.14. Both Trial Types: cocaine > juice trials
**p< 0.001 F(1'1943) > 11.36, F(]_']_950) > 3.56, p< 0.01.
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Figure 4. Segregation of VStr Nogotarget and Reward Firing into Reward Subcategories

Mean (£SEM) firing rate histograms of VStr neurons with discharge synchronized to
Nogotarget (left) and Reward (right) events (Figure 2) subdivided into cocaine and juice reward
categories as in Figure 3 for Target event firing. A. Combined histograms for Nogotarget,
Juice-specific (gray bars) and Cocaine-specific (black bars) cell firing (upper) and similar data
for different groups of cells that fired to Nogotarget events on Both Trial Types (Both TT)
cocaine and juice rewarded trials. Asterisks: Cocaine-specific > Juice-specific: *p<0.01,
**p<0.001, F(1,2231) > 7.73; Pluses: Juice-specific > Cocaine-specific: *p<0.01, F1,2031) >
8.31. Decrease in Cocaine-specific firing at 1.0 s prior to Nogotarget presentation: #p <0.001,
F(4,2231) =12.5. Asterisks Both TT: cocaine > juice trials, *p<0.01, **p <0.001, F(1,1487) > 6.58.
B.Reward, Upper histograms show Juice-specific (grey bars) and Cocaine-specific (black bars)
cell firing for £ 2.75 s relative to event onset (0 s, dotted lines). Cocaine-specific > Juice-
specific for Reward at 0.5-2.75 s interval (**p< 0.001, F(y 1967) > 16.37). Both TT cell firing
on cocaine and juice rewarded trials is shown in lower two histograms; cocaine > juice trials
for Reward event at 0.75-2.75 s (*p<0.01, **p<0.001, F(1 4030) > 6.88). Dotted lines indicate
occurrence of Nogotarget and Reward events (0 s).
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Figure 5. Firing of Dorsal Striatal (DStr) Cells to Go-Nogo Events on Signaled Cocaine and Juice
trials

A: Perievent histograms and single trial raster displays illustrate typical firing patterns of six
individual DStr cells during the same trial events shown for VStr cells in Figure 2A. Top:
Middle and Lower raster displays and PEHs depict examples of 6 different DStr neurons that
fired specifically to the indicated events (Target, Nogotarget or Reward) on either a juice (left
column) or cocaine (right column) trial. Rasters and histograms constructed at + 3.0 sec around
the indicated event (“0” s, dotted line). Neural spike waveforms isolated for each cell indicated
above each PEH (scale bar: 1.0 ms, 250 uV). B: Mean (+ SEM) firing rate histograms for DStr
cells classified as firing to Target, Nogotarget, and Reward events (“0” s dotted line, £ 2.75s)
on juice (grey bars) and cocaine (black bars) rewarded trials. Asterisks: *p<0.01, **p<0.001;
Target F(1,4174) >11.34, Nogotarget F(l,ggge) >17.98, Reward F(1’3910) >11.53.
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Figure 6. DStr Target Cell Firing Segregated into Reward Subcategories

Mean (= SEM) firing rate histograms for DStr Target cells (0 s + 2.75 sec) classified into the
same 3 reward categories shown in Figure 3 for VStr Target cells. A: DStr Target cells that
fired on only cocaine (Cocaine-specific, top) or juice (Juice-specific, lower) signaled reward
trials. Asterisks (cocaine >juice): *p<0.01, **p<0.001, F(; 934y > 10.90; Plus (juice
>cocaine): *p<0.01, F(1 g34) > 4.42. Superimposed light gray bars indicate the same behavioral
latency data following Target image presentations as shown in Figure 3 (dark gray bars
represent neural firing where the latency bar would have obscured the black bar). B: DStr
Target cells that fired on Both Trial Types, cocaine trials (top) or juice trials (lower). Asterisks
(cocaine > juice): **p<0.001, F(1 1151) > 11.38. Superimposed gray bars indicate the same
distribution (% of total) of behavioral responses for each type of trial as shown in A.
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Figure 7. Segregation of DStr Nogotarget and Reward Firing into Reward Subcategories

Mean (= SEM) firing rate histograms of DStr neurons with discharge synchronized to
Nogotarget and Reward events (dotted line at 0 s) subdivided into cocaine and juice trial
categories as in Figure 4 for VVStr Target cells. A. DStr cells that fired to Nogotarget events.
Upper: Juice-specific (gray bars) and Cocaine-specific (black bars) cell firing on the respective
trial types. Asterisks (cocaine > juice): **p<0.001 (F( gs3) > 14.06). Lower: Combined firing
rate histograms for Nogotarget cells that fired on Both Trial Types (Both TT): juice (gray bars)
or cocaine (black bars) trials. Asterisks (cocaine > juice): **p<0.001, F(1 g47) > 23.03. B. DStr
cells that fired to Reward events. Upper: Juice-specific and Cocaine-specific cell activity
shown in mean (x SEM) firing rate histograms for the respective trial types. Asterisks (cocaine
> juice): **p<0.001, F(1,1030) > 15.04, Plus (juice > cocaine): *p<0.01, F(1 1030) > 6.87. Lower:
Mean firing rate histograms for DStr Reward cells that fired on Both Trial Types. cocaine trials
(black bars) and juice trials (grey bars). Asterisks (cocaine > juice): *p<0.01, **p<0.001,
F(1,911) > 9.46, Plus (cocaine & juice trials both showed decreased firing relative to —2.5s
interval): ¥p< 0.001, Fg,917) > 7.17.
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Figure 8. Normalized Firing Changes across all Categories of Events and Reward with Locations

