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The basal ganglia have been implicated in motor planning 
and motor learning. In the study reported here, we directly 
tested for response plasticity in striatal neurons of macaque 
monkeys undergoing Pavlovian conditioning. To focus the 
study, we recorded from the tonically active neurons (TANS) 
of the striatum, which are known to respond to conditioned 
sensory stimuli that signal reward delivery and elicit behav- 
ioral reactions. The activities of 858 TANS were recorded 
extracellularly from the striatum in alert behaving macaque 
monkeys before, during, and after the acquisition of a clas- 
sical conditioning task. Two monkeys were trained to lick 
reward juice delivered on a spoon simultaneously with the 
presentation of a click. Almost no licks were triggered by 
the cues at the start of training, but by the fifth day more 
than 90% of licks were triggered, and values were near 
100% for the remainder of the 3 week training period. In the 
striatum, only a small number of TANS responded to the 
clicks at the start before conditioning (about 17%). During 
training, the numbers of responding TANS gradually in- 
creased, so that by the end of training more than 50-70% 
of the TANS recorded (51.3-73.5%) became responsive to 
the clicks. The responses consisted of a pause in firing that 
occurred -90 msec after the click and that was in some 
cells preceded by a brief activation and in most cells was 
followed by a rebound excitation. Prolonged recordings from 
single TANS (n = 8) showed that individual TANS can acquire 
a conditioned response within at least as short a time as 10 
min. TANS retained such responsiveness after overtraining, 
and also after a 4 week intermission in training. When the 
monkey was trained to receive rewards in relation to a new 
conditioning stimulus, TANS were capable of switching their 
sensory response to the new stimulus. Histological recon- 
struction showed that the TANS that became responsive 
were broadly distributed in the region of striatum explored, 
which included the dorsal half to two-thirds of the caudate 
nucleus and putamen over a large anteroposterior span. We 
conclude that, during the acquisition of a sensorimotor as- 
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sociation, TANS widely distributed through the striatum be- 
come responsive to sensory stimuli that induce conditioned 
behavior. This distributed change in activity could serve to 
modulate the activity of surrounding projection neurons in 
the striatum engaged in mediating learned behavior. 

[Key words: tonically active neurons, putamen, caudate 
nucleus, striatum, monkey, single-unit recording, basal gan- 
glia, learning, conditioning, sensorimotor] 

It has long been suggested that the basal ganglia are involved 
in the planning and execution of voluntary movements. Evi- 
dence from clinical and behavioral studies supports this view, 
and has emphasized that the basal ganglia may participate in 
the acquisition and retention of motor skills (Cools, 1980; 
DeLong and Georgopoulos, 1981; Evarts et al., 1984; Carli et 
al., 1985; Seitz et al., 1990). Neuronal response plasticity has 
been demonstrated in the dopamine-containing neurons of the 
midbrain of primates engaged in behavioral learning (Ljungberg 
et al., 1992; Schultz et al., 1993). There have, however, been 
no direct tests of behaviorally linked neuronal plasticity in the 
basal ganglia themselves. We therefore trained macaque mon- 
keys on a sensorimotor conditioning task and recorded the be- 
havior of striatal neurons as the monkeys acquired behavioral 
conditioning. 

We chose to concentrate our recordings on the tonically active 
neurons (TANS) of the striatum. These TANS do not fire in 
relation to body movements per se, but do specifically respond 
to conditioned sensory stimuli in highly trained monkeys (“type 
I” neurons of Kimura, 1986, 1992; Kimura et al., 1984; Apicella 
et al., 199 1). The responses ofthe TANS appear to be specifically 
related to the conditioned significance of the sensory stimuli, 
because they disappear during extinction trials in which reward 
is withheld. The cellular phenotype of the TANS is unknown, 
but they are presumed to be striatal interneurons, because they 
are not activated by antidromic stimulation from the globus 
pallidus (Kimura et al., 1990). Their tonic firing (2-10 Hz), lack 
of activation in relation to movement, and apparent sparse dis- 
tribution contrast sharply with the low spontaneous discharge 
rates (0.01-l Hz), movement-related bursts of firing, and dense 
packing of striatal projection neurons (“type II” neurons of 
Kimura, 1986). 

Our goals were to analyze the activity of TANS during the 
acquisition phase of a sensorimotor conditioning task and to 
test for the maintenance of acquired firing patterns during pro- 
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longed training after a several-week-long break in training and 
after training on a new, but related, task. Our findings, briefly 
reported elsewhere (Aosaki et al., 1993), suggest that TANS 
progressively acquire responsiveness to the conditioning stim- 
ulus as the monkey learns to respond to it behaviorally, that 
TANS maintain their responsiveness even with overtraining and 
after gaps in training, and that they are capable of acquiring a 
response to a new stimulus if the monkey learns a new condi- 
tioning task. These findings suggest that during sensorimotor 
learning, the sensory responses of a class of striatal neurons 
undergo a change reflecting the reward value of the stimuli. This 
plasticity of responsiveness may help to organize neural activity 
of the striatum during behavioral acts. 

Materials and Methods 
Two male juvenile monkeys (Mucacufuscuta) weighing 5.3 kg (monkey 
R) and 6.3 kg (monkey D) were trained to perform in a behavioral task. 
They were fitted with intramuscular electrodes and two recording cham- 
bers. Daily single-unit recordings were made in the caudate nucleus and 
putamen of both hemispheres before and during acquisition of a sen- 
sorimotor association task in which click (or light) stimuli were paired 
with liquid reward. 

In monkey R, recordings were made in the striatum of the right 
hemisphere before (13 d) and then during (27 d) conditioning with c&k 
stimuli (Fig. 1A). Then, the recording was switched to the left striatum. 
During the ensuing recording sessions, the monkey was trained, in par- 
allel, with the click stimuli and also with LED light stimuli predictive 
of liquid reward (44 d). The LED trials were aiven at irregular intervals 
during every day‘of recording. On some days there were& many LED 
as click trials, but on most days more click trials were delivered. After 
a 4 week intermission in training the right striatum was again examined 
with both kinds of stimuli (14 d). 

In monkey D, TANS in the striatum of each hemisphere were ex- 
amined before conditioning with click stimuli (right, 12 d; left, 13 d). 
After a 4 week behavioral training period, the activity of TANS in the 
striatum in each hemisphere (right, 60 d; left, 30 d) was examined with 
both the click and novel LED light stimuli. After a 4 week intermission, 
recordings were again made with both stimuli in the right striatum (26 
d). A new sound (weak click) stimulus was presented with reward to 
monkey R while original click sound was presented without reward 
(NEW CONDITIONING task. Fie. 1) to determine the chance in the , - , 
activity of TANS (right striatum, 13 d). After completion of the exper- 
iments, electrode penetrations were reconstructed in serial sections 
through the striatum. All experimental procedures were carried out 
according to guidelines adopted by the American Physiological Society. 

