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JOURNALOF NEUROPHYSIOLOGY 
V.ol. 74, No. 3, September 1995. Printed in U.S.A. 

Responses of Cells in the Tail of the Caudate Nucleus During Visual 
Discrimination Learning 

VERITY J. BROWN, ROBERT DESIMONE, AND MORTIMER MISHKIN 
Laboratory of Neuropsychology, National Institute of Mental Health, Bethesda, Maryland 20892 - 4415 

SUMMARY AND CONCLUSIONS 

1. The tail of the caudate nucleus and adjacent ventral putamen 
(ventrocaudal neostriatum) are major projection sites of the extra- 
striate visual cortex. Visual information is then relayed, directly 
or indirectly, to a variety of structures with motor functions. To 
test for a role of the ventrocaudal neostriatum in stimulus-response 
association learning, or habit formation, neuronal responses were 
recorded while monkeys performed a visual discrimination task. 
Additional data were collected from cells in cortical area TF, which 
serve as a comparison and control for the caudate data. 

2. Two monkeys were trained to perform an asymmetrically 
reinforced go-no go visual discrimination. The stimuli were com- 
plex colored patterns, randomly assigned to be either positive or 
negative. The monkey was rewarded with juice for releasing a bar 
when a positive stimulus was presented, whereas a negative stimu- 
lus signaled that no reward was available and that the monkey 
should withhold its response. Neuronal responses were recorded 
both while the monkey performed the task with previously learned 
stimuli and while it learned the task with new stimuli. In some 
cases, responses were recorded during reversal learning. 

3. There was no evidence that cells in the ventrocaudal neostria- 
turn were influenced by the reward contingencies of the task. Cells 
did not fire preferentially to the onset of either positive or negative 
stimuli; neither did cells fire in response to the reward itself or in 
association with the motor response of the monkey. Only visual 
responses were apparent. 

4. The visual properties of cells in these structures resembled 
those of cells in some of the cortical areas projecting to them. Most 
cells responded selectively to different visual stimuli. The degree 
of stimulus selectivity was assessed with discriminant analysis and 
was found to be quantitatively similar to that of inferior temporal 
cells tested with similar stimuli. Likewise, like inferior temporal 
cells, many cells in the ventrocaudal neostriatum had large, bilat- 
eral receptive fields. Some cells had “doughnut’ ‘-shaped receptive 
fields, with stronger responses in the periphery of both visual fields 
than at the fovea, similar to the fields of some cells in the superior 
temporal polysensory area. Although the absence of task-specific 
responses argues that ventrocaudal neostriatal cells are not them- 
selves the mediators of visual learning in the task employed, their 
cortical-like visual properties suggest that they might relay visual 
information important for visuomotor plasticity in other structures. 

5. Although there was no evidence of neuronal responses related 
specifically to the learning of stimulus-response associations in the 
task, there was a tendency for novel stimuli to elicit stronger neu- 
ronal responses than familiar ones. This demonstrates that some 
form of learning is reflected in the neuronal responses of these 
neostriatal cells. 

6. Cells recorded in cortical area TF were also visually respon- 
sive, and many responded selectively to different visual stimuli. 
In contrast to the ventrocaudal neostriatum, however, responses of 
a subpopulation of cells in area TF did appear to be influenced by 
the reward contingencies of the task. That is, some cells responded 
either preferentially, or even exclusively, to the positive stimuli in 

the task, a preference that developed within a few trials as the 
animal learned to discriminate new pairs. These neuronal responses 
to positive stimuli were not directly related to the motor response 
of the animal, because they were not present on error trials when 
the animal responded to the negative stimulus; nor were they di- 
rectly related to the delivery of the reward, because they were time 
locked to the onset of the visual stimulus rather than to the reward. 
The results suggest that some of the mechanisms underlying the 
learning of stimulus-response associations may be located in the 
cortex itself. 

INTRODUCTION 

The medial temporal lobe and the basal ganglia are 
thought to play critical roles in two anatomically and func- 
tionally separate forms of memory. Humans and animals 
with damage to the medial temporal lobe suffer from amne- 
sia but retain the ability to learn some types of material, 
including the ability to form new stimulus-response bonds, 
or “habits.’ ’ Conversely, animals with damage to parts of the 
basal ganglia are not amnestic but are impaired in learning 
precisely those forms of stimulus-response bonds that can 
be learned after medial temporal lobe damage (Mishkin et 
al. 1984; Petri and Mishkin 1994). 

The specific portion of the basal ganglia implicated in 
visual stimulus-response learning is the ventrocaudal neostri- 
atum, including the tail of the caudate nucleus and the adja- 
cent part of the ventral putamen. Divac et al. ( 1967) origi- 
nally showed in primates that a lesion involving the ventro- 
caudal neostriatum impaired visual discrimination learning. 
More recently, Wang et al. ( 1990) found that lesions of the 
ventrocaudal neostriatum with ibotenic acid impaired the 
learning of concurrent visual discriminations with 24-h inter- 
vals between learning trials for a given stimulus pair, 
whereas there was no impairment in a delayed nonmatching 
to sample task. Performance on the concurrent visual dis- 
crimination task with 24-h intertrial intervals is completely 
spared after lesions of the medial temporal lobe involving 
the amygdala, hippocampus, and underlying cortex (Phillips 
et al. 1988). Likewise, in rodents, lesions of the posteroven- 
tral caudate-putamen impair the acquisition of visual dis- 
crimation tasks (McDonald and White 1993; Viaud and 
White 1989). 

The anatomic connections of the ventrocaudal neostriatum 
are also suggestive of a role in stimulus-response learning. 
The major visual projections to these structures are from 
extrastriate visual cortical areas in the “ventral” visual pro- 
cessing stream ( Saint-Cyr et al. 1990), the stream that under- 
lies object recognition (Ungerleider and Mishkin 1982). 
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This projection is particularly heavy, arising from a large 
proportion of the cells in layer 5, as well as from cells in 
layer 3. In addition, there are projections from regions that 
are not strictly visual, including the parahippocampal gyrus, 
the principal sulcus and frontal eye fields, the anterior cingu- 
late cortex, and the polysensory superior temporal area. Sub- 
cortical inputs arise from the basolateral amygdala, the para- 
fascicular nucleus of the thalamus, and the substantia nigra 
pars compacta (Saint-Cyr et al. 1990) and from the pulvinar 
(Lin et al. 1984). The dopaminergic neurons of the substan- 
tia nigra pars compacta respond to stimuli that elicit behav- 
ioral responses (Schultz and Romo 1990) and also respond 
in relation to reward (Ljungberg et al. 1992). The dopamin- 
ergic input from the substantia nigra may therefore provide 
a means for reward-related information to modulate, or facil- 
itate, the flow of visual information from cortex and thalamus 
through the neostriatum. 

The outputs of the ventrocaudal neostriatum are to the 
globus pallidus and substantia nigra pars reticulata. In addi- 
tion to a projection from this portion of the substantia nigra 
to the superior colliculus, both these structures relay infor- 
mation to the ventral lateral nucleus of the thalamus, which 
in turn projects to motor areas of frontal cortex (e.g., areas 
4 and 6; Alexander et al. 1986). One can infer on the basis 
of these connections that the anatomic circuit or loop through 
the ventrocaudal neostriatum may integrate visual informa- 
tion with behavioral significance and influence motor output. 

