Recovery of Norinal Topography in the Somatosensory

Cortex of Monkeys After Nerve Crush and Regeneration

Abstract. After median nerve fibers to glabrous skin on the hands of monkeys were
crushed and allowed to regenerate; normal topographical organization was recov-
ered in the representation of the hand in primary somatosensory cortex. Similar
recovery of normal cortical organization may underlie the sensory restoration that
usually follows nerve crush injury in humans.

In patients with nerve damage, recov-
ery of normal sensory function is more
likely after regeneration of crushed than
of transected and reconnected nerves
(7). This difference in recovery may de-
pend on whether normal topographic or-
ganization is restored in ceéntral somato-
sensory representations after regener-
ation. After experimental nerve tran-
section, repair, and regeneration in mon-
keys, the representation of the affected
skin in the primary somatosensory cor-
tex is topographically disorganized (2). If
sensory recovery is related to cortical
organization, cortical topography should
be less abnormal when regeneration fol-
lows nerve crush injury. We tested this
hypothesis by assessing topographical
organization in somatosensory cortical
area 3b (Fig. 1A) in monkeys with
crushed and regenerated nerves. Three
questions were addressed. (i) Is normal
topography restored in the primary so-
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Fig. 1. Topographical orga-
nization of the hand repre-
sentation in somatosensory
cortical area 3b of an owl
monkey studied before and
142 days after crush of the
median nerve. (A) Loca-
tion of the hand represen-
tation on the dorsolateral
surface of parietal cortex.
(B) Normal topography of
the hand representation.
Representations of gla-
brous (unhatched) and
hairy (hatched) skin sur-
faces are indicated. Dots
show locations of all re-

cording sites used to define Glabrous

representations. Glabrous - A

skin represeritations to the
right of the large arrow-

matosensory cortex after regeneration?
(i) Since the organization in normal
monkeys varies somewhat from individ-
ual to individual, is the organization spe-
cific to an individual monkey restored by
regeneration? (iii) Are cortical represen-
tations for reinnervated skin regions re-
established in any sequence during re-
generation?

We studied regeneration of the median
nerve, a large nerve that innervates gla-
brous skin on the radial half of the hand
(Fig. 1C) (3). Right median nerves in five
owl monkeys (Aotus trivirgatