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Deficits in manipulative behaviors induced by local injections of muscimol in the
first somatosensory cortex of the conscious monkey
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Injection of muscimol (GABA agonlst) m the finger region of area 2 of the alert monkey led to the striking yet reversible loss of finger coordination, thus dlsabhng the monkey from picking up a small piece of food from a small hole or a funnel. Symptoms varied depending on sites of injection within the finger region Neither weakness of hand or finger movements nor deficit in hand reach was observed.
The first somatosensory cortex (SI) of the m o n k e y
is composed of areas 3, 1 and 2. The differences in receptive field properties of cells in areas 3, 1 and 2
have been well documented: receptive fields become
larger and more complex posteriorly from area 3b to
area 26,9. Unlike area 3b, where neurons are organized basically in a somatotopic mannerS, areas 1 and
2 are composed of clusters of those neurons which
frequently have different receptive fields or submodalities9,11-13 but are related to a specific behavior of
active touch to 3-dimensional objectsS,7a0,13. A r e a 2
sends a substantial amount of efferent axons to the
motor cortex14,18,21, and thus it is possible that each of
these neuronal clusters in area 2 provides the motor
cortex with organized sensory information in the control of specific hand behaviors. One way to test this
hypothesis is to see if a localized inactivation of neurons in area 2 impairs a specific hand behavior of the
monkey. To achieve this task we rejected a small
amount of muscimol, a potent agonist of 7-aminobutyric acid ( G A B A ) 1, at various sites in the finger region of the alert m o n k e y SI. G A B A has been presumed to be an inhibitory neurotransmitter in the cerebral cortex16; iontophoretic injection of G A B A
suppresses spike activities of virtually every cortical
neuron ~5. Therefore, local inactivation of neurons by

muscimol would mimic a localized surgical lesion.
This technique has been proven to be very useful for
studying the functions of the superior colliculus 4 in
the alert monkey.
Under general anesthesia using Nembutal, devices
for head restraint and a cylinder for single cell recording and chemical injection were implanted on
the SI of a female, adult Japanese m o n k e y (Macaca
fuscata). We at first recorded single cell activities in
the SI cortex using a glass-coated platinum-iridium
(Pl-Ir) microelectrode and determined their characteristics. After removing this electrode we inserted a
pipette for injection and recording under the binocular scope through the same hole on the dura resulting
from the preceding electrode penetration. The injection-recording pipette was made of glass, connected
to a Hamilton syringe (5/A) by a polyethylene tube
and contained a thin, glass-insulated tungsten microelectrode. The pipette was held by a device that allowed us to move the tungsten electrode independently up or down through the glass pipette while
keeping the space in the pipette air-tight. A saline solutio'n of muscimol was sucked into the pipette just
before each injection while the rest of the space was
filled with liquid paraffin. The tungsten electrode
was then lowered so as to fit the glass pipette; here
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the tip of the electrode protruded out of the orifice of
the glass pipette (diameter: 3 0 - 5 0 ~ m ) by 100200 Bin. An injection of musclmol was made after the monkey's behavior was tested by a set of control experiments. Just before the rejection, the
tungsten electrode was raised by 50-100 j~m independently of the glass pipette to make space between
them. Through this space muscimol was pressure-injected by small steps. The concentration of muscimol
solution was rather 1 or 5/xg/~l, and a total of 1.5/~1
was injected for each experiment. After 30-60 min
the injection site was marked by passing currents
(10 j~A, 30 s) through the tungsten electrode.
Changes in the monkey's behavior following the
injection were examined using various tasks that required the monkey to mampulate her hand and fingers in precise or complex ways to pick up small
pieces of apple or food pellets from small holes on a
wooden block or various containers. In most cases
the monkey was allowed to use only one hand: before
each trial the monkey's hands were gently held by the
investigator; upon the release of one of her hands the
monkey extended her freed hand to retrieve the
food. These tests were done before the rejection and
at various intervals after the injection They were
done also without the monkey's vision by blindfolding her eyes; in this case the release of the monkey's
hand signalled to her that the wooden block or one of
the containers with reward food was avadable. The
performance on these tests was recorded on videotapes using two cameras (30 frames/s) and was sublected to frame-by-frame analyses. The whole sequence of the monkey's performance was timed by
an internal timer the output of which was displayed
on each frame. Injection and recording sites were reconstructed histologically using the Kltiver-Barrera
method.
A total of 18 injections of muscimol was made in
the hand-finger region of the SI cortex of the two
hemispheres of a monkey. Changes in tactile behavior were detected following 15 injections m SI (4 out
of 4 in area 3b; 2 out of 2 in area 1; 8 out of 11 in area
2; 1 out of 1 m area 3a). The behavioral changes varied depending on the injection sites and necessitated
various behavioral tasks.
In this communication we illustrate one example in
which muscimol (7.5/~g in 5 ktg//~l sahne) was injected m the anterior part of area 2 of the left SI. Six

neurons were ~solated along the penetration using a
Pl-Ir microelectrode (Fig 1A). They were activated
by passive displacement of the tissue around the nail
(umts 1, 2, 3, 5, 6) or flexion (units 4, 6) of the 3rd to
5th fingers of the contralateral (right) hand, the 4th
finger being the most effective (Fig. 1B), none of
them responded to gentle rubbing of these fingers using a paint brush. However, by far the most intense
discharges occurred in units 4 - 6 when the monkey
attempted to pick up a small cut piece of apple from a
small hole (diameter, 20 mm; depth, 20 mm) on the
wooden block (Fig. 1C) As illustrated in Fig. 1C,
right, and Fig 2A, PRE, the 2nd (index) finger was
stretched and Inserted into the hole to search for the
apple piece, while the 3rd to 5th fingers were lust
flexed with the dorsal surface of their distal segments
kept on the surface of the wooden block
A local injection of muscimol disrupted this behavior (Fig. 2A, POST) The inJection site is shown by
an arrow in Fig. 1A. Neural activities recorded before the injection using the tungsten microelectrode
in the injection pipette were virtually the same as
shown m Fig. 1B The 3rd to 5th fingers of the right
(contralateral to the injection) hand lost the stable,
flexed configuration, and repeated clumsy flexion
and extension Due to this lack of stability and perhaps partly because of the simultaneous flexmn and
extension of the 2nd finger, it took a much longer
time for the monkey to pick up the apple piece While
in this case the monkey was blindfolded, the finger
coordination was only slightly improved when the
monkey could see her own hand. Such disruption of
the monkey's performance had good correlation with
the characteristics of neurons close to the injection
site. That is, the functional loss of a group of neurons,
which discharged most vigorously when the 3rd to 5th
fingers assumed a stable, fixed position while the 1st
(thumb) and 2nd fingers picked up a piece of apple,
led to the disruption of the stable position of the 3rd
to 5th fingers and consequently d~sturbed the normal
performance of the 1st and 2nd fingers.
The lack of finger coordination was more clearly
revealed when the monkey was required to pick up a
piece of apple from a funnel (Fig. 2B), although the
monkey was not blindfolded. The left (ipsilaterat to
the rejection) hand showed a series of movements
normally seen in this task (Fig. 2B, IPSI). While the
monkey reached out her left hand, ~ts shape was al-

377

A

B

Tr

tC

area 2

1.

dee 2"
nail

3.
/...

area 31:

eep
flex.

~

S.

,°°°''

.

lmm

nail
&joint

C
l

II

11 !!!

l!

!!

tO
impulses

IIIIIIII

/0.1s
3s

Fig. 1. Site of musclmol rejection and cell charactenstlcs. A: parasaglttal section of the left SI, finger region. Muscimol was injected m
the anterior part of area 2 (arrow). Tr indicates the track of the recording electrode and the pipette for injection. CS, central sulcus. B:
response properties of 6 single neurons recorded along the penetration through the injection site; recordings were made before the injection. Receptwe fields are shown as shaded areas. Effective sites of joint manipulation are in&cared by circles over the joints; effective direction denoted as flex (flexlon) C" vigorous &scharges of neuron 4 m B whde the monkey attempted to pick up a small piece of
apple from a small hole (diameter, 20 mm, depth, 20 mm) with her right hand. instantaneous &scharge rate (above) and spxke density
(below); underlined period indicates the monkey's attempt to pick up the apple piece.
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Fig 2. Disruption of finger coordlnaUon following the musclmol mjecUon in area 2 A: mablhty to pick up an apple piece from the
small hole. Sequential from left to right. Fifty-seven min after the injection (POST) the 3rd to 5th fingers repeated clumsy flexion and
extension, which contrasted w~th the stable posit~on before the injection (PRE). B: sequence of finger coordination (left to right) to
pick up an apple piece from a funnel (2 h and 10 nan after the injection). IPSI shows the normal pattern by the left hand; CONTRA
shows severely disorganized pattern by the right hand. The monkey was blindfolded in A but not blindfolded in B.
ready adapted to that of the funnel, all fingers being
put close together and slightly flexed. This funnelshape of the left hand allowed the 2nd and 3rd fingers
to reach the bottom of the funnel and scoop up the
piece of apple. It took only 0.2-2.3 s (mean, 1.2 s; 10
trials) for the left hand to touch the funnel, pick up
the apple piece and withdraw. Before the injection
the right hand showed the same pattern and skill of
movements. After the injection (Fig. 2B, CONTRA), however, the right hand was severely disorganized. As soon as the fingers touched the inner wall

of the funnel, the 4th and 5th fingers were extended
and sometimes the 3rd finger as well protruded outside the funnel repeating flexion and extension in
vain. The 2nd or 3rd finger, therefore, barely
reached the bottom of the funnel, and attempts by
the 1st and 2nd fingers to pick up the apple piece
were successful in only 4 out of 14 trials. It took
1.2-3.2 s (mean, 2.3 s) on the 4 trials for the monkey
to pick up an apple piece.
We did not notice any abnormality when the monkey reached with her right hand to a distant object,
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grabbed objects of various shapes, ate a half-cut
orange while manipulating it with both hands,
groomed the arm of one of the investigators, or
walked on the floor. The above symptoms, as in other experiments, lasted more than 5 h but completely
disappeared on the 1st examination of the next day
(about 20 h after the injection).
Disorganization of fingers was one of the most
common symptoms after a muscimol injection in area
2 of the hand region. Symptoms varied, however,
with different injections even in the small area 2 hand
region: injections separated by 2 mm usually produced readily distinguishable symptoms. This suggests that the areas inactivated by the muscimol injections were fairly small. One injection in area 2 (1st
and 2nd finger region) made it difficult for the monkey to pick up a piece of apple from one of the small
holes on the wooden block by opposing 1st and 2nd
fingers tf she was blindfolded.
These symptoms contrasted with those after injections in area 3b or area 1. The initial sign after the injections in area 3b or 1 was usually the inability to detect a piece of food placed in the hole whereas no deficit was obvious in the shape of the hand or the pattern of finger movements (unlike area 2 injections).
For example, when muscimol was injected in the 2nd
finger region of area 3b, the monkey groped in the
small hole with her 2nd finger but frequently ignored
the piece of food; if a piece of food was in a small
plastic cylinder, she repeatedly gripped its wall with
the 1st and 2nd fingers and brought her hand to her
mouth apparently assuming that the piece of food
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