Comparatively little is known about the properties of cells 
in the ventrocaudal neostriatum. Caan et al. ( 1984) recorded 
from cells here in animals performing a visual discrimination 
task as well as in animals freely viewing stimuli. They re- 
ported that cells gave only very rapidly habituating visual 
responses that appeared to be unrelated to the reward contin- 
gencies of the discrimination task. These properties seem 
inconsistent with either a role of the ventrocaudal neostria- 
turn in learning or even a role in the relay of visual informa- 
tion into downstream structures such as the substantia nigra 
or the frontal cortex. 

To resolve the discrepancies between, on the one hand, 
the behavioral and anatomic evidence of the functions of the 
ventrocaudal neostriatum and, on the other, previous reports 
of the physiological properties of ventrocaudal neostriatal 
cells, we recorded from cells in the ventrocaudal neostriatum 
while a trained animal performed an asymmetrically rein- 
forced ‘ ‘go -no go’ ’ visual discrimination task with multiple 
(concurrent) positive and negative stimuli. This form of dis- 
crimination learning was chosen because only the positive 
stimuli are associated with a behavioral response leading to 
a reward. The stimuli included ones that were well learned 
before the start of the recording session as well as ones that 
were learned “on-line” during recordings from a single cell. 
Some cells were also tested during reversal learning. The 
design allowed us to test for systematic differences in re- 
sponse to positive and negative stimuli as well as for stimu- 
lus selectivity, stimulus novelty, and learning effects. In the 
initial recordings to localize the tail of the caudate nucleus, 
we also recorded from cells in area TF of the parahippocam- 
pal cortex, ventral to the tail. Because these cells had proper- 
ties that we had expected to find in the neostriatal cells, we 
present these findings as a contrast and partial control for 
the neostriatal results. 

METHODS 

Subjects and surgery 

Electrophysiological recordings were made from three hemispheres 
of two adult male rhesus monkeys (Macaca mulatta) weighing 9- 
10 kg. Before surgery, the stereotaxic coordinates of the tail of the 
caudate nucleus were derived from magnetic resonance images 
(MRIs) of each animal. Surgery was performed under aseptic condi- 
tions while the animal was deeply anesthetized with pentobarbitol 
sodium or isofluorane. Using the MRI-derived coordinates, recording 
cylinders were placed over the caudate bilaterally in rnonkzy A and 
unilaterally in monkey B. Each monkey was also implanted with a 
head restraint post and a scleral search coil in one eye for monitoring 
eye movements. Antibiotics and analgesics were administered postop- 
eratively. The recording cylinders and associated anchoring screws 
were plastic and titanium, respectively, so as to be compatible with 
MRI postoperative scanning. 

ConJirmation of recording sites 

After surgery, a second set of MRI scans was obtained to estab- 
lish the coordinates of the ventrocaudal neostriatum within the 
chamber. Electrode penetrations were then directed to the neostria- 
turn as well as to other nearby structures, such as the lateral genicu- 
late nucleus, which served as useful landmarks. To aid in recon- 
structing the recording area, we injected fluorescent marker beads 
into several representative neostriatal recording sites in the last 
session. The injections were made using a 30-gauge cannula in 
place of the microelectrode in the microdrive. The animals were 
subsequently given a lethal injection of pentobarbitol sodium and 
perfused transcardially with Formalin for histological analysis. 
Sections were cut and stained for Nissl bodies. The marker beads 
as well as many electrode tracks were identified and used for 
reconstruction of the recording area. 

Recording techniques 

An X -Y stage was mounted on the recording cylinder and a 
guide tube (23-gauge) was lowered to a depth of 12 mm below 
the dura. While the monkey was performing the behavioral task 
using well-learned stimuli, a tungsten electrode was introduced 
through the guide tube and slowly advanced to the depth appro- 
priate for recording in the ventrocaudal neostriatum. When a cell 
was encountered, its activity was isolated using an on-line spike 
sorting system with a template-matching algorithm (Signal Pro- 
cessing Systems). Using this system it was often possible to isolate 
and record data from two units simultaneously. 

Every cell isolated was studied while the monkey performed the 
behavioral task. No cell was rejected because it appeared to be 
unresponsive. After recording from a cell, the electrode was ad- 
vanced until another cell was encountered or until the electrode 
passed through the nucleus, at which time the session was ended. 
Up to three cells were recorded in any single session. 

During the initial mapping of the chamber of monkey A, we 
recorded from cells in area TF. We subsequently recorded from 
the ventrocaudal neostriatum in this chamber, but we also report 
the data from the TF cells because of their interesting properties. 

Behavioral task 

DESIGN. The task was designed to test the role of the ventrocaudal 
neostriatum in visual stimulus-response habit learning, that is, the 
association of specific stimuli with a specific response followed by 
a reward. The task was an asymmetrically rewarded concurrent 
discrimination. The stimuli, from predetermined sets of four, were 
presented one at a time in pseudorandom order. Of the four stimuli 
within a set, two were go (positive) stimuli, which signaled that 
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“Go” 
trials 

400-600 msecs 200 msecs 800 msecs 
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=w= 

Reward 

1 
No Reward 

FIG. 1. Schematic representation of the task. A 0.1” filled box was pre- 
sented at the center of the screen, then the animal held the response bar. 
The animal was required to acquire and maintain fixation for a variable 
period (400-600 ms) before a stimulus was presented for 200 ms. Releasing 
the bar or breaking fixation during the fixation or stimulus period resulted 
in a 1,500 ms “time out” in which the screen went blank. For go trials, if 
the animal responded by releasing the bar in the 800-ms interval following 
the stimulus, a juice reward was delivered. A response was followed by a 
l,SOO-ms period before the next trial. Monkey A was trained to wait for the 
end of this 1,500-ms period to receive the reward; monkey B was rewarded 
immediately. Failure to initiate a response within 800 ms incurred no pun- 
ishment and the next trial was initiated. For no go trials, a response at any 
time resulted in a 1,500-ms time out. Correctly withholding the response 
throughout the 800-ms wait period prevented this time out, but was not 
otherwise rewarded. A 500-ms intertrial interval preceded all trials. 

a bar release would be rewarded. The remaining two were no 
go (negative) stimuli, which signaled that a response should be 
withheld. No reward was given for withholding the response on 
these trials, but there was a behavioral cost associated with making 
a response (see below). 

Because previous studies have reported response- and reward- 
related firing in the head of the caudate nucleus (Apicella et al. 
1991; Hikosaka et al. 1989)) monkey A was initially trained with 
a 1,500-ms delay between the behavioral response and the reward 
in order to dissociate any neuronal responses to them. However, 
because no reward-related neuronal responses were observed, the 
task was subsequently simplified by giving the reward immediately 
after the behavioral response. Because no differences in neuronal 
responses were observed between cells tested with delayed reward 
and those tested with immediate reward, the data were pooled. 

TRAINING. The monkeys were trained to hold a response bar and 
to fixate a small spot at the center of a video monitor. When fixation 
was maintained within a 2’ window, a positive stimulus was pre- 
sented and the animal was rewarded for releasing the bar within 1 
s of stimulus onset. Gradually, the length of the fixation period 
was increased until the animal reliably waited for the stimulus for 
up to 1 s. When the animal had learned to respond, a second, 
negative stimulus was introduced, and a bar release to this stimulus 
was punished with a period of “time out” (initially 5 s, but gradu- 
ally shortened to 1.5 s) and the no go trial was repeated. If the 
animal maintained fixation for the duration of the negative stimulus 
and did not release the bar within 1 s of the stimulus onset, the 
next trial was initiated. 

TESTING. For neuronal recording, the stimulus presentation time 
was reduced to 200 ms, during which period a bar release was 
considered ‘ ‘anticipatory’ ’ and the trial discarded. The timing of 
the trials is represented in Fig. 1. The punishment for responding 
on a no go trial was reduced to a 1,500-ms “time out” and the 
trial was no longer repeated. If the animal did not make a response 
within 1 s of stimulus onset, the next trial was initiated immedi- 
ately, regardless of whether withholding the response was correct 
(i.e., a no go trial) or incorrect (i.e., a go trial). If, on the other 
hand, a response was made, a 1,500-ms waiting period preceded 

the initiation of the next trial. Thus the timing of the trials was 
dependent on the response of the animal: a bar release always 
resulted in a 1,500-ms waiting period at the end of the trial and 
withholding a bar release resulted in the immediate initiation of 
the next trial. As a result, every bar release incurred a cost to the 
animal in waiting time, which made it beneficial to the animal to 
release the bar only to the positive stimuli, the release in this case 
being rewarded with juice. This strategy is similar to that used in 
a go-no go discrimination study by Petrides ( 1985)) in which the 
cost of responding was the time it took ( 1.5 s) to reset a mechanical 
lever after each response. 

The stimulus set consisted of many complex colored patterns 
and pictures, l-2O in size. They were digitized from either parts 
of magazine pictures or images of real objects and presented on a 
computer display. Identifiable whole objects and faces were spe- 
cifically excluded. The stimuli differed from one another in many 
dimensions, including color, pattern, complexity, and orientation 
of components. The ones used in a given session were visually 
heterogeneous but were not sorted along any dimension. This type 
of stimulus was previously found to be effective in eliciting stimu- 
lus-selective responses from inferior temporal cortical neurons and 
to be easily discriminable by monkeys performing memory tasks 
(Miller et al. 1993). 

Each cell in monkey A was first tested while the monkey per- 
formed the task with a fixed set of four highly familiar stimuli. 
Then the cell was tested while the monkey performed the task with 
a new set of four stimuli, consisting of a pair of stimuli it had 
never seen before and a pair of stimuli that it had seen before but 
that were not highly familiar (this pair was the previous cell’s 
“novel” pair). Finally, the cell was tested while reward contingen- 
cies for the previously seen pair were reversed such that the pre- 
viously negative stimulus was now the positive and, conversely, 
the previously positive stimulus was now negative. For this reversal 
learning, only two stimuli were presented in the set. 

Monkey B was tested only while learning novel discriminations. 
For each cell of this animal, three sets of four stimuli each (2 
positive and 2 negative per set) were learned sequentially. After 
recording from each neuron, the three sets of stimuli were discarded 
and not used again. 

On being presented with a new stimulus set, both monkeys 
initially released the bar to all novel stimuli. Gradually, responses 
to the unrewarded no go stimulus became less frequent. Testing 
typically continued until the monkey successfully withheld the 
response to a no go stimulus for 29 of 10 consecutive trials. Each 
cell was tested with 20-50 repetitions of each stimulus in each set 
during performance of the task. 

ADDITIONAL TESTS. The extent of the visual receptive field was 
coarsely examined in thirty cells by having the monkey perform 
the task on stimuli presented at both the center of gaze and extrafo- 
veally. In addition, as indicated above, data were analyzed from 
recordings in area TF, ventral to the caudate nucleus recording 
sites in monkey A. 

Data analysis 

Neuronal responses to the stimuli were typically assessed during 
a 150-ms period beginning 50 ms after stimulus onset. This analysis 
window began just before the earliest typical visual response la- 
tencies and ended just before the earliest behavioral responses. A 
few cells had shorter latencies, and the analysis window was ad- 
justed accordingly. Cells in area TF had sustained neuronal re- 
sponses with long latencies. For these cells we increased the analy- 
sis window to a 200-ms interval beginning 100 ms after stimulus 
onset. 

Analysis of variance (ANOVA) and t-tests (evaluated at P < 
0.05) were used to assess the firing rate differences of cells in 

 at M
assachusetts Inst T

echnology on A
ugust 13, 2013

http://jn.physiology.org/
D

ow
nloaded from

 

http://jn.physiology.org/


V. J. BROWN, R. DESIMONE, AND M. MISHKIN 

various conditions. Some tests were conducted on the distribution 
of responses across the population of cells, with each cell contribut- 
ing a mean response for each behavioral or stimulus condition. 
Other tests were conducted on the data from single cells, comparing 
the neuronal responses on individual trials in the different behav- 
ioral conditions. 

To quantify the stimulus selectivity of cells, discriminant analy- 
sis with cross-validation (to avoid “optimistic bias”) was per- 
formed using the SYSTAT statistical package (Miller et al. 1993). 
In addition, spike density distributions were calculated by convolv- 
ing the millisecond histogram bins with a Gaussian filter (Rich- 
mond and Optican 1987) with a standard deviation of 20 ms. The 
latencies of visual responses were estimated by a point-by-point 
comparison along the distribution to find the time at which the 
value of the spike density function in a millisecond bin exceeded 
the 95th percentile of the distribution of the values in the preceding 
20 bins. 

RESULTS 

Behavioral data 

Monkeys A and B typically responded to the stimuli with 
a latency of 350-400 ms and 260-300 ms, respectively. At 
the start of training on a new pair of stimuli, both monkeys 
typically responded to both the go and no go stimuli. Gradu- 
ally, responses to the no go stimuli were withheld. Monkey 
A took a mean of 25.7 presentations (range = 10-48) of 
the no go stimulus to achieve 9 of 10 correct responses, and 
monkey B took a mean of 19.7 presentations (range = 16- 
62) to achieve the same success rate. For reversal learning, 
monkey A took a mean of 32.5 presentations (range = 18- 
45) of the no go stimulus to achieve 9 of 10 correct re- 
sponses. 

Recording sites 

Data were collected from all isolated cells, irrespective of 
apparent responsivity. A total of 98 such cells were recorded 
from the tail of the caudate and ventral putamen (3 hemi- 
spheres of 2 monkeys) and an additional 89 cells were re- 
corded from area TF (single hemisphere of monkey A). Fig- 
ure 2 shows representative sections through the regions stud- 
ied. It was not possible to distinguish recording sites in the 
tail of the caudate nucleus from those in the contiguous 
portion of the ventral putamen. Thus we will refer to all 
of the recording sites as ventrocaudal neostriatal ones. The 
anteroposterior spread of recording sites with reference to 
the interaural line was + 11.5 to +8.5 mm on the right and 
+ 11.5 to +7.5 mm on the left for monkey A (the section 
illustrated in Fig. 2 is at approximately + 10 mm) and + 12.0 
to +5.0 mm for monkey B (the section illustrated is at ap- 
proximately + 11 mm.) 

General Bring characteristics of cells 

As a measure of “spontaneous” activity, firing rates were 
measured at the start of the trial, after the animal fixated the 
fixation target but before the presentation of the stimulus. 
The spontaneous rates of neostriatal cells ranged from 0 to 
51.9 spikes/s, with a mean of 8.6 and a median of 6.2 spikes/ 
s. We found no obvious difference in the characteristics of 
cells with low spontaneous firing rates compared with cells 
with high spontaneous firing rates, and therefore all cells 

B 

FIG. 2. 
hemispheres of 2 monkeys. The tail of the caudate and the portion 
cortical area TF from which recordings were made are shown shaded. 

Coronal sections through the ventrocaudal neostriatum of 3 
of 

were analyzed together. In area TF, the spontaneous firing 
rates ranged from 0.67 to 45.2 spikes/s, with a mean of 7.1 
and a median of 5.2 spikes/s. Because we did not measure 
firing rates when the monkey was not performing the task, 
we cannot exclude the possibility that these spontaneous 
rates were task dependent. 

Significant visual excitatory responses were evoked from 
62 of 98 cells (63%) in the neostriatum and 3 1 of 89 (35%) 
of cells in area TF, according to a t-test of the response 
compared with the prestimulus firing rate. Response magni- 
tudes ranged from 2.8 to 83.9 spikes Is in the neostriatum 
and from 1.7 to 53 spikes/s in area TF. Fourteen neostriatal 
cells and two cortical cells were classified as inhibitory, 
defined as significantly lower firing rates in the stimulus 
period compared with prestimulus firing. The remaining cells 
in both structures showed no significant change in firing rate 
at any time during stimulus presentation or performance of 
the task. Results from cells studied in the neostriatum are 
presented first. 

Responses to positive and negative stimuli 

We followed two general strategies in testing whether the 
visual responses in the neostriatum depended on the reward 
value of the stimuli: I) we asked whether there was a sig- 
nificant tendency across the population of cells for responses 
to the positive stimuli to be stronger or weaker than to the 
negative stimuli and 2) we asked whether there 
tendency in the responses of individual cells. 

was such a 
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We looked for an overall reward-value effect in the popu- 
lation by averaging the response histograms of all cells to 
the positive stimuli and then comparing this average histo- 
gram to one compiled for the negative stimuli. This tech- 
nique should not only reveal differences in the overall mag- 
nitude of response but might also reveal differences in re- 
sponse restricted to specific points in time (see Miller et al. 
1993). Figure 3 shows the resulting population mean spike 
density functions, with the associated standard error, of all 
62 cells with excitatory responses to positive or negative 
stimuli. The overall magnitude of response and shapes of 
the functions appear to be about the same for both types of 
stimuli, and, indeed, the average responses did not differ 
significantly [ t(61) = 3.03, P > 0.71. 

The population histograms also show no changes in firing 
rate either at the time of the reward or at the time of the 
motor response. Figure 3, bottom panel, shows the mean 
population neuronal response aligned on the bar release, 
confirming that there was no population response to the bar 
release. Furthermore, no individual cell showed any change 
in activity related to the juice reward given on trials in which 
the animals made a correct bar release. 

We next asked whether individual cells had a preference 
for positive or negative stimuli, which might have been 
missed in the population analysis either because the effect 

Positive trials 

0 200 400 
Time from stimulus onset (msecs) 

Negative trials 

0 200 400 
Time from stimulus onset (msecs) 

I I I 

-200 0 200 
Time from bar release (msecs) 

FIG. 3. Responses of neostriatal neurons to positive (go) and negative 
(no go) stimuli. Mean and SE of the firing rate ( spikes/s) averaged from 
the mean rate of each visually excitatory cell (~1 = 62). Tick marks on the 
abscissa: 200 ms. Solid bar: duration of the stimulus. There were no system- 
atic differences between these 2 distributions. Bottom panel: mean popula- 
tion firing rate in the go condition, but aligned on the bar release response 
of the animal rather than on stimulus onset. There is no evidence for a 
neuronal response associated with the motor behavior. In this and other 
figures, only correct trials are included unless otherwise indicated. 

A 
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. .s  . 
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I I 

Time (msecs) 

FIG. 4. Example of a neostriatal cell tested during reversal learning. 
Top panels: responses to 2 different stimuli in the go condition. Bottom 
pane2s: responses to the same stimuli in the no go condition. Left panels: 
responses of the neuron during new learning. Right panels : responses when 
the contingencies were reversed. The cell responds selectively to the go 
stimulus in the original learning (top left panel) and to the same stimulus 
when it is now the no go stimulus in reversal (bottom right panel). Raster 
plots and spike density distributions are aligned on stimulus onset. Tick 
marks on abscissa: 200 ms. Solid bar: stimulus duration. 

was too small or because responses of cells with opposite 
preferences canceled one another in the population average. 
Therefore we analyzed the responses of each cell individu- 
ally, using an ANOVA to test for an overall difference in 
response. We used a nested design, with 8 (monkey A) or 
12 (monkey B) stimuli nested within two (positive/negative) 
conditions. According to the ANOVA (evaluated at P < 
0.05), 25 of 62 cells showed only a significant effect of 
stimulus, i.e., the different stimuli elicited significantly dif- 
ferent responses but not the two behavioral conditions. An 
additional 22 of 62 cells showed a significant effect of behav- 
ioral condition, but all but two of these cells were also stimu- 
lus selective. We next considered whether the apparent pref- 
erence of these 22 cells for positive or negative stimuli could 
be accounted for by their stimulus selectivity. 

Because the positive and negative stimuli were physically 
different, and the number of stimuli tested per cell was small, 
it was possible that a chance preference for some of the 
stimuli selected to be positive or negative accounted for the 
significant effect of behavioral condition in the ANOVA. 
This could be tested directly in 10 of the 22 cells with 
significant behavioral condition effects that were studied in 
reversal learning. For these cells, after the monkeys learned 
the initial set of discriminations, the reward contingencies 
were reversed so that the previously positive stimuli were 
now negative and vice versa. For all 10 cells, the apparent 
preference for positive or negative stimuli in initial training 
reversed when the reward contingencies were reversed. That 
is, a cell that had an overall preference for the positive 
stimulus during initial learning showed the same preference 
for that stimulus after it had become the negative stimulus 
during reversal training. Figure 4 shows an example of one 
of the cells tested in reversal, in which responses remained 
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means of the four classes. The less the overlap in responses 
to the different sti .muli, the greater will be the classification 
success. For cross-validation, the discriminant functions 
were calculated on half the data (randomly chosen), and 
these functions were then used to classify the other half. A 
similar analysis was recently performed on the responses of 
inferior temporal neurons (Miller et al. 1993). Because the 
stimuli i n that study were very similar to those u .sed here 
(indeed, many were the same), the results of the analyses 

I I 

0 200 
Time (msecs) for the two regions could be compared. 