of Recording Tracks for VStr and DStr Neurons

A: Mean (x SEM) normalized percent increase (post/pre event) in cell firing for VStr (top) and
Dstr (bottom) neurons in all three event categories and the four subcategories related to reward
specificity. Scores of 0% indicate no change in pre vs. post event firing rate. Within each event
(Target, Nogotarget and Reward) subclasses include normalized firing ratios for Juice-specific,
Cocaine-specific and Both TT categories of firing. Asterisks: (VStr>DStr) *p<0.01, **p<0.001
(Student t-test); Pluses (DStr>VStr): ¥p<0.001, (Student t-test). B: Diagram of vertically
oriented electrode tracks used for recording DStr and VStr neurons as mapped on the Paxinos
et al (2000) monkey brain atlas as confirmed by individual MRIs in each animal. Some tracks
allowed sampling from both areas (\VStr and DStr) in the same ventral excursion. Range of
penetrations in the anterior-posterior (AP) plane was restricted to £1.5-2.0 mm relative to
midpoint of the recording cylinder indicated in Atlas coordinates as 20.5-22.5 mm AP.

Neuroscience. Author manuscript; available in PMC 2010 September 29.

28
32
36

© H» O
[ |

P T N I N S S

B. Map of Recording Electrode Tracks.

ulelg jo doj 0} |esjusp Ww



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Opris et al. Page 25
VStr Target Cells: Coded and Opposite Trials
5.0 B
B 5.0 1 ++ +

N 4.0/ Coded Trial _--li: TTT <40 | Cocaine Trial _
Y ' =
© 3.0 1 o _
£ 20 g20 |
i <
c T8
g 1.0 = 1.0
= ]

0'0'1' % T T T = 0.0

Opposite Trial [| 5 . -

N 4.0 Opposite Tria 1 — M Cocaine Specific
z + 1 «T= = 40- i i *
P C 1 i Juice Trial OJuice Specific
s 3.0 S - T 1)
- I 5
z 17 B ¥
£ 20 | 220
ic : E
§ 1.0 A '-; 1.0
= i 3

004_\_4\: AL L RERE B Bi B = 00 R IR IN EN O IN I : i i

Pre | ‘o Both Trial Type Cells | **
w40 | ' OJuice Trial i**
& ! § 40 BCocaine Trial 1
c 1 1
o 30 . . 1 o |
2 M Cocaine behavior " % 30 | H
) O Juice behavior w H
X 20 ! o i
= 1 € 20 !
5 ! i |
= 10 - 1 w 1.0 !
s 1 § ' i
Q\ E OO T T L i e b \7; 77777777777
25 -20 -15 1.0 -05 0 05 1.0 1.5 2.0 25 25 20 45 10 05 0 05 10 15 20 25

Time Sec (250ms)

Time Sec (250ms)

Figure 9. Firing of VVStr Target Neurons on the Opposite Type of Rewarded Trial

A. Top: Mean (= SEM) firing rate histograms of Juice-specific V'Str cells (grey bars) and
Cocaine-specific cells (black bars) on trials in which the Target image signaled the respective
type of reward (Coded Trial, cf. Figure 3B). Middle: Mean (+ SEM) firing rate histograms for
the same two groups of cells on trials in which the Target image signaled the “other” (i.e.
opposite) type of reward (Opposite Trial). Anticipatory firing of Juice-specific and Cocaine-
specific cell groups occurred 1.0 sec prior to image presentation on Opposite trials (“pre”), but
declined to baseline at the time of presentation of the opposite Target image (0 s vertical dotted
line). Note re-escalation of Juice-specific cell firing coincident with time of cocaine delivery
(1.5-2.75 s, see also B Top). Asterisks (juice > cocaine): *p <0.01, **p <0.001, F(1 2038) >
6.52. Bottom: Distribution of behavioral responses for juice and cocaine rewarded trials (same
data as in Figure 3&Figure 6). B. Top: Depiction of firing of Cocaine-specific (black bars) and

Juice-specifi

c (gray bars) cells on cocaine (top) and juice (middle) reward trials. Juice-

specific cells did not respond to cocaine trial Target presentations but increased firing when
Cocaine-specific cells fired during cocaine delivery (see Figure 9A Middle). Asterisks (juice
> cocaine: *p <0.01, **p <0.001, F(1,2038) > 6.52. Plus (cocaine > juice): "p <0.001 **p<
0.0001, F(1,2038) > 8.73. Middle: A similar anticipatory firing (—0.75-0s) occurred in Cocaine-
specific cells during juice rewarded trials (Juice Trial). Pluses (cocaine > juice): *p < 0.01,

F(1,2038) > 8.

33; Asterisks (juice > cocaine): *p < 0.01, **p < 0.001, F(1 2038) > 8.26. Bottom:

Mean (= SEM) firing for VVStr Target cells that fired on either juice (gray bars) or cocaine
(black bars) trials (Both TT) did not show complimentary anticipatory firing prior to Target
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presentation on the opposite reward trial. There was also no extended firing in this cell group
(Both Trial Types) during cocaine delivery as in Juice-specific cells. However there was a
marked difference in firing to the Target image on cocaine vs. juice trials. Asterisks (cocaine
> juice): **p<0.001, F(1,3886) =9.96.
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