Behavioral paradigm The monkeys were trained to sit in a primate 
chair situated in a soundproof room for 3-4 hr each weekday (for up 
to 7 d/week for monkey R’s initial learning). The chair allowed free 
movements of both arms, limited excursions of the legs, and some 
postural adjustments. Each monkey was trained to associate the pre- 
sentation of auditory clicks (or red LED light later in the exoerimentsj 
with a liquid reward (droplets of water or &ted apple juicej delivered 
on a spoon in front of its mouth. Their heads were firmly fixed so that 
they could not see the juice drop onto the spoon. During recording 
sessions, reward was delivered through a peristaltic pump controlled by 
a computer (NEC PC980 1 VX). Licking movements were monitored by 
a strain gage attached to the spoon and by intramuscular electrodes 
implanted in the muscles of the throat (earlier experiments) or tongue 
(later experiments). Following each recording session, the monkeys were 
returned to their home cages and were given juice. They were deprived 
of fluid on weekdays only, and were given free access to food every day. 
Their weights were monitored and maintained above 90% of preex- 
perimental levels. 

Before training on the conditional sensorimotor association, sensory 
signals were emitted at irregular 3-7 set intervals without reward de- 
livery so that neuronal responses to sensory signals per se could be 
investigated (Fig. 1B). During these sessions (12-13 d), the monkeys 
sat listening, and rewards were given manually during intermissions in 
the click delivery by use of an injection syringe connected to the spoon 
by a tube. A recording session consisted of 20-45 presentations of a 
given type of auditory signal. When possible, various kinds of auditory 

stimuli, such as loud clicks, fainter clicks with slightly lower pitch, and 
buzzer sounds were presented while recording the activity of each neu- 
ron. Occasionally, recordings of bird songs, murmuring of a stream, 
sounds of waves, chirps of insects, or music were presented to mask the 
click stimuli. 

During conditioning sessions (27-60 d), the auditory signals were 
emitted under computer control simultaneously with pulses of less than 
300 msec duration that activated the peristaltic pump delivering liquid 
reward. The pump was outside the soundproof room and was insulated 
to prevent the monkeys from hearing noises made by it. In monkey R, 
recordings were made nearly every day during the conditioning period 
(27 d) in order to investigate the time course of the changes in neuronal 
responsiveness to sensory stimuli and the licking behavior until the 
responses reached plateau levels. Loud click sounds produced by a 
solenoid valve were delivered for conditioning stimuli. In monkey D, 
neuronal responses to the click stimuli were recorded before the con- 
ditioning period, but no recordings were made until he responded quick- 
ly and reliably to the stimuli, about 4 weeks after the start of condi- 
tioning. After acquisition of the conditional behavior, neuronal activity 
and licking movements were examined for more than .2 months of 
“overtraining.” Later in the conditioning period, a red LED light on a 
panel was introduced as a second conditioning stimulus in parallel with 
the clicks. To test whether the neuronal responses acquired during the 
conditioning period could be maintained after a several week inter- 
mission, we stoDoed training the monkevs for 4 weeks, gave them free 
access to juice iid food, and then resumkd the recording sessions (14- 
26 d). 

During the recording periods, NO REWARD tasks and NO CUE 
tasks were occasionally imposed on both monkeys (Fig. 1 B). In the NO 
REWARD tasks, sensory signals were given without reward during a 
recording session, so that the dependence of the neuronal responses on 
reward could be assessed. In the NO CUE task, no sensory cues were 
given, but rewards were delivered during the recording session. In this 
way, the relation between the neuronal responses and the licking move- 
ments could be assessed. 

In monkey R, a NEW CONDITIONING task was imposed after the 
conditioning period was completed (Fig. 1B). Whereas familiar loud 
click sounds were presented with liquid reward during the conditioning 
period, no reward was given in association with these sounds during 
the NEW CONDITIONING task. Instead, different (faint, lower pitched) 
clicks were associated with the reward stimuli. Stimuli of the two kinds 
were presented randomly during recordings. In this NEW CONDI- 
TIONING task session (i3 d), recordings from single TANS were made 
for as lonn a time as Dossible in order to study the change in activity 
of individial TANS in the striatum during training. 

Electrophysiologicalprocedures. After being habituated to the behav- 
ioral condition. each monkev was deeolv anesthetized with sodium 
pentobarbital (i5 mdkg) and was preparedior intracranial surgery. With 
sterile precaution, twostainless sieel chambers were implanted stereo- 
taxicallv and fixed to the skull to oermit recording from the striatum 
of each hemisphere. The dura mater was left intact. Two bolts were 
implanted into dental cement surrounding the wells for later head fix- 
ation. Teflon-coated multistranded steel wires were implanted in the 
tongue or throat muscles and were led subcutaneously to the head im- 
plant. Following surgery the animals were treated with Ampicillin (150 
mg/kg, s.c.) and Cephalexin (15 mg/kg, s.c.) and were allowed to recover 
for 4 d before recording. 

The activity of single neurons was recorded extracellularly with glass- 
insulated elgiloy microelectrodes (Suzuki and Azuma, 1976) inserted 
through the chamber at an angle of 42115” from the vertical axis to 
permit access to either the putamen or the caudate nucleus. It was 
possible in most cases to identify which of these nuclei the electrode 
was in at the time of recording, because at this angle we could record 
characteristic high-frequency (So-100 Hz) pallidal activity at the end 
of the electrode tracks only when they passed through the putamen. 
Signals from the electrodes were amplified, filtered, and detected through 
an amplitude window discriminator by conventional electrophysiolog- 
ical techniques, and they were sampled by a computer (NEC PC980 1 VX). 
Electromyographic (EMG) signals were recorded from the digastric or 
tongue muscles at a sampling rate of 100 Hz by means of chronically 
implanted Teflon-coated stainless steel wire electrodes. At the beginning 
of the experiments in each monkey, EMG activity was recorded from 
the digastric muscles, but the chronically implanted electrodes became 
gradually insensitive, so that in the later experiments we switched to 
the tongue muscles, which provided much stabler signals. The signals 
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were then amplified, rectified, integrated, and monitored on line, si- 
multaneously with neuronal activity, on a computer display. Licking 
movements were also recorded by a strain gage pasted on the spoon at 
a sampling rate of 100 Hz and displayed on line on an oscilloscope. 
The behavior ofthe animals was routinely monitored by a video camera. 

All electrical pulses from neuronal discharges and EMG activity were 
sampled and displayed on line in the form of peristimulus time histo- 
grams and integrated line traces on the computer display. The computer 
controlled the experimental trial schedule, and the recording was can- 
celed if electrical noise or noise artifact due to jerky movements by the 
animals contaminated the data. Off-line computer programs were used 
for data analysis. Statistical evaluation of changes in neuronal firing rate 
was carried out by the two-tailed Wilcoxon test for matched pairs. 
Responses to the click stimuli were defined as increases or decreases in 
impulse discharge rate after presentation of the sensory stimulus relative 

Figure 1. Experimental paradigm. A, 
Recordings were made from tonically 
active neurons (TANS) in the caudate 
nucleus and putamen in one or both 
monkeys before conditioning (12-l 3 d), 
during conditioning (27-60 d), after a 
26 d break in training (14-26 d), and 
during a second conditioning task with 
a new sensory cue (13 d). B, Before con- 
ditioning, clicks and reward were given 
independently. Recordings were made 
during presentation of clicks. One re- 
cording session consisted of 30-45 tri- 
als (clicks). During conditioning, clicks 
and reward delivery were simulta- 
neously presented. Outflow of the re- 
ward juice onto the spoon lasted for 
about 150 msec. After overtraining, the 
characteristics of the activity of TANS 
were further examined during occa- 
sional presentations of LED lights, clicks 
with no reward (NO REWARD task), 
or by presentations of reward delivery 
without clicks (NO CUE task). In the 
NEW CONDITIONING task, the orig- 
inal conditionine clicks were eiven 
without reward, but novel clicks were 
given with reward delivery. 5 min 

to discharge rates before stimulation. The onset time of a response was 
defined by the first of three or more consecutive 15 msec bins in which 
activity deviated from the average value during the control period. The 
offset time was defined by the first of three or more consecutive bins in 
which activity returned to control levels. Differences were considered 
significant at p 5 0.01 (Kimura, 1986). 

Histological reconstruction. At the end ofrecording, the monkeys were 
lightly anesthetized with ketamine hydrochloride (30 mg/kg, i.m.). and 
several small electrolytic marking lesions were placed in each hemi- 
sphere to mark the recording level by passing a positive current through 
the microelectrode (5-l 5 PA for 2 min). The animals were then deeply 
anesthetized with an overdose of pentobarbital (>70 mg/kg, i.m.) and 
were perfused through the left ventricle with 4% paraformaldehyde in 
0.1 M phosphate buffer. Blocks through the striatum were cut at 50 pm 
in the transverse plane and were stained with cresylecht violet. Re- 
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Figure 2. Change in licking behavior in monkey R before and during 
learning. Records of the electromyographic (EMG) activity of the di- 
gastric muscles were sequentially aligned at the time of click presenta- 
tions. An averaged EMG trace is shown below each set of traces. In this 
and all succeeding figures, the first trace is at the top, and the last trace 
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Figure 3. Classification of licking movements and increase in click- 
triggered licking movements during learning. A, Licking movements 
were defined as triggered when they started after the click stimulus (see 
small arrows) and as nontriggered when they started before the click 
stimulus. The large arrow indicates the time of click presentation. B, 
Open circles show percentage of triggered licking movements plotted 
against time for one recording session in which the monkey showed his 
best daily performance. Solid circles show change in mean onset latency 
of the triggered licking movements in the same recording session. 

cording tracks were reconstructed by reference to marks from the elec- 
trolytic lesions, and the positions at which neuronal activity was re- 
corded were estimated by reference to the distances from the micrometer 
readings made at the time of recording, corrected for shrinkage resulting 
from the fixation procedure, and expressed in approximate Horsley- 
Clarke coordinates (Kusama and Mabuchi, 1970). 

Results 
Behavior 
During the preconditioning sessions, when liquid reward was 
given independently of sensory signals, the monkeys noticed, 
apparently by chance, that the juice was delivered on the spoon 
in front of their mouths, and they paid attention to the spoon 
by making exploratory movements of the throat or tongue. 

In monkey R, the behavioral change during learning was ex- 
amined almost daily from the start of sensorimotor conditioning 
until it reached the plateau phase. Figure 2 shows examples of 
licking behavior at different times during the conditioning task. 
Before conditioning, when no juice reward was given with the 
click sounds, the monkey made almost no licking movements. 
On the second day of conditioning, the monkey licked the spoon 
almost all the time: his behavior was indistinguishable from the 
exploratory movements before conditioning. By the fifth day, 
he tended to lick after the clicks, and this behavior became more 
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marked by day 10. By day 2 1, the onset of the licking movements 
was time-locked to the click sounds. 

In order to quantify this behavioral change, we classified the 
licking behavior into two categories of licking movements, trig- 
gered and nontriggered (Fig. 3A). The onset of the licking move- 
ments in each trial was examined on each EMG trace taken 
from the digastric or tongue muscles (for Fig. 3A, digastric), and, 
if it occurred after the presentation of the click, the licking was 
considered to be movement triggered by the cue. The licking 
movements were considered to be nontriggered if they occurred 
before the sensory cue. The percentage of triggered licks in a 
recording session was used as an index of the conditioned be- 
havior. 

Figure 3B (open circles) summarizes the time course of the 
behavioral change in monkey R. Almost no triggered licks were 
observed on days 1 and 2, but the animal learned very quickly 
on days 3 and 4, and achieved a performance of more than 80% 
by day 4 and a level of more than 90% correct by day 5. The 
onset latency of the triggered licks from the time of sensory 
signals was also measured, and was plotted against time. As 
shown in Figure 3B (solid circles), near the beginning of training, 
the mean latency of licking was greater than 530 msec (534.3 
* 438.8 and 624.8 -t 316.0 msec, mean f SD, on days 2 and 
3, respectively) and then decreased gradually to less than 180 
msec by day 21 (175.3 -t 47.8 msec). The SDS of the onset 
latencies also decreased markedly during training. 

Identification of tonically active neurons 
The activity of 858 TANS was recorded extracellularly from the 
two monkeys before and during sensorimotor conditioning. It 
was not difficult to discriminate the TANS from the more abun- 
dant type II neurons of the striatum. The TANS discharged 
negative impulses with long spike durations (1.8-5.0 msec) at 
low frequencies (2-10 Hz), whereas the type II neurons were 
usually quite silent and were activated only phasically with spikes 
of shorter duration (< 1.2 msec; Fig. 4A). The mean frequency 
of firing of the type II neurons was less than 2 Hz. In our sample, 
the tonic irregular discharge of the TANS averaged 4.7 f 1.1 
Hz (2.1-8.7 Hz, data from n = 595). Data that were contami- 
nated by noises or artifacts were omitted in this frequency anal- 

ysis. Interspike-interval histogram analysis (Fig. 4B) showed 
that the TANS had different discharge patterns, in the extreme 
having two peaks (roughly estimated at 30 and 320 msec) or 
one peak at about 130 msec. Occasionally, individual TANS 
showed these two different firing patterns alternately during re- 
cording. The interspike-interval histograms for the type II neu- 
rons had a single peak close to 0 msec. 

Histological reconstruction of TANS sampled 
The TANS were usually encountered at intervals of 400-500 
pm along electrode penetrations both in the caudate nucleus and 
in the putamen. We sampled the TANS in both nuclei in the 
right hemisphere from A 15 to A28 in monkey R and from A 14 
to A22 in both hemispheres in monkey D. Approximately the 
dorsal half to two-thirds of the nuclei were included. Quite 
strikingly, as shown in Figure 5, the distribution of TANS that 
became responsive after training was widespread both in the 
caudate nucleus and in the putamen. 

Selectivity of the response of TANS for the conditioning stimuli 

Figure 6 shows a typical example of the activity of TANS before 
and after behavioral conditioning. The neuronal activity is 
aligned on the occurrence of the click presentations both before 
conditioning (without reward) and after conditioning (with re- 
ward). The EMG activity associated with licking movements 
and the averaged EMG traces are shown in the middle and lower 
traces. Before conditioning, when the clicks and rewards were 
not associated, the monkeys did not make licking movements 
and most TANS (106 of 122 cells in monkey R and 148 of 183 
cells in monkey D) showed no response to the clicks. By contrast, 
after the acquisition of the sensorimotor association, a majority 
of the TANS in the first conditioning task (114 of 195 cells in 
monkey R and 118 of 179 cells in monkey D) responded to the 
click sound. All the responsive cells showed suppression of bring 
and about a fifth of the TANS showed an initial activation after 
presentation of the click and a rebound activation after the 
suppression. The TAN illustrated in Figure 6 did not exhibit 
the initial transient activation, but initial activation responses 
at -60 msec are illustrated in the records of Figures 9, 10, and 
12. All of the 114 TANS recorded in the right striatum of mon- 
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Figure 5. Histological reconstruction of TAN recording sites in the right hemisphere of the brain of monkey R. Approximate Horsley-Clarke 
coordinates are shown below each chart. The sites of TANS sampled before conditioning are shown in A and those sampled during and after 
conditioning (before intermission) are shown in B. Open circles indicate the locations of TANS that showed no response to the clicks. Solid circles 
indicate the sites of TANS that responded to the clicks. m, medial; 1, lateral; d, dorsal; V, ventral. 



key R that responded to the clicks after training showed sup- 
pression of firing. The TAN illustrated in Figure 6 showed a 
complete suppression with a latency of 90 msec and a duration 
of 189 msec. Ninety-eight of the 114 responding cells in the 
monkey R right hemisphere sample showed complete suppres- 
sion. In most cells the suppression was followed by a transient 
rebound activation. We sometimes observed an oscillatory re- 
sponse to the sensory stimuli, as shown in Figures 7 and 12. 

Before conditioning with reward juice, a small number of 
TANS (about 17%) showed some response to the clicks. In order 
to test what kind of clicks were most effective to elicit the re- 
sponse, we presented various kinds of sounds without any re- 
ward while recording from single TANS. We found that the 
louder the clicks were, the more pronounced the response (Table 
1). Figure 7 shows a typical example of a TAN that showed a 
strong response to the louder, more alerting click and a smaller 
response to the faint click. When we deliberately added dis- 
tracting noises, such as music, sounds of waves, songs of birds, 
the responses to the clicks weakened (data not shown). These 
response patterns are consistent with the idea that the 1 l-2 1% 
of TANS responding before conditioning did so preferentially 
to stimuli that attracted the monkey’s attention. 

Because the licking movements made by the monkeys became 
closely related to the onset of the clicks, we carried out controls 
to test whether the response of the TANS was strictly induced 
by the conditioning click stimuli or whether, instead, the TANS 
fired in relation to the licking movements themselves. We did 
this in several ways. First, we compared the temporal relation 
of the TAN response to the clicks and to the licking. Figure 8 
shows two examples of TAN firing in relation to the clicks with 
licking movements detected by a strain gage (Fig. 8A) and with 
EMG traces from the digastric muscles (Fig. 8B). Clear responses 
to the conditioning clicks were evident when the neuronal ac- 
tivities were aligned at the time of presentation of the stimuli 
(left panels of Fig. 8A,B). However, when neuronal activity was 
aligned with the time of the onset of the licking movements, 

BEFORE 
CONDITIONING 
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Table 1. The number of TANS that responded to loud clicks and to 
faint clicks before the beginning of behavioral conditioning in 
monkeys R and D 

Putamen 

Caudate n. 

Striatum 

Loud click Faint click 
before before 
conditioning conditioning 

31/201 3/23 
(15.4%) (13.0%) 
20/104 l/13 
(19.2%) (7.7%) 
51/305 4136 
(16.7%) (11.1%) 

significant modulation of neuronal activities was not observed 
either before or after licking movements (Fig. 8A,B, right panels). 
Such controls suggest that the TANS responded in relation to 
the sensory cues that triggered the licking movements, and not 
in relation to the licking movements per se. 

We further tested for responses of TANS in relation to licking 
in the NO CUE task. Figure 9 shows one example of the eight 
TANS tested. This cell rapidly weakened its response when no 
sensory cue for reward delivery was given. But when the animals 
noticed that the juice came at the same intervals, they began to 
lick the spoon. They made many futile licking movements that 
failed to get them reward in the NO CUE trials, because their 
licking movements were not restricted to the reward delivery 
time. Nevertheless, licking movements in most trials were ap- 
propriate, as shown by the averaged EMG activity of the tongue 
muscles. Even in these successful trials, however, the response 
rapidly weakened. All TANS tested showed a similar loss of 
response in NO CUE trials. This evidence suggests further that 
the response of the TANS was induced by the conditioned sen- 
sory cues and not in relation to the licking movements per se. 
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during the behavioral task before and 
after conditioning. Unit activity was 
aligned at the time of click presentation 
and is shown in raster-dot displays and 
histograms. Note that the raster plots 
are ordered sequentiallyfrom bottom to 
top in this and all succeeding figures. 
Electromyographic (EMG) activity of 
the tongue muscle, rectified and inte- 
grated, is shown in successive traces se- 
quentially aligned from top to bottom 
(see Fig. 2). The averaged EMG trace 
is shown below individual traces. Be- 
fore conditioning, no change in activity 
of TANS occurred in relation to the 
clicks, and no licking movements were 
made. After conditioning, many TANS 
responded to the clicks delivered with 
reward by a depression oftonic activity. 
In some TANS, the depression of ac- 
tivity was preceded by an initial exci- 
tation, not shown in this figure; such 
activations are shown in Figures 9 and 
11. The pause in firing was followed by 
a rebound activation. 
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Figure 7. An example of the response 
pattern of the 1520% of TANS that 
responded to the click stimuli before 
conditioning. No reward was given in 
association with the click sounds. This 
TAN showed a strone resuonse when 
louder clicks were Gresented and a 
weaker response when the clicks were 
faint. The neuron tended to show an 
oscillatory response. Solid arrow indi- 
cates the time of loud click presenta- 
tion, and open arrow indicates time of 
faint click presentation. 
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Other instances of dissociation of the TAN responses and licking 
onset were noted throughout the experiments, for example, in 
the extinction trials (see Figs. 12, 13B). 

Progressive change in responsiveness of TANS during 
behavioral learning 

The large majority of TANS recorded did not respond to the 
clicks (unconditioned stimuli) before training. To address the 
question of whether and how such initially nonresponsive pop- 
ulations of TANS could acquire responsiveness to the sensory 
cue during sensorimotor conditioning, we recorded the activity 
of as many TANS as possible in both the putamen and the 
caudate nucleus before and after conditioning in both monkeys, 
and also nearly every day during conditioning in monkey R. 
The results are shown in Figures 10 and 11. 

Figure 10A shows peristimulus-time histograms of the pop- 
ulation responses of TANS recorded in the striatum of monkey 
R and demonstrates a gradual increase of the responsiveness of 
the TANS to the click sound. Before conditioning, the histo- 
grams for the 80 cells recorded in the putamen and the 42 cells 
recorded in the caudate nucleus (top) showed no population 
response to the click, and the averaged EMGs indicated that no 
licking movements occurred. One to 4 d after the start of con- 
ditioning, the averaged activity of the 29 TANS recorded in the 
putamen and the 22 TANS in the caudate nucleus indicated a 
small decline in firing followed by a rebound activation in re- 
sponse to the click. After 5-8 d of training, the responses of the 
TANS in both nuclei (32 cells in the putamen and 21 cells in 
the caudate nucleus) were more pronounced, and a clear initial 
activation became visible for the first time. Licking movements 
had also become increasingly time-locked to the clicks. After 
9-14 days, the population responses were further increased in 
both nuclei, and within the third week of learning, both the 
initial activation following the clicks and the following sup- 
pression sharpened. 

The population response of the TANS in the caudate nucleus 
appeared somewhat stronger than that in the putamen. This 
bias is shown in Figure 1 OB, which illustrates the rate of increase 
in the ratio of responsive neurons to all TANS examined in the 

I  

4 (FN3006D) 

two nuclei. A small number of TANS responded to the click 
from the start of recording before conditioning (on day 0, 11% 
in putamen and 16% in caudate nucleus). The percentage of 
responsive neurons rose rapidly in both nuclei, but was some- 
what higher in the caudate nucleus than that in the putamen by 
the second week of learning. 

Retention of the acquired sensory responsiveness 

In order to determine whether the acquired responses of the 
TANS could be maintained after a long break of training, we 
stopped training the animals for about 4 weeks and let them 
gain free access to juice and food in their cages. After the in- 
termission, we resumed recording. Figure 11 (stippled bars) shows 
that the acquired responsiveness was retained without decre- 
ment in both monkeys after the 4 week intermission. For mon- 
key R, the values were 58.5% (114 of 195 cells) before and 
63.7% (72 of 113 cells) after the break; for monkey D, 65.9% 
(118 of 179 cells) responded before and 74.2% (49 of 66 cells) 
after the break. 

Context dependence of the acquired sensory responsiveness 
The responses of the TANS, though stable over lapses in training, 
were by no means fixed even after prolonged training. As orig- 
inally demonstrated by Kimura et al. (1984), the neurons that 
showed a strong response to the conditioning stimulus weakened 
their responsiveness when the sensory stimulus no longer ac- 
companied reward delivery. Of 16 cells examined in detail, 10 
showed such context dependency. However, we found that this 
change occurred only after many presentations of the unre- 
warded clicks (see Figs. 12, 13). 

To determine whether individual TANS could respond to 
more than one kind of conditioned stimulus, we trained both 
monkeys R and D, after their overtraining with clicks, with 
either clicks or LED lights as a second conditioning stimuli. We 
found (Table 2; T. Aosaki et al., unpublished observations) that 
some TANS showed responses both to clicks and to LED lights, 
that other TANS responded only to the clicks, and that still 
other TANS exhibited responses only to the lights. TANS of all 
three types appeared to be intermixed rather than being spatially 
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separated (Aosaki et al., unpublished observations). Altogether, 
26.8% of the neurons tested in the two monkeys (26 of 97 cells) 
responded only to clicks, 34.0% (33 of 97 cells) responded only 
to light stimuli, and the remaining 39.2% responded to both 
stimuli. These observations suggest that, in a given conditioning 
paradigm, some TANS can become conditioned to respond to 
one set of stimuli and other TANS to another set of stimuli in 
the task, whereas other TANS can respond to at least two dif- 
ferent stimuli of different modalities in the same behavioral 
setting. 

Acquisition and loss of conditioned responses by individual 
TANS 

As a further test of the capacity of TANS to show response 
plasticity, we asked whether the conditioned response of TANS 

Figure 8. Lack of time-locked rela- 
tion of TAN activity and licking move- 
ments. Two examples of TANS for 
which clicks elicited a strong response 
are shown in A and B. In A, the licking 
movements detected by a strain gage 
are shown below the unit activity ras- 
ters. In B, EMG traces from the digas- 
tric muscles are illustrated. In both A 
and B, two raster dot displays of the 
same activity are shown. The displays 
on the Left are aligned at the time of 
presentation of clicks. The displays on 
the right are aligned at the onset of lick- 
ing movements. The responses of the 
TANS are time-locked to the onset of 
the clicks, not to the onset of the licking 
movements or EMG activity. 

that had acquired a response to conditioning clicks could be 
switched to a new conditioning stimulus when the original stim- 
ulus was no longer accompanied by reward delivery but a new 
stimulus was rewarded. In the NEW CONDITIONING task, a 
di+Ierent click sound was presented as a new conditioning stim- 
ulus associated with delivery of reward juice, and no reward 
was given when the familiar, original clicks were presented. 
Recording sessions in which the new stimuli were coupled with 
reward and sessions in which the original clicks were presented 
without reward, both containing about 30-40 stimuli, were pre- 
sented alternately to monkey R. 