The discriminant analysis correctly classified the stimuli 
on 31% of the trials on average (range = 1358% across 
62 cells), compared with a chance classification success of 
25%. If we exclude the cells for which the discriminant 
analysis was not significant (i.e., cells without any stimulus 
selectivity, n = 35), the mean classification success of the 
remaining 27 cells was 38.4%. The analysis performed by 
Miller et al. ( 1993) on inferior temporal neurons was based 
on the responses to six stimuli per cell. To facilitate a direct 
comparison with the neostriatal data, we recalculated the 
discriminant analysis on their data using four randomly cho- 
sen stimuli per cell. This analysis correctly classified their 
stimuli on 32% of the trials, which rose to 35% for just 
those cells for which the analysis was significant. These 
results are very similar to those for the neostriatum, sug- 
gesting that inferior temporal and neostriatal cells have a 
comparable degree of stimulus selectivity. 

To test the possibility that neostriatal cells communicate 
additional information about the stimuli on the basis of tem- 
poral modulation of their responses, we recalculated the dis- 
criminant analysis using the average firing rate in three “re- 
sponse windows” (all with a duration of 50 ms, and begin- 

FIG. 5. Variability in the response latency of neostriatal cells. Examples 
of 3 different, visually responsive neostriatal cells with short (45 ms), 
medium (85 ms), and long ( 130 ms) response latencies. The cells also 
show variation in the transience of the response to the visual stimulus. 
Conventions as for Fig. 4. 

constant despite a reversal of behavioral contingencies. A 
two-way ANOVA calculated for each cell showed a highly 
significant interaction between the effects of the stimulus 
and the effects of reversal, indicating that the responses of 
all of these cells continued to be determined by the individual 
stimulus rather than the behavioral condition during reversal. 
Thus there was no evidence that any cell responded better 
to a stimulus because of its association with a response or 
a reward. Of the 12 cells for which reversal data were not 
available, no cell responded exclusively to the stimuli in one 
behavioral condition and not to the stimuli in the other. 
Therefore the parsimonious conclusion for all cells would 
be that the responses were determined by the stimulus rather 
than the association with reward. 

Characteristics of excitatory responses to visual stimuli 
ning 50, 100, and 150 ms from stimulus onset). Miller et al. 
( 1993) found for inferior temporal cells that a multivariate 
discriminant analysis based on three response windows gave 
virtually identical results to one based on three principal 
components of the response waveforms, the response mea- 

LATENCY AND DURATION. Latency of onset of the neuronal 
response, determinable for 48 of the 62 cells, ranged from 
37 to 184 (mean 72.5) ms. There was also large variation 
in the duration of the neuronal response, with some responses 
lasting for > 100 ms and others being no more than a single 
spike aligning on the visual event. Figure 5 shows examples 
of three neurons with short, medium, and long response 
latencies. These examples also illustrate the difference in 
duration of the visually evoked response. 

?? I 200 - 
s 
s 100 

F 'C .- 
LL 0 STIMULUS SELECTIVITY. According to an ANOVA (evalu- 

ated at P < 0.05) calculated on the responses of each cell to 
the different stimuli presented, 45 of 62 cells (73%) showed 
significant variations in response across the stimuli, i.e., were 
stimulus selective. This preference of cells for different stim- 
uli was not absolute: on average, cells gave at least a small 
response to 75% of the stimuli presented. Figure 6 shows 
an example of a cell’s differential response to four different 
stimuli, all initially novel. 

Because the stimuli were complex, it was not possible to 
compute a “tuning curve” for any individual cell as a mea- 
sure of selectivity. Therefore, to quantify the degree of stim- 
ulus selectivity and to compare it with measures of selectiv- 
ity in the inferior temporal cortex, we computed a discrimi- 
nant analysis on each cell’s responses. The discriminant 
analysis fits normal curves to the distribution of responses to 
each stimulus and attempts to classify the recorded neuronal 
responses on each trial into one of the four stimulus classes 
on the basis of the difference between that response and the 

Time (msecs) 

FIG. 6. Stimulus selectivity in the response of a neostriatal cell. Rasters 
show the response to 4 different stimuli by the same cell. Two of the stimuli 
were no go (top panels) and 2 were go (bottom panels). Conventions as 
for Fig. 4. 

 at M
assachusetts Inst T

echnology on A
ugust 13, 2013

http://jn.physiology.org/
D

ow
nloaded from

 

http://jn.physiology.org/


VISUAL RESPONSES IN THE TAIL OF THE CAUDATE 1089 

Familiar stimuli Novel stimuli 

0 200 400 
Time from stimulus onset (msecs) 

r I I 
0 200 400 

FIG. 7. Effect of stimulus familiarity in the neostriatum. Mean and SE 
of the visually evoked response of 16 cells that showed a significant differ- 
ence in their response to familiar (left) and novel (right) stimuli. Conven- 
tions as for Fig. 4. 

sure used by Richmond and Optican ( 1987). The multivari- 
ate analysis on responses of neostriatal cells correctly classi- 
fied the stimuli 32% of the time, which rose to 36.4% for 
just those cells for which the analysis was significant. These 
results are very similar to those based on average firing rate. 

FAMILIARITY. Changes in neuronal responses as an ini- 
tially novel stimulus becomes familiar have been reported 
previously, both in the ventrocaudal neostriatum and in 
cortical areas projecting to it (Caan et al. 1984; Fahy et 
al. 1993; Li et al. 1993). A total of 42 cells in our sample 
were each tested with four highly familiar stimuli and two 
novel ones. We compared the responses to the novel and 
familiar stimuli (using t-tests) for 29 of these cells that 
both I ) responded to at least one stimulus (either a novel 
or familiar one) and 2) showed no change in baseline 
firing rate between the testing of the familiar stimuli and 
the novel stimuli, which were tested sequentially. Because 
there were twice as many opportunities for a cell to re- 
spond to at least one familiar stimulus compared with a 
novel one, this should have biased the sample toward cells 
that responded better to familiar than to novel stimuli. 
Despite this inherent selection bias for cells preferring the 
familiar stimuli, 38% of the cells ( 11 of 29) responded 
significantly better to the novel than to the familiar stimuli, 
whereas 17% (5 of 29) showed a significant effect in 
the opposite direction. Thirteen cells (45%) showed no 
significant difference in response based on novelty. 

To test for an overall preference for novel stimuli in the 
population, we computed a paired t-test on the mean re- 
sponse to novel and familiar stimuli across cells. For each 
cell, responses to novel and familiar stimuli were averaged 
separately, and these responses were then included in the 
grand population averages. There was a small but highly 
significant effect of novelty across the population (t = 2.69, 
P < 0.01) . The mean population response to the familiar 
stimuli was 12.76 t 1.35 (SE) spikes/s, compared with a 
mean response of 14.75 t 1.4 ( SE) spikes/s for the novel. 
The overall preference for novel stimuli is illustrated in Fig. 
7, which shows the responses, averaged together, of the 
entire sample of cells that responded differently to the novel 
and familiar stimuli, regardless of which evoked the better 
response. 

Given that the neuronal response tended to be greater to 
novel stimuli than to familiar ones, it is reasonable to assume 
that firing rates decrease as an initially novel stimulus be- 
comes familiar. This hypothesis was supported by a linear 
regression computed on the first 20 repetitions of the initially 
novel stimuli for each cell. Of 54 cells so analyzed, 26% 
showed a decline in magnitude of the response to one or 
both stimuli during learning of a new discrimination, 
whereas only 7% (n = 4) showed an increase in response 
to one of the stimuli. Thus, as in inferior temporal cortex 
(Fahy et al. 1993; Li et al. 1993; Miller et al. 1991; Riches 
et al. 199 1 ), responses of some neostriatal cells tend to 
decrease as stimuli become more familiar. 

RECEPTIVE FIELDS. To compare receptive fields in the neo- 
striatum with those in the cortical areas projecting to it, we 
tested 22 cells with stimuli presented at five locations, 
namely the fovea and the center of each of the four quadrants 
of the visual field, at an eccentricity of 7”. Because inferior 
temporal cells (which project to the ventrocaudal neostria- 
turn) typically do not respond well to ignored or irrelevant 
stimuli (Moran and Desimone 1985)‘) responses to stimuli 
at all of the locations were measured in the context of the 
behavioral task. For the extrafoveal locations, the monkey 
was required to maintain fixation on the fixation spot while 
performing the discrimination task on the eccentric stimuli. 
We found that all of the cells had large, bilateral receptive 
fields with excitatory visual responses to stimuli at all periph- 
eral locations. 

Many cells showed a preference for stimuli at some loca- 
tions compared with others. Ten cells responded better to 
stimuli in the periphery than at the fovea (i.e., a “doughnut” 
sensitivity profile), whereas six cells gave better responses 
at the fovea than in the periphery. Figure 8 shows an example 
of a cell with no response to a stimulus at the fovea, but a 
good response to the same stimulus presented in the periph- 
ery. There was a stronger visual response when the stimulus 
was presented in the contralateral as compared with the ipsi- 
lateral visual field. Altogether, 10 cells showed a greater 
response to contralateral compared with ipsilateral stimuli, 
with only 3 cells showing the reverse (the remaining 10 
showed no significant difference between the hemifields). 

The cell illustrated in Fig. 8 did not respond to any of the 
12 novel stimuli to which its responses at the fovea were 
assessed. There were three other cells that, like this one, did 
not respond to any stimulus at the fovea but did respond at 
all four peripheral locations. Other cells (n = 6) showed 
some response at the fovea, albeit with lower firing rates 
than to the same stimuli in the periphery. These cells were 
also selective in their responses to the different stimuli tested 
at the fovea, and this selectivity was maintained even when 
the magnitude of the response throughout the visual field 
varied. 

Figure 9 shows a neuron with a significantly greater re- 
sponse to stimuli at the fovea than in the periphery, but with 
visual responses at all locations tested. Five of the six cells 
that preferred stimuli at the fovea also showed significant 
stimulus selectivity throughout the visual field. 

Of the total of 98 cells recorded in the neostriatum, 18 
showed no response at the fovea to any stimulus tested. 
However, 15 of these cells were not tested with peripheral 
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stimuli. It is possible that the percentage of “unresponsive” 
cells is therefore overestimated, because they may have had 
receptive fields that excluded the fovea. 

OTHER RESPONSES. Fourteen cells were classified as inhibi- 
tory. The responses of these cells were varied. Frequently, 
the firing rate was very low and it was not possible to deter- 
mine a latency for onset of inhibition. Three cells were silent 
both before and during the stimulus period but became active 
after stimulus offset. Two cells were active during the 
prestimulus period but then became silent during and after 
the visual stimulus for the remainder of the trial. One of 
these cells, illustrated in Fig. 10, appeared to anticipate the 
stimulus with a gradual increase in firing rate from the time 
of fixation (400-600 ms before the stimulus), terminating at 
stimulus onset. Four other cells showed a similar anticipatory 
increase in firing before the stimulus but also had excitatory 
responses to the visual stimulus itself. 

Responses oj’ cells in cortical area TF . 

Eighty-nine cells were recorded in area TF, in the cortex 
directly underneath the tail of the caudate nucleus and the 
hiDx>ocamDus. We will 

1 1 1 
brieflv describe the responses of these 
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FIG. 8. Responses of 1 neostriatal cell evoked by a single stimuh 
presented at the fovea and at 4 locations in the periphery. Middle panel: 
response to the stimulus when it was presented at the fovea. Left panels: 
ipsilateral locations ( upper and lower field). Right panels : contralateral 
locations (upper and lower field). The largest responses were evoked in 
the contralateral field, with smaller but significant responses evoked in the 
ipsilateral visual field. There was no response to any visual stimulus pre- 
sented at the fovea. Conventions as for Fig. 4. 
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FIG. 9. Responses of a different neostriatal cell evoked by a single 
stimulus presented at the fovea and at 4 locations in the periphery. The 
largest response was evoked at the fovea, with significant responses also 
in the upper and lower visual fields, ipsilaterally and contralaterally. Con- 
ventions as for Figs. 4 and 8. 

cells because we found, serendipitously, that the responses 
were modulated by the positive/negative status of the stimuli 
used in the task. In this respect, these cells had properties 
that we had predicted for neostriatal neurons and thus serve 
as a control and contrast for the neostriatal results. 

Only 35% (3 1 of 89) of the cells isolated in area TF had 
any change in activity during performance of the task, and 
all of these responded to the onset of the visual stimuli. The 
latency of the response, determinable for 13 of the 31 cells, 
ranged from 95 to 235 ms (mean = 132 ms). 

Unlike cells in the neostriatum, TF cells responded better 
to the positive stimuli in the task than to the negative ones. 
Seven (23%) of the responsive cells responded exclusively 
to positive stimuli, whereas no cell responded exclusively to 
negative stimuli. We refer to these seven cells as “condition 
selective.’ ’ This enhanced response to the positive stimuli 
was not caused by the animal’s motor response per se, be- 
cause there was no response of the cells on error trials in 
the negative condition, i.e., when the animal mistakenly re- 
leased the bar to the negative stimulus (see Fig. 11). 

Even excluding the seven condition-selective cells that 
responded exclusively to the positive stimuli, the remaining 
responsive cells (n = 24) also had a preference for positive 
stimuli. The mean neuronal response to well-learned positive 
and negative stimuli for this class of cells was 12.9 and 10.4 
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FIG. 10. Single neostriatal cell responding before the onset of the stimu- 
lus. The cell showed “ramping” activity in the 400-ms period when the 
animal fixated the fixation target and waited for the discriminative stimulus. 
The response ended during the stimulus presentation and did not resume 
until the following trial. Conventions as for Fig. 4. 

spikes/s, respectively, which was a significant difference 
[paired t-test: t( 30) = 2.35; P < 0.021. Inspection of the 
trial-by-trial responses of individual cells revealed changes 
within a few trials. Figure 11 shows the response of a single 
neuron during the learning of a novel pair of stimuli. The 
first four presentations of each stimulus are highlighted. It 
appears that the response of the cell in the positive condition 
is fully established by the fourth trial. Behaviorally, it took 
the animal 25 trials to achieve 4 of 5 correct responses in 
the task and 35 trials to achieve 9 of 10 correct responses. 
It is not clear why the behavior lags behind the neuronal 
effects of training. It is possible that the animal learned 
which stimulus was the positive one after only a few trials 
but took additional trials to learn to withhold its response to 
the negative one. 

