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Fig. 5. Two examples (A and B) of SMA-recipient
putaminal neurons. A/ and BI: PSTHs showing
responses to SMA stimulation (0.6 mA). A2 and
B2: raster display showing the neuronal firing during
task performance.
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example of SMA-recipient putaminal neurons. This neuron
responded to SMA stimulation at a latency of 10 ms (Fig.
5B1), whereas stimulation of other cortical areas did not.
This neuron exhibited a delay-related activity (directional
selectivity, 0.22) and a large movement-related activity

increase preceding the HR by 252 ms (Fig. 5B2). Directional
selectivity of the HR-related activity was 0.38. This neuron
was activated by passive shoulder movements.

Figure 6A shows a typical example of MI, oxima +
SMA-recipient putaminal neurons. This neuron received
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Fig. 6. A: typical example of MI,;yima + SMA-
recipient putaminal neurons. AI: PSTHSs showing
responses t0 Ml mq Stimulation (0.6 mA,
leff) and SMA stimulation (0.5 mA, right).
A2: raster display showing the neuronal firing
during task performance. B: No-go-specific
activity. BIl: PSTHs showing responses to
SMA stimulation (0.6 mA). B2: raster dis-
play showing the neuronal firing during task
performance.
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convergent cortical inputs from the Ml ima and SMA.
MI, xima 2and SMA stimulation evoked excitatory responses
at latencies of 9 ms and 14 ms, respectively (Fig. 641),
whereas Ml stimulation did not. This neuron increased
activity in relation to arm-reach movements, preceding the
HR by 106 ms (Fig. 6A2). The amplitude of excitation was
comparable among the three target conditions. Directional
selectivity of the HR-related activity was 0.15. No activity

" 500 ms/div 500 ms/div

was observed in No-go trials. This neuron was activated by
extension and abduction of the shoulder.

Among 447 putaminal neurons recorded, most neurons (412/
447, 92.2%) exhibited activity increases in Go trials and almost
no activity in No-go trials. Twenty-two neurons (4.9%) showed
no significant activity changes in either Go or No-go trials. Six
neurons (1.3%) showed a comparable activity increase in both
Go and No-go trials and were classified as MI + SMA-
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PUTAMEN ACTIVITY WITH MOTOR CORTICAL INPUTS IN MONKEYS 1211

Table 2. Activity patterns of putaminal neurons during
task performance

Cortical inputs Delay-related ~ Movement-related  Total
MI 39 (16)* 213 87)t.% 246
ML, oximat 23 (20) 107 (92) 116
Mg 11.(17) 55 (83) 66
ML, oimat + dgistal 508 . 51 (80) 64
SMA 35 (32)* 78 (7Dt 110
MI + SMA 21 (23) 65 (7TD¥ 91
ML oxima + SMA 13 (28) 32 (70) 46
Ml + SMA 5(18) 21 (75) 28
M oximat + disal + SMA 3(18) 12 (71) 17
Total 95 (21 356 (80) 447

Numbers of putaminal neurons showing delay-related and/or movement-
related activity are shown according to cortical inputs. Figures in parentheses
indicate the percentage to each category of neurons. *,f,}Significantly differ-
ent from each other (x? test with Bonferroni correction; P < 0.05). Note that
some neurons showed both delay- and movement-related activity.

recipient neurons. Seven neurons (1.6%) showed an activity
increase in No-go trials and no activity in Go trials (No-go-
specific activity), as exemplified in Fig. 6B, and were classified
as SMA-recipient neurons. SMA stimulation evoked excitatory

responses at a latency of 20 ms (Fig. 6B7). This neuron
increased activity at 395 ms after the S1, maintained activity,
and decreased activity before the Reward in No-go trials (Fig.
6B2), whereas no activity in Go trials. This neuron was not
activated either by passive body movements or by visual
stimuli.

Putaminal neurons with different cortical inputs showed
different activity patterns during task performance (Table 2).
The activity patterns of MI-recipient neurons are significantly
different from those of SMA- and MI + SMA-recipient neu-
rons ()(2 test with Bonferroni correction, P < 0.05). Most of
Ml-recipient neurons (87%) showed movement-related activ-
ity, whereas some neurons (16%) showed delay-related activ-
ity. More SMA-recipient neurons (32%) showed delay-related.
activity than MI-recipient neurons, and fewer ones (71%)
showed movement-related activity. MI + SMA-recipient neu-
rons showed activity patterns intermediate between MI- and
SMA-recipient neurons. The ratio of MI + SMA-recipient
neurons showing delay-related activity was smaller than that of
SMA-recipient neurons, and the ratio of MI + SMA-recipient
neurons showing movement-related activity was smaller than
that of MI-recipient neurons.

Fig. 7. Population activity of putaminal neurons during task
performance. A: population activity of MI, oximu- Mlgisear
and ML, oyimal + aista-T€CIpient putaminal neurons (shown in
different colors) aligned with the S1 (lef?), HR (middle), and
FI (right). B: population activity of SMA-recipient putami-
nal neurons. C: population activity of Ml yima + SMA-,
Mlgigq + SMA-, and ML oxima + dista T SMA-recipient
putaminal neurons (shown in different colors).
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1212 ' PUTAMEN ACTIVITY WITH MOTOR CORTICAL INPUTS IN MONKEYS

Characteristics of putaminal neuronal activity during task
performance were also observed in population activity (Fig. 7).
MlI-recipient neurons showed very little changes during the
delay period (Fig. 7A). The firing rate increased abruptly before
the HR, preceding the HR by 154 ms in ML, oyimar-tecipient
neurons, by 119 ms in Ml ,-recipient neurons and by 123 ms
in ML, oxma + aiswa-TECIpient neurons. Activity increase
reached its peak before the FI. SMA-recipient neurons showed
a gradual activity increase during the delay period, beginning
197 ms after the S1 (Fig. 7B). They showed additional activity
increase in relation to arm-reach movements, preceding the HR
by 303 ms. MI + SMA-recipient neurons also showed a
gradual activity increase during the delay period (Fig. 7C).
They showed additional activity increase in relation to
arm-reach movements, preceding the HR by 134-138 ms
M oximar + SMA-, 135 ms; Ml + SMA-, 138 ms;
ML . TSMA-, 134 ms).

Timing of activity changes of putaminal neurons. The onset
timing of movement-related activity changes in relation to the
HR was shown in cumulative distributions (Fig. 8). Very early
activity changes that preceded the HR by more than 400 ms in
SMA -recipient neurons were considered to reflect activity
during the delay period. Approximately one-half of M} xima
(47%)-, SMA (49%)-, Mlyoximar + SMA (57%)-, Majgtar +
SMA (44%)-, and ML oximar + gisr T SMA (54%)-recipient
neurons changed activities before the HR, whereas a smaller
number of Ml g, (28%)- and ML, yima + distal (40%)-recipient
neurons did. The earliest EMG changes began 170 ms before
the HR (Fig. 3). In some of ML, qyina (9%)-, Mlgiga (7%)-,
MIproximal + distal (9%)-’ SMA (21%)" MIproximal + SMA
(17%)-, Mlgia1 + SMA (5%)-, and Ml oximar + st + SMA
{15%)-recipient neurons, their activity changes preceded the
earliest EMG changes.

The onset latencies of delay-related activity after the Sl
were comparable among MI (502 = 47 ms)-, SMA (469 =* 47
ms)-, and MI + SMA (471 = 96 ms)-recipient neurons.

Direction selectivity. The amplitude of activity during task
performance was modulated by the target direction. Directional
selectivity of delay-, HR-, and Fl-related activity was calcu-
lated in each neuron group (Table 3 and Fig. 9). Concerning
HR-related activity, Ml-recipient putaminal neurons showed
significantly higher directional selectivity than SMA- and
MI + SMA-recipient neurons (Bonferroni/Dunn post hoc tests;
P < 0.05). Among them, M, oyima-TeCipient putaminal neurons
showed the highest directional selectivity. One-third of MLy oimar
recipient neurons (32%) had directional selectivity =0.5, whereas
a smaller number of other neuron groups did (Fig. 9). Concerning
Fl-related activity, MI-recipient putaminal neurons showed sig-
nificantly higher directional selectivity than MI + SMA-recipient
neurons (P < 0.05). Directional selectivity of delay-related activ-
ity was comparable among MI-, SMA-, and MI + SMA-recipient
putaminal neurons.

