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Matsumoto, Naoyuki, Takafumi Minamimoto, Ann M. Graybiel,  thalamo-cortical activating system based on the work of
and Minoru Kimura. Neurons in the thalamic CM-Pf complex Moruzzi and Magoun (1949), Jasper (1960), and subsequent
supply striatal neurons with information about behaviorally s'gn'f'ca%vestigators (see Hu et al. 1989; Mennemeier et al. 1997; Pare

sensory events] Neurophysiold5: 960-976, 2001. The projection . .
from the thalamic centre hdéan—parafascicular (CM-Pf) complex toet al. 1988; Steriade et al. 1994, 1997). The CM-Pf complex

the caudate nucleus and putamen forms a massive striatal input sy reéceives massive inputs from the motor and premotor
in primates. We examined the activity of 118 neurons in the CM arf@rtex and from the basal ganglia (Fenelon et al. 1991; Fran-
62 neurons in the Pf nuclei of the thalamus and 310 tonically actig®is et al. 1991; Macchi and Bentivoglio 1986; Nakano et al.
neurons (TANS) in the striatum in awake behaving macaque monkey390; Sadikot et al. 1992a; Smith and Parent 1986; Steriade et
and analyzed the effects of pharmacologic inactivation of the CM-Bf. 1997). These nuclei do project to the neocortex, but the
on the sensory responsiveness ofthe_striatal TANS. A large proportmin outputs of the CM and Pf lead to the striatum (Jones
of CM and Pf neurons responded to visual (53%) and/or auditory beggg7). The CM-Pf complex thus at once is associated with

(61%) or click (91%) stimuli presented in behavioral tasks, and maRyate_setting modulatory systems and with basal ganglia action-
responded to unexpected auditory, visual, or somatosensory stu@f

, , king circuits
presented outside the task context. The neurons fell into two classes,, _~. N .
those having short-latency facilitatory responses (SLF neurons, pre- ositron emission tomography (PET) evidence supports a

dominantly in the Pf) and those having long-latency facilitatory regen(?ral act_l\(atlng fur_lctlon for the CM'Pf Complex, in that the
sponses (LLF neurons, predominantly in the CM). Responses of b&M is specifically activated when subjects shift from a relaxed
types of neuron appeared regardless of whether or not the sendgKing state to an alert state during performance of an atten-
stimuli were associated with reward. These response characteristici@h-demanding reaction time task (Kinomura et al. 1996).
CM-Pf neurons sharply contrasted with those of TANs in the striatuhothing is yet known, however, about the functional activity of
which under the same conditions responded preferentially to stim@M and Pf neurons in alert behaving monkeys, and it is not yet
associated with reward. Many CM-Pf neurons responded to alertiggown what behaviorally significant effects CM-Pf neurons
stimuli such as unexpected handclaps and noises only for the first fee on their main cellular targets, neurons in the striatum. In
Imes thal ey occured, iter thal, e deplcar simul 92l experiments reported here, we approached these issues by
responses was particularly common for the LLF neurons. Inactivatil cording the activity of single neurons in the CM and the Pf .
of neuronal activity in the CM and Pf by local infusion of the GABA of macaque monkeys as they learned and performed sensori-
receptor agonist, muscimol, almost completely abolished the pad8@tor tasks. We then tested for the effects of blocking CM-Pf
and rebound facilitatory responses of TANs in the striatum. Su@¢tivity on the response properties of striatal neurons recorded
injections also diminished behavioral responses to stimuli associagad on accompanying behavioral responses made in the same
with reward. We suggest that neurons in the CM and Pf supply striataks. We focused the striatal recordings on the striatal neurons
neurons with information about behaviorally significant sensomhat have irregular tonic activity (the tonically active neurons
events that can activate conditional responses of striatal neurongdlled TANs). These are thought to be the cholinergic inter-
c_om_bination with dopamine-mediated nigrostriatal inputs having Mesrons of the striatum (Aosaki et al. 1995; Kawaguchi 1992;
tivational value. Kimura et al. 1990; Wilson et al. 1990), which have been
shown in anatomical experiments to receive a strong input
from the CM-Pf complex (Lapper and Bolam 1992; Sidével
Smith 1999). We have earlier shown that TANs have the
The posterior intralaminar nuclei of the thalamus, the centpeoperty of acquiring motivation-dependent responses to sen-
median (CM) and parafascicular nucleus (Pf), are small isory stimuli as a result of reward-based sensorimotor condi-
rodents but are among the largest thalamic nuclei in primatéisning (Aosaki et al. 1994a,b, 1995; Graybiel et al. 1994). By
including humans. These nuclei (together called the CM-Rdsting for the effects of CM-Pf inactivation on the acquired
complex) are classified as part of the ascending reticul@sponses of striatal TANs, we tried to identify the contribution
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of intralaminar thalamic inputs to the motivation-dependeat the center of the panel. The LED could be illuminated (300 €p/m
responsiveness of a major class of striatal neurons. under computer control. Before conditioning, click noises made by a
Our findings suggest that a large majority of CM and polenoid valve, beep sounds (1 kHz, 100 ms duration), flashes of the

neurons respond with precisely timed modulations of théiﬁﬁtﬁélrggn'ﬁqu: ﬁgﬁm,\A?grd;c:)rr%r;g{gg%%rgpv;ﬁgeénc;&?ns&%%%irg g?dn;r
discharge rates to one or more modalities of sensory stlm§t|a fixed time interval (7 s: Fig.B). Two tasks were used for

havmg_b_ehaworal S|gn|flcanc_e. We_further demon;trate ﬂ@éhavioral conditioning. One was the stimulus with reward (WR)
the activity of CM-Pf neurons is required for expression of thgqy in which the solenoid clicks were followed by reward water
sensory responses of TANs acquired through sensorimoifivered 200 ms later. The second task was the stimulus without
learning. We suggest that information about behaviorally sigeward (WOR) task, in which clicks, beeps, and LED flashes were
nificant sensory events provided by the CM-Pf complex coupgtesented without reward (FigBL The three types of sensory stimuli
function in cooperation with dopamine-mediated signals trangere presented separately in blocks of 2030 trials, except in special
mitting motivational value to provide a basis for the actiorfests inmonkeys TMand AK. In each block of trials, the stimuli

Selectlon functlons Of Cortlco_basal ganglla CII‘CUItS occurred at variable intertrial intervals ranging from 5 to 12 s. The
stimuli appeared in random orderrimonkey NAIn monkey NAto test

the somatosensory responses of CM-Pf neurons, tactile stimulation
was applied manually to the neck, shoulder, back, or hands by means
of a stimulus probe.

METHODS
Behavioral paradigms

Three macaque monkeyMécaca fuscatamonkey TMmale, 6.5
kg; monkey AKfemale, 6.7 kg; andhonkey NAfemale, 5.6 kg) were
used in this study. The experiments were carried out in complianceAll surgeries were carried out under sterile conditions with the
with the guidelines for the care and use of experimental animals of tinkeys under deep pentobarbital sodium anesthesia. Anesthesia was
Physiological Society of Japan. Monkeys were trained to sit iniaduced with ketamine hydrochloride (6 mg/kg im) and pentobarbital
primate chair in a soundproof, electrically shielded room. Ambiesodium (Nembutal, 27.5 mg/kg ip), and supplemental Nembutal (10
illumination was controlled and was dinmpnkeys AKandNA; 1.2 mg/kg/2 h, im) was given as needed. Before behavioral training, four
cd/n?) or dark (nonkey TMQ.15 cd/nf). A small panel (54 23 cm) head restraint bolts and two stainless steel recording chambers were
was placed 50 cm in front ahonkeys AKandNA, and 22 cm in front implanted with stereotaxic guidance on the skull of each monkey. One
of monkey TMFig. 1A). A light-emitting diode (LED) was attached chamber, for recording neuronal activity in the striatum, was placed
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FIG. 1.