0 f I I I 1 I 

0 200 400 0 200 400 

Time from stimulus onset (msecs) 

FIG. 12. Effect of behavioral condition on the visual responses of cells 
in area TF. Mean response of a population of visually responsive cells 
recorded in cortical area TF on positive (go) and negative (no go) trials 
in a well-learned discrimination (top panels) and a novel discrimination 
(bottom panels). Conventions as for Fig. 4. 

tive stimuli used in the novel discrimination. This is evident 
in Fig. 12, which shows the mean firing rates of all the 
responsive cells (i.e., not just the cells that were significantly 
condition selective) to positive and negative stimuli in a 
well-learned discrimination and to initially novel stimuli. 

Of the visually responsive cells that were not condition 
selective (n = 24), 16 showed significant stimulus selectiv- 
ity, according to an ANOVA performed on the responses 
of each cell separately. These 16 stimulus-selective cells 
typically had more transient neuronal responses than the 
seven condition-selective cells, although there was no sys- 
tematic difference in their latencies. To compare the degree 
of selectivity of the stimulus-selective cells with cells in the 
neostriatum and in inferior temporal cortex, we performed 
a discriminant analysis of the responses of each cell to the 
four familiar stimuli. The average classification success rate 
for all responsive cells was 30.5% (chance = 25%), which 
increased to 38.2% for just the cells with significant stimulus 
selectivity (n = 16). These rates are comparable with the 
discrimination rates obtained in the neostriatum and inferior 
temporal cortex. 

Although the neuronal response to positive stimuli ap- 
peared to change within a few trials, additional changes may 
have taken place over the daily course of recordings. Across 
cells, responses to the familiar positive stimuli used in the 
well-learned discrimination were larger than those to posi- 

0 200 400 
Time (msecs) 

0 200 400 
Time (msecs) 

FIG. 11. Responses of a single area TF cortical cell during the learning 
of a novel pair of stimuli. Left panel: responses to the go stimulus. Right 
panel: responses in the no go condition. For the no go condition, the spike 
density function is shown for both correct (thick line) and incorrect (thin 
line) responses, demonstrating that there was no neuronal response even 
on trials in which the animal mistakenly released the bar. The 1st 4 presenta- 
tions of each stimulus are highlighted. Conventions as for Fig. 4. 

DISCUSSION 

The results provide only limited support for the hypothesis 
that the ventrocaudal neostriatum is a critical link in a stimu- 
lus-response, or habit, learning circuit (Mishkin et al. 1984; 
Mishkin 1993). The links from sensory stimulus to behav- 
ioral response are thought to be formed as a result of the 
reinforcement of specific stimulus-response-reward associa- 
tions. In the simplest form of the habit learning hypothesis 

 at M
assachusetts Inst T

echnology on A
ugust 13, 2013

http://jn.physiology.org/
D

ow
nloaded from

 

http://jn.physiology.org/


1092 V. J. BROWN, R. DESIMONE, AND M. MISHKIN 

as applied to the neostriatum, information about specific stim- 
uli is relayed from extrastriate visual cortex to the tail of the 
caudate nucleus and ventral putamen, where links are made 
during learning to a motor output circuit. This output circuit 
presumably involves the anatomic pathway from the caudal 
neostriatum through the globus pallidus and substantia nigra 
pars reticulata, through the ventroanterior/ventrolateral nu- 
cleus of the thalamus, and then to prefrontal and premotor 
cortical areas (e.g., Alexander et al. 1986). Although the 
plastic changes that occur during learning might in principle 
occur anywhere within a cortical-striatal-cortical pathway, 
the neostriatum itself is an intriguing candidate because of 
its heavy dopaminergic input, which might regulate plastic 
changes at synapses or modulate the outflow of visual infor- 
mation through the circuit (e.g., see Schultz and Romo 
1990). 

Our findings that neostriatal cells are visually responsive 
and show significant stimulus selectivity are consistent with 
at least the first part of the habit hypothesis, namely that 
information about specific visual stimuli is relayed from the 
extrastriate cortex to the caudal neostriatum. Indeed, the 
characteristics of inferior temporal cortical cells summarized 
by Gross ( 1992) and the properties of cells in the ventrocau- 
da1 neostriatum are similar in many respects. The cells in 
both areas have large, bilateral receptive fields and respond 
selectively according to the characteristics of the visual stim- 
ulus. Even the degree of stimulus selectivity is quantitatively 
similar in the two areas, according to a discriminant analysis 
of responses to a comparable, complex stimulus set tested 
on cells in both areas. Further, the stimulus selectivity of 
cells in both structures is maintained throughout the visual 
field even though the overall magnitude of the visual re- 
sponse may change with location in the visual field. Finally, 
cells in both areas tend to show a decrement in response 
with increasing stimulus familiarity (Fahy et al. 1993; Li et 
al. 1993; Miller et al. 199 1; Riches et al. 199 1) , which may 
contribute to the automatic recognition of familiar stimuli 
(Li et al. 1993). 

Interestingly, we also found some neostriatal cells with 
receptive field properties similar to a type reported for the 
superior temporal polysensory area (Bruce et al. 1981), an 
area in the temporal cortex that, like inferior temporal cortex, 
provides a major input to the ventrocaudal neostriatum 
( Saint-Cyr et al. 1990). Also like cells in this cortical area, 
some neostriatal cells had very large, bilateral receptive 
fields that either excluded the fovea1 region or showed re- 
duced sensitivity there (i.e., a doughnut shape). 

Because we utilized a complex stimulus set, we are unable 
to compare the selectivity of ventrocaudal neostriatal cells 
with extrastriate cells along simple stimulus dimensions such 
as color, spatial frequency, or orientation. Thus it remains 
possible that neostriatal cells relay visual information about 
objects that is very different from that relayed by cortical 
cells. This will not be an easy issue to settle, because pro- 
cessing in extrastriate areas such as inferior temporal cortex, 
which provide heavy input to the ventrocaudal neostriatum, 
cannot easily be characterized in terms of simple stimulus 
dimensions (Desimone et al 1984; Kobatake and Tanaka 
1994). Only a small minority of inferior temporal cells re- 
spond to simple stimuli such as gratings, for example, and 
even fewer respond selectively to grating orientation (Vogels 

and Orban 1994). Neostriatal visual properties are likely to 
be at least as complex. Presently, we can only say that infe- 
rior temporal and neostriatal responses are equally useful, in 
a statistical sense (discriminant analysis), in distinguishing 
among complex visual objects. 

Apart from their purely visual properties, however, the 
properties we found for neostriatal cells do not support the 
hypothesis that the ventrocaudal neostriatum transmits infor- 
mation about stimulus-response associations or that re- 
sponses of ventrocaudal neostriatal neurons change during 
learning as a result of reinforcement. The visual responses 
of the cells were not modulated in relation to the differential 
reinforcement of stimulus-response pairings, either during 
the learning of a visual discrimination or after learning had 
taken place. Furthermore, there were no obvious neuronal 
responses to either the reward itself or to motor responses 
per se. How can these results be reconciled with the findings 
of behavioral studies that lesions in the ventrocaudal neostri- 
atum impair stimulus-response learning? In the sections be- 
low, we consider several possibilities. 

One possibility is that our experimental design was not 
powerful enough to uncover possibly subtle effects of stimu- 
lus-response-reward pairings on the responses of caudate 
neurons. Each cell was tested with only 6- 12 pairs of stim- 
uli, and the effects of behavioral context on the responses 
had to be separated from effects due to simple stimulus 
selectivity. However, our positive findings using the same 
task design in area TF argue against this idea. Some cells 
in area TF responded exclusively to the positive visual stim- 
uli (i.e., stimuli that led to motor responses followed by 
rewards). The remaining cells, which were stimulus selec- 
tive, also tended to respond best to the positive stimuli. These 
are the sort 
neurons. 

of properties we had predicted for the neostriatal 

Another possibility is that the learning of the particular 
task we used does not depend on the ventrocaudal neostria- 
turn. For example, the task may have been solved instead 
by a cognitive, or working memory, strategy mediated by 
prefrontal or limbic memory mechanisms. In support of this 
possibility is the evidence that learning took place rather 
rapidly ( sometimes within the first 10 presentations of the 
novel stimulus). However, even this evidence is not conclu- 
sive, for it seems unlikely that a habit system would be 
completely disengaged or silent during discrimination leam- 
ing, even when a faster cognitive memory system is partici- 
pating. 

The effect of stimulus repetition, whereby familiar stimuli 
evoked weaker responses than novel stimuli and responses 
to novel stimuli began to decrease within 20 presentations, 
is clearly an example of experience modulating responses 
( and therefore of some kind of ‘ ‘memory” ) . Nevertheless 
there was no evidence of context specificity of neuronal 
responses, either across the population or within single cells. 

Finally, it is possible that the ventrocaudal neostriatum is 
not the site of plastic changes during habit learning but that 
it relays visual information for such learnin .g to criti cal sites 
downstream. For example, the site of plasticity during leam- 
ing might be the premotor or prefrontal cortex, and a function 
of the neostriatum is, in part, to relay stimulus-specific visual 
information there ( via the globus pallidus / substantia nigra 
and ventral thalamus). This would accommodate the find- 
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ings that ventrocaudal neostriatum damage impairs visual 
discrimination learning, because such a lesion would par- 
tially disconnect the flow of stimulus-specific visual infor- 
mation to downstream sites. This could be tested by re- 
cording in these downstream sites before and after ventro- 
caudal neostriatal lesions. 

Relationship to prior studies 

There is considerable evidence that sensory responses of 
cells elsewhere in the neostriatum are modulated by behav- 
ioral context ( see Aldridge et al. 1980; Asosaki et al. 1994; 
Hikosaka et al. 1989; Thomas et al. 1989), which suggests 
a role in linking meaningful stimuli with motor responses. 
For example, cells in the head of the caudate nucleus respond 
in a condition in which the animal makes a response to earn 
a reward, equivalent to our go condition (Romo et al. 1992), 
and there are cells in the head and body of the caudate that 
give enhanced responses when a stimulus is a trigger for 
movement (Hikosaka et al. 1989; Kimura 1990). In contrast 
to the ventrocaudal neostriatum, the visual input to these 
portions of the basal ganglia derives mainly from frontal and 
prefrontal regions rather than extrastriate visual areas (Saint- 
Cyr et al. 1990; Selemon and Goldman-Rakic 1985; Yeterian 
and Van Hoesen 1978). 

The only previous study specifically of neurons in the 
ventrocaudal neostriatum was by Caan et al. ( 1984), who 
recorded the responses of cells to a variety of complex 
novel stimuli ( “junk” objects) presented in a discrimina- 
tion task as well as responses to simple familiar stimuli 
(bars, gratings, etc.). Caan et al. reported that the cells had 
very low spontaneous firing rates (mean = 1.8 spikes/s), 
with 60% showing no spontaneous activity, and that the 
cells rapidly ‘ ‘habituated’ ’ to the novel stimuli, often re- 
sponding just once to a new stimulus. With such rapid 
habituation, it was difficult to study the visual properties 
of the cells and to establish whether the cells were selective. 
Intervening stimuli sometimes restored the response some- 
what, but responses never recovered to the magnitude of the 
initial response. By contrast, we found higher spontaneous 
firing rates and robust visually elicited responses that per- 
sisted over the course of a training session. Although re- 
sponses often declined with increasing stimulus familiarity, 
the decline was gradual and only rarely was abolished alto- 
gether. 

Given the difference in spontaneous firing rates, a likely 
explanation for the discrepancy in results is that the re- 
cordings of Caan et al. were made from a different popula- 
tion of neostriatal cells than those reported here. Typically, 
we advanced the electrode while the animal performed the 
discrimination task, until a spontaneously active cell was 
encountered. The presence of cells with no spontaneous 
firing in the study of Caan et al. suggests that they advanced 
the electrode a specified distance and recorded any re- 
sponses encountered at that place. This strategy may have 
revealed a class of relatively silent cells that respond only 
once to a new stimulus, cells from which we would not 
have recorded, whereas Caan et al. may have passed by 
spontaneously active cells from which we did record. In 
addition, it is possible that even small differences in the 
recording sites in the two studies might have resulted in 

different populations of neostriatal cells being encountered. 
Notwithstanding this difference between the studies, some 
of the characteristics of visual responses reported in the 
two studies are quite similar. For example, Caan et al. 
report that the stimulus selectivity and visual response la- 
tencies of some neostriatal cells resemble those of inferior 
temporal cells. In addition they note, anecdotally, a cell 
with a peripheral visual receptive field and no response at 
the fovea. Finally, and most significantly, both studies are 
in agreement that there is no neural activity related directly 
to the performance of the stimulus-response learning para- 
digms that were employed. We extend this conclusion to 
cells with consistent visual responses and to the learning 
of new visual discriminations. 

Contrasting jndings in cortical area TF 

An unanticipated finding was that cells in at least one 
limited portion of area TF responded preferentially to the 
visual stimuli that were the positive stimuli in the task. The 
positive stimuli triggered motor responses and were followed 
by reward, either (or both) of which might be related to the 
enhanced responses. There cannot be a simple relationship 
to motor responses per se, however, because there was no 
enhancement on error trials when the monkey mistakenly 
responded to the negative stimulus. 

Area TF receives visual input from prestriate and temporal 
cortex as well as inputs from prefrontal and entorhinal cortex 
(Distler et al. 1993; Van Hoesen 1982; Webster et al. 1991). 
Either of the latter two inputs might carry information about 
links between the stimulus and either the motor response 
or the expected reward. Area TF has not previously been 
suggested as a site of stimulus-response learning, and behav- 
ioral studies have failed to find impairments in visual dis- 
crimination learning following lesions that included TF (e.g., 
Iwai and Mishkin 1968; Phillips et al. 1988). Thus the spe- 
cific role of TF in discrimination learning remains unclear. 

In conclusion, the visual properties of cells in the ventro- 
caudal neostriatum are different from those previously re- 
ported for cells in other parts of the neostriatum. This appar- 
ent discrepancy may be partly accounted for by differences 
in neostriatal-cortical connectivity. Whereas other portions 
of the basal ganglia may receive visual input indirectly, par- 
ticularly from frontal and prefrontal areas that are not exclu- 
sively visual, these neurons receive direct input from visual 
cortical areas and their firing patterns are entirely consistent 
with a role in the processing and relay of specific visual 
information. 
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