Locations of recorded putaminal neurons. The locations of
putaminal neurons recorded were plotted in frontal sections
(Fig. 10). The neurons that responded to stimulation of the
forelimb regions of the MI and/or SMA were distributed in a
band extending from the ventrolateral to dorsomedial part in
the caudal aspect of the putamen. Within this band, MI-
recipient neurons were located mainly in the ventral part,
whereas SMA-recipient neurons were found in the dorsal part.
MI + SMA-recipient neurons were located in between. In
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Fig. 8. Cumulative distributions showing the onset timing of activity changes
in relation to the HR. A: MI ima Mg 20d MIpoima + gisar-YeCipient
putaminal neurons (shown in different colors). B SMA-recipient putaminal
neurons. C: ML osima + SMA-, My + SMA-, and ML oyima + dista T
SMA-recipient putaminal neurons (shown in different colors).

MI-recipient neurons, Mlyi,- and ML oimar + gistar-T€CIpient

neurons were situated predominantly in the ventral-most part.
MI- and SMA-recipient neurons showed different activity
patterns during task performance (Table 2). Thus neurons in
the ventrolateral part of the putamen receive inputs from the
MI and show movement-related activity, whereas neurons in
the dorsomedial part receive inputs from the SMA and show
both movement- and delay-related activity.

The neurons that did not show task-related activity were
distributed randomly in the MI- and SMA-recipient band (Fig.
10). The neurons that did not respond to the MI and SMA
stimulation were distributed dorsolaterally or ventromedially
to the band. Putaminal neurons situated dorsally to the MI-
recipient zone often responded to manipulation of the hip joint,
and microstimulation in this area evoked movements of the hip
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Table 3. Directional selectivity of putaminal neurons

Directional selectivity (mean * SD)

Cortical inputs Delay-related HR-related Fl-related

MI 0.27 = 0.18 0.39 = 0.21%*,1 0.37 £ 0.20%
ML oximar 023 +0.14 041 £0.23 0.39 = 0.20
Mlgigar 0.34 £0.25 0.33 £0.18 0.33 £ 0.20
proximal + distal 0.29 £ 0.15 0.37 £0.17 0.38 £ 0.20

0.31 £0.19 0.33 = 0.19* 0.35 +0.19

MI + SMA 022*0.12 0.31 £ 0.197 0.29 = 0.17%
ML, oxima + SMA 0.18 = 0.09 0.31 £0.19 032 £0.18
Ml + SMA 0.36 £ 0.12 0.38 = 0.17 0.29 + 0.15
ML oximal + disal T SMA 0.16 * 0.06 0.17 £ 0.11 0.18 = 0.11

Directional selectivity of Delay-related, Hand Release (HR)-related, and Finger In (FD)-related activity is shown according to cortical inputs. *,t,}Significantly

different from each other (Bonferroni/Dunn post hoc tests; P < 0.05).

joint. In contrast, putaminal neurons situated ventrally to the
MI-recipient zone responded to manipulation of the orofacial
region, and microstimulation in this area evoked orofacial
movements. Neurons in the orofacial areas of the putamen
increased activity in relation to orofacial movements, such as
licking juice at reward periods. '

DISCUSSION

The present study revealed the following results. /) Putami-
nal neurons with inputs from different cortical areas showed
distinct activity patterns during the performance of a goal-
directed reaching task with delay. 2) Ml-recipient neurons
increased activity in response to arm-reach movements,
whereas SMA-recipient neurons increased activity during de-
lay periods as well as during movements. The activity pattern
of MI + SMA-recipient neurons was of an intermediate type
between those of MI- and SMA-recipient neurons. 3) Approx-
imately one-half of MI,  ima-» SMA-, and MI + SMA-
recipient neurons changed activities before the onset of
movements, whereas a smaller number of Mly,- and
M, oximat + distar-T€Cipient neurons did. 4) MlI-recipient neurons
showed higher directional selectivity during arm-reach move-
ments than SMA- and MI + SMA-recipient. neurons. 5) MI-
recipient neurons were located mainly in the ventrolateral part
of the caudal aspect of the putamen, whereas SMA-recipient
neurons were located in the dorsomedial part. MI + SMA-
recipient neurons were found in between.

Methodological considerations. Electrophysiological re-
cording at the distance of 2.5 mm from the electrode implan-
tation sites showed no excitation of cortical neurons after
stimulation (up to 0.7 mA) in our previous work (Nambu et al.
2002). Therefore, the extent of the current spread from stimu-
lating electrodes implanted in the cortex was estimated to be
<2.5 mm. ML,y ima and Ml electrode implantation sites
were 2.5-3.2 mm apart (Fig. 1B), and stimulation in the
Ml oximar @0d Mg, €voked movements in the proximal and
distal forelimb regions, respectively, in the present study. Thus
stimulation in the ML, qima1, Mlgistar, and SMA is considered to
have excited each cortical area specifically.

The orthodromic responses evoked by cortical stimulation in
the present study are considered to be mediated by direct corti-
costriatal projections as discussed below. The excitatory responses
followed well the double-cortical stimulation with short intervals
(2050 ms), suggesting that they are monosynaptic responses.
The distribution of the orthodromically activated putaminal neu-

rons corresponds well to that of ML imar» Mlgigear-, and SMA-
derived corticostriatal terminals reported previously (Kiinzle
1975; Liles and Updyke 1985; Takada et al. 1998a, b; Tokuno et
al. 1999). The latency of MI-evoked orthodromic responses of
putaminal neurons in this study was within the same range as that
of corticostriatal-evoked responses in the monkey (Liles 1975;
Nambu et al. 2002) and putamen-evoked antidromic activation of
MI neurons (Bauswein et al. 1989; Tumner and DeLong 2000).

MI + SMA-recipient putaminal neurons in the present study
are considered to receive converging inputs directly from the
MI and SMA. It might be argued that excitatory responses in
MI + SMA-recipient putaminal neurons evoked by SMA
stimulation could be mediated by the SMA-MI and MI-puta-
men projection but not by the direct SMA-putamen projection.
If this were the case, the neurons in the center of the MI-
recipient putaminal zone might also be expected to respond to
SMA stimulation. However, the MI + SMA-recipient putami-
nal neurons were located only in the intermediate zone between
the laterally situated MI-recipient and medially situated SMA-
recipient zones (Fig. 10), corresponding well to the distribution
patterns of corticostriatal terminals from these cortical areas
(Takada et al. 1998a, b). The fact that the latency of MI +
SMA-recipient putaminal neurons to SMA stimulation was sim-
ilar to that of SMA-recipient putaminal neurons to SMA stimu-
lation (Fig. 3) also supports the argument that SMA stimulation
does not activate MI + SMA-recipient putaminal neurons
indirectly.

Another issue is whether MI and SMA stimulation can
excite entire forelimb regions of the MI and SMA, respec-
tively. Two pairs of bipolar-stimulating electrodes in the MI
cover large areas of the forelimb region of the MI (Fig. 1B). A
pair of bipolar-stimulating electrodes in the SMA covers most
of the forelimb region of the SMA. MI- and SMA-recipient
zones studied by orthodromic responses evoked by cortical stim-
ulation correspond well to the zones examined by somatosensory
inputs, movements evoked by intrastriatal microstimulation
(Nambu et al. 2002), and corticostriatal terminals (Takada et al.
1998a, b). Outside of the MI- and SMA-recipient zones, putami-
nal neurons responded to manipulation of the hip joint or the oral
region. These results suggest that cortical stimulation successfully
covers the forelimb regions of the MI and SMA.

Information processing through the corticostriatal projections.
On the basis of previous anatomical (Takada et al. 1998a, b;
Tokuno et al. 1999) and electrophysiological (Nambu et al.
2002) studies, the forelimb region of the MI projects mainly to
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indicate mean.

the lateral part of the caudal aspect of the putamen, whereas
that of the SMA projects predominantly to its medial counter-
part. In addition, a substantial number of neurons in the
mediolateral central zone of the putamen receive convergent
inputs from both the MI and SMA (Nambu et al. 2002; Takada
et al. 1998a, b). Within the MI- and MI + SMA-recipient
zones of the putamen, input from the Ml enters more
ventrally than that from the ML, m. (Nambu et al. 2002;
Tokuno et al. 1999). These distributions agree with the present
results (Fig. 10). The latency of responses evoked by cortical
stimulation was comparable with the previously reported one
(Nambu et al. 2002).

