These findings provide evidence that ce-
rebral processing operates dynamically in a
distributed manner as in other vertebrate
and invertebrate motor systems (11).

The finding that neurons coarsely encode
a given parameter also supports a distributed
organization. Individual neurons cannot accu-
rately encode individual parameters, and this
condition has generated population theories
in which many neurons participate simultane-
ously. The resolution of the population code
is better than a comparable code composed of
individual neurons with narrow, discrete tun-
ing. Coarse coding also makes it possible for a
cell to encode more than one parameter si-
multaneously. Thus, a given neuron can par-
ticipate in multiple populations representing
different parameters.

REFERENCES AND NOTES

1. A. P. Georgopoulos, J. F. Kalaska, R. Caminiti, J.
T. Massey, J. Neurosci. 2, 1527 (1982).

2. A. P. Georgopoulos, R. Caminiti, J. F. Kalaska, J.
T. Massey, Exp. Brain Res. Suppl. 7, 327 (1983).

3. A.P.Georgopoulos, J. T. Lurito, M. Petrides, A. B.
Schwartz, J. T. Massey, Science 243, 234 (1989).

. A. B. Schwartz, J. Neurophysiol. 70, 28 (1993).

. F. Lacquaniti, C. Terzuolo, P. Viviani, Acta Psychol.
54, 115 (1983). The exact value of the exponent may
vary with overall speed [J. Wann, |. Nimmo-Smith, A.
M. Wing, J. Exp. Psychol. Hum. Percept. Perform.
14, 622 (1988)] or in development [P. Viviani and R.
Schneider, J. Exp. Psychol. 17, 198 (1991)] where a
stable value of % is not reached until the age of 12.
This law has been shown to be valid in a wide range
of arm and drawing movements.

6. An experiment performed under isometric condi-
tions in which subjects exerted force on a station-
ary handle to produce closed figures such as
ellipses and lemniscates showed that this law was
not the result of mechanical properties of the arm,
because the law was valid when no displacement
occurred [J. T. Massey, J. T. Lurito, G. Pellizer, A.
P. Georgopoulos, Exp. Brain Res. 88, 685 (1992)].

. A. B. Schwartz, J. Neurophysiol. 68, 528 (1992).

. These cells form a subset of those used in the
description of a different drawing task, and the
anatomical location of these cells is reported in (7).
The task began when a 1.2-mm target circle ap-
peared on the screen. The animal then placed its
finger in the circle and held it there for a random
period (200 to 600 ms). This circle was located
either in the center or at the top of the screen and
served as the starting point for a spiral that was
drawn from the inside->out or from the outside->in.
After the initial hold period, the spiral appeared on
the screen and the circle jumped to a new position
along the figure. The animal was required to drag its
finger to the new location of the circle within 300 ms.
Upon acquisition of the target, the target would
immediately jump to the next of 40 positions along
the figure. In this way the target always stayed
ahead of the monkey's finger until the figure was
completely drawn. This is not strictly a tracking task,
because the animal had full view of the entire figure
to be drawn and was free to trace the figure at its
own pace provided that it acquired the moving
target location within 300 ms. If the animal did not
reach the target within this period or if it lifted its
finger from the screen, the trial was aborted. After
successful completion of the task, the animal was
administered a liquid reward.

9. The occurrence times of each action potential
were used to obtain a firing rate by breaking the
tracing time into 100 bins starting at movement
onset. This way of normalizing each trial was done
so that corresponding bins from trials of different
duration could be added. Population vectors were
calculated

(6,08

o~

542

349

P = 2 w,C

for each bin j. C, is the preferred direction of the it
cell and w, is a weighting function given by

du_a/

where d, is the square root-transformed discharge
rate [see note 13 in (3)] for the /™ cell in the j* bin,
dmax, is the transformed maximum discharge rate
for the cell, and G, is the transformed geometric
mean discharge rate of the cell. Breaking the data
into 100 bins resulted in 100 population vectors and
99 velocity vectors. Comparisons between the pop-
ulation and movement vectors were made either by
use of a spline function to extrapolate the velocity
data to 100 bins or by use of only the first 99
population vectors.

10. The path curvature was calculated by a three-
point method as the angle between successive
vectors divided by the arc length between the first
and last point. An average bin duration was

calculated by taking the mean drawing time and
dividing by the number of bins. Angular velocity
in each bin was taken as the change in direction
divided by the average bin duration. A polyno-
mial equation with four coefficients (“Poly-Fit,"
PV-WAVE software from Visual Numerics Inc.)
was used to fit the population and movement
directions and magnitudes with a least-squared
error.

