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A Network Representation of Response Probability
in the Striatum

madi and Joseph, 1995; Mink, 1996; Ravel et al., 1999;
Schneider, 1987; White et al., 1994).

To address this paradox, we designed a set of experi-
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Goode, 1991), because the basal ganglia are known toSayama-shi, Saitama 350-1302
Japan be involved in the control of eyeblink (Basso and Evinger,

1996; Basso et al., 1996, 1993; Blaxton et al., 1996;
Evinger et al., 1993; Logan and Grafton, 1995), and we
could accurately monitor the behavioral responses ofSummary
the monkeys by recording the EMG activity of a single
muscle, the orbicularis oculi.The striatum of the basal ganglia is considered a key

structure in the learning circuitry of the brain. To ana- Throughout the experiments, we recorded the re-
sponses of the striatal interneurons known as tonicallylyze neural signals that underlie striatal plasticity, we

recorded from an identifiable class of striatal in- active neurons (TANs) because their response proper-
ties in reward-based conditioning have been extensivelyterneurons as macaque monkeys underwent training

in a range of conditioning and non-associative learning studied (Aosaki et al., 1995, 1994b; Apicella et al., 1996,
1997; Ravel et al., 1999; Raz et al., 1996; Sardo et al.,paradigms, and recorded eyeblink electromyographs

as the measure of behavioral response. We found that 2000; Shimo and Hikosaka, 2001) and are known to
be influenced by dopamine-containing inputs from thethe responses of these striatal interneurons were

modifiable under all training conditions and that their substantia nigra (Aosaki et al., 1994a; Raz et al., 1996).
Moreover, because the TANs have distinctive firing char-population responses were tightly correlated with the

probability that a given stimulus would evoke a behav- acteristics, they can be readily recognized during re-
cording experiments. This allowed us to monitor theioral response. Such a network signal, proportional to

current response probability, could be crucial to the activity of a single type of local circuit neuron in the
awake behaving primate in relation to the activity of alearning and decision functions of the basal ganglia.
single muscle.

We found that the population responses of striatalIntroduction
TANs to any given stimulus were tightly linked to the
probability that the stimulus would evoke a behavioralA leading hypothesis about the neural basis of learning

and memory is that different neural circuits are specialized response. The probabilistic signal carried by these stria-
tal network neurons could be used in computations un-for different types of learning. The basal ganglia have been

proposed as structures critical for reward-based learning. derlying motor and cognitive functions of the basal
ganglia.The main input side of the basal ganglia, the striatum, is

thought to receive teaching signals from the reward-
sensitive dopamine-containing neurons of the substan- Results
tia nigra (Schultz, 1998). Many neurons in the striatum also
respond to reward or are influenced by reward-based TANs Acquire Responses to Aversive
conditioning (Aosaki et al., 1994a, 1994b, 1995; Apicella Conditioning Stimuli
et al., 1997; Hollerman et al., 1998; Jog et al., 1999; We recorded the neuronal activity of striatal TANs and
Kawagoe et al., 1998; Rolls et al., 1983; Shidara et al., the EMG activity of the left orbicularis oculi muscle in
1998). Yet the striatum, as the origin of the major output three monkeys as they underwent training and then ex-
pathways of the basal ganglia, is centrally implicated in tinction in a delay eyeblink conditioning protocol in
the control of movement and cognitive functions, many which an auditory tone stimulus (CS) was associated
of which are not obviously related to reward. Likewise, with an aversive airpuff directed toward the left eye (US).
many striatal neurons have response properties that do Before conditioning, two of these animals and a fourth
not seem dependent on reward: they may respond to monkey received repeated exposure to tone stimuli in
neutral stimuli, to aversive stimuli, or in relation to move- order to induce behavioral habituation, during which
ments or movement sequences (Aosaki et al., 1994a; recordings were also made. Throughout the condition-
Crutcher and DeLong, 1984; Hikosaka et al., 1989; Ker- ing and extinction experiments, the monkeys also per-

formed a conventional reward conditioning task so that
TANs could be recorded during blocks of both aversive4 Correspondence: graybiel@mit.edu

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 

https://core.ac.uk/display/82619231?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Neuron
974

increase in the number of TANs responding to the CS,
from a low of 11% of those recorded during the last
week of habituation to a high of 92% of those recorded
during subsequent conditioning.

Like TAN responses previously reported for reward-
associated conditioning stimuli (Aosaki et al., 1995,
1994b; Apicella et al., 1996, 1997; Sardo et al., 2000),
the responses to the CS during aversive conditioning
typically included a ca. 120 ms long decrease in firing
rate (“pause” response) about 110 ms after the CS, fol-
lowed by an increase in firing (Figure 2C). Some TANs
also had an initial excitatory response, and the rebound
excitation following the pause response often was fol-
lowed by a further pause-rebound cycle (cf. Aosaki et
al., 1994b; Ravel et al., 1999; Raz et al., 1996). Early in
training, a majority of the TANs also responded to the
airpuff that served as the US, but responses to the US
decreased during conditioning (from 100% to 40% of
the TANs recorded in M7).

Extinction training, in which the aversive US was omit-
ted, led to a rapid decline in the behavioral responses
to the CS and also in the responsiveness of the striatal
TANs. In M7 (Figure 2A), EMG responses fell to 24% and
TAN responses fell to 20%. Thus, during the eyeblink
conditioning and subsequent extinction training, both
the behavioral responses and the responses of striatal
TANs showed marked plasticity.

Responses to Aversive and Rewarding Stimuli
Can Co-Occur in a Single TAN
The fact that we trained the monkeys in both reward and
aversive conditioning paradigms meant that we could

Figure 1. Experimental Schedules and Sites of Neuronal Recording determine whether individual TANs could respond both
(A) All monkeys except M6 (M7, M8, and M9) were given habituation to the CS indicating the rewarding US (water) and to the
training in which they were exposed to repeated presentations of

CS indicating the aversive US (airpuff). We held 305tone stimuli. Following habituation training (or initially for M6), all
TANs during both training procedures, and found thatbut M8 were trained in aversive delay eyeblink conditioning and
about a third (30%) responded both to the aversive con-extinction protocols, and during the same periods were trained in

reward conditioning. Table to right indicates the range of experience ditioning CS and to the reward conditioning CS in M6,
of the four monkeys. and the corresponding values were about 20% in M9
(B) shows MRI image taken in M6, in which two electrodes (see and about 18% in M7, in which the reward-associated
arrows) were left in place after recording from the globus pallidus

CS was presented 750 ms before reward (Figure 3).(GP, left) during mapping session, and after recording the activity
Calculated as a percent of the less represented stimulusof a TAN in the caudate nucleus (CN, right).
category (rewarding for M6 and M7, and aversive for
M9), over half of all TANs responded to both types of
stimuli (61% for M6, 78% for M7, and 65% for M9).and reward conditioning (Figure 1A). We identified TANs
These data, together with those of Ravel et al. (1999),by their irregular tonic 2–10 spikes/s activity and by
demonstrate that many TANs respond to conditioningtheir spike waveforms, characterized by a wide (2–5 ms)
stimuli whether they are associated with rewarding oraction potential and prolonged after-hyperpolarization
aversive unconditioned stimuli.(Aosaki et al., 1994b). In all, we recorded from 986 TANs

in the caudate nucleus and putamen (Figure 1B) from
seven hemispheres in the four monkeys. TAN Responses to Sensory Stimuli Vary

with Behavioral HabituationWe first recorded TAN and EMG activity during condi-
tioning in the two monkeys thoroughly habituated to the To test whether familiarity with the stimuli used as

CSs would also systematically influence TAN respon-conditioning stimuli (M7 and M9; Figure 1A). Figure 2
illustrates the results for monkey M7. At the beginning siveness, we examined the effect of repeated exposure

to neutral tone stimuli on TAN and EMG responses inof conditioning, the monkey exhibited a strong EMG
response to the airpuff (average latency 37 � 16 ms) three of the monkeys (M8, M7, and M9; Figure 1). As

shown for monkey M8 in Figure 4, both the behavioralbut little response to the tone that served as a CS. With
training, however, EMG responses to the CS increased blink responses as measured by orbicularis oculi EMG

recordings (Figure 4A) and the neuronal responses asrapidly, and by behavioral asymptote, they occurred in
response to about 97% of the CS presentations. The measured by the percentage of responsive TANs (Fig-

ures 4B and 4C) declined sharply during such habitua-mean latency of the conditional response was 118 � 50
ms. During the same training period, there was a sharp tion training. We took the opportunity to look for any
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Figure 2. Tonically Active Neurons (TANs) in the Striatum Exhibit Response Plasticity during Aversive Conditioning and Subsequent Extinction

(A) shows pooled EMG responses of left orbicularis oculi muscle recorded before and during eyeblink conditioning and after extinction in
monkey M7. (B and C) Population response histograms (B) and raster plots of individual TANs (C) recorded on corresponding days are shown.
The onset and offset times of the conditioned stimulus (CS, a 333 Hz, 63.4 dB tone) and unconditioned stimulus (US, airpuff) are plotted
above by step-up and step-down deflections in (A)–(C). The n values shown in (B) indicated the number of TANs analyzed to make the
histograms.