The present study has shown that neuronal activity in the
putamen is dominated by its cortical inputs. Moreover, a variety of
task-related information from different cortical areas might con-
verge onto single putaminal neurons. Many MI-recipient neurons
exhibited movement-related activity, whereas SMA-recipient
neurons displayed delay-related activity, as well as movement-
related activity. The activity onset of the SMA-recipient neurons
preceded that of MI-recipient neurons. In addition, some of the
SMA-recipient neurons showed No-go-specific activity (Fig. 6B).
The spontaneous firing rate of Ml-recipient neurons was lower
than that of the SMA-recipient neurons (Table 1). Such activity
patterns of putaminal neurons seem to reflect activities of MI and
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nucleus; Put, putamen.

SMA neurons, giving rise to the corticostriatal projections, be-
cause similar activity patterns were reported for these motor areas
(Ikeda et al. 1999; Mushiake et al. 1991, Tanji 1994), especially in
MI neurons projecting to the putamen (Turner and DeLong 2000).
Moreover, there were a substantial number of neurons receiving
convergent inputs from both the MI and SMA. These neurons
showed activity changes that were intermediate between those of
MI- and SMA-recipient neurons, indicating that both inputs from
the MI and SMA contribute putaminal activity during task per-
formance. Thus convergent inputs from the MI and SMA should
have functional significance. The activity onset of M oyimar-
recipient neurons preceded that of MI;,-recipient neurons.
This difference can be explained by the observation that
EMG activity of the distal forelimb part was late compared
with that of the proximal part (see Fig. 2). The thalamus—
especially the intralaminar thalamic nuclei—also projects to
the striatum. However, the contributions of thalamic input to
the task-related activity in the striatum may be small,
because striatal activity patterns primarily reflected cortical
activity in the MI and SMA.

The activity of putaminal neurons observed in the present
study may also be modulated by feedback and feedforward
GABAergic circuits within the striatum. The striatum is com-
posed of projection neurons that represent a majority of cells

(80-95%) and a smaller number of interneurons (representing
5-20% of all striatal neurons) (Bennett and Wilson 2000). The
projection neurons are inhibitory GABAergic neurons and
have extensive local axon collaterals that form synapses with
other neighboring projection neurons (Gustafson et al. 2006;
Tepper et al. 2008). On the other hand, the interneurons are
classified into several groups, including parvalbumin (PV)-
containing GABAergic neurons and large cholinergic neurons
(Bennett and Wilson 2000). The PV-containing GABAergic
interneurons especially receive inputs from the cerebral cortex
and innervate the projection neurons (Kods and Tepper 1999;
Mallet et al. 2005; Tepper et al. 2008). Thus GABAergic
networks in the striatum, comprising feedback inhibition
through the axon collaterals of the projection neurons and
feedforward inhibition through the GABAergic interneurons
(Gage et al. 2010), are thought to control the activity of striatal
projection neurons.

Putaminal activity. In the present study, only PANs were
studied (see MATERIALS AND METHODS). PANs are originally
considered medium, spiny, GABAergic-projection neurons;
however, recent studies reported electrophysiologically distinct
subtypes of PANSs in the striatum (Gittis et al. 2010; Mallet et
al. 2005; Sharott et al. 2009). Actually, based on the recent
juxtacellular-labeling study of rats, the majority of PANs are
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1216 " PUTAMEN ACTIVITY WITH MOTOR CORTICAL INPUTS IN MONKEYS

medium-sized, spiny GABAergic-projection neurons, whereas
a smaller number are GABAergic interneurons, including fast-
spiking interneurons. In the present study, we have noticed
another type of neurons, which is characterized by I) higher
spontaneous firing rate, 2) short spike duration, and 3) short
latency excitation to the cortical stimulation. These neurons are
considered as fast-spiking interneurons (Mallet et al. 2005) and
excluded from the analysis in the present study.

The locations of putaminal neurons recorded in the present
study are largely consistent with the somatotopic organization
in the putamen. On the basis of somatosensory responses
(Alexander and DeLong 1985a, b), evoked movements by
microstimulation (Alexander and Delong 1985a, b), move-
ment-related neuronal activities (Crutcher and DeLong 1984a,
b), and corticostriatal projections (Kiinzle 1975; Liles 1975;
Nambu et al. 2002; Takada et al. 1998a, b), it has been reported
that there is a dorsolateral-to-ventromedial topography of rep-
resentation from the hindlimb to the orofacial area, with the
forelimb represented in an intermediate zone. Neurons in the
orofacial areas of the putamen increased activity in relation to
orofacial movements, such as licking juice at reward periods.

Previous studies reported that neurons in the lateral and
medial parts of the putamen exhibited activity changes in
different aspects of motor behaviors. Putaminal neurons in the
lateral part had firing patterns that closely resembled the
activity in agonist muscles, whereas those in the medial part
did not (Liles 1983). Putaminal neurons with preparatory
activity were located more rostrally and medially than those
with movement-related activity only (Alexander and Crutcher
1990). On the basis of the present results, the activity differ-
ences along the mediolateral axis of the putamen are likely to
be attributable to distinct cortical inputs from the MI and SMA.

The present results demonstrated that the activity of some
putaminal neurons was modulated prior to the earliest changes
in EMG, whereas most of their activity changes occurred
thereafter (Figs. 7 and 8). This temporal distribution agrees
well with the previous data (Crutcher and DeLong 1984a, b;
Liles 1983; Liles and Updyke 1985; Merchant et al. 1997).
Such movement-related activity is considered to be transmitted
through the basal ganglia circuitry and the thalamus, reach
the MI and SMA, and finally, contribute to movement-
related activity in these motor areas, at least, to later activity
in relation to the movement onset. On the other hand,
delay-related activity of SMA- and MI + SMA-recipient
putaminal neurons may contribute to delay-related activity
in the SMA and the premotor cortex through basal ganglia-
thalamo-cortical pathways.

Functional significance. The present study suggests that the
striatum is composed of multiple compartments that receive
nonconvergent input from single cortical areas and convergent
inputs from multiple cortical areas, which retain specific infor-
mation related to motor tasks. Our previous anatomical study
showed that putaminal regions with MI, SMA, and MI + SMA
inputs project to different parts of the globus pallidus (Kaneda
et al. 2002). Therefore, specific information retained in multi-
ple compartments of the striatum is transmitted independently
through the basal ganglia circuitry, projects to the motor areas
via the thalamus, and finally, contributes to the formation of
cortical activity related to motor tasks. Further studies are
necessary to clarify how the activity of each compartment of

the putamen is processed through the basal ganglia-thalamo-
cortical pathways.
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We now substitute the original incorrect Fig. 2 with the correct figure. The legend remains the
same as originally published. The results and conclusions of this study stand.
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Introduction

Time is a fundamental element in living systems [1]. When we
speak, or play sports and music, we sense the elapsed time intervals
to monitor the events, and even generate preferred durations for
the completion of the performance of the task. Other species also
rely on perception of time to coordinate their behavior [1-3].
Brain mechanisms for tracking temporal features of external
stimuli are known to utilize neuronal assemblies of the cerebellum
[4,5], olivo-cerebellar system [6,7], basal ganglia [8], cortico-
striatal circuits [9-13] and cerebral cortex [14-19]. Subcortical
areas, particularly within the olivo-cerebellar system, can process
measures of time for motor control on the order of milliseconds
[6]. Cortical areas, particularly frontal or prefrontal cortex (PFQ),
may be involved in cognitive tasks such as time estimation [20],
time discrimination [21], frequency timing [22], and timing of
delay [23]. Recognition of multi-second intervals of external
stimuli may require processing in PFC [24]. However, it remains
unclear whether the PFC is involved in generation of multi-second
time intervals, without reference to environmental stimuli. To
address this question, we devised a time-reproduction task similar
to tasks studied in human subjects [25], which required two
macaque monkeys to estimate specific multi-second time intervals
during stimuli (durations of 2, 4, and 7 s for monkey J, and 1 and
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5 s for monkey M), and then later to reproduce these intervals by
pressing a button based on an internally generated estimate of the
elapsed time (Fig. 1 A). The principal features of our task were as
follows: (1) The target duration was presented for a specific multi-
second interval (from among a set of intervals for which the
monkey had been trained); (2) The monkey needed to perceive the
time elapsed during this presentation period, in order to reproduce
the interval later; (3) After a variable interim period, the monkey
had to actually reproduce the time interval that matched the
interval previously presented, in order to receive the reward. Thus,
this task enabled us to investigate the neuronal activity associated
with both perception and reproduction of time by means of
extracellular single unit recording in area 9 of the PFG during
performance of the task. In addition to the extracellular single unit
recording in area 9, we performed muscimol blockage in area 9 to
investigate whether reversible ablation of this site would induce
behavioral changes on comparing pre-versus post-injection data.