11. A. Lundberg, Exp. Brain Res. 12, 317 (1971); G. M.
Edelman and V. B. Mountcastle, The Mindful Brain
(MIT Press, Cambridge, MA, 1978); J. F. Kalaska
and D. J. Crammond, Science 255, 1517 (1992); K.
V. Baev, V. B. Esipenko, Y. P. Shimansky, Neuro-
science 43, 237 (1991); G. Wittenberg and W. B.
Kristan, J. Neurophysiol. 68, 1693 (1992); S. R.
Lockery and W. B. Kristan, J. Neurosci. 10, 1811
(1990); M. W. Jung and B. L. McNaughton, Hippo-
campus 3, 165 (1993).

12. | thank A. Kakavand for training the animals. A.
Kakavand and J. L. Adams assisted in the exper-
iments. Supported by the National Institutes of
Health (grant NS-26375).

8 March 1994; accepted 25 May 1994

Endothelial NOS and the Blockade of LTP by
NOS Inhibitors in Mice Lacking Neuronal NOS

Thomas J. O’Dell,* Paul L. Huang, Ted M. Dawson,
Jay L. Dinerman, Solomon H. Snyder, Eric R. Kandel,
Mark C. Fishman

Long-term potentiation (LTP) is a persistent increase in synaptic strength implicated in
certain forms of learning and memory. In the CA1 region of the hippocampus, LTP is
thought to involve the release of one or more retrograde messengers from the postsyn-
aptic cell that act on the presynaptic terminal to enhance transmitter release. One
candidate retrograde messenger is the membrane-permeant gas nitric oxide (NO),
which in the brain is released after activation of the neuronal-specific NO synthase
isoform (NNOS). To assess the importance of NO in hippocampal synaptic plasticity, LTP
was examined in mice where the gene encoding nNOS was disrupted by gene targeting.
In nNOS~ mice, LTP induced by weak intensity tetanic stimulation was normal except
for a slight reduction in comparison to that in wild-type mice and was blocked by NOS
inhibitors, just as it was in wild-type mice. Immunocytochemical studies indicate that in
the nNOS ™ mice as in wild-type mice, the endothelial form of NOS (eNOS) is expressed
in CA1 neurons. These findings suggest that eNOS, rather than nNOS, generates NO

within the postsynaptic cell during LTP.

Although the induction of LTP in the
CAl region of the hippocampus occurs
postsynaptically, presynaptic changes are
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thought to also contribute to the enhance-
ment of synaptic strength (1). Thus, LTP at
these synapses requires the release of a
retrograde messenger that acts on the pre-
synaptic terminals to increase transmitter
release (2). A likely candidate retrograde
messenger is NO (3), a membrane-per-
meant gas generated by the enzyme NOS
(4). There are several isoforms of NOS that
fall into two major classes: (i) inducible
NOS present in macrophages and (ii) con-
stitutive Ca?*-regulated NOS, which in-
cludes two isoforms, endothelial (eNOS)
and neuronal (nNOS) (5).

A number of observations are consistent
with the possibility that NO is a retrograde
messenger for LTP and that it is generated
by a constitutive Ca®*-regulated isoform,
presumably the neuronal -isoform (3). Acti-




vation of the N-methyl-D-aspartate recep-
tor by glutamate and the influx of Ca?* is
required for the induction of LTP (6), and
this Ca™ influx activates NOS in the brain
(7). Inhibitors of NOS block LTP (8-10)
and do so even when injected into the
postsynaptic CA1l pyramidal cell from
which LTP is induced (9, 10). Hemoglo-
bin, a large protein that is not taken up into
cells, has a porphyrin ring that avidly binds
NO and blocks LTP when perfused extra-
cellularly (9, 10). Finally, application of
exogenous NO produces an activity-depen-
dent enhancement of synaptic transmission
that resembles LTP (11).