obvious differences in behavioral and neural responsiv- The Population Responses of Striatal TANs
to Conditioned Stimuli Parallel the Probabilityity to the tones that might be related to general labora-

tory experience. Monkey M7 had more than two years of Conditioned Responses to These Stimuli
The fact that many TANs responded to conditioning toneof lab experience, during part of which she had been

exposed to the tone sounds, whereas monkey M9 had stimuli in both reward and aversive conditioning, and
also in proportion to the novelty and intensity of theparticipated in other experiments for only 20 weeks and

had no experience with the tone stimuli used in the tone stimuli, suggested that the TAN responses might
reflect general stimulus salience (cf. Aosaki et al., 1994b;present experiments (Figure 1). The initial responses to

the tones were lower in M7, which had previous expo- Ravel et al., 1999). An alternative interpretation, how-
ever, was that the responses of these striatal neuronssure to these tone stimuli (24% responsive TANs), than

in M9, which did not have such previous exposure (35% were more closely related to the behavioral response
itself, indicating, for example, whether a response wasresponsive TANs) (Figure 5). Correspondingly, the ef-

fects of habituation were smaller in the more experi- occurring. To approach this issue, we first asked
whether TAN responses were more tightly linked to theenced monkey (M7) and were larger in the less experi-

enced monkey (M9), which remained reactive (across CS or to the conditioned eyeblink (CR) that followed it
during aversive conditioning.all stimulus conditions, responses fell from 35% to 17%

in M9 and from 24% to 11% in M7). In both monkeys, We carried out a trial by trial analysis of the TAN
pause-rebound responses recorded in M6, M7, and M9for any given level of exposure, the louder the tone

stimulus, the more responsive were the TANs (Figures in relation to the CS and CR events in the same trials.
We then calculated the coefficients of variation (CV �4D–4G). These results raise the possibility that not only

associative learning brought about by the formal condi- SD/mean) for the occurrence and the latencies of these
events. We found that TAN responses to the CS weretioning and extinction training, but also simple stimulus

intensity and incidental learning that occurred as a result not invariably present in every trial in which an EMG
response occurred, so that for any given blink response,of repeated exposure to the same stimuli, systematically

altered responsiveness of striatal TANs as well as the the responses of the individual TANs being recorded at
that time were not accurate predictors of the blink. Thebehavioral responses to the same stimuli (cf. Grunewald

et al., 1999). results of the CV analysis suggested that the occurrence
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extinction training of M7 and M9 (Figures 5B and 5C),
and the entire two-conditioning and extinction training
cycles given over 16 weeks to M6 (Figure 5D). Through-
out training, whether habituation, conditioning, or extinc-
tion, the neural and behavioral responsivities changed
concordantly. Both fell sharply during habituation in M8.
Both started low in the highly experienced (already ha-
bituated) M7 (Figure 5B), and both started very high
in the non-habituated M6 (Figure 5D). M6’s responses
actually fell during the first conditioning; but after this
initial period, the TAN and EMG responses of M6 were
similar in pattern to those of M7, falling during extinction
and then systematically rising and then falling again
during the second conditioning and extinction periods.
The behavioral and TAN responses both showed the
smallest changes and the greatest variability during
training in monkey M9, the least experienced monkey
(Figure 5C).

To obtain a quantitative estimate of the degree of
correlation between the TAN and EMG responses, we
performed regression analyses on the values for the
neural and behavioral responses for each monkey aver-
aged for each week of each behavioral schedule and
for each schedule collapsed across weeks. The resulting
correlation coefficients for the by-week analysis (Figure
5E) yielded a Pearson R2 value of 0.79. The individual
R2 values for the three conditioned monkeys were 0.68
for M6, 0.86 for M7, and 0.66 for M9. The Pearson value
for the by-task analysis was R2 � 0.9. These data indi-
cate that, under the assumption of bivariate normal dis-
tribution, as much as 79%–90% of the variance of the
EMG responses to the CS could be predicted by the

Figure 3. Single TANs Can Respond Both to a CS Associated with responses of the recorded TANs to the same CS.
an Aversive US and to a CS Associated with Reward

The fact that the week by week and condition by
(A) Population histogram of TANs recorded in response to CS reward

condition TAN responses were so tightly correlated withpresentation in M6 is shown; n indicates number of neurons used
the occurrence of behavioral responses, even thoughfor the histogram. (B) shows raster plots of a representative TAN in
the responses of individual TANs in any given trial wereM6 responding both to CS associated with reward (above) and to

the CS associated with an aversive airpuff (below). (C) shows plots not, suggested that it was the population responses of
of percentages of TANs recorded during both aversive and reward TANs that were such remarkably accurate predictors of
conditioning that responded to both reward-conditioning CS and the behavioral blink responses. If TANs were to respond
aversive-conditioning CS, to reward-conditioning CS only, to aver- as a population, then different TANs recorded simultane-
sive-conditioning CS only, or to neither CS in monkeys M6, M9, and

ously should have similar response profiles. For techni-M7. Numbers of TANs for each monkey are indicated for each plot.
cal reasons, we could not record simultaneously from
large numbers of TANs, but we were able to record
simultaneously from 133 pairs or triplets of TANs during

of TAN responses was no better linked to the occurrence the experiments. We compared their response profiles
of the CSs than to the occurrence of the CRs. For the (response or no response) across conditions during
neural and behavioral response occurence, the TAN-CR aversive conditioning and extinction. Of the TANs simul-
CVs were 1.1 times (M6), 1.5 times (M7), and 1.4 times taneously recorded within the same hemisphere, 67%
(M9) larger than the TAN-CS CVs. Temporally, however, had similar response patterns. For the sample of TANs
the TAN responses in any given trial were clearly much recorded simultaneously in opposite hemispheres, 58%
better linked to CS onset than to EMG onset. The CVs of the TANs had similar responses.
for TAN responses in relation to CR onset were 2.15 To estimate how the size of the responding TAN popu-
times (M6), 1.47 times (M7), and 2.38 times (M9) larger lation would influence the accuracy with which the TAN
than the CVs for the same TAN responses in relation to responses could predict behavioral responses, we used
CS onset. a modified version of the neuron-dropping analysis of

Despite the lack of one to one correlation of TAN and Wessberg et al. (2000). On the basis of our data (Figure
EMG responses for any given TAN in any given trial, 5), we calculated the correlation coefficients and R2 val-
the overall percentage of responsive TANs paralleled ues that would occur for the correlation between TAN
remarkably closely the percentage of behavioral re- responses and EMG responses upon increasing the
sponses. The graphs in Figure 5 plot these percentages numbers of TANs included in the sample. The samples
of neural and behavioral responses week by week for of TANs were chosen randomly from the entire data set
the 2 week habituation training of M8 (Figure 5A), the condition by condition, up to a total of 40 TANs, the

maximum number of TANs that were recorded for any12 and 11 week habituation and initial conditioning and
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Figure 4. TAN Responses Vary as a Function of Unconditional as Well as Conditional Attributes of Sensory Stimuli

(A) Averaged EMG activity; (B) population histograms of TAN responses; and (C) raster plots of single TAN responses during the first and
second weeks of habituation training in M8 to the sound of the airpuff (directed away from the monkey). (D–G) Increases in stimulus intensity
produce increases in TAN responsiveness are shown. (D) and (E) show plots of TAN responsiveness as a function of stimulus intensity for
monkeys M7 (D) and M9 (E), collapsed across four weeks (M7) and three weeks (M9) of exposure that the monkeys were given. Monkey M7
(D) was exposed to all sounds except the airpuff, and M9 (E) was exposed to all of the sounds. (F) Population histograms of the responses
of all TANs recorded with 333 Hz tone presented at 55.8 dB (above) and 69.8 dB (below) are shown. (G) shows raster plots illustrating the
response of a single TAN to 333 Hz tone presented at 55.8 dB (above) and 69.8 dB (below), recorded during the second week of habituation
in M9.

one condition across all conditions (Figures 5A–5C). The atal TANs thus stand in a position to influence activity
in cortico-basal ganglia loops based on estimates ofdata were fitted to the function y � √(cx/1 � cx) (Djur-
the action-based salience of stimuli acquired throughfeldt et al., 1999; Wessberg et al., 2000). The results
experience. Such network signals could contribute to(Figure 6) indicate that to reach a Pearson value of R2 �
computations used in on-going learning functions of the0.95 would require about 300 responsive TANs (n �
basal ganglia (Graybiel, 1998; Hikosaka et al., 1998) as310), and to reach an R2 � 0.90 would require on the
well as in their action-oriented decision functions (Goldorder of 150 responsive TANs (n � 140).
and Shadlen, 2001; Graybiel and Kimura, 1995; Platt and
Glimcher, 1999; Schall, 2001).Discussion

Our experiments demonstrate that the striatum contains TANs Have a Broad Range of Potential
Sensory Responsivenessa population of neurons whose response to sensory

stimuli reflects the likelihood that the stimuli elicit a be- The hypothesis that TANs participate in the positive
reinforcement circuitry of the basal ganglia is based onhavioral response. The close correlation between the

neural and behavioral responses was apparent across evidence that their reward-associated responses are
quite similar to those of midbrain dopamine-containinga range of behavioral conditions including classical con-

ditioning, extinction, and non-associative learning. Stri- neurons and that their responses are influenced by ni-
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Figure 5. The Responses of Striatal TANs Parallel the Behavioral Responses of Monkeys to Sensory Stimuli