Experimental paradigmi: monkeys sat in a primate chair facing a panel on which a green light-emitting diode (LED,

2 cm diam) was attached. Beeps and clicks were presented by speakers placed in front of the monkey. For reward, a drop of water
was delivered by means of a peristaltic pump onto a spoon in front of animal’'s niBigbhematic time charts of events in the
behavioral tasks before conditioning and during and after conditioning. Rewards were associated with clicks in the stimulus-with-
reward (WR) task, but no reward was associated with beeps or LED flashes in the stimulus-without-reward (WOR) task.
schematic drawing of recording-injection device used for the muscimol injections. OD, outer diameter; D, diameter.
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FIG. 2. Histological reconstructions of the electrode tracks in the thalamus of 2 moriKeyand AK) in which the effects of
thalamic microstimulation were examined. Sites at which leg, arm, and orofacial movements were evoked are magréeartsy
O, respectively. The locations at which current pulse trains atd@@voked no responses are marked by a dash. Stars indicate
locations where the electrolytic lesion marks were made. The coronal sections shown are roughly 1 mm apart. Approximate
Horsley-Clarke coordinates are indicated above, and section numbers below. Cd N., caudate nucleus; MD, mediodorsal nucleus;
VLc, ventrolateral nucleus pars caudalis; VLps, ventrolateral nucleus pars postrema; VPI, ventral posterior inferior nucleus; VPLo,
ventral posterolateral nucleus pars oralis; VPLc, ventral posterolateral nucleus pars caudalis; VPM, ventral posteromedial nucleus;
VPMpc, ventral posteromedial nucleus pars parvocellularis; GMpc, medial geniculate nucleus pars parvocellularis; CL, centro-
lateral nucleus; CM, centromedian nucleus; Pf, parafascicular nucleus; LP, lateral posterior nucleus; Pul, pulvinar.

laterally at a 45° angle imonkeys TMandAK to minimize damage to with a 6-dB/octave rolloff) were used. Action potentials of single
internal capsule fibers by electrode penetrations. The second chambeurons were isolated by the use of either a time-amplitude window
for recording neuron activity in the thalamus, was mounted horizodiscriminator or a spike sorter with a template matching algorithm
tally for monkeys TMaindAK but was tilted laterally by 5° fomonkey (Alpha Omega, MSD4), and the onset times of the action potentials
NA. The centers of the thalamic recording chambers were adjusiedre recorded on a laboratory computer (NEC9801RA, 9821Bf)
according to Horsley-Clark stereotaxic coordinates: laterat mm together with onset and offset times of stimulus and behavioral events
and anterior= 13 mm formonkey TMlateral= 3 mm and anterior=  occurring during behavioral tasks. The licking movements that oc-
10 mm formonkey AKand latera= 2 mm and anterior= 10 mm in  curred during consumption of water reward were monitored by a
monkey NA. pressure sensor on the spoon on which a drop of water was delivered.
These analog signals were also fed to the computer through the A-D
converter interface at a sampling rate of 100 Hz. The responses of
Recordings neurons were defined in perievent time histograms of neuronal im-
pulse discharges as increases or decreases of discharge rate after a
Single neuron activity was recorded extracellularly with glasfehavioral event relative to discharges prior to the event if the changes
insulated elgiloy microelectrodes or epoxy-coated tungsten microel@chieved a significance level & < 0.05 by a two-tailed Wilcoxon
trodes (Frederic Hair and Co., 26-10-2L or 25-10-2L) with an expos&gPt (Kimura 1986).
tip of 15-60um and with an impedance of 0.5-1.5(M The elec-
trodes were inserted through the implanted recording chamber avicrostimulation
advanced by means of an oil-drive micromanipulator (Narishige,
MO-95). Neuronal activity recorded by the microelectrodes was am-The effects of microstimulation were examined during micro-
plified and displayed on an oscilloscope with conventional electrelectrode penetrations through the thalamus made to map the
physiological techniques. Band-pass filters (50 Hz to 3 kHz band-pdssation of the CM-Pf complex. Electrical current pulses (40 pulses
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FIG. 3. Photomicrographs of coronal
sections through the right thalamusrabn-
key NA. A Nissl-staining.B: staining with
the acetylthiocholine method to demonstrate
acetylcholinesterase (AChE) activity. Stars
indicate electrolytic lesion made in the lat-
eral part of CM. Scale bar: 1 mm. s-Pf,
subparafascicular nucleus; other abbrevia-
tions, as in Fig. 2.

with 0.2 ms duration at 3-ms intervals) were passed through tbémonkey TMWe used a stainless steel injection cannula (269
recording microelectrode at stimulus intensities gfl00 wA. OD) through which a teflon-coated tungsten wire @it coated
The microelectrode served as the cathode. Stimulus-inducdidmeter, A-M Systems) had been threaded so that its cut tip pro-
movements of the body were carefully observed by two expetiruded 0.7-1.0 mm beyond the tip of the cannula (Fi@).1The
menters as the current pulse trains were delivered at a repetitmnnula was connected by teflon tubing (8@t OD) to a 10wl

rate of 0.5 Hz. Hamilton microsyringe. A guide tube (650m, OD) was fixed to the
microdrive, and the recording-injection device was placed inside the

Injection of muscimol into the CM-Pf complex in the guide tube. Once the guide tube had been lowered through the dura

thalamus mater into the brain, the recording-injection device was advanced

20-23 mm from the tip of the guide tube to reach the CM-Pf complex.
To inhibit neuronal activity in the CM-Pf complex, we injected theThe CM-Pf complex was located by recording neuronal activity in the
GABA , receptor agonist, muscimol, locally into the CM-Pf complexhalamus through the tungsten wire electrode while advancing the
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FIG. 4. Sensory responses of 2 types of thalamic CM-Pf neurons and a striatal tonically active neuron (TAN) recorded after
behavioral conditioning on the WR and WOR tasks. Spike rasters and accompanying histograms are aligned at the time of

presentation of the sensory stimuli indicatéd.representative activity of a CM neuron with long-latency facilitation following
stimulus presentation (LLF neurorB: activity of a Pf neuron showing short-latency facilitation after stimulus presentation (SLF
neuron).C: representative activity of a striatal TAN recorded in the putamen. Note that thalamic responses occur in both WR and
WOR tasks, whereas the TAN response occurs only in the WR task.

recording-injection device. Muscimol (Sigma,uly/1 wul saline, pH striatum made with elgiloy microelectrodes, we injected CTB at
7.3) was injected at a rate of Oi2/min for total amounts of 1-3u.  striatal sites where the activity of TANs had previously been identi-
The activity of neurons at the injection site stopped dischargifigd. Three injections were made, at two sites in the putamen and one
immediately after injection of muscimol. The recording-injection desite in the caudate nucleus (see FigAL3A total 0.05ul CTB was

vice was removed after recording neuronal activity in the CM-Rfjected at each site.

complex and in the striatum, in which conventional elgiloy electrodes

were placed. Experiments involving muscimol injection were SePRiistology

rated by at least 3—4 days to allow recovery from the effects of the

muscimol injections. At the end of all recording experiments, small electrolytic lesions
were made at several locations along selected electrode tracks both in
Injection of retrograde tracer into the striatum the CM-Pf complex and in the striatum. Direct anodal current(2)

was passed for 30 s through either elgiloy or tungsten microelectrodes.

After recordings of neuronal activity in the CM-Pf complex and Four days after injection of CTBnonkey TMwvas deeply anesthe-
striatum had been completed monkey TM,we injected into the tized with Nembutal (60 mg/kg ip) and was perfused transcardially
striatum the beta-subunit of cholera toxin (CTB, Sigma) as a retravith 4% paraformaldehyde in 0.1 M phosphate buffer. Coronal 40-
grade tracer. The CTB was prepared as a saturated solution by addingthick sections through the thalamus and striatum were stained
0.5 mg of CTB to 20ul of saline, stirring vigorously, and letting the with cresylecht violet. In addition, CTB was demonstrated immuno-
precipitate settle for 5 min before filling the microsyringe (Flaherthistochemically in 30 sections of interest separated by po@
and Graybiel 1993). CTB was injected by means of @l Hamilton Sections were incubated with polyclonal antiserum against the beta-
microsyringe (needle, 70QAm OD) that was attached to the micro-subunit of CTB (List Biolabs; 1:2,000 dilution) for 2 days, then
manipulator (Narishige, MO-95) and inserted through the striatelcubated with a biotinylated secondary antibody, stained with the
recording chamber. Based on recordings of neuronal activity in tBeAB-avidin-biotin peroxidase technique (Vector Labs), mounted, de-
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Fic. 5. Population responses of intralaminar thalamic neurons
imprsec (A and B) and of TANs () in monkeys TMand AK during
60 performance of the WR and WOR tasks. Population histograms
were obtained by calculating the ensemble average of responses of
different neurons, each one of which was recorded during perfor-
mance of the 2 tasks. The histograms are aligned on the click onset.
The thin vertical bars indicated for each bin of the histogram bins
7 represent the standard deviation (SD) of the responses of the
- [ neurons summed in that bin. The numbers of neurons of each type
0 are indicated in the response histogram of WR task.
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hydrated, and coverslippedionkey AKwas perfused with 10% Microstimulation mapping in the thalamus
formaldehyde, andnonkey NAwvas perfused with 4% paraformalde- ) ) )
hyde after completion of the physiological experiments. Coronal Microelectrode penetrations were made over a broad medio-

50-um-thick sections through the striatum and CM-Pf complex dateral extent of the thalamus (Fig. 2). In these penetrations, we
both hemispheres were stained with cresylecht violet or with tiecorded the activity of thalamic neurons while advancing the
thiocholine methodrtionkey NAto demonstrate acetylcholinesteraselectrode and delivered current pulses for microstimulation
(AChE) activity (Graybiel and Berson 1980; Hardy et al. 1976). while withdrawing the electrode. The effects of microstimula-
tion were examined systematically at 0.5- to 1.0-mm intervals.

Consistent with previous reports (Buford et al. 1996; Vitek et
RESULTS

. . TABLE 1. Multimodal properties of CM-Pf neuron activit
Altogether, 136 recording tracks were made in the thalamus Prop Y

and 98 tracks were made in the striatum (Fig. 2). In the striatal Neurons
recordings, we analyzed the activity of TANs identified on the

basis of their low (2—10 spikes/s) spontaneous discharge rates LLF SLF
and the broad waveforms of their extracellularly recorded Monkey NA

action potentials (Alexander and DelLong 1985; Aosaki et al. _ ,

1994b; Apicella et al. 1991; Kimura et al. 1984; Raz et aﬁﬂg:tgp’i :zg::g’L visual 1 gg 2823
1996). To identify neuronal activity in the CM-Pf complex, we\uditori + visual 2(7) 1(11)
carried out microstimulation mapping experiments anthctile + visual 1(3) 0
mapped neuronal responses elicited in the behavioral tagk&litory 2(7) 0
These stimulation and recording maps were combined wi hstl;f" 38 é(ll)
postmortem histological reconstructions of the electrode tracks

in each monkey (Figs. 2 and 3). The CM and Pf were identified Monkeys TM and AK

in Nissl-stained sections based on the histological criteria of .

Olszewski (1952) and Jones (1997) and, in additiomamnkey &g:tgz + visual ;’f ((gg) 213 ((5388))
NA, on the basis of AChE staining. We recorded the activitiggsyal 1(2) 2 (4)
of 208 TANSs in the striatum, 36 neurons in the CM, and 10otal 65 50

neurons in the Pf on the left sidemonkey TM;102 TANs and _ ndicat ber of ve to either audit ual

: ; : . Figures indicate number of neurons responsive to either auditory or visual or
.24 neurons in the CM and 23 n.eurons in the Pf on the ”ght Slgié:tile stimuli and corresponding percentages (in parentheses). Tactile re-
in mpnkey AKand 60 neurons in the CM and 29 neurons in th&,onses were examined in ontyonkey NACM-Pf, centre mdian—parafas-
Pf bilaterally inmonkey NA. cicular; LLF, long-latency facilitatory; SLF, short-latency facilitatory.
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al. 1996), clear effects of microstimulation were observed i Intralaminar Thalamus B Striatal TANs
the laterally located motor nuclei of the thalamus, the ventra
posterolateral nucleus (VPL) and the ventral posteromedial
nucleus (VPM), indicative of a leg-lateral, face-medial soma-
totopy. By contrast, in the more medially located thalamic
nuclei, including the CM-Pf complex, the mediodorsal nucleus
(MD) and the centrolateral nucleus (CL), we observed no
stimulation-induced bodily movements. Marker lesions (see

Fig. 3) allowed verification of the stimulation sites. SLF
Activation patterns of CM and Pf neurons )
R imp/sec
By recording neuronal activity as the microstimulation elec- meee . rd

trodes were advanced vertically through the thalamus, we were
able to identify patterns of activity characteristic of CM and Pf
neurons. We found the CM and Pf approximately 3—6 mm
below the surface of the thalamus, with the medial part of the
complex <3 mm lateral from the midline. The recording
microelectrodes passed through the MD before reaching the
CM and Pf. Neurons in the CM and Pf had lower firing rates
(4.1 = 3.3 spikes/s; meart SD) than those in the MD (7.2

4.0 spikes/s), and small-amplitude spikes. The CM-Pf neurons
had characteristic grouped, repetitive discharges. These prop-
erties meant that special care was necessary to isolate the

activity of single CM and Pf neurons, but they helped in LLF SLF » IF P RF
on-line recognition of the nuclei as recording electrodes en- [
tered or left the CM and Pf. WR WOR

Very high percentages of neurons recorded in the CM-Pfric. 6. Comparison of the magnitude of thalamic CM-Pf and striatal TAN
o ot . st s T
changes as the monkeys. perfp_rme_d the behavioral tasks. top panelsof A and B illustrate schepmaticall)? how the components of the
classes of neurons were identified in the CM and Pf, based @&onses were defined. The activity of LLF neurons was measured for the
their different task-related activity patterns. One type showéithe window (white arrowheads) extending to between 230 and 300 ms after
long-latency increases in firing rate both after clicks (latendfe click (black arrowhead); the activity of SLF neurons was measured be-
227 + 30 ms,n = 40) in the WR task and after presentationgmeen 20 an_q SQ ms after the click. Initial facilitation (IF), pause (P), and later

. -~ rebound facilitation (RF) of TANs were measured at 65-125 ms, 130-210 ms
of clicks (latency 233+ 29 ms,n = 93), beeps (latency 25t (white arrowheads), and 250-330 ms, respectively, after the click (black
57 ms,n = 70), and LED flashes (latency 281 56 ms,n =  arrowhead) * and *P < 0.05 andP < 0.01 in 2-tailedt-tests, respectively.