A total of 56 TANS were recorded during NEW CONDI- 
TIONING experiments (13 d). Recordings were made every 
day. It was only on day 4 that the TAN first showed a response 
to the new stimulus. For each cell, we tried to examine responses 
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Figure 9. Evidence that the response 
of TANS to the sensory conditioning 
signal is not related to the reward itself, 
or to the licking movements accom- 
panying reward consumption. Data were 
taken from a single TAN in the caudate 
nucleus. The TAN responded to the 
clicks after conditioning (left), but this 
response declined almost immediately 
when the clicks were not presented in 
the next recording period. The EMGs 
of the tongue muscles show that the 
monkey licked the spoon vigorously in 
most trials despite the absence ofclicks. 
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to the two kinds of clicks for the very first set of trials for that 
cell. We found that the responses to the original conditioning 
stimulus were strongly engrained. Regardless of the day of re- 
cording, a majority of cells, when first tested with both old and 
new clicks, showed time-locked responses only to the original 
clicks in spite of the lack of its association with reward. The 
responses of the cells changed gradually. 

Figure 12 shows the activity of a TAN and the associated 
licking behavior on the first day of the NEW CONDITIONING 
task. The records illustrated were made after 240 presentations 
of the new click with reward and the old click without reward. 
At first, the monkey licked the spoon several times when the 
old click was presented, but he became irritated and stopped 
licking when he noticed that no reward came. When the new 
click sound was presented with reward, he at first neglected the 
sound and did not lick at all. But soon he began to protrude his 
tongue tentatively to touch the spoon during the new condi- 
tioning period and found the reward juice on the spoon. At this 
time in the retraining, the TAN illustrated evidenced no re- 
sponse to the new stimulus with reward and maintained a strong 

Table 2. The numbers of TANS that responded either only to clicks, 
only to LED lights, or to both stimuli 

TANS that TANS that 
responded responded TANS that 
only to only to responded 
click light to both Total 

Putamen 16 8 16 40 

(40.0%) (20.0%) (40.0%) 

Caudate n. 10 25 22 51 

(17.5%) (43.9%) (38.6)% 

Striatum 26 33 38 91 

(26.8%) (34.0%) (39.2%) 

The stimuli were presented in alternating recording periods. The data were taken 
from monkey R after intermission of conditioning and from monkey D during 
both conditioning periods (see Fig. 1). 

response to the unrewarded old click. Several days passed before 
the monkey appeared to realize that no reward came out with 
the old click and stopped licking in response to it. 

Of the 56 TANS recorded, 37 were held long enough during 
the first set of trials to be tested with both the original and the 
new clicks (a minimum of 10 min). The remaining 19 were 
tested only with one stimulus. Seventeen cells (14 of 37 tested 
with both kinds of stimuli and 3 of 19 tested only with one 
stimulus) were recorded for more than 20 min, and showed a 
change in their response patterns to the stimuli. Ofall cells tested 
with both old and new stimuli, seven showed no response and 
six responded to both kinds of stimuli in the first set of trials. 
Only four cells responded only to the new stimuli in the first 
set of trials. 

Of the 17 cells for which prolonged recordings were achieved, 
nine underwent consistent changes in their responsiveness dur- 
ing the extended recordings, with either a gradual acquisition 
of a response to the new stimulus (six instances) or a weakening 
of the response to the original stimulus (four instances). We 
found two instances in which cells changed their response pat- 
terns to both stimuli (decrease in response to the old, increase 
to the new stimulus). 

Figure 13 shows the change in activity of one of these TANS, 
which acquired a conditioned response to the new click sound 
during the recording sessions on the eighth day of the NEW 
CONDITIONING task. At the beginning of recording on this 
day, this neuron showed no response to the new click, although 
the monkey already had learned that the new click was coupled 
with reward and licked the spoon efficiently (Fig. 13A, left panel). 
By contrast, the same neuron responded to the old click, al- 
though the monkey had already learned that the old click was 
uncoupled from reward and showed no licking movements (Fig. 
13B, left panel). Five minutes after the presentation of the new 
click (Fig. 13A, middle panel), the neuron showed a slightly 
suppressed activity in response to the new click, and by 15 min 
(Fig. 13A, right panel) the neuron responded with a marked 
pause followed by a rebound activation. Over the course of the 
same 10 minute period, the same neuron gradually decreased 
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Figure 10. Population responses of 
TANS to sensory cues during condi- 
tioning in monkey R. A, Population 
histograms constructed by adding his- 
tograms from each neuron recorded in 
the putamen (left) and the caudate nu- 
cleus (right) and then dividing the re- 
sulting sum by the number of neurons 
in the samples. Neuronal activity was 
aligned on the time of click presenta- 
tion. Recording times before and dur- 
ing conditioning are indicated at the left. 
Numbers in parentheses indicate the 
number of TAN records averaged for 
the population histograms. Averaged 
EMG records are shown below the 
histograms. Note that the population 
response to the conditioning cues grad- 
ually became stronger during condi- 
tioning. This was true both for the pause 
in firing and for the initial activation 
and rebound. B, The percentages of 
TANS responding to the clicks are plot- 
ted against time for the caudate nucleus 
(open circles) and putamen (solid cir- 
cles). 
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Figure II. Comparison of the per- 
centages of responsive TANS for all 
TANS recorded from the putamen and 
the caudate nucleus ofthe two monkeys 
before conditioning (open bars), after 
conditioning (solid bars), and after - 1 
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its response to the old click (Fig. 13B, middle and right panels). 
Interestingly, eight out of the 17 cells that could be recorded for 
an extended period during the NEW CONDITIONING task 
showed unstable responsiveness. They sometimes responded to 
the new click, then lost the response in the following trials, and 
then regained responsivity. It was as though they were in the 
process of making the kind of switch shown for the neuron 
illustrated in Figure 13. 