(A)–(D) show plots of the percentages of TAN responses (blue) and EMG responses (red) for consecutive weeks of training in monkeys M8
(A), M7 (B), M9 (C), and M6 (D). Bar graphs below show numbers of TANs recorded each week. Light stipple indicates habituation training,
dark stipple indicates delay eyeblink conditioning, and no stipple indicates extinction condition. (A) Habituation of M8 to sound of airpuff
(directed away from the monkey); (B) habituation (333 Hz, 63.9 dB tone), conditioning (400 ms CS-US interval), and extinction (CS without US)
in M7; (C) habituation (333 Hz, 63.9 dB tone), conditioning (500 ms CS-US interval), and extinction in M9; and (D) conditioning (250 ms CS-
US interval), extinction, second conditioning (500 ms CS-US interval), and extinction periods in M6. (E) Regression analysis of neural responses
of TANs in each behavioral condition relative to the blink EMG responses recorded. Data points represent pooled results for the four monkeys
obtained during week by week habituation, conditioning, and extinction, as shown in (A)–(D).

grostriatal dopamine (Aosaki et al., 1994a, 1994b; Api- eliciting the population responses of TANs lies not in a
single sensory or affective quality, but in the probabilitycella et al., 1996, 1997; Raz et al., 1996; Sardo et al.,

2000; Shimo and Hikosaka, 2001), even though the TANs that the stimuli will evoke a behavioral response.
appear to respond more readily to neutral and aversive
stimuli than do the dopamine-containing neurons, at Population Response of Striatal TANs

as a Predictor of Behavioral Outcomeleast in primates (Aosaki et al., 1994b; Mirenowicz and
Schultz, 1996; Ravel et al., 1999; Schultz and Romo, A key advantage of monitoring eyeblink in our experi-

ments is that we could measure the onset latencies of1987).
Our findings suggest an alternate interpretation of the EMG activity in a single muscle (orbicularis oculi) and

compare these to the onset latencies of TAN responses.responses of TANs to rewards and reward-associated
stimuli, in which these are instances of a more general These measures demonstrated that the TAN responses

occurred at about the same time as the EMG responses.category of potential responses influenced by negative
as well as positive reinforcers, and by stimulus familiarity The responses of any one TAN to the CS thus do not

represent premotor responses used to direct the blinkand intensity as well as motivational valence. Our results
argue that a principal unifying characteristic of stimuli response to that CS. Moreover, on a trial by trial basis,
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reward-associated CSs, just as depletion of nigrostriatal
dopamine does (Matsumoto et al., 2001). If the TANs
correspond to the cholinergic interneurons of the stria-
tum, as evidence suggests (Aosaki et al., 1995; Bennett
and Wilson, 1998; Bolam et al., 1986; Kawaguchi et al.,
1995), then they also receive inputs from the neocortex
(Thomas et al., 2000), in which stimulus salience is widely
represented (Colby and Goldberg, 1999; Gold and Shad-
len, 2001; Schall and Bichot, 1998). Moreover, the cholin-
ergic interneurons of the striatum receive local input
from the class of striatal projection neurons giving rise to
the “direct,” movement-releasing pathway of the basal
ganglia (Aosaki and Kawaguchi, 1996; Bolam et al., 1986;
Kawaguchi et al., 1995). This intrastriatal input could be
one source of information used by TANs to estimate
likely behavioral outcome.

TANs as Local Network Interneurons Biasing
Figure 6. The Activity of TANs in the Striatum Predicts Behavioral Cortico-Basal Ganglia Circuits
Outcome

From the results reported here, we estimate that on the
Pearson R2 values for correlation between TAN responses and EMG order of 300 TANs should be sufficient to predict the
responses, calculated from data pooled for the four monkeys condi-

probability of a behavioral response with 95% accuracy.tion by condition for habituation, delay eyeblink conditioning, and
TANs are sparsely, but widely, distributed within theextinction. Calculations were made by taking samples of increas-

ing numbers of TANs up to 40, the maximum available for all of striatum (Aosaki et al., 1994b). Given the estimated den-
the behavioral protocols. Data were fitted to the function y � sity distribution of TANs, a population of 300 TANs could,
√(cx/1 � cx) by means of a nonlinear Fletcher-Reeves conjugate at closest spacing, span several striatal modules (strio-
gradient method available in the See neuron simulation package somes and matrisomes) (Flaherty and Graybiel, 1994).
(Djurfeldt et al., 1999), according to a modified neuron-dropping

The TANs thus could locally tune or bias striatal networkanalysis (Wessberg et al., 2000); c � 0.03.
function.