58) in the WOR task (Fig.4). The background discharge rateResponses are plotted as either an increase or a decrease of firing rate from the
of these neurons was 44 3.6 spikes/s. Many neurons of thigbaseline firing frequency measured during the 0- to 3,000-ms period before
type showed characteristic single or periodic repeating activimulus presentation.

tions after the sensory stimuli, as illustrated in Fi@\. 4&or The differential responses of LLF and SLF neurons in the
purposes of classification, we refer to these neurons as @l-Pf complex ofmonkeys TMandAK are illustrated in Fig.
long-latency facilitation (LLF) type. 5, which shows population response histograms for the two

The second subpopulation of CM-Pf neurons responded witlpes of neuron and, for comparison, the population responses
short-latency single burst discharges after the clicks (latenoff TANs in the striatum in the WR and WOR tasks. The
24 = 9 ms,n = 23) in the WR task and clicks (latency 30 population response histograms for the LLF type (Fi§) 5
13 ms,n = 51), beeps (latency 44 37 ms,n = 33), and LED shows two or three discrete, periodic burst discharges (period
flashes (latency 9& 31 ms,n = 26) in the WOR task (Fig. ~200 ms) after clicks in both the WR and WOR tasks. As a
4B). The background discharge rate of these neurons was 3.fopulation, this class of neurons had long but similar latencies
2.5 spikes/s. We call this type of CM-Pf neuron the shortf activation after the clicks in the two tasks. However, the two
latency facilitation (SLF) type. In the example shown in Figio three periodic burst discharges after the clicks were mainly
4B, the neuron responded briskly with a single burst to clicksbserved immonkey TMwhereas single burst discharges after
both in the WR and in the WOR tasks and beeps in the WGRe clicks were the dominant responsemionkey AKand also
task, but had only a small, single burst in response to LEB monkey NApot shown). Although the activation of these
flashes in the WOR task. For comparison, the activity of @eurons in response to the clicks occurred at a long latency,
striatal TAN recorded during the WR and WOR tasks ithis long-latency activation was preceded by a suppression of
illustrated in Fig. €. The TAN showed brief initial activation discharges at a short latency (8027 ms). The SLF neurons
at a latency of 69t 30 ms 6 = 34) followed by a pause in its (Fig. 5B) exhibited responses that were tightly locked to the
tonic discharges (latency 13% 45 ms,n = 74) and rebound clicks in both the WR and the WOR tasks.
facilitation (latency 254+ 54 ms,n = 54) after the click  As shown in Fig. 5A and B, both LLF and SLF neurons
followed by reward in the WR task, but it showed no signifishowed responses not only to auditory but also to visual
cant responses to beeps or to LED flashes in the WOR tasgtimuli. In monkey NAin which the responsiveness of 30 LLF
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and 9 SLF to auditory (click and beep), visual (LED), an®ariations in the onset latency of facilitatory responses of the
somesthetic (tactile) stimuli was examined, nearly all LLELF and SLF neurons in the WR task (FigAj7were not
(93%) and SLF (89%) neurons showed multimodal responssignificantly different from those in the WOR tasR & 0.63
(Table 1). Inmonkeys TMindAK, in which auditory and visual for the LLF, P = 0.28 for the SLF, Siegel-Turkey test). By
stimuli were used, about half of the LLF and SLF neuronontrast, the variations in the latency distributions of the IF and
responded to both auditory and visual stimuli, and the othprresponses of TANs in WOR condition were larger than those
half responded either to auditory or visual stimulus (Table L WR condition (Fig. B; P < 0.02 for IF,P < 0.0001 for P,

In the striatum, TANs1f = 115) showed responses to thesiegel-Turkey test). The RF responses of the TANs were not
clicks followed by reward (Fig. 8, WR task). The responsesgiqniicantly different P = 0.08, Siegel-Turkey test). Thus
to the reward-associated clicks consisted of three consecuti¥g. \vas a contrast between tHe CM-Pf neurons of both LLE

components, an initial short-latency facilitation (IF), a paus ; - ;
(P), and a later rebound facilitation (RF). However, when thﬁwd SLF types, which showed similar latencies of response to

click sounds were not associated with reward (WOR task), ;_fg}(:ks whether they were associated with reward or not, and the

magnitudes of these characteristic responses decreased Hétal TANs, which showed much more sharply timed re-

edly (Fig. ). sponse latencies to reward-associated clicks.
To determine whether the neuronal responses of the CM-pfl @Ple 2 summarizes the responsiveness of the two types of

neurons to the click stimuli were different in the WR and womtralaminar neurons to beep, LED, tactile, and click stimuli in
tasks, we compared the neuronal responses in the two coig® WOR and WR conditions. More than 90% of both LLF and
tions quantitatively. We did the same for the striatal TANSLF neurons responded consistently to the click noise not only
recorded. Figure 6 shows the response magnitudes of SLF #hdVOR but also in WR conditions imonkeys TMand AK,

LLF neurons in the thalamus (Fig.Ap and TANs in the and values were similar for the responsesohkey NAwhich
striatum (Fig. 8). Increases and decreases in firing rate relaas tested only in the WOR task. By contrast, there were
tive to baseline levels are plotted for each neuronal type. In thensiderable differences among the three monkeys in the re-
thalamus, the SLF and LLF neurons showed no significasponsiveness of the intralaminar neurons to the beeps and LED
difference in click responses in the WR and WOR tasks (Fitlashes. The SLF and LLF neurons imonkey TMshowed

6A, P= 0.32 for the LLF,P = 0.42 for the SLF, paired 2-tailed much higher responsiveness to these stimuli than did intralami-
t-tests). By contrast, all three components of the responsesaf neurons in the other two monkeys. These differences may
striatal TANs (IF, P, and RF) were significantly larger in theeflect differences in the conditions under which the stimuli
WR task than in the WOR task (FigB6 P < 0.05 for the IF, were presented to the monkeys. Foonkey TMthe stimuli

P < 0.01 for the P and RF, paired 2-taileédests). were presented in much darker ambient light conditions than

Next, we examined the onset latencies of the click responges monkeys AKand NA, and the LED was much closer to
of individual neurons in the WR and WOR tasks (Fig. 7)monkey TM22 cm) than to the other two monkeys (50 cm, see
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TABLE 2. Responsiveness of intralaminar neurons to sensory stimuli

Conditions
WOR WR
Stimuli Beep LED Click Tactile Click
Short-latency facilitation type
Monkey TM 6/6 (100.0) 5/6 (83.3) 3/3 (100.0) 8/8 (100.0)
Monkey AK 12/26 (46.2) 7/25 (28.0) 22/26 (84.6) 15/16 (93.8)
Monkey NA 15/32 (46.9) 14/32 (43.8) 26/32 (81.3) 8/10 (80.0)
Long-latency facilitation type
Monkey TM 31/32 (96.9) 21/22 (95.5) 26/26 (100.0) 36/38 (94.7)
Monkey AK 12/17 (70.6) 8/16 (50.0) 16/17 (94.1) 4/5 (80.0)
Monkey NA 27/57 (47.4) 29/57 (50.9) 51/57 (89.5) 22/23 (95.7)

Figures indicate number of neurons (responsive/examined) and corresponding percentages (in parenthesksy. NAresponses to click in WR condition
were not examined. WOR, without reward; WR, with reward; LED, light-emitting diode.