Discussion 

In this study we demonstrate that striatal neurons undergo 
marked changes in responsiveness during the time in which a 
classical sensorimotor conditioning task is learned by adult ma- 
caque monkeys. We tracked the activity of tonically active neu- 
rons of the striatum (TANS), which can be identified reliably 
by their spontaneous tonic activity and which, in monkeys high- 

DAY 1 NEW CLICK ORIGINAL CLICK 
WITH REWARD spikes/s WITHOUT REWARD spikes/s 

LICKING 

4 (FN404) 

IS 
Figure 12. Differential response of a TAN to a new click stimulus given with reward and to the original, familiar click stimulus now presented 
without reward in the NEW CONDITIONING task. The activity was recorded on the first day of the task. Left, The cell emitted no response to 
the new click, even though the reward was coupled with it. The animal did notice that the reward juice was delivered during this period, and licked 
the spoon intermittently but ineffectively. Solid arrow indicates the time of the new click and reward presentation. Right, The same TAN showed 
a strong response to the original click sound, but the monkey made almost no licking movements. The monkey had already noticed by this time 
during the day’s training that no reward came with the original click. Serial recordings of this neuron (not shown) demonstrated that it had an 
unstable response to the new stimulus about 40 min later. However, a 5 min intermission returned the previous nonresponsiveness to the new 
stimulus. 
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Figure 13. Time course of acquisition and extinction of conditioned response of an individual TAN recorded on the eighth day of the NEW 
CONDITIONING session. In alternating sets of trials, a novel click was presented with reward delivery (A), and the old click was presented without 
reward (B). Records were taken over continuous 15 min (A) and 10 min (B) periods. Time indicated above each raster display indicates beginning 
of that set of recordings. A, Behaviorally, the monkey (monkey R) had learned to lick vigorously to obtain reward juice during the recording periods 
with the new click. At the start of the recording period (left panel), the TAN recorded showed no response to the new stimulus, but it gradually 
acquired the response, as shown by records at 5 and at 15 min (middle and right panels). B, By contrast, the same TAN began the recording period 
showing a response to the old clicks. Behaviorally, the monkey already knew that no reward came with the old clicks, as evidenced by the lack of 
licking. The records at 5 and 10 min of recording show the gradual loss of the response of the TAN as the extinction trials continued. 

ly practiced on such conditioning tasks, respond to the condi- 
tioned stimulus in such tasks (Kimura et al., 1984; Kimura, 
1986; Apicella et al., 1991). By training monkeys from a com- 
pletely naive state, we found that TANS responding to the con- 
ditioned stimulus before conditioning were relatively rare. The 
conditioned responsiveness of the TANS as. a population was 
acquired gradually during the course of the behavioral learning, 
and, once acquired, was maintained for at least a month when 
training was discontinued and was only gradually extinguished 
in the absence of reward. Although the population response to 

the conditioning stimuli took days to emerge, we found that 
individual TANS could acquire such responses within at least 
10 min. This evidence represents the first demonstration of 
neuronal response plasticity in the primate striatum during be- 
havioral learning. 

Relation of the acquired neural responses to reinforcement 

The sensorimotor conditioning task we used was a classical 
Pavlovian task. Animals were trained to obtain reward juice 
(unconditioned stimulus) by licking it from a spoon in front of 



3982 Aosaki et al. - Striatal Neuronal Activity during Learning 

their mouths at the time of presentation of a click sound (con- 
ditioning stimulus). In the preconditioning period, the reward 
juice was given separately and independently of reward, so it is 
natural that the animals evidenced no particular interest in the 
clicks and did not make licking movements after them. TANS 
were identified during this period by their characteristic tonic 
firing pattern (2-10 Hz), wave form (a broad negative spike), 
and interspike-interval histograms. About 15-20% responded 
to the clicks before conditioning. The fact that only a small 
fraction of the TANS showed responses before the association 
learning suggests that the response of the TANS to classical 
conditioning was not a simple sensory response. Without any 
reinforcement by reward, the external sensory stimulus had the 
same auditory quality but was without behavioral meaning for 
the animals. By contrast, when rewards were given simulta- 
neously with the clicks, the animals rapidly came to pay atten- 
tion to the clicks, and they made more licking movements trig- 
gered by the cues. They learned how to obtain the reward 
efficiently after about a week of training. The numbers of TANS 
that showed a transient suppression of spontaneous firing in 
response to the sensory stimuli increased in parallel. The pop- 
ulation response of the TANS to the click reached a plateau by 
2 weeks both in the putamen and in the caudate nucleus. By 
this time, more than half of the TANS had become responsive 
to the conditioned stimulus no matter where in the striatum the 
neurons were recorded. 

The relation of the TAN responses to reinforcement by re- 
ward, rather than to the sensory stimulus per se, was supported 
by the results of extinction trials. In 10 out of 16 cells tested, 
the neurons lost the response to the clicks when no reward came. 
In previous experiments, Kimura found that TANS lost their 
responsiveness instantaneously in NO REWARD sessions (Ki- 
mura et al., 1984; Kimura, 1986). By contrast, we observed that 
the change required many trials in which the clicks were not 
associated with reward. This difference in findings may be at- 
tributable to the different extinction paradigms used in these 
and in our own experiments. In the previous experiments, RE- 
WARD and NO REWARD sessions of 50-60 trials were im- 
posed regularly and alternately for several months. Thus, the 
monkeys may have learned not to expect the reward in the 
blocks of NO REWARD trials. In our experiments, by contrast, 
the rewards and clicks were associated in training carried out 
for several months, and NO REWARD sessions were only im- 
posed occasionally and at unpredictable times after acquisition 
of the conditioned behavior. Such a strong influence of expec- 
tation on TAN responsivity is in full accord with our findings 
during the acquisition phase of learning. 

It is also clear that the acquired response of the TANS was 
not related to the licking movements per se. Thus, the TAN 
responses (1) were not triggered in a time-locked relation to 
licking, (2) were not somatosensory responses to the tongue’s 
touching the reward juice, and (3) were not responses to the 
reward itself. Rather, the responses emerged when the external 
sensory stimulus gained value for the animals as a predictor of 
reward. Furthermore, as shown in the extinction tests and NEW 
CONDITIONING task, the responses of the TANS to the clicks 
declined when the predictive attribute of the clicks no longer 
obtained. The responses of the TANS appeared to depend crit- 
ically on the reinforcement association of the sensory stimuli. 

Specificity of the acquired sensory responses of TANS 

recorded showed the response after learning. What did the other 
TANS do? We were unable to answer this question, but we did 
explore the capacity of the TANS to respond to more than con- 
ditioning stimulus. We first thoroughly trained the monkeys 
with clicks as the conditioning stimuli, and then, after acqui- 
sition of conditioned behavior, added parallel sessions in which 
the monkeys were trained to lick in response to LED light stimuli 
as additional conditioning stimuli. We found that about a quar- 
ter of the TANS examined responded only to the clicks, that 
about a third responded only to the lights, and that the remaining 
TANS responded to both types of stimulus. The different types 
were not spatially separated from one another. These results 
suggest that different sensory inputs can activate different sets 
of TANS in relation to the learning task, but that different inputs 
can also converge on populations of TANS. It is possible, then, 
that individual TANS might have particularized activity profiles 
in relation to a subset of concurrently presented sensorimotor 
associations. If so, the population of unresponsive TANS in our 
sample might have become responsive had we used different 
cues. 