Because widespread TANs can acquire similarly
timed responses, it has been suggested that they couldthe responses of any one TAN were poor indicators of

whether or not a blink occurred. The responses of single have a reset or latch-on function in the striatum and
that they could thus contribute to motor and cognitiveTANs thus do not signal each occurrence of a move-

ment. What the TANs do appear to signal are values binding (Graybiel, 1997; Graybiel et al., 1994). Our pres-
ent results suggest that such a binding function couldthat, when summed over a population of TANs, indicate

the probability that a behavioral response to a given involve a population response related to outcome prob-
ability. Our experiments were limited to measuring onestimulus will occur.

Our observations strongly suggest that this probabi- response to the tone stimuli, so that how general such
a population signal might be in predicting response out-listic signal is built up by past experience. The respon-

siveness of the TANs was adjusted from day to day and come is a matter of speculation. Nor have we addressed
possible attentional effects. As a working hypothesis,week to week to signal the likelihood of a response under

the current training conditions. This plasticity suggests however, we suggest that the TANs could signal the
probability of response outcome across a wide rangethat the TANs of the striatum are exquisitely sensitive

to the statistical environment in which the CSs and CRs of potential responses. Such a generalized function
would fit their broad distribution and similarity of re-occur. Striatal TANs thus, as a population, carry a signal

that predicts context-dependent behavioral outcome. sponse characteristics in a given context.
How much biasing of striatal network function could

occur as a result of TAN activity is an open question,TANs as Integrators of Inputs Related
to the Relevance of Stimuli for Behavior because the output targets of physiologically identified

TANs have not been identified. Experimental evidenceOur experiments did not address the issue of whether
the probabilistic signal carried by the TANs is conveyed is available, however, about the output targets of striatal

cholinergic interneurons, to which TANs are thought toto them by striatal afferents or is generated within the
striatum by the TANs themselves by integration of differ- correspond, and about the potential effects of striatal

acetylcholine, which largely originates from these in-ent inputs related to affective valence, salience, and
behavioral outcome. In addition to inputs from the re- terneurons (Akins et al., 1990; Bennett and Wilson, 1998,

1999; Calabresi et al., 2000a, 2000b; DiChiara et al.,ward-sensitive dopamine-containing neurons of the
substantia nigra, TANs receive input from centre median 1994; Kaneko et al., 2000; Kawaguchi et al., 1995). The

cholinergic interneurons—and thus putatively TANs—and parafascicular nuclei of the thalamus (Lapper and
Bolam, 1992; Wilson et al., 1990), in which neurons ex- can influence both projection neurons and interneurons

in the striatum by interacting with postsynaptic recep-hibit strong responses to sensory stimuli that do not
appear to be reward dependent, but do show rapid ha- tors and also striatal afferent fibers by way of presynap-

tic receptors (Akins et al., 1990; Alcantara et al., 2001;bituation (Matsumoto et al., 2001). Inactivation of these
thalamic nuclei reduces the responsiveness of TANs to Howe and Surmeier, 1995). Thus, depending on the cho-
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750 ms before water delivery (M7). For the aversive delay eyeblinklinergic receptor subtypes affected, the cholinergic in-
conditioning, a 333 Hz, 63.9 dB tone was presented as a CS eitherterneurons could shift glutamatergic and dopaminergic
250 ms (M6 and M9), 400 ms (M7), or 500 ms (M6 and M7) beforefunctions within the striatum as well as the response
the airpuff, which occurred during the last 100 ms of CS presenta-

properties of recipient striatal neurons. tion. During extinction, the unconditioned stimuli (airpuffs) were
Particularly interesting from the point of view of our omitted. During habituation (M7, M8, and M9), monkeys were repeat-

edly exposed in a given block to the same tone stimulus (333 Hz atresults is the recent demonstration that acetylcholine
55.8 dB, 63.9 dB, or 69.8 dB; 4 kHz at 62.3 dB; or to the airpuff, at 73.6strongly affects the activity of the fast-spiking interneu-
dB, directed away from the monkey) in randomly ordered blocks, forrons of the striatum (Chang and Kita, 1992; Kita et al.,
2 to 4 weeks. Intertrial intervals varied from 6–14 s for all training1990; Koós and Tepper, 2002). These fast-spiking neu-
schedules.

rons are electrotonically coupled interneurons that, Before training, monkeys received one or more MRI scans to
once activated, are potentially capable of inhibiting a facilitate accurate electrode placement, and underwent sterile sur-

gery for implantation of a subconjunctival eyecoil to monitor eyelarge number of striatal projection neurons synchro-
movements (Fuchs and Robinson, 1966), a headpost for head fixa-nously (Koos and Tepper, 1999). It has been suggested
tion, and a recording chamber (Crist et al., 1988). EMG electrodesthat these fast-spiking interneurons focus the effects of
to record orbicularis oculi activity were implanted chronically, or,striatal inputs from the neocortex (Parthasarathy and
initially for M9 and M6, acutely. Two to three tungsten microelec-