METHODS). Thus the stimuli might have had stronger alerting dields of the somatosensory responses, but the fields seemed
orienting effects ormonkey TM. large because taps to the neck, shoulder, back, or hands of the
Additional characteristics of the sensory responsiveness of nanimal were similarly effective in evoking responses in most of
rons in CM and Pf became evident in tests of their responsivendhbg, neurons. We did not explore the entire body surface and

which were performed for most of the neurons recorded. Consakamined tactile responses onlyrimonkey NA.
erable numbers of both LLF and SLF neurons responded to
unexpected stimuli such as handclaps and knocks on the doof gkations of task-related neuronal activity in the thalamus
walls of the room in which the monkey was sitting. In many
instances, the neurons responded to such alerting stimuli only fokVe recorded thalamic neuronal activity during the presen-
the first several times that they occurred; after that, the satation of sensory stimuli in the WR and WOR tasks not only in
stimuli gradually became ineffective in evoking responses. To télse CM-Pf complex, but also in other nuclei, including the MD,
more systematically for habituation of such responses, we co@l-, VPL pars oralis (VPL0), and VPL pars caudalis (VPLc).
pared the responsiveness of 26 CM and Pf neurons of both SR&cording sites at which we identified LLF and SLF neurons
and LLF types in two sets of trials: trials in which clicks, beepsyere located within the CM and Pf. Neurons with activity
and LED flashes were presented in random order in a 75-trial-lorgated to the orofacial movements made to consume reward
block (Fig. 8,A andB), and trials in which only clicks appeared,water, or related to spontaneous limb movements, were ob-
repeatedly, in a 25-trial-long block (Fig. 8,andD). We found served in the VPLo and VPLc.
that 13 of 16 LLF neurons examined exhibited habituation, asThere was a clear tendency for the LLF and SLF neurons to be
evident by comparing the population histograms in Figh8nd in separate locations within the CM-Pf complex (Fig. 9). It was
C, and the raster plots of Fig. & andD. Smaller numbers of rare to record both types of neuron in a single vertical electrode
short-latency facilitation neurons (5 of 10) showed the habituatitnack; single penetrations tended to isolate neurons of either the
responses. LLF or the SLF type. LLF neurons were almost exclusively found
Sudden taps to the skin also evoked brisk responses franthe CM, whereas SLF neurons were predominantly found in the
both CM and Pf neurons. We did not identify the receptivef and the medial part of CM (Fig. 9).

Combination of 3 kinds of stimuli (no reward) Click only (no reward)

beep click LED

T T T T T T T T T T T T T T FIG. 8. Habituation of sensory responses of intralaminar
: T T T Tmpisec T mpisec thalamic neurons. In 26 neurons recorde_d in CM and P_f, neL_JraI
parT r 30 «\.r‘;;a'—-“-‘- -7 30 responses were 1st examined in a 75-trial-long block in which
X (n=16) . (n=16) beeps, clicks, and LED flashes appeared in a random order with

equal probabilities and at equal intervafsgndB). The neural
activity shown is centered at the onset of the 25 presentations
of the click that occurred during a 75-trial-long block for both
the population response histograd) @nd the raster display
(B). The same neurons were then examined in a 25-trial-long
block in which only clicks were delivered and the activity was
0 again displayed by centering on click onse@&sgnd D). The
histograms inA and C are ensemble averages of the activities
B S ! D! " " of 16 LLF neurons. The thin vertical bars indicate standard
' . ' deviation (SD) of responses. The raster display8iand D
LI | ' show impulse discharges in chronological order with the 1st
trial at thetop and the last trial at theottom.

click - click
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Monkey TM Aia7 A11.9 A10.0

L
VPL cL c
MD VPL

Monkey AK
A13 A12 l A1l A10
Monkey NA

A12.6

1mm

FIc. 9. Sites at which short-latency and long-latency facilitatory responses were recorded in the CM and Pf of all monkeys.
Recording sites were reconstructed from brain sections postmortem and are shown on reconstructed electrode tracks. Red bars
indicate SLF neurons, and blue bars indicate LLF neurons. Sites of injection of muscimol and saline in the CM andriken
TM are indicated by filled black and green circles, respectively. FR, fasciculus retroflexus; other abbreviations, same as in Fig. 2.

Inactivation of the CM and Pf nuclei in the thalamus task was much lower in TANs following injection of muscimol
markedly reduces the sensory responses of TANs in the (Fig. 1D), and the population histogram of activity of these
striatum TANs (Fig. 1) showed a much smaller response after the

] click, mainly an initial facilitation.
To determine whether the neurons of the CM-Pf complex qangitative analysis of these responses (Fig. 11) indicated
supply task-dependent input to striatal TANs during perfofp ot the main effects of the muscimol injection into the CM-Pf

mance of the WR and WOR tasks, we identified TANs in ;
. ' mplex was on the amplitudes of the pause (P) and rebound
monkey TMas it performed the behavioral tasks and compared ... .o ; S

the TANS’ activity before and after blocking neural activity in(T;"ﬁC'“tatlon (RF; Fig. 11, both of which were significantly

. : 2. smaller after muscimol injection than beforef < 0.0001 for
%tﬂsgmolegé li(;‘i)l infusion of the GABA receptor agonist, the P and RF, 2-tailetitest). The initial facilitation response

We injected 1-3ul of muscimol (1ug/1 ul saline, pH 7.3) (IF), by contrast, showed only a tendency to decrease without

into the CM-Pf complex in eight experiments (Fig. 9). Befor& statistically significant declind>(= 0.33). There was also a
injection of muscimol, we confirmed that the tip of the injecglear change in the distribution of onset latencies of the TAN

tion cannula was in the CM or Pf by recording neurondFSPONSES. After muscimol injection into t.he CM-Pf, the vari-
activity through the tungsten electrode protruding from the tignce of the onset latency of pause (P; FigBJland rebound

of the cannula (Fig. 1A). Figure 1B shows a population facilitation (data not shown) became significantly larger<
response histogram of TANs recorded before muscimol inje@.002 for the PP < 0.05 for the RF, Siegel-Turkey test). The
tion, with the histograms centered at the time of presentationlafency of the initial facilitation (IF) did not chang® (= 0.3).
clicks in the WR task. Clear-cut initial activation followed by These strong effects of inactivation of the CM and Pf com-
suppression and subsequent facilitation of discharges is gdiex on the responses of striatal TANs continued for more than
dent. The number of TANs responsive to the clicks in the WR h. The population histogram in Fig. @D0is based on the
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A MUSCIMOL

BEFORE MUSCIMOL D AFTER MUSCIMOL
(AFTER CONDITIONING) 12 (3ug / 3ul / 15min.) iTglsec

n=49 5 - 234 min. . . . P
Fic. 10. Effects of inactivation of neuronal activity in
CM and Pf on the activity of TANs recorded concurrently
during performance of the WR task: schematic illustration
of the experimental setup: population response of TANs to
the clicks associated with reward prior to muscimol injection
into the CM-Pf complex. Numbers above the histogram
indicate total number of neurons sampled; thin vertical bars
click click indicate SDsC: an example of TAN responses to the clicks
reward reward after saline injection into the CM-Pf complex. The TAN
continued to respond to the reward-associated cli€ks.
population response of TANs to the clicks after muscimol

C AIZTIIE?135A|,|NE E %FTE/R;\':‘;??I'T"\?'?;- imp/sec  injection into the CM-Pf complexE: an example of the
(3pl/15min.) 20 (3pg /3p : 20 activity of a TAN recorded after muscimol was injected into
108-113 min. 82-87 min. the CM-Pf complex. The TAN showed no response to the

reward-associated clicks.