A necessary requirement for the putative
role of NO as a retrograde messenger in
LTP would be the localization of NOS to
CA1 pyramidal cells. However, CA1 pyra-
midal cells do not express nNOS mRNA
(4, 12, 13), although they show weak
immunocytochemical staining for NOS
(14). Moreover, inhibitors of NOS do not
block LTP under all circumstances (15,
16). Finally, carbon monoxide (CO), an-
other freely diffusible gas, simulates the
properties of NO as a retrograde messenger,
and inhibitors of heme oxygenase, the en-
zyme that generates CO and is localized to
pyramidal cells (17), also block LTP (11,
18). Thus, it is not clear whether the
neuronal form of NOS generates NO in
CA1 pyramidal cells or even whether NO
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Fig. 1. Paired-pulse facilitation is not altered in
nNOS~ mice. Pairs of stimulation pulses were
delivered at interpulse intervals of 20, 30, 40,
50, and 70 ms. Points are mean = SEM, n =7
animals, 19 slices for wild-type mice (solid
symbols) and 7 animals, 22 slices for nNOS-
mice (open symbols). Traces at the top show
typical paired-pulse facilitation (50-ms interval)
in slices from a wild-type mouse (top) and an
nNOS~ mouse (bottom).

functions as a retrograde messenger during
the induction of LTP (2, 6). We here have
begun to address these questions directly
using mice with null mutations in the gene
encoding neuronal NOS (19).

In mice with such mutations in the
nNOS gene generated by homologous re-
combination, both nNOS mRNA and pro-
tein are completely absent. These mice
appear to have no gross structural abnor-
malities within the central nervous system,
including the hippocampus (19). In addi-
tion, excitatory synaptic transmission in
the CA1 region of hippocampal slices from
nNOS™ mice is normal (20). In these mice,
the maximal amplitude of field excitatory
postsynaptic potentials (EPSPs) was compa-
rable to that seen in slices from wild-type
animals (wild-type, 8.71 = 0.38 mV, n =
18 animals, 90 slices; nNOS—, 9.01 + 0.41
mV, n = 18 animals, 90 slices). Similarly,
paired-pulse facilitation, a presynaptic form
of synaptic plasticity of short duration, was
similar in both nNOS ™~ and wild-type mice
(Fig. 1).

To determine whether disruption of the
gene encoding nNOS impairs hippocampal
LTP, we compared the amount of LTP
generated in slices from nNOS™ mice and
from wild-type controls using an induction
protocol for LTP known to be sensitive to

REPORTS

inhibitors of NOS (10). LTP was induced
with two 1-s-long trains of 100-Hz stimula-
tion at weak stimulus intensity. With this
protocol, the amount of LTP evident in the
mutant 1 hour after the tetanus was only
slightly smaller (a reduction of 25%) than
that seen in wild-type controls (Fig. 2A).
In wild-type slices, the excitatory synaptic
potentials were enhanced to 148 = 13.6%
of pre-tetanus control levels 60 min after
the tetanus (n = five animals, seven slices),
whereas in slices from nNOS™ mice the
EPSPs were 135.8 + 10.5% of those of the
pre-tetanus control (n = six animals, eight
slices). Although with this sample size this
difference was not statistically significant
(¢[9] = 0.745, not significant), each of the
50 responses after the tetanus was slightly
smaller in the NOS™ mice than in the
wild-type mice.

The effectiveness of NOS inhibitors in
blocking LTP seems to depend on the
stimulation protocol used to induce LTP
(15, 16) (Fig. 3). In particular, inhibitors of
NOS do not block LTP when it is maxi-
mally induced by a strong tetanic stimula-
tion (15, 16). Accordingly, one might pre-
dict that even the small difference noted at
weaker intensities would disappear with
strong stimulation. Indeed, with two trains
of 100-Hz stimulation at a strong intensity,
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Fig. 2. Long-term potentiation is normal in slices from NNOS~ mice. (A and B) After 30 min of
baseline synaptic transmission was recorded, LTP was induced with two trains of 100-Hz stimulation
delivered at either a weak (A) or strong (B) stimulation intensity. Both protocols produced LTP in
slices from wild-type (triangles) and nNOS~ (circles) mice. Insets in (A) show typical responses
recorded before and 60 min after LTP induction (larger response) in slices from both wild-type and
nNOS~ mice. Scale bars are 1 mV and 5 ms. (C and D) Long-term potentiation induced with
theta-burst stimulation protocols applied at either weak (C) or strong (D) stimulation intensity was
also normal in slices from nNOS~ mice. Although the amount of potentiation measured 60 min after
weak theta-burst stimulation in slices from nNOS~ mice was equal to that seen in slices from
wild-type animals, the amount of enhancement shortly after theta-burst stimulation (first 3 min) was
smaller in slices from nNNOS~ mice. Baseline is indicated by the horizontal line.
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there was, in fact, no difference between
nNOS™ and control mice 60 min after the
tetanus (wild-type mice, 172.8 = 16.5% of
the pre-tetanus control, n = six animals,
eight slices; nNOS™ mice, 171 = 20.8% of
the pre-tetanus control, n = six animals,
eight slices; t[10] = 0.0496, not significant)
(Fig. 2B).

We explored the effects of weak stimuli
further using a theta-burst protocol (20)
that approximates normal, physiological
patterns of synaptic activity in the hippo-
campus (21). This potentiation is blocked
fully by NOS inhibitors (22). When theta-
burst stimulation was delivered at a weak
intensity (Fig. 2C), a small but similar
amount of LTP was generated in slices from
wild-type and from nNOS™ animals (23).
However, the enhancement of EPSPs dur-
ing the first 3 min after theta-burst stimu-
lation was significantly smaller (P < 0.05)
in nNOS™ mice compared to that in wild-
type mice. At a stronger intensity, theta-
burst stimulation produces very large LTP
(Fig. 2D), yet here again the amount of
potentiation in nNOS™ mice is similar to
that in wild-type mice (23). These results
indicate that the neuronal-specific isoform
of NOS is not essential for LTP in the CA1
region of the hippocampus. Nevertheless,
this isoform seems to play a minor role in
the first few minutes when LTP is induced
with weak intensity theta-burst stimula-
tion.

In light of previous work reporting a
blockade of LTP by inhibitors of NOS
(8-10, 15, 16), our observations that hip-
pocampal synaptic plasticity is essentially
normal in nNOS™ mice were surprising
(24) and could result from compensatory
changes in pathways leading to the genera-
tion of other retrograde messenger mole-
cules such as CO (11, 17, 18). We there-
fore examined the effects of NOS inhibitors
on LTP: in slices from wild-type and
nNOS™ mice. Because the effects of NOS
inhibitors on LTP depend on the tetanus
protocol used to induce LTP (15, 16), we
examined the effect of N-nitro-arginine
(NOARG) on LTP using both the weak
and strong theta-burst stimulation proto-
cols. In both wild-type and nNOS™ mice,
these protocols produced both the smallest
and the largest degree of potentiation (Fig.
2, C and D). In slices from wild-type
animals, 100 pM NOARG completely
blocked the LTP induced by the weak
theta-burst stimulation protocol (t[13] =
2.495, P < 0.05). The EPSPs were reduced
to 101.4 = 7.2% of the baseline (n = four
animals, nine slices) in slices treated with
NOARG when measured 60 min after the-
ta-burst stimulation (Fig. 3A). By contrast,
this NOS inhibitor had no effect on LTP
produced by strong theta-burst stimulation.
Thus, the amount of LTP in wild-type slices

544

A

s Wild-

‘E 250 type

o

o

S 200

g .

2 150 $%:. Control

o < 5 e Ao

]

o v

o 100 *

& NOARG

% 50, + + + —

ic -20 0 20 40 60

. C

° nNOS"

€ 250,

o

o

°° 200

)

° : Control

éﬁ 150

[}

o

@ 100

] NOARG

T 5 : , , \

ic -20 0 20 40 60
Time (min)

B
Wild-type
007

I
250 TII Control

'T
TyTy
200 1 AL I B A
4
1 M

150 NOARG

100 ittt

nNOS"

50+ + + + 4
-20 0 20 40 60
' Time (min)

Fig. 3. Effect of the NOS inhibitor NOARG on LTP induced by weak, but not strong, theta-burst
stimulation in both wild-type and nNOS~ mice. NOARG (100 nM) was applied for 1 to 3 hours before
theta-burst stimulation and was present throughout. (A) In wild-type slices, NOARG completely
blocked LTP induced by weak theta-burst stimulation. (EPSPs 60 min after theta-burst stimulation
were not significantly larger than before theta-burst stimulation; ¢[3] = 0.197, not significant). (B)
Strong theta-burst stimulation induced significant LTP (t[5] = 7.1367, P < 0.01) even in the
presence of NOARG. (C) In nNOS~ hippocampal slices, LTP induced with weak theta-burst
stimulation was blocked by NOARG (60 min after weak theta-burst stimulation in NOARG, EPSPs
were not significantly enhanced above the baseline; t [3] = 0.531, not significant). (D) In slices from
nNOS™ mice, strong theta-burst stimulation in the presence of NOARG induces LTP. (EPSPs 60 min
after theta-burst stimulation were significantly enhanced compared to baseline EPSPs before
theta-burst stimulation; t [2] = 8.703, P < 0.01.) Baseline is indicated by the horizontal line.

exposed to NOARG (167 = 12.4% of base-
line, n = four animals, eight slices) was not
significantly less than that observed in con-
trol experiments when measured 60 min
after theta-burst stimulation (¢[8] = 0.92,
not significant) (Fig. 3B).

We repeated these two protocols in slices
from nNOS™ mice. Despite the fact that
the neuronal NOS isoform is absent in
these mice, the inhibitor of NOS still pro-
duced the same pattern of effects on LTP
(Fig. 3, C and D). LTP induced with the
weak theta-burst stimulation protocol was
completely blocked by NOARG (t[10] =
2.194, P < 0.05) at 60 min after induction
by the theta-burst protocol. The EPSPs
were 96.8 £ 6.04% of the baseline (n =
four animals, seven slices). By contrast, as
with wild-type mice the LTP produced by
the strong theta-burst protocol in nNOS™
mice was not affected by NOARG; 60 min
after theta-burst stimulation, the EPSPs
were 152.8 + 6.1% of the baseline (n =
three animals, six slices). Thus, even in
animals without a functional gene encoding
nNOS, NOS inhibitors blocked LTP.
Moreover, they did so only when the po-
tentiation was induced by relatively weak
stimuli, as in wild-type mice.
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These effects of NOS inhibitors on LTP
might reflect a nonselective or indirect
effect on synaptic transmission or neuronal
excitability (22, 25). However, fairly ex-
tensive evidence indicates that inhibitors of
NOS are specific (26). Moreover, we ob-
served that LTP in both wild-type and
nNOS™ hippocampal slices is blocked by
hemoglobin, an inhibitor of NO signaling
that acts by a different mechanism than
NOARG (27). Thus, blockade by NOS
inhibitors of LTP in nNOS™ mice is per-
haps more consistent with the possibility
that another isoform of NOS may be pre-
sent in the brains of these mice; this isoform
may be responsible for generating NO dur-
ing the induction of LTP in response to
weak stimuli.

Two recent findings are consistent with
the presence of another NOS isoform in the
brain. First, there is residual NOS activity in
the hippocampus of the nNOS™ mouse (19).
Second, the endothelial form of NOS, once
thought to be present only in endothelial cells
and to be absent from neurons in the brain,
has now been found to be expressed in the
brains of wild-type animals and to be specifi-
cally present in large amounts in the pyrami-
dal cells of the CA1 region (13). We there-



Fig. 4. Hippocampal
CA1 pyramidal neurons
are enriched in eNOS in
both nNOS- and wild-
type (WT) mice. (A)
eNOS immunoreactivity
in nNOS— mice. (B)
eNOS immunoreactivity
in wild-type mice. (C)
Medium-power view of
eNOS immunoreactivity
in NANOS— mice. (D) Me-
dium-power view of
eNOS immunoreactivity
in wild-type mice. (E)
High-power view of
eNOS immunoreactivity
in nNOS~— mice. (F)
High-power view of
eNOS in wild-type mice.
(G) Preadsorption with
excess eNOS peptide
completely  eliminates
eNOS staining in nNOS—
mice. (H) Preadsorption
with excess eNOS pep-
tide completely elimi-
nates eNOS staining in
wild-type mice. (I) nNOS
immunoreactivity is com-
pletely absent in NANOS~
mice. Preadsorption with
excess fusion protein
completely  eliminates
staining for nNOS in
wild-type animals (not I

shown). (J) nNOS immu- Py
noreactivity is localized 4
to interneurons (open ar-

rows) of the CA1 region

of wild-type mice. The

pyramidal cell layer is

devoid of nNOS immu-

noreactivity. DG, dentate

nNOS-

eNOS

nNOS

RAD

OR PY., & OR

RAD

gyrus; eNOS, endothelial nitric oxide synthase; nNOS, neuronal nitric oxide synthase; OR, stratum
oriens; PY, pyramidal cell layer of CA1; RAD, stratum radiatum; S, subiculum. Bar = 150 um in (A)
and (B); 100 pm in (C) and (D); and 50 um in (E) through (J).