Graybiel, 1997). In slice preparations, acetylcholine can trodes (1–2 Mohm, FHC, Inc., Bowdoinham, Maine) were inserted
either activate or inhibit fast-spiking neurons, depending into the caudate nucleus and/or the putamen of one or both hemi-

spheres with independently movable custom-made microdrives.on the acetylcholine receptors involved (Koos and Tep-
During training, neuronal signals were recorded conventionally (Dis-per, 2002). Potentially, then, the cholinergic interneu-
covery, Datawave Technologies, Longmont, CO), synchronized withrons—putatively the TANs of the striatum—could phasi-
EMG (captured at 1 kHz) and eye position data (captured at 250cally increase or decrease levels of inhibition of striatal
Hz), and sorted and analyzed offline.

output neurons (via pause-rebounds) and could initiate
longer term tonic changes in striatal network function

Data Analysis(via intracellular signaling).
Neuronal signals were sorted offline on the basis of spike shapeThere is a striking similarity between the organization
(DataWave Autocut used in operator-controlled mode). Each identi-

of cortico-basal ganglia circuits and the architecture fied unit was then analyzed with respect to each task event. The
of computational mixture-of-experts models of learning spike activity of TANs was analyzed by block or by trial, depending

on the time scale required for the analysis. Wilcoxon tests werenetworks (Graybiel et al., 1994). TANs could modulate
applied to evaluate the significance of neural responses to the stim-such networks by signaling the probability of actions or
uli in the block-based analysis. For each neuron, a peri-stimulusthe sensory consequences of such actions. They thus
time histogram (PSTH) with a 10 ms bin-width was made for thecould be part of a forward model network used in cor-
activity in a block of trials. Based on this histogram, we compared

tico-basal ganglia learning circuits. One possibility the average firing rates of each TAN after the CS presentation with
raised by our findings is that the population response the average firing rate during two different control periods, one

0–500 ms before CS onset and a second 3000–3500 ms after CSof TANs could serve a corollary discharge function, sig-
offset (i.e., during the 6000–14,000 ms intertrial interval). To makenaling to the striatal network the on-going status of
the comparisons, a 100 ms-wide window was moved in 10 ms stepssensorimotor responses. If so, striatal TANs could carry
from CS onset to US onset (or, for extinction and habituation, stimu-a signal related to “readiness-to-respond” in a given
lus offset). Values for each window-step were compared to control

context. Such a signal has been predicted on the basis values for the first control window by a Wilcoxon test. If at least four
of clinical and experimental work implicating the stria- consecutive windows showed a significant increase or decrease in

firing frequency, then the TAN firing was reanalyzed with respecttum in movement initiation and release (Denny-Brown
to the second control period by the same method. The p valuesand Yanagisawa, 1976; Jog et al., 1999; Robbins and
used to consider a TAN as responsive were normalized for eachEveritt, 1992). In this view, populations of TANs in the
cell to take account of possible variability in firing frequency duringstriatum could provide an experience-based scale of
the control period and thus to control for the occurrence of false

outcome probability to modulate cortico-basal ganglia positives. To do this, a 1 s time period, from 3.75–4.75 s after US
release circuits. This conclusion fits well with the hy- offset, was analyzed as though it were the response period (re-

sponse emulation period, REP). If, during the 1 s REP, four consecu-pothesis that the basal ganglia are part of the forebrain
tive windows were found to differ from either of the control windowscircuitry implementing the decision to act.
used for the response analysis at p � 0.05 by Wilcoxon tests, then
the p value used to accept as significant a response during theExperimental Procedures
actual response period for that particular cell was p � p(REP). Other-
wise, the p value used was p � 0.05.Four female macaque monkeys (M6, M7, M8, and M9; 4.5–5.2 kg)

For the trial by trial analyses, we selected TANs that showed awere trained 5 days per week in a monkey chamber while seated in
statistically significant excitation after the pause response detecteda primate chair with head fixed and fitted with a recording chamber.
in the PSTH generated for the block analyses. We designed thisAuditory stimuli were presented in blocks of 30–50 trials either alone
method to eliminate the problem in accurately detecting the onset(habituation and extinction protocols) or paired with water reward
of a pause response on a trial by trial basis due to the low tonic(reward conditioning) or with an airpuff (20 psi) directed to the left
firing rates (2–10 spikes/s) of the TANs. This method allowed us toeye (aversive conditioning). Training schedules were varied across
measure reliably the latency of the TAN responses as the first spikemonkeys (Figure 1A), and the monkeys were chosen to span a range
evoked in the post-pause excitatory rebound response. For eachof laboratory experience. Neuronal and EMG recordings were made,
TAN with a PSTH showing a pause (for example, 100–160 ms afterwith rare exceptions, throughout training. Experimental protocols
stimulus onset) followed by an excitation (for example, 200–250 mswere approved by the MIT Committee on Animal Care and performed
after stimulus onset), we constructed a template of the pause-peakin accordance with NIH guidelines.
response. If, in a given trial, the neuron did not fire during the pause
period of the template, and fired at least one spike during the excit-Behavioral Training and Recording
atory period of the template, the trial was defined as a positiveDuring reward conditioning, a 4 kHz, 62.3 dB tone was presented