T4152

click click 0.3 sec
reward reward

activity of TANs recorded between 5 and 234 min after mug B
cimol injection. Figure 18 illustrates a representative raster implsec Before Muscimol
plot of the activity of a single TAN during the WR task B
recorded from 82 to 87 min after muscimol injection. Re- T {
sponses to the clicks were undetectable following the musci-
I 11| I R
100 150 200 25¢ 300
LATENCY (msec)

®

mol injection. Figure 10 also shows that the muscimol injec-
tions into CM and Pf did not have significant effects on the
background firing rate or discharge pattern of the TANs. Be-
fore muscimol injection, the background discharge rate of the

SNOHNAN 40 43aWNN

o l

121 TANSs recorded was 4.2 1.3 impulses/s (Fig. B), -4
whereas after injection the firing rate was 4:0L.4 impulses/s After Muscimol z
(49 TANS, Fig. 1D). g
To test whether the effects of muscimol injection into the L4 ]
CM and Pf resulted from mechanical damage to the CM-Pfor P RF §
nearby neurons, we injected the same amount of physiological J l 2
saline (3ul) into the same part of the CM-Pf complex in which B Before Muscimol | 1Himme I,
muscimol had been injected in a previous experiment, and then 2t Atter Muscimol O ey (nf::c) 250 300

recorded the activity of 38 TANs during the WR task (Fig. 9).
g%irezwtasl adttetndten%y ]f[otrhreductlo_l’tl %f thef ?ﬁusegeSpghfse .E.before and after muscimol injection into the CM-Pf compl@xinitial facil-

U e alledt-tes ) u_ _e_ magni u eo € rebound tacilyaion (IF), pause (P), and later rebound facilitation (RF) measured as an
tation (RF) was not significantly different from that beforéncrease or decrease of firing rate of TANs relative to background firing rate,
saline injection P > 0.99 for RF, 2-tailed-test). The magni- before and after the muscimol injection into the CM-Pf complex. P*<
tudes of the pause and rebound facilitatory responses aft®p1, 2-tailed-test.B: distribution of onset latencies of pause responses to the

; A i ick in the WR task before and after muscimol injection into the CM-Pf
m“.sc'mo.' |nJ_ect|on were Slgnlflcantly smaller than thos_e aﬁ% mplex. The variance of the latency distribution for the pause response after
saline injection P < 0.05 for P,P < 0.01 for RF, 2-tailed myscimol injection was significantly larger than the variance of the responses
t-tests). One example of the activity of a TAN after salinBefore muscimol injectionR < 0.002, Siegel-Turkey test).

FIG. 11. Responsiveness of striatal TANs to the reward-associated click
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injection is shown in Fig. 10. Injection sites, locations of tip A cTB INJECTION SITES
of injection needle, of muscimol and saline into the CM-Pf

complex are illustrated in Fig. 9. Most of the injections of A23
muscimol and saline were made into the CM-Pf complex
where activity of SLF and LLF neurons had been frequently

recorded.
In two further control experiments witmonkey TMwe

injected muscimol into the motor nuclei of the lateral thal-
amus, including the VPL and VPM. In both experiments, the
monkey showed signs of paralysis of the contralateral arm

after the muscimol injection. In the ipsilateral striatum,
however, TANs that had responses to the reward-predictild ~ CTB POSITIVE CELLS

click in the WR task before the muscimol injection kept on
responding. This observation excluded a possibility that the
muscimol injected into the CM and Pf, which are located

A MUSCIMOL INJECTION B SALINE INJECTION
BEFORE INJECTION BEFORE INJECTION
REWARD REWARD

AFTER 13 min. AFTER 38 min.
E—
e ———
=
e —
e %
N NG N
AFTER 60 min. AFTER 117 min.

AFTER 105 min. AFTER 201 min.

Fic. 12. Effects of inactivation of neuronal activity in CM and Pf on th
pattern of licking movements after click with reward watar.superimposed

e

A10

« 1 neuron 1mm
© 5neurons

FIG. 13. Retrograde labeling of CM and Pf neurons following injection
of cholera toxin beta-subunit (CTB) into the striatumnobnkey TMat sites
at which the responses of TANs were recordddschematic drawings of
3 CTB injection sites (shown in stipple) in the putaméeft(andright) and
in the caudate nucleusnf{ddle). B: distribution of retrogradely labeled CM
and Pf neurons after injection of CTB at the sites shown above. The charts
show superimposed plots of the locations of retrogradely labeled neurons
(dots) observed in 3 sections spaced 2 mm apart. Sizes of the gray dots
indicate the number of CTB-positive cells at each site. Approximate
Horsley-Clarke coordinates are shown for each chart. Abbreviations as in
Figs. 2 and 3.

medial to VPL and VPM, inactivated the activity of TANs
because the muscimol diffused laterally into the lateral
thalamus or even the striatum.

Behavioral effects of inactivation of the CM-Pf complex

To determine whether an inactivation of the CM-Pf complex
would significantly affect behavioral attentiveness to salient
stimuli, we analyzed the licking movementsmbnkey TMn
the WR task before and after muscimol injection. Figure 12
shows examples of the pressure recordings made before and
after injection of muscimol (Fig. 18, and before and after
injection of physiological saline (Fig. B). In the WR task, the
monkey made anticipatory licks of the spoon before the click
with reward and then it made strong, repetitive licks to con-
sume the reward that was delivered after the click. Following
inactivation of the CM-Pf complex, however, the pattern of
orofacial movements in the WR task changed. The number of
anticipatory licks before the click decreased, and the rate of
repetition and strength of the licks after reward delivery di-
minished. These changes in the pattern of orofacial movements
were observed in five of eight cases of muscimol injection. In
seven of the eight cases of saline injection, no clear change in

traces of pressure patterns recorded on reward-delivery spoon before and &@&it€rn was observed, and in one case, thef |i_0kings é_lfter reward
injection of muscimol (3ug/3 wl/15 min). The torques generated by tonguedecreased but there was no change in anticipatory licks. These
movements made in licking were detected; a drop of water was delivergthseryations are consistent with the hypothesis that the mon-

following each solenoid click. The traces were centered at the time of t

clicks. B: similar toA, but after injection of physiological saline (8/15 min).