Rapid acquisition of conditioned sensory response by 
individual TANS during prolonged recordings 
The population response of TANS to the conditioning stimuli 
appeared gradually during the course of the behavioral condi- 
tioning. However, when individual TANS were recorded for 
extended times during conditioning, we found that a given TAN 
could acquire the responsiveness in at least as short a time as 
10 min. Similarly, we found that individual TANS could lose 
their responses to the conditioned stimulus after about the same 
duration of extinction training. Remarkably, despite the fact 
that the plastic changes could occur over minutes, the acquired 
response ofTANs as a population could be maintained for weeks 
without training. This suggests that the response plasticity has 
some of the features associated with long-term memory. TANS 
are able to register and to store sensory response properties 
acquired during the course of behavioral learning. 

Our experiments do not settle the question ofwhat the cellular 
phenotype of the TANS is. TANS are thought to be striatal 
intemeurons, and their physiological characteristics resemble 
those of the cholinergic neurons of the striatum. In a mapping 
study of TANS recovered in acute recording experiments (Aosaki 
et al., 1992, unpublished observations; Kimura et al., 1993), we 
have found that TANS are preferentially distributed in the stri- 
atal matrix, but that a disproportionate number of TANS lie at 
striosome/matrix borders. This distribution is consistent with 
the possibility that TANS are, in fact, cholinergic intemeurons. 

Our experiments also do not settle the question of whether 
the plasticity of TAN responses reflects processing going on 
inside the striatum, or is the outcome of modified activity trans- 
ferred to the striatum from elsewhere, or is representative of 
both intrinsic and extrinsic modifiability. The striatum receives 
extensive inputs (Graybiel, 1990; Gerfen, 1992) including pro- 
jections from regions of the cerebral cortex implicated in atten- 
tion, movement preparation, and memory (Goldman-Rakic, 
1984; Kurata and Wise, 1988a,b; Alexander and Crutcher, 
199Oa-c; Crutcher and Alexander, 1990; Pardo et al., 1990, 
199 1; Posner and Petersen, 1990; Mitz et al., 199 1; di Pellegrimo 
and Wise, 1993). The striatum also receives input from the 
amygdala, which has been implicated in coding the emotional 
significance of sensory stimuli and in sensory-reward associa- 

We found a sharp increase in the numbers of TANS responding tions (E. A. Gaffan et al., 1988; Cador et al., 1989; Everitt et 
to the clicks after conditioning. However, not all of the TANS al., 1989, 1991; D. Gaffan et al., 1989; LeDoux et al., 1990, 
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1991; Gaffan and Murray, 1990). Nuclei of the intralaminar 
thalamus, which themselves receive inputs from reticular ac- 
tivating circuits, also project to the striatum. Any one or more 
of these sources may contribute to the response plasticity. As 
discussed below, however, of particular note as a potential source 
of the documented reward-related activity are the neurons of 
the substantia nigra pars compacta, which give rise to the do- 
pamine-containing nigrostriatal tract. 

Relation between TANS and dopamine-containing neurons of 
the midbrain 
Schultz and his colleagues have documented a systematic re- 
ward-related response plasticity of midbrain dopamine-con- 
taining neurons in behaving macaque monkeys (Schultz, 1986; 
Ljungberg et al., 1992; Schultz et al., 1993). Most of the do- 
pamine-containing neurons fire bursty spike discharges in re- 
sponse to stimuli that attract the attention of the animal. Like 
TANS, the dopamine-containing neurons do not fire in relation 
to movements, whether self-initiated or triggered. Stimuli that 
elicit responses by the dopamine-containing neurons include 
novel, unexpected stimuli eliciting orienting reactions, and pri- 
mary reward stimuli such as food or juice. During sensorimotor 
conditioning, the neurons gradually lose their responsiveness to 
the primary reward, and they become activated, instead, by the 
conditioned stimulus (Ljungberg et al., 1992). 

At first glance, these responses of substantia nigra pars com- 
pacta neurons after learning seem almost mirror images of the 
TAN responses we report here: both sets of neurons acquire 
responses to conditioning stimuli, but the responses of the do- 
pamine-containing neurons are transient activations of spike 
discharge, whereas those of the striatal TANS are transient sup- 
pressions. This suggests the interesting possibility that the con- 
ditional activity of TANS in the striatum somehow reflects input 
from the dopamine-containing neurons of the nigral complex. 

There are also differences in the response profiles ofthe striatal 
and nigral neurons, however. First, the TANS we recorded did 
not fire to primary reward stimuli, although many were capable 
of acquiring responses to stimuli predictive of reward. Most 
TANS also did not appear to respond to novel stimuli. For 
example, although they did respond more to loud than to sqft 
clicks, they did not respond to a range of other novel sounds. 
Thus, the activity of the TANS could not simply reflect the 
activity of the incoming dopamine-containing afferents in all 
behavioral states, for the great majority of pars compacta neu- 
rons do fire to rewarding and novel stimuli. Second, many TANS 
showed initial activation and rebound activation flanking the 
suppression of spike discharge. These features (or their inverse) 
are not regular characteristics of the midbrain neurons’ re- 
sponses to conditioned stimuli as documented by Schultz and 
coworkers (Ljungberg et al., 1992). Third, the TANS, once hav- 
ing acquired a response to the conditioning stimuli, maintained 
this response even with prolonged overtraining, when the con- 
ditioned behavior became highly automatized. By contrast, 
Schultz and his colleagues (Ljungberg et al., 1992; Schultz et al., 
1993) report that the responses ofthe dopamine-containing neu- 
rons, once acquired, progressively diminish with overtraining. 
This decreased responsiveness after overtraining was interpret- 
ed as parallelling the animals’ reduced attention to the condi- 
tioned stimulus as the task became automatic and the condi- 
tioned stimulus became merely a “temporal reference” for 
automatic execution of behavior (Ljungberg et al., 1992; Schultz 
et al., 1993). Habitual occurrence of the conditioned stimuli did 
not dampen the responsiveness of TANS. 

These differences between the conditioned activity of striatal 
TANS and midbrain dopamine-containing neurons could reflect 
differences in the behavioral tasks used to test the two popu- 
lations, but they clearly might, instead, indicate different pro- 
cessing characteristics of nigral and striatal neurons during learn- 
ing tasks. This latter possibility is quite intriguing. If the 
dopamine-containing neurons signal attention or vigilance by 
firing in relation to important sensory stimuli that induce be- 
havioral reactions and sensorimotor learning, but then lose this 
responsiveness, this information must not only be transferred 
during the learning process to motor control pathways, but also 
must then be stored so that the conditioned behavior can ac- 
tually be executed. Our results suggest that, in the striatum, 
TANS can acquire and maintain a record of the conditioned 
sensory responsiveness for prolonged periods of time. The TANS 
of the striatum may thus be part of a mechanism active in the 
acquisition and retention of sensorimotor associations. 
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