as a CS either simultaneously with a drop of water (M6 and M9) or response trial in which the TAN showed a response.
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EMG data were rectified and integrated over 10 ms bins. A 500 Apicella, P., Legallet, E., and Trouche, E. (1996). Responses of toni-
cally discharging neurons in monkey striatum to visual stimuli pre-ms window immediately before stimulus onset was used as the

control period. To detect an EMG response, a threshold was placed sented under passive conditions and during task performance. Neu-
rosci. Lett. 203, 147–150.one standard deviation above the mean of the rectified-integrated

EMG values during the control period. If the rectified and integrated Apicella, P., Legallet, E., and Trouche, E. (1997). Responses of toni-
EMG exceeded the threshold at any time in the interval between cally discharging neurons in the monkey striatum to primary rewards
CS onset and US onset (or stimulus offset for extinction and habitua- delivered during different behavioral states. Exp. Brain Res. 116,
tion), we considered there to be a positive behavioral response. This 456–466.
method allowed us to detect a CR in single-trial analyses and the Basso, M.A., and Evinger, C. (1996). An explanation for reflex blink
percentage of CRs in analyses across blocks of trials. To obtain the hyperexcitability in Parkinson’s disease. II. Nucleus raphe magnus.
latencies of positive responses, we again rectified the raw EMG J. Neurosci. 16, 7318–7330.
data and integrated with 1 ms bins instead of 10 ms bins. The latency

Basso, M.A., Powers, A.S., and Evinger, C. (1996). An explanationof the behavioral responses detected corresponded to the first time
for reflex blink hyperexcitability in Parkinson’s disease. I. Superiorthat the rectified and integrated EMG crossed the threshold. To
colliculus. J. Neurosci. 16, 7308–7317.illustrate the raw EMG data (Figures 2 and 4), the EMG data were
Basso, M.A., Strecker, R.E., and Evinger, C. (1993). Midbrain 6-hydroxy-digitized into event data by using a threshold that was placed one
dopamine lesions modulate blink reflex excitability. Exp. Brain Res.standard deviation above the average EMG activity during the con-
94, 88–96.trol period for each trial. Each time the EMG activity exceeded the

threshold, the activity was counted as a single event. This method Bennett, B.D., and Wilson, C.J. (1998). Synaptic regulation of action
allowed data presentation as frequency (Hz). potential timing in neostriatal cholinergic interneurons. J. Neurosci.

Regression analyses were carried out conventionally (MS Excel 18, 8539–8549.
platform). For the modified neuron-dropping analysis (Wessberg et Bennett, B.D., and Wilson, C.J. (1999). Spontaneous activity of neo-
al., 2000), we obtained Pearson R2 values by randomly choosing striatal cholinergic interneurons in vitro. J. Neurosci. 19, 5586–5596.
“n” number of responsive TANs from those recorded during a given

Blaxton, T.A., Zeffiro, T.A., Gabrieli, J.D.E., Bookheimer, S.Y., Car-condition for each monkey and the corresponding EMG response
rillo, M.C., Theodore, W.H., and Disterhoft, J.F. (1996). Functionalvalues (% behavioral response). Then we averaged the TAN re-
mapping of human learning: a positron emission tomography activa-sponses (i.e., for n � 1, the possibilities are 0 � no response, or
tion study of eyeblink conditioning. J. Neurosci. 16, 4032–4040.1 � response; for n � 2, the possibilities are 0 � both TANs unre-
Blumenthal, T.D., and Goode, C.T. (1991). The startle eyeblink re-sponsive, 0.5 � 50% of TANs responsive, and 1 � both TANs re-
sponse to low intensity acoustic stimuli. Psychophysiology 28,sponsive) and used the EMG response average. The results obtained
296–306.from all samples were then adjusted by a simple linear regression

(% responsive TANs versus % EMG response) and an R2 value Bolam, J.P., Ingham, C.A., Izzo, P.N., Levey, A.I., Rye, D.B., Smith,
A.D., and Wainer, B.H. (1986). Substance P-containing terminals inwas obtained. This procedure was repeated 20 times for different

random samples of “n” cells, and the final R2 value was obtained synaptic contact with cholinergic neurons in the neostriatum and
basal forebrain: a double immunocytochemical study in the rat.by averaging the results of these 20 repetitions.
Brain Res. 397, 279–289.
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