The order of the traces is arranged chronologically ftom(earliest trace) to

bottom(last trace).

y's attentiveness to salient behavioral events (click with
reward) was compromised by inactivation of the CM-Pf com-
plex.
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Retrograde tracer injections placed in sites of striatal TAN neurons had brief, phasic responses. The long-latency (LLF)
recording label neurons in the CM and Pf nuclei of the neurons had single or two to three repeating, phasic increases
thalamus in discharge rate, and they often exhibited an early depressive
. . . . . .. response as well. These characteristics suggest that neurons in
To obtain anatomical confirmation that the striatal sites g{g primate CM-Pf complex can generate discrete, coherent
which we recorded the activity of TANs receive direClgignais in response to a wide variety of sensory stimuli. Third,
strong axonal projections from the CM and Pf, we depositedly sensory responses of the CM-Pf neurons seemed to be
CTB into the putamen and caudate nucleus after recordipgqe|y unaffected by the reward-predictive nature of the stim-
the activity of TANs and mapped the distributions of retrogi “they responded to. They discharged equivalently to the
gradely labeled neurons in the thalamus. These experimegl$sory stimuli presented with (WR task) and without (WOR
were carried out inmonkey TMafter completion of all other task) reward, but these responses often habituated rapidly when
experiments. We injected the CTB at three sites in thfo same stimuli were presented repeatedly.

striatum (Fig. 13y, two in the putamen and one in the " Gjyen these properties, we suggest that CM-Pf neurons may
caudate nucleus, at each of which we had recorded §ig | the onsets, offsets, and modulations of behaviorally
activity of TANs and had observed strong suppressive €

. O Slevant sensory events rather than the detailed physical prop-
fects of CM-Pf muscimol injections on the responses y phY brop

rties of the events. Neurons in the internal medullary lamina
TANs. The retrogradely labeled neurons were concentratgfline primate thalamus also have been reported to have very
almost exclusively in the CM and Pf (Figs. 13 and 14)

I £ | il arge receptive fields and to be insensitive to stimulus size,
Small numbers of labeled neurons were observed media pe, and brightness but responsive to changes of visual scene
dorsal to the Pf, especially at caudal levels. This thalam

o VRIS 8chlag and Schlag-Rey 1984). Studies of attention have
distribution corresponded well to the distribution of neurong, o\wn that novel or unexpected stimuli tend to shift attention,

responding to sensory stimuli in the WR and WOR tasks U that changes in predictable sequences of stimuli, like those
th|§ monkey (Fig. 9), strongly suggesting that the sites glaq in the present study, often elicit overt orienting responses
which we recorded TANSs in the striatum receive direéGh hyman subjects and in experimental animals (Pashler 1998;
strong projections from the CM and/or Pf nuclei in theyoprhaugh 1984). The present findings suggest that neurons in
ipsilateral thalamus. the CM-Pf complex of primates preferentially process stimuli
that have attentional value, thus acting as detectors of behav-
DISCUSSION iorally significant events. These functions are likely to be
distinct from those of thalamostriatal inputs reported to origi-

Neurons in the CM-Pf complex of primates exhibit ~  hate iy the ventral anterior-ventral lateral (VA-VL) complex
temporally discrete responses to salient sensory stimuli (McFarland and Haber 2000).

We have identified three key response characteristics of
intralaminar CM-Pf neurons recorded in behaving monkeygputs from the CM-Pf complex to the striatum affect the
FirSt, a Iarge number of CM-Pf neurons exhibited responseSST@nsory responsiveness of striatal neurons
auditory and/or visual stimuli presented in sensorimotor con-
ditioning tasks, and many of these CM-Pf neurons also re-Our experiments with muscimol demonstrate that the sen-
sponded to unexpected auditory, visual, and/or somatosenssoyy responses of TANs depend on inputs from the thalamic
stimuli presented to the monkeys outside of these tasks. Th€éd-Pf complex. The decline in the TAN pause and rebound
findings extend to behaving primates, evidence suggesting tfetilitatory responses that we found after inactivation of the
CM-Pf neurons have multimodal response properties (AIbEM-Pf complex likely reflects in part blockade of direct
Fessard and Besson 1973; Grunwerg and Krauthamer 19@@2jamostriatal projections to TANs. The physiological char-
Irvine 1980). Second, the responses of most of the CM-Béteristics of TANs closely resemble those of the cholinergic
neurons identified showed sharp temporal tuning. They féfiterneurons of the striatum, and anatomical evidence suggests
into early and late facilitation types. The short-latency (SLRhat these are densely innervated by intralaminar thalamic
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inputs from the CM-Pf complex (Kawaguchi 1992; Lapper aninportance of otherwise habituating stimuli and thus enhance
Bolam 1992; Sidibeand Smith 1999). Neurons in CM and Pfthe responsiveness of CM-Pf neurons.

also project to other interneurons in the striatum, however, asThese findings suggest a model in which TAN-based learn-
well as to medium spiny projection neurons there, especiailyg circuits in the striatum receive inputs both from the CM-Pf
those of the direct pathway (Fenelon et al. 1991; Foanet al. carrying sensory signals with attentional and orienting value
1991; Nakano et al. 1990; Sadikot et al. 1992a,b; Sidibe and inputs from the substantia nigra pars compacta carrying
Smith 1999; Smith and Parent 1986). The effects of the mJ§ward-related information (Schultz 1998). The integration of

cimol injections could thus in part reflect blockade of indired{€S€ extensive inputs in turn may be influenced by, or be
thalamostriatal projections from CM-Pf neurons to striatal prgontrolied by intrinsic GABAergic striatal neurons (Watanabe

acti int that in t iact to TAN _nd Kimura 1998). _ ' '
Jection neurons or interneurons that in turn project to § The responses of TANs tend to be triphasic, with an early,

We favor this view because of evidence that local intrastriata][]aSiC activation followed bv a prolonaed decrease in firin
blockade of GABA, transmission in the striatum can abolist? yap 9 9

; . ; ate and then a postpause facilitation. All three of these com-
the pause response of TANS at the site of the infusion (Wrﬁénents show learning-dependent changes during sensorimotor
tanabe and Kimura 1998).

: ) . . . conditioning (Aosaki et al. 1994b, 1995). The inactivation of
Indirect thalamo-cortico-striatal connections might also corg— -Pf neurons induced by injection of muscimol sharply
.t”bUt.e to the decline in TAN responses observed z?lfter CM'd creased the TANS’ pause response and subsequent rebound
|r;ac'5[|vat|?hn, btUt trr:]any morte C"\]/I'Pf nizggc;l?sMprOJﬁ_ct tg éh%cilitation, but did not abolish the short-latency facilitation of
striafum than to the neocortex (Jones , Macchi and BeHa tANs. The facilitatory responses of the LLF neurons in the
tivoglio 1986; Sadikot et al. 1992b), and few CM-Pf neurong, " were too late~(220-280 ms) to affect the pause
have branched axonal projections to both striatum and neocl%réponses of the TANs{130 ms), but these LLF neurons did
tex (Deschenes et al.. ;996). It is unlikely, therefore that tfp] ve early suppressive respons:e§@ ms) that could have
nearly complete abolition of TAN responses that we foun ected the pause and rebound phases. The early facilitation of
resulted mainly from inactivation of an indirect thalamo-cory " 1,212 mic SLE neurons-@5-90 ms) clearly could have
tico-striatal pathway. This conclusion is consistent with earligr ected these responses as well, through ex)éitatory thalamo-
work in acute preparations demonstrating that the multimo fIiatal projections (Wilson et al. i983), but this effect would

responses of striatal neurons survive lesions of the neocor : - : : ;
(Albe-Fessard et al. 1960; Rogers and McKenzie 1973). Otrhgcrﬁwre a sign reversal, possibly via other striatal neurons

. o . ; ting via GABA, receptors.
pOSSIb|Q |nd|r¢ct routes from C.M'Pf to the striatum include We observed a striking predominance of LLF neurons in the
connections via the subthalamic nucleus (Feger et al. 19

. \ : , which projects to the putamen, and a relative predomi-
Sadikot et al. 1992a) and subthalamo-pallido-striatal conneg: - ; ;
tions (Siditieand Smith 1996; Smith et al. 1998) $fance of SLF neurons in the Pf, which projects to the caudate

nucleus (Sadikot et al. 1992a). TAN responses in both striatal
nuclei were affected by the CM-Pf inactivation. TAN re-
Learning circuits in the striatum can be modulated by sponses in different striatal regions have overlapping latencies
thalamic inputs from the CM-Pf complex (Aosaki et al. 1995), but as a group, the pause responses of
TANSs in the caudate nucleus to click stimuli occurred earlier
The sensory responsiveness of TANs can be strongly mdd16.7+ 40.3,n = 12) than did those in the putamen (138&:2
ulated by sensorimotor conditioning (Aosaki et al. 1994b), 26.6,n = 109). The CM and Pf nuclei both receive inputs from
process that depends on dopamine-containing nigrostriatal #s@me regions of the brain stem, including the midbrain retic-
put (Aosaki et al. 1994a; Apicella et al. 1997). The TANs ofilar formation, the superior colliculus, and the pedunculopon-
the striatum thus appear to be part of learning circuits in thi@e nucleus. Other inputs to these nuclei, however, are known
basal ganglia (Graybiel et al. 1994). The experiments we reptwt differ. The CM receives basal ganglia inputs from the
here suggest that these learning circuits are strongly modulate@rnal pallidum, but the Pf receives inputs from the substantia
by thalamic inputs from the CM-Pf complex. Most of thenigra pars reticulata. Cortical inputs to these thalamic nuclei
CM-Pf neurons we recorded responded to sensory stimalso are different (Knzle 1977, 1978). These differences could
whether or not they were associated with reward, whereaga@ntribute to the latency differences we observed. LLF neurons
majority of the TANs responded to sensory stimuli presentedfive consistent suppressive sensory responses that have short
the same experiment only after the monkeys had learnedlatencies compared with those of the facilitatory responses of
associate the stimuli with rewards. We examined reward-d8LF neurons. Sensory stimuli might drive SLF neurons
pendency in a smaller number of CM-Pf neurons than TAN#rough excitatory circuits, but drive CM neurons through
The differences in reward-dependency between the CM-Rhibitory-excitatory circuits in the thalamus.
neurons and TANs could be significant, however, because thé'he short-latency initial facilitatory response of TANS70
activity of CM-Pf neurons was more influenced by other emms) showed at most only a small decrease during inactivation
vironmental events, such as unexpected noises, than was thatfdhe CM-Pf complex. This early response also remains after
the TANs recorded under the same environmental conditiomamage to the dopamine-containing inputs to the striatum,
CM-Pf neurons responded consistently to the click of thaespite almost complete loss of the pause and succeeding
solenoid valve without reward when the clicks, beeps, afidcilitation of activity that normally follow (Aosaki et al.
LED flashes appeared at random order, but the respon&894a). Thus inactivation of the CM-Pf complex and damage
habituated when the no-reward click appeared repeatedly.the dopamine-containing inputs have similar suppresive
CM-Pf neurons showed no sign of habituation to the clickffects on the activity of TANs in the striatum. One possible
followed by reward. The reward may enhance the attentiorsdurce for the short-latency initial facilitatory response is input
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from the neocortex. Thomas et al. (2000) have described coetated to the selection of forthcoming actions (Boussaoud and
tical inputs to the distal dendrites of cholinergic interneurons Kermadi 1997; Cools 1980; Fukai and Tanaka 1997; Graybiel
the monkey. One of major effects of nigrostriatal dopamink998; Graybiel and Kimura 1995; Hikosaka et al. 1989; Juept-
depletion is a neglect of stimuli appearing on the side coRer et al. 1997; Kimura et al. 1993; Mink 1996). The GABAer-
tralateral to the depletion (Kato et al. 1995; Matsumoto et &ic projection neurons of the GPi and SNr send strong, tonic
1999; Miyashita et al. 1995). Blockade of thalamostriatal siguppressive inputs to target neurons in the VA-VL nuclei of the
nals after dopamine depletion in the striatum might be respqfajamus through their high-frequency discharges, and these
sible for the loss of attentiveness to contralateral events in beilbj and SNr neurons are under the control of the striatum,

g:gcr:]tk%yoall)ns%rr\]/lér(;]zrf]t'elrntrt]g?amﬁzl?(;nslijc?ﬁsc?nn\}(r)?\ll?rgzr?rl]giisnlftzlrnq?ﬁhiCh sends them direct suppressive inputs and indirect facili-
. X tory inputs via the subthalamic loop. This characteristic op-
medullary lamina (Orem et al. 1973; Watson and Heilm y Inp b P

1979) and impairment of attentional orienting has been o onent-circuit design has suggested the view that the basal

served after lesion of reticular nucleus (Weese et al. 1999). i ?T?élzih:fflvglz?(?glt)l{]é?wligglikl)’llie(r:f% Tepvevtiltrr]ﬁn?:r?(?gcljozgilticr)?]es(::r?é
the present study, lowered attentiveness after inactivation S : '
the CM-Pf complex was suggested by behavioral evidence@ ultaneously, to remove focally inhibition of the desired

i . L) ; X havior so as to allow the selected action to proceed (Fukai
L%%Jizzdrg(x;?gsresmnse to click stimuli associated with fom?a’nd Tanaka 1997; Mink 1996). Selections of actions are made

n the basis of particular behavioral contexts. An adequate

If, as evidence suggests, the TANs are cholinergic interng rogram for action can be selected if a particular behavioral

;?onlf] (;‘?2::{ ?;l?rl' sloigrg)e’;hﬁl-erétls Sigﬁi%brﬁ l?;eg;?gnc%rlrr]]p; Hntext triggers function in the relevant circuit. Thus a crucial
: grap Pa¢Shdition for adequate operation of these circuits is the pres-

tsr:ﬁ agﬁ_P;ngotwg Igg ogr)rttgi thalamus, local neurons of th nce of context-dependent signals indi.cating When and how to
' ' activate ensembles of output neurons in the striatum. Informa-
tion about behaviorally significant sensory events originating
Thalamo-striatal loop circuits may critically influence in the CM-Pf complex could provide such signals. Striatal
action-selection functions of cortico-basal ganglia circuits TANs, as points of convergence of this information with do-

. “ amine-mediated nigrostriatal signals having motivational
The CM and Pf have long been considered as *loop nucltﬁn%u& could operate to bias the action-selection functions of

of the basal ganglia, because they project to the striatum o o e

receive inputs from the internal segment of the globus pallidaggrtICO basal ganglia circuits.

(GPi) and substantia nigra pars reticulata (SNr) (Graybiel and

Ragsdale 1979; Parent and Hazrati 1995a,b), Compared tbhis study was supported by research grants from the Ministry of Education
other basal gang”a |00p nuclei. the CM and Pf are unique pan (07408035, 08279106, JSPS-RFTF96L00201) and Special Coordination

- - - L nd to Brain Science to M. Kimura, by Grant-in-Aid for Encouragement of
havmg the striatum as their pI‘InCIpal output ta:rgets' _Th'*%ung Scientists from the Ministry onyducation, Japan (09780370) to N.
Pf-caudate nucleus-SNr-Pf and CM-putamen-GPi-CM circuitfatsumoto, and by National Institute of Neurological Disorders and Stroke
may be true “internal loops” of the basal ganglia, operating ifavits Award NS-25529 to A. M. Graybiel.
parallel with cortico-basal ganglia loops but having a major
point of access to cortico-basal ganglia circuits at the level of
the striatum. REFERENCES
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