fore wondered whether eNOS was also en-
riched in CAl pyramidal cells of nNOS™
mice. Immunostaining with a selective eNOS
antibody revealed that eNOS is enriched in
the CA1 pyramidal regions of the hippocampi
in nANOS™ mice, as it is in wild-type animals
(Fig. 4) (13). Staining is concentrated within
the pyramidal cell body and dendritic pro-
cesses. This staining contrasts with nNOS
immunostaining, which is absent in nNOS™
mice with this antibody and is localized only
to interneurons of the CA1 pyramidal region
of wild-type mice (Fig. 4) (13). Although
eNOS and nNOS are enzymatically similar
and share cofactor requirements, the endothe-
lial form is myristoylated and membrane-asso-
ciated, whereas nNOS is soluble. Membrane
localization might enhance the precision of
spatial signaling, relevant both to LTP and to
other potential roles of NO in the brain.
Thus, using a combined genetic, physio-
logic, and immunologic approach, we were

able to clarify three previously conflicting
issues concerning the role of NO as a retro-
grade signal. First, our data suggest that the
endothelial rather than the neuronal isoform
of NOS is the major source of NO in the
postsynaptic cell. If this source of NO is
essential for generating a retrograde signal for
LTP, ablation of the eNOS isoform should
abolish LTP induced by weak-intensity stim-
ulation protocols. Second, our results as well
as those of others (15), demonstrating that
maximal LTP induced by high-intensity stim-
ulation is not blocked by inhibitors that affect
both eNOS and nNOS, may explain earlier
failures to block LTP with inhibitors of NOS.
Third, the failure to block maximal LTP with
inhibitors of NOS suggests further that even if
NO proved critical for LTP produced with
weak stimulation, additional retrograde mes-
sengers, such as CO (11, 18), platelet-activat-
ing factor (28), or arachidonic acid (2, 10),
are likely to be required for maximal LTP
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produced with strong intensities of stimula-
tion. Consistent with this possibility, inhibi-
tors of heme oxygenase inhibit even maximal
LTP produced by maximal intensities of stim-
uli (11).
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TECHNICAL COMMENTS

Cortical Reorganization and
Deafferentation in Adult Macaques

Uil 1991, there was a general consensus
that the reorganization of the body map in
the primary sensory cortex after deafferen-
tation in adult animals only occurs within 1
to 2 mm of neurons with normal receptive
fields (I1). In addition to the immediate
effects of deafferentation, such as the un-
masking of existing excitatory inputs from
adjacent body parts (2), changes to the
deafferented part of the map continue over
weeks or months (3). However, most evi-
dence suggests that plasticity is limited to
a zone no wider than the extent of the
arbors of thalamocortical axons (1). This
reinforces the notion (the ‘“unmasking
hypothesis”) that most of the reorganiza-
tion occurs through an increase in the
efficacy of thalamocortical connections
that existed before deafferentation (4).
The evidence for limited ability of the
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adult cortex to reorganize was challenged by
T. P. Pons and his colleagues (5), who
made extracellular microelectrode record-
ings from neurons in the primary sensory
area of the postcentral gyrus of anesthetized
adult macaque monkeys more than 12 years
after unilateral or bilateral sectioning of the
dorsal roots from C2-T4. In the zone within
which the arm and hand would normally be
represented, Pons et al. found that all neu-
rons now had receptive fields on the lower
face, as if the entire strip of cortex below
the hand area, in which the lower jaw is
represented in intact monkeys, had been
stretched out over a sheet of deafferented
cortex that was 10 to 14 mm long (5).
We tested a more parsimonious explana-
tion for the results of Pons et al. (5). If there
were a second representation of the face
medial to the arm area, then facial inputs
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could take over the deafferented cortex
from two fronts. There is evidence that the
lateral parts of the face and the lower jaw
are represented a second time in the “upper
head area.” This region was originally dis-
covered at the dorsal end of the arm repre-
sentation by Woolsey et al. (6), who used
evoked potentials with monkeys. Later, the
existence of neurons with tactile receptive
fields on the face within the upper head
area was established (7, 8). Our experi-
ment, using an awake (N,O-sedated) adult
female macaque monkey (Macaca mulatta),
was designed to confirm that some neurons
in the upper head area have receptive fields
on the lower jaw and to measure the dis-
tance between the two facial representa-
tions (9).

In agreement with earlier work, we
found that the medial boundary of the
primary face area overlapped that receiving
inputs from the thumb (Fig. 1). Facial fields
adjacent to those on the thumb were usu-
ally found on the lower jaw or lip (Fig. 2),
but neurons with receptive fields on the
nose and eyebrows were occasionally found
next to those on the thumb or fingers (Fig.
2). Similar relationships were reported by