Methods

Animals

We used two macaque monkeys (Macaca fuscata): monkey J
(6.1 kg) and monkey M (5.6 kg). This study was carried out in
strict accordance with the Guideline for the Care and Use of

April 2011 | Volume 6 | Issue 4 | e19168
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Animals (Tokyo Metropolitan Institute for Neuroscience 2000). All
surgical and experimental protocols were approved by the Animal
Care and Use Committee of the Tokyo Metropolitan Institute for
Neuroscience (Permit Number:08-1815). All efforts were made to
minimize suffering in accordance with the recommendations of the
“The use of non-human primates in research”. For example, the
monkeys were kept in individual primate cages in an air-
conditioned room where food was always available. Their health
condition, including factors such as body weight and appetite, was
checked daily. Supplementary water and fruit were provided daily.
All surgery was performed under general anesthesia (intravenous
injection of pentobarbital sodium).

Behavioral procedures

The time-reproduction task required the monkey to estimate
specific multi-second durations during signal presentations, and
then to reproduce these durations by planning the interval
response (button press) based on estimates of the elapsed times.
During each stimulus-response trial, the time task began with
moving a hand to a light sensor, a black dot beside button, and
continuously leaving the hand on the sensor for 1.5 s (Fig. 1A). A
control LED on a vertical plate fixed directly in front of the
monkey was turned on. After 1-3 s, another LED (instruction
LED) was turned on and lasted 2, 4, or 7 s for monkey J and 1 or
5 s for monkey M, to signal the time intervals that they had to
reproduce later. Following an additional interim period (randomly
assigned as 1-8s), the control LED dimmed (Go signal). On
observing a dimming of the LED (the “Go signal”, to signal the
start of the interval response period), the monkey had to reproduce
the time interval that matched the interval previously presented;
then the monkey pressed a button to signal the end of the interval
response period (reproduced intervals) (Fig. 1 A). Successful trials
were defined as intervals reproduced within+15% of the interval
previously presented, which was defined as the “correct response
range (CRR)”. The successful trials were always followed by
supply of liquid reward.

@ PLoS ONE | www.plosone.org

Surgical and electrophysiological recording procedures

The monkeys were trained to perform the task consistently with
greater than 80% accuracy (le., with 80% of responses of
generated intervals that fell within the CRR). At the final stage of
the training period, a head holder and a chamber for unit
recordings were implanted. The surgical and electrophysiological
recording procedures were described in detail elsewhere [26,27].
We performed single unit recordings using a glass-coated Elgiloy-
alloy microelectrode (0.5-1.5 MOhm at 1 kHz). During the
recording, the time was chosen from a set either of 2,4, and 7 s, or
of 1 and 5 s. In order to prevent habituation to the performance of
specific times, times were presented pseudo-randomly for each
repetition, at least five repetitions for each cell. Eye and hand
movements were monitored by a video camera while the monkey’s
head was fixed to the primate chair.

We identified the sites of single unit recordings primarily as area
9 according to the following procedures: (1) pre-operative MRI
images (Hitachi, AIRIS, 0.3 T) to determine the best position of a
recording chamber [26]; (2) anatomical location (dorso-medial)
PFC, 1-6 mm from midline, anterior to the near end of the
superior arcuate sulcus; (3) cortical surface reconstruction of
electrode penetrations in the post-mortem brains (see Fig. 1B).

Muscimol injections

We used a stainless-steel tube (inner diameter 0.06 mm, outer
diameter 0.14 mm, length 180 mm) with a sharp angle at the tip, to
which a tungsten microelectrode (impedance 0.5-2.0 MOhm at
1 kHz) was attached side by side with an instant glue, where the tip
of the electrode protruded from the tip of the injection tube by 0.2-
0.3 mm. The injection tube was connected to a 10-ul Hamilton
microsyringe by a polyethylene tube (diameter, 0.3 mm). We carried
out a total of three muscimol injection experiments in monkey J,
each on a separate day in order to make reversible inactivation of the
PFC. During an injection experiment, we first recorded neuronal
activities using the microelectrode attached to the injection tube.
Injections were made at the depth that the task-related neurons were
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observed. The injections were always done into both hemispheres of
the brain, two sites on each hemisphere (Fig. 1B). An aqueous
solution of muscimol (Sigma; 5 ug/pl) was pressure-injected in 5-7
steps (0.2 pl for each step) with an interval of 20 s between steps. A
total amount of 1.0~1.4 pl was deposited for each injection site. We
collected behavioral data for 3 hours after the injections.

We chose not to perform saline control injections at this site,
given evidence that there was no effect after a similar amount of
saline was injected into multiple areas of the primate brain, such
as cortex [28], or cerebellar dentate nuclei through the same
procedure [26], we did not perform saline injections for the
current study.

Data analysis

To define “duration-recognizing” (DR) neurons and “interval-
generating” (IG) neurons, we first examined whether discharge
rates during the interim period and the interval-response period
significantly varied among different presented intervals (2 s, 4 s,
and 7s for monkey J; I's and 55 for monkey M; ANOVA,
P<0.05). Second, if the discharge rate for a certain interval (e.g.
2 s5) was significantly higher than those for the others (4 s or 7 s)
(Fisher’s SLD test, P<<0.05) during the interim period, the neuron
was defined as the DR neuron, specific for the interval (e.g., DR
neuron, 2-s specific neuron). If the discharge rate for a certain
interval (e.g. 2 s) was significantly higher than those for the others
(4s or 7s) (Fisher’s SLD test, P<0.05) during the interval-
response period, the neuron was defined as the IG neuron, specific
for the interval (e.g., IG neuron, 2-s specific neuron).

We compared the error rate of the post-injection performance
with that of the pre-injection performance to assess the effect of
muscimol blockade of prefrontal cell activity on the monkey’s
performance. The error rate was calculated as the ratio of failed
trials to the total of failed and successful trials during the
performance of a block of 10 successful repetitions. Pre-injection
data and post-injection data were collected in 3 paired days
separated by one week between pairs, with a pre-injection session
on one day and a muscimol injection session on the following day.
Statistical comparison (t-test, P<<0.05) was made for the error rates
between the pre- and post-muscimol injections in the three
injection experiments. A total of 1080 and 1134 trials of task
performance, approximately 360 and 378 trials per time interval,
were included in the post- and pre-injection groups, respectively. A
button press frequency (a response rate) was calculated as the ratio
of the number of responses during 50 ms time bin to the total of
360 or 378 trials.

Results

Activity during duration recognition

" We found two groups of time related neurons, with single unit
recordings carried out in area 9 of the PFC during performance of
the time task. One group showed a higher activity lasting 1-2 s
immediately after the duration-presentation period, with specific-
ity of individual neurons to particular intervals (Fisher’s SLD test,
P<0.05). We termed such neurons “duration-recognizing” (DR)
neurons. Another group showed increased activity during the
interval response period (time-reproduction period), with specific-
ity of individual neurons to particular intervals (Fisher’s SLD test,
P<0.05). We termed these neurons “interval-generating” (IG)
neurons. Among 497 cells (154 cells in monkey J; 343 cells in
monkey M) recorded from the PFC, the DR cells constituted 39%
(n=60) in monkey J and 29% (n=98) in monkey M, and the IG
cells constituted 44% (n=68) in monkey J and 32% (n=111) in
monkey M. Only a small group of neurons, 9% (n = 14) in monkey
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J and 3% (n=10) in monkey M were active during both the
interim and interval response periods. This indicates that DR and
IG functions were rarely combined in a single cell.

Typical activities of DR neurons in monkey J are shown in
Fig. 2A~C, with examples of one neuron tuned to each of the time
intervals (2, 4 and 7 s). Typical activities of DR neurons in monkey
M, in cells specific for 1 and 5 s, are depicted in Fig. S1. This is
most evident if one compares neuronal discharges during the
initial 1-s portion of the interim period across the different time
intervals. The cell in Fig. 2A showed higher activity after 2-s
interval presentation than after 4-s and 7-s interval presentations
(Fisher’s SLD test, P<<0.05). Similarly, the cells in Fig. 2B and 2C
were tuned to 4-s and 7-s intervals, respectively (Fisher’s SLD test,
P<0.05). We propose that such time-specific activity may
contribute to recognition of particular multi-second time lengths
in environmental stimuli.

Activity during time interval generation

The IG neurons shown in Fig. 2D-F demonstrated activities
specific for 2, 4, and 7 s by increased firing during the interval-
response period (Fisher’s SLD test, P<<0.05). Typical activities of
IG neurons in monkey M, in cells specific for 1 and 5s, are
depicted in Fig. $2. For example, the cell (J164) in Fig. 2E showed
more activity during the reproduction of the 4-s time length than it
did during the 2-s and 7-s reproductions (Fisher’s SLD test,
P<0.05). Likewise, the cells J126 and J251 in Fig. 2D and 2F were
more active during the reproduction of either the 2-s or the 7-s
time period, respectively, than they were during other interval
reproductions. We propose that this type of time-specific activity is
involved in generating an internal representation of time length
that is at least partly independent of external stimuli.

Each monkey had approximately equal proportions of DR
neurons and IG neurons tuned to each of the highly practiced time
intervals. Among 60 DR cells in monkey J, 38% (n=23), 27%
(n=16), and 35% (n=21) of the total exhibited activities specific
for presented durations of 2, 4, and 7 s, respectively. Among 68 IG
cells in this monkey, 40% (n=27), 28% (n=19), and 32% (n=22)
of the total showed 2-s, 4-s, and 7-s specific activities, respectively.
Among 98 DR cells in monkey M, 58% (n=57) and 42% (n=41)
of the total were tuned to 1-s and 5-s durations, respectively.
Among 111 IG cells in this monkey J, 50% (n=56) and 50%
(n=55) of the total were tuned to 1l-s and 5-s durations,
respectively.

On the other hand, only a small group of neurons were more
active during the duration-presentation period. In monkey J, 3%
(n=>5) and in ' monkey M 6% (n = 20) of the total of recorded cells
had enhanced activity early during presentation of the time
intervals (ANOVA, p<0.05). We failed to detect significant
relationships between the firing patterns of these neurons and
the specific time intervals. .

To further test the importance of area 9 neurons in the
reproduction of time intervals, we reversibly inactivated the PFC
in monkey J, by local injection of muscimol, a GABA agonist
[26,28]. The effect of muscimol on the accuracy of interval
responses was demonstrated by a significant increase in the error
rate for all three injections (Fig. 3A, t-test, P<<0.05). Fig. 3B-D
showed the further details of the behavioral changes with the
comparison of the frequency of interval responses based on the
estimates of the elapsed times between pre- and post-injection.
The response times in the absence of muscimol injection were
distributed with single peaks that fell néarly at the mid-point of the
CRR and with relatively tight clustering around the CRR, but
after muscimol injection the response times were more widely
distributed and most errors occurred as excessive shortening of the
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Time-Related Neural Activity in Prefrontal Cortex

Figure 2. Duration-recognizing- and interval-generating-related activity. Activity of individual DR neurons specific for 2 s (A), 4 s (B), or 7 s
(C) in monkey J. Shown in histogram and raster format is spike discharge during the duration presentation period and the early interim period of each
time task. Note the time-specific activity that is seen during the 1-s period after cue offset. Activity of individual IG neurons specific for 2 s (D), 4 s (E),
or 7 s (F) in monkey J. Shown is the spike discharge rate during the interval response period of each time task.

doi:10.1371/journal.pone.0019168.g002

response times (see Fig. 3B-D). It was noteworthy that a peak of
the interval response density tended to shift earlier (Fig. 3B-D).
The tendency toward excessively early button presses indicated
that interference specifically with hand movements was unlikely to
be the cause of inaccurate interval signaling. Thus, the PFC
inactivation data provided additional evidence for the role of area
9 neurons in time reproduction.

Discussion

Our data demonstrate that time is represented in the PFC or
neural networks involving the PFC. Previous studies have shown
that neurons in the PFC participate in many aspects of cognitive
behaviors based on reward [29], evaluating self-generated decisions
[30], categorization [31], procedural learning [32], functional
separation of “what” and “when” [33], and time prediction and

A

w

detection [34]. These earlier observations encouraged our detailed
analysis of area 9 neuronal activities in critical aspects of temporal
processing.

An important finding in our study was that a group of PFC
neurons (DR neurons) displayed activities just after the presenta-
tion of the target duration ended, which were specific for mult-
second intervals presented during the duration-presentation
period. Time-related neuronal activity has been reported in
various motor areas of the primate frontal cortex, such as the
dorsal premotor cortex [35], the presupplementary motor area
(pre-SMA) [36,37] and the supplementary eye field (SEF) (23).
Repetitive transcranial magnetic stimulation shows the evidence of
role of the dorsolateral prefrontal cortex in short (0.5 s) and long
(2 s) interval timing in human subjects [38]. In a rather different
task not involving the’ reproduction of time intervals, Genovesio
et al. have shown that there was post-delay spike activity in
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Figure 3. Effect of muscimol injections into area 9 on the accuracy of time reproduction in monkey J. (A) Change in the error rate for all
of the 2-s, 4-s, and 7-s tasks. (B-D) Comparison of the frequency of interval responses between the pre- and the post-injections in the 2-s (B), 4-s (C),
and 7-s (D) tasks. CRR, correct response range (reproduction accuracy within®=15% of the target interval).

doi:10.1371/journal.pone.0019168.9g003

@ PLoS ONE | www.plosone.org 5

April 2011 | Volume 6 | Issue 4 | 19168



areas 46, 8, 9, and rostral 6 that was specific for each of the elapsed
delay periods (1's, 1.5 s, and 2 s) in primates [19]. Yet, Matell,
Meck, Jin, and their colleagues have provided strong evidence of
neural representation of multi-hundred millisecond time in
dorsolateral PFC-basal ganglia circuits [39,40,41]. From these
observations, a hypothesis arises that PFC neurons or the related
neural networks may change their activities by practice in response
to varying elapsed times, thereby detecting or recognizing
individual time lengths up to 7 seconds.

Beyond the time-perceptive neurons, the present study has
revealed that, during the interval-response period, another group
of PFC neurons (IG neurons) displays higher activity specific for
different presented time lengths. Our results have clearly
demonstrated that, in the primate, there are PFC neurons that
can generate distinct time intervals up to 7 seconds. This may
provide a useful clue for understanding how signals derived from
DR neurons are decoded to motor output, in order to control the
timing of the button press after the time interval. We hypothesize
that these IG neurons may provide this control.

Given the theory that striatal activity may be the final output of
an internal clock [10], and the anatomical evidence that the
striatum receives input from area 9 [42], the cortico-striatal
projection from area 9 may play a key role in the temporal
command for action. Others have suggested that corticostriatal
interactions may be critical to reward-enhanced learning [43], and
future studies might address how area 9 neurons become tuned to
specific multisecond time intervals by simultaneously recording
area 9 and striatal neurons during training for such tasks.

Is it possible that the time interval-specific activity that we
documented was merely an epiphenomenon? We think not, for
several reasons. First, the time interval-specific activity was highly
represented among cortical cells in the area 9. The cells involved
in time interval, either the DR cells or the IG cells were not a small
subpopulation, but approximately formed one out of three of the
whole population under study. This proportion of time interval
cells in cortical area 9 was similarly observed between two
monkeys in the current study. Further, for each of the highly
practiced time intervals, each monkey had approximately equal
proportions of the DR neurons and of IG neurons, while it was
rare that DR and IG functions were combined in a single cell.
Second, our recording location, area 9 is characterized by a
particular firing pattern of the full layer cortex construction that is
distinguishable from the posterior motor areas, which lack layer
IV. Accordingly, we did not find evidence that area 9 cells

References

1. Buhusi CV, Meck WH (2005) What makes us tick? Functional and neural
mechanisms of interval timing. Nat Rev Neurosci 6: 755-765.

2. Church RM, Meck WH, Gibbon J (1994) Application of scalar timing theory to
individual trials. ] Exp Psychol Anim Behav Process 20: 135-155.

3. Hinton SC, Meck WH (1997) The ‘internal clocks’ of circadian and interval
timing. Endeavour 21: 82-87.

4. Braitenberg V (1967) Is the cerebellar cortex a biological clock in the millisecond
range? Prog Brain Res 25: 334-346.

5. Ivry RB, Keele SW, Diener HC (1988) Dissociation of the lateral and medial
cerebellum in movement timing and movement execution. Exp Brain Res 73:
167-180.

6. Ivry RB, Spencer RM (2004) The neural representation of time. Gurr Opin
Neurobiol 14: 225-232.

7. XuD, Liu T, Ashe J, Bushara KO (2006) Role of the olivo-cerebellar system in
timing. J Neurosci 26: 5990-5995.

8. Pastor MA, Artieda J, Jahanshahi M, Obeso JA (1992) Time estimation and
reproduction is abnormal in Parkinson’s disease. Brain 115(Pt 1): 211-225.

9. Meck WH, Benson AM (2002) Dissecting the brain’s internal clock: How
frontal-striatal circuitry keeps time and shifts attention. Brain and Cognition 48:
195-211.

10. Martell MS, Meck WH, Nicolelis MA (2003) Interval timing and the encoding of
signal duration by ensembles of cortical and striatal neurons. Behavioral
Ncurosci 117: 760-773.

@ PLoS ONE | www.plosone.org

Time-Related Neural Activity in Prefrontal Cortex

responded to eye movements or hand movements which occurred
during the responses used to indicate the internally generated time
intervals. The task in our study required only limited eye and hand
movements. The monkeys placed the hand on a sensor point at the
beginning of the trial, and kept the hand on that point until the
end of the trial, after reward delivery. To indicate the internally
generated time interval, the monkey needed to move the thumb
only a few millimeters to press the button. We monitored eye
movements and hand movements, but we did not see individual
area 9 neurons that responded to eye or hand movements that
occurred during our task. These observations indicated that our
recording area was separated from motor areas such as the pre-
SMA or SEF. Finally, the most direct evidence of the involvement
of prefrontal cortex comes from the results of muscimol
interference. We found that the accuracy of time interval
production was disrupted.

In conclusion, different groups of PFC neurons in area 9 had
enhancement in neuronal discharge just after the duration-
presentation period or during the interval-reproduction period,
with tuning to specific lengths of time. These results suggest that
the PFC neurons contribute to both perception and generation of
multi-second time intervals.

Supporting Information

Figure S1 Duration-recognizing-related activity. Activity
of individual DR cells specific for 1 s (A) or 5 s (B) in monkey M.
Shown in histogram and raster format is spike discharge during
the interim (post-duration-presentation) period of each time task.
Note the time-specific cell activity that is seen during the 1-s period
after cue offset. .

(T1F)

Figure S2 Interval-generating-related activity. Activity of
individual IG cells specific for 1 s (A) or 5 s (B) in monkey M.
Shown in histogram and raster format is spike discharge during
the interval-response period of each time task.

(T

Author Contributions

Conceived and designed the experiments: MT NY XL. Performed the
experiments: NY SM AN XL. Analyzed the data: TF NY XL TRH SM
MT. Wrote the paper: XL NY TRH SM AN TF MT.

11, Lustig C, Matell MS, Meck WH (2005) Not “just” a coincidence: frontal-striatal
interactions in working memory and interval timing. Memory 13: 441-448.

12. Meck WH (2006) Frontal cortex lesions eliminate the clock speed effect of
dopaminergic drugs on interval timing. Brain Res 1108: 157-167.

13. Meck WH (2006) Neuroanatomical localization of an internal clock: a functional
link between mesolimbic, nigrostriatal, and mesocortical dopaminergic systems.
Brain Res 1109: 93-107.

14. Rao SM, Mayer AR, Harrington DL (2001) The evolution of brain activation
during temporal processing. Nat Neurosci 4: 317-323.

15. Leon MI, Shadlen MN (2003) Representation of time by neurons in the
posterior parietal cortex of the macaque. Neuron 38: 317-327,

16. Harrington DL, Boyd LA, Mayer AR, Sheltraw DM, Lee RR, et al. (2004)
Neural representation of interval encoding and decision making. Brain Res
Cogn Brain Res 21: 193-205. :

17. Janssen P, Shadlen MN (2005) A representation of the hazard rate of elapsed
time in macaque area LIP. Nat Neurosci 8: 234-241.

18. Lucchetd C, Ulrici A, Bon L (2005) Dorsal premotor areas of nonhuman
primate: functional flexibility in time domain. Eur J Appl Physiol 95: 121-130.

19. Harrington DL, Zimbelman JL, Hinton SC, Rao SMNeural modulation of temporal
encodind,maintenance, and decision processes. Cereb Cortex 20: 1274-1285.

20. Koch G, Oliveri M, Torriero S, Caltagirone G (2003) Underestimation of time
perception after repetitive transcranial magnetic stimulation. Neurology 60:
18441846,

April 2011 | Volume 6 | Issue 4 | 19168



21.

22.

23.

24.

25.

26.
27.
28.
29.
30.
31.

32.

Machens CK, Romo R, Brody CD (2005) Flexible control of mutual inhibition:
a neural model of two-interval discrimination. Science 307: 1121-1124.

Brody CD, Hernandez A, Zainos A, Romo R (2003) Timing and neural
encoding of somatosensory parametric working memory in macaque prefrontal
cortex. Cereb Cortex 13: 1196-1207.

Ohmae §, Lu X, Takahashi T, Uchida Y, Kitazawa S (2008) Neuronal activity
related to anticipated and elapsed time in macaque supplementary eye field. Exp
Brain Res 184: 593-598.

Genovesio A, Tsujimoto S, Wise SP (2006) Neuronal activity related to elapsed
time in prefrontal cortex. J Neurophysiol 95: 3281-3285.

Fortin C, Fairhurst S, Malapani C, Morin G, Towey J, et al. (2009) Expectancy
in humans in multisecond peak-interval timing with gaps. Atten Percept
Psychophys 71: 789-802.

Lu X, Hikosaka O, Miyachi S (1998) Role of monkey cerebellar nuclei in skill for
sequential movement. J Neurophysiol 79: 2245-2254.

Lu X, Matsuzawa M, Hikosaka O (2002) A neural correlate of oculomotor
sequences in supplementary eye field. Neuron 34: 317-325.

Lu X, Ashe J (2005) Anticipatory activity in primary motor cortex codes
memorized movement sequences. Neuron 45: 967-973.

Watanabe M (1996) Reward expectancy in primate prefrontal neurons. Nature
382: 629-632.

Tsujimoto S, Genovesio A, Wise SP (2010) Evaluating self-generated decisions in
frontal pole cortex of monkeys. Nat Neurosci 13: 120-126.

Freedman DJ, Riesenhuber M, Poggio T, Miller EK (2001) Categorical
representation of visual stimuli in the primate prefrontal cortex. Science 291:
312-316.

Ashe J, Lungu OV, Basford AT, Lu X (2006) Cortical control of motor
sequences. Curr Opin Neurobiol 16: 213-221.

@ PL0S ONE | www.plosone.org

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

Time-Related Neural Activity in Prefrontal Cortex

Machens CK, Romo R, Brody CD. Functional, but not anatomical, separation
of “what” and “when” in prefrontal cortex. J Neurosci 30: 350-360.

Roesch MR, Olson CR (2005) Neuronal activity dependent on anticipated and
elapsed delay in macaque prefrontal cortex, frontal and supplementary eye
fields, and premotor cortex. J Neurophysiol 94: 1469-1497.

Lucchetti C, Bon L (2001) Time-modulated neuronal activity in the premotor
cortex of macaque monkeys. Exp Brain Res 141: 254-260.

Coull JT, Vidal F, Nazarian B, Macar F (2004) Functional anatomy of the
attentional modulation of time estimation. Science 303: 1506—1508.

Mita A, Mushiake H, Shima K, Matsuzaka Y, Tanji J (2009) Interval time
coding by neurons in the presupplementary and supplementary motor areas. Nat
Neurosci 12: 502-507. ’

Jones CR, Rosenkranz K, Rothwell JC, Jahanshahi M (2004) The right
dorsolateral prefrontal cortex is essential in time reproduction: an investigation
with repetitive transcranial magnetic stimulation. Exp Brain Res 158: 366-372.
Matell MS, Meck WH' (2004) Cortico-striatal circuits and interval timing:
coincidence detection of oscillatory processes. Brain Res Cogn Brain Res 21:
139-170. .

Meck WH, Penney TB, Pouthas V (2008) Cortico-striatal representation of time
in animals and humans. Curr Opin Neurobiol 18: 145-152.

Jin DZ, Fujii N, Graybiel AM (2009) Neural representation of time in cortico-
basal ganglia circuits. Proc Natl Acad Sci U S A 106: 19156-19161.

Selemon LD, Goldman-Rakic PS (1985) Longitudinal topography and
interdigitation of corticostriatal projections in the rhesus monkey. J Neurosci
5: 776-794. )

Joel D, Niv Y, Ruppin E (2002) Actor-critic models of the basal ganglia: new
anatornical and computational perspectives. Neural Netw 15: 535-547.

April 2011 | Volume 6 | Issue 4 | e19168



frontiers in
NEUROANATOMY

ORIGINAL RESEARCH ARTICLE
published: 20 April 2011
doi: 10.3389/fnana.2011.00026

Somatotopic organization of the primate basal ganglia

Atsushi Nambu*

Division of System Neurophysiology, National Institute for Physiological Sciences, Okazaki, Japan

Edited by:
Jose L. Lanciego, University of
Navarra, Spain

Reviewed by:

Lydia Kerkerian-Le Goff, CNRS-
Mediterranean University, France
Robert S. Turner, University of
Pittsburgh, USA

*Correspondence:

Atsushi Nambu, Division of System
Neurophysiology, National Institute for
Physiological Sciences, 38
Nishigonaka, Myodaiji, Okazaki,
444-8585, Japan.

e-mail: nambu@nips.ac.jp

Somatotopic organization is a fundamental and key concept to understand how the cortico-
basal ganglia loop works. Itis also indispensable knowledge to perform stereotaxic surgery for
movement disorders. Here | would like to describe the somatotopic organization of the basal
ganglia, which consist of the striatum, subthalamic nucleus, globus pallidus, and substantia
nigra. Projections from motor cortical regions representing different body parts terminate in
different regions of these nuclei. Basal ganglia neurons respond not only to the stimulation of
the corresponding regions of the motor cortices, but also to active and passive movements
of the corresponding body parts. On the basis of these anatomical and physiological findings,
somatotopic organization can be identified in the motor territories of these nuclei in the basal
ganglia. In addition, projections from functionally interrelated cortical areas partially converge
through the cortico-basal ganglia loop, but nevertheless the somatotopy is still preserved.
Disorganized somatotopy may explain, at least in part, the pathophysioclogy of movement

disorders, such as Parkinson’s disease and dystonia.

Keywords: striatum, subthalamic nucleus, globus pallidus, substantia nigra, somatotopy, movement disorders

INTRODUCTION

Somatotopic organization in the cerebral cortex, especially in
the primary motor and primary somatosensory cortices, is a
well-known and fundamental concept to understand the func-
tions of these areas. Each nucleus of the basal ganglia also shows
somatotopy, but it has received little attention. Somatotopy of the
basal ganglia is disorganized in movement disorders, suggesting its
pathophysiological significance. Knowledge on somatotopy of the
human basal ganglia is also indispensable to identify the location
of the tip of electrodes during stereotaxic surgery for movement
disorders. In this article, I would like to describe the somatotopic
organization of the basal ganglia comprehensively and in detail.
Although the description is mainly based on monkey studies, it
should be applicable to the human basal ganglia because the basal
ganglia of non-human primates and humans share a number of
common properties, despite their size difference.

BASIC CIRCUITRY OF THE BASAL GANGLIA

The basal ganglia are a group of sub-cortical nuclei, and are com-
posed of the striatum, pallidum, subthalamic nucleus (STN), and
substantia nigra (SN). The striatum can be classified into the caudate
nucleus, putamen, and ventral striatum. The pallidum can be divided
into the external (GPe) and internal (GPi) segments of the globus
pallidus and ventral pallidum (VP). The SN is composed of pars
reticulata (SNr) and pars compacta (SNc). Among these nuclei, the
striatum and STN are input stations of the basal ganglia. The striatum
receives inputs from the entire cerebral cortex except the primary
visual cortex, and the STN receives inputs mainly from the frontal
cortex. On the other hand, the GPiand SNr serve as the output nuclei
of the basal ganglia, and project outside the basal ganglia. The GPe
connects input stations to the output nuclei. The SNc is composed
of dopaminergic neurons, which project widely to the whole basal
ganglia, especially to the striatum, and modulate their activity.

Cortical information received in the input stations is trans-
ferred to the output nuclei through the following three pathways
(Figure 1; Alexander and Crutcher, 1990a; Nambu et al., 2002b).

Direct pathway: Striatal neurons expressing substance P receive
cortical inputs and project directly to the GPi/SNr.

Indirect pathway: Striatal neurons expressing enkephalin receive
cortical inputs and project polysynaptically to the GPi/SNr by
way of the GPe and STN.

Hyperdirect pathway: STN neurons receive direct cortical inputs
and project to the GPi/SNr. This pathway transfers cortical
excitation faster to the GPi/SNr than the direct and indirect
pathways.

Information originating from the frontal cortex is processed
through these three pathways, and mainly returns to the frontal
cortex through the thalamus, thus forming the cortico-basal ganglia
loop. Some information is transferred to the brainstem from the
output nuclei (Alexander and Crutcher, 1990a).

The primary motor cortex (MI), supplementary motor area (SMA)
and premotor cortex (PM) are classically defined motor cortices. In
addition, the pre-SMA in the mesial side of the hemisphere anterior
to the SMA and the cingulate motor areas (CMA) in the cingulate
sulcus have been identified (Picard and Strick, 2001). The PM is not
homogeneous and was originally divided into dorsal and ventral parts
(PMd and PMv), and is now further subdivided into rostral and cau-
dal parts (PMdr, PMdc, PMvr, and PMvc). The CMA is divided into
rostral and caudal parts (CMAr and CMAc). Among them, the most
rostral motor cortices, such as pre-SMA, PMvr, PMdr, and CMAr,
receive inputs from the frontal association cortex and send outputs
to the more caudal motor cortices, such as SMA, PMvc, PMdc, and
CMAc (Takada et al., 2004). Most of these motor cortices, especially
SMA, PMvc, PMdc, CMAc, and MI have their own somatotopy.
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There have been two opposing views concerning how information
originating from different cortical areas or different somatotopic
regions is processed through the basal ganglia (Figure 2; Parent and
Hazrati, 1995). One is the parallel processing hypothesis (Alexander
et al., 1986; Hoover and Strick, 1993; Strick et al., 1995) proposing
thatinformation from different cortical areas is processed independ-
ently in the different parts of the basal ganglia (Figure 2A). The other
is the information convergence hypothesis (Percheron and Filion,
1991; Percheron et al., 1994) proposing that information from dif-
ferent cortical areas converges and is integrated in the basal ganglia
(Figure 2B). Recent studies suggest that both parallel processing and
information convergence occur (Figure 2C). Information from corti-
cal areas whose functions are distinct from each other terminates in
the different regions in the basal ganglia. On the other hand, infor-
mation from cortical areas whose functions are close to each other
tends to converge in the basal ganglia. For example, projections from
the motor, oculomotor, prefrontal, and limbic cortices terminate in
different regions in the striatum. These striatal regions project to dif-
ferent regions of other basal ganglia nuclei. Thus, each nucleus of the

Limbic Loop |
Prefrontal Loop ‘ J
Oculomotor Loop ’ l
Motor Loop

Indjrect
pathway

Spinal cord

FIGURE 1 | Basic circuitry of the basal ganglia. Open and filled arrows
indicate excitatory and inhibitory projections, respectively. Cx, cerebral cortex:
DA, dopamine, GABA, gamma-aminobutyric acid; glu, glutamate; GPe and
GPi, external and internal segments of the globus pallidus; SNc, substantia
nigra pars compacta; SNr substantia nigra pars reticulata; STN, subthalamic
nucleus; Str, striatum; Th, thalamus. Modified from Nambu et al. {2002b).

basal ganglia can be segregated into motor, oculomotor, prefrontal,
and limbic territories, and cortico-basal ganglia loops are composed
of several independent and functionally distinct, but homological
loops: motor, oculomotor, prefrontal, and limbic loops (Figure 1).
Each loop controls brain functions independently (Alexander et al.,
1986; Parent, 1990). Inside the motor loop, projections from the MI,
SMA, and PM partly converge in the striatum, while projections
from the MI and pre-SMA project to distinct regions of the striatum.
Somatotopy is also well defined in each nucleus of the basal ganglia,
and information from different body parts of the somatotopy is well
preserved through cortico-basal ganglia loops.

METHODS TO IDENTIFY SOMATOTOPY

Somatotopy of the basal ganglia reflects input and output connec-
tions of each nucleus, and can be investigated in several ways. The
most basic method is an anatomical method examining fiber con-
nections with other brain areas whose somatotopy is clearly identi-
fied. For example, anterograde tracers are injected into the orofacial,
forelimb, and hindlimb regions of the MJ, and then terminals in
the striatum and STN are observed. Transsynaptic anterograde and

. retrograde tracing can be performed using herpes simplex virus

(anterograde or retrograde) and rabies virus (retrograde) as tracers.
Fiber connections can also be investigated by electrophysiological
methods. Stimulation of the MI induces responses in the corre-
sponding regions in the striatum, STN, GPe, and GPi.

Another useful electrophysiological method is recording neu-
ronal activity in behaving animals. Neurons in the basal ganglia
change activity during active movements of the corresponding body
parts. These neurons usually respond to passive movements of the
corresponding body parts as well, such as manipulations of joints
and muscle palpations. Applying microstimulation through record-
ing electrodes in some nuclei of the basal ganglia can induce move-
ments of the corresponding body parts, although more pulses are
necessary compared with that for intracortical microstimulation.

In the following sections, somatotopy in each nucleus of the
basal ganglia will be discussed. “Cartoons” representing somatotopy
will be drawn for each nucleus. However, they are metaphors, and
readers should not take them too literally. For example, in Figure 5,
the orofacial, forelimb, and hindlimb regions are represented in
this order along the ventral-to-dorsal axis of the globus pallidus,
but it is not known whether each finger is distinctly and orderly
represented (Hamada et al., 1990).

FIGURE 2 | Information processing in the basal ganglia. (A) Paralle/
processing hypothesis. Information originating from different areas (a, b, ¢} of
the cerebral cortex is processed independently in the different parts of the basal
ganglia, and returns to the original cortical areas. (B) Information convergence

hypothesis. Information originating from different cortical areas converges and is
integrated in the basal ganglia, and integrated information returns to all the
cortical areas. (C) Intermediate hypothesis between parallel processing and
information convergence hypotheses, which is supported by recent studies.
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STRIATUM

The striatum, as an input station of the basal ganglia, receives
excitatory inputs from all areas of the cerebral cortex except the
primary visual cortex. The caudal aspect of the putamen, which is
posterior to the anterior commissure, is considered to be the motor
territory and shows clear somatotopy (Figure 3A). Distribution
patterns of labeling in the striatum were observed after injection
of anterograde tracers into the orofacial, forelimb, and hindlimb
regions of the MI and SMA (Kiinzle, 1973; Flaherty and Graybiel,
1993; Takada et al., 1998Db). Labeling consisted of dense and dif-
fuse projection regions as recently proposed (Haber et al., 2006).
The dense terminals were found in the lateral part (MI territory)
after injection into the MI, and in the medial part (SMA territory)
after injection into the SMA. The orofacial, forelimb, and hind-
limb regions of the MI project to the ventral to dorsal parts of the
lateral putamen. The corresponding regions of the SMA project
to the ventral to dorsal parts of the medial putamen, which are
mediodorsal to the MI territory. Therefore, the putamen has two
sets of somatotopic representations in the medial and lateral parts.
The diffuse terminals from the MI extend to the dorsomedial por-
tion, and those from the SMA extend to the ventrolateral portion.
Thus, the projections from the orofacial, forelimb, and hindlimb
regions of the MI and those from the corresponding regions of the
SMA converge in the medio-lateral central zone that occupies one-
quarter of each territory. The forelimb region is widely represented
in the MI territory. The proximal regions (elbow and shoulder) are
located in the mediodorsal part, and the distal regions (wrist and
digits) are located in the ventrolateral part (Tokuno et al., 1999).
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FIGURE 3 | Somatotopy of the putamen. (A) Somatotopy of the putamen is
schematically shown in a frontal section. In the caudal aspect of the putamen,
the lateral part receives somatotopic inputs from the primary motor cortex
(M), and the medial part from the supplementary motor area (SMA). The
somatotopy in the SMA territory is located dorsomedially to that in the M
territory. Projections from the orofacial, forelimb and hindlimb regions of the
Ml and SMA converge in the medio-lateral central zone in the putamen. The
most dorsomedial part receives inputs from the prefrontal cortex. Modified
from pambu a1 al. (2002at {B) Input from motor cortices to the putamen is
schematically shown in a horizontal section. CMAc and CMAY, caudal and
rostral parts of the cingulate motor area; PMdc, PMdr, and PMve, caudal part
of dorsal premotor cortex, rostral part of dorsal premotor cortex, and caudal
part of ventral premotor cortex. Modified from Takacia et al. (2001).

This somatotopy reflects not only cortical inputs revealed by con-
ventional tracers, but also putaminal outputs to the cortex through
the direct and indirect pathways. Injection of rabies virus into the
MI resulted in retrograde transsynaptic labeling of neurons in the
putamen, which showed similar somatotopic organization, espe-
cially in its lateral side (Mivachi et al., 2006). Moreover, this study
also showed no labeling of neurons in the SMA territory of the
putamen, suggesting that the pathways originating from the MI
territory of the putamen and from the SMA territory are independ-
ent of each other in the basal ganglia. The motor territory of the
putamen also receives topographic inputs from the motor thalamus
and centromedian and parafascicular nuclei, which are reciprocally
connected with motor cortices (Nakano et al., 1990; Sadikot et al.,
1992; McFarland and Haber, 2000; Jones, 2007). These projections
are also considered to be somatotopically organized.

The somatotopy in the putamen is also confirmed by electrophys-
iological methods (Nambu et al., 2002a). Cortical stimulation of the
forelimb regions of the MI and SMA orthodromically activates pro-
jection neurons in the corresponding MI (lateral) and SMA (medial)
territories of the putamen, respectively, at a latency of 10-15 ms.
Putaminal neurons in the central zones are activated by the stimula-
tion of both the MI and SMA, and thus, convergence from the MI
and SMA occurs at a single neuronal level. Putaminal neurons in
the MI and SMA territories are activated by passive and/or active
movements of the corresponding body parts on the contralateral
side (Alexander and Delong, 1985; Alexander and Crutcher, 1990b;
Narmabu et al., 2002a). However, putaminal neurons in the MI terri-
tory and those in the SMA territory show different activity patterns
during task performance. Putaminal neurons in the MI territory are
closely related to movements themselves, while neurons in the SMA
territory are activated not only by movements themselves, but also
during delay periods. Such activity differences of putaminal neurons
seem to reflect the activity patterns of MI and SMA neurons that
give rise to cortico-striatal projections. Microstimulation in the MI
territory of the putamen produces movements of the corresponding
body parts, while that in the SMA territory does not (Alexander
and DeLong, 1985; Nambu et al., 2002a). The probable pathway
for inducing movements by microstimulation is the direct path-
way. Stimulation of the striatum may excite direct pathway neurons,
inhibit GPi and finally disinhibit thalamic and cortical activity. The
microstimulation studies suggest that putaminal neurons in the MI
and SMA territories project independently to different territories in
the nucleus of the basal ganglia, and that somatotopy is preserved
through the basal ganglia circuitry.

Striatal projection neurons are classified into direct and indirect
pathway neurons on the basis of the difference in receptors, pep-
tides, and targets. The two groups of neurons may represent similar
somatotopy and show similar activity patterns during task perform-
ance. The striatum also contains interneurons. Although choliner-
gic interneurons receive common cortical inputs with neighboring
projection neurons, they show reward-related activity (Aosaki et al.,
1995), which is different from that of neighboring projection neurons.
Parvalbumin (PV)-positive GABAergic interneurons also receive cor-
tical inputs and are thought to regulate the activity of projection neu-
rons through feed-forward inhibition (Tepper et al., 2008). PV-positive
interneurons showed task-related activity (Gage et al,, 2010), sug-
gesting that they share similar cortical inputs with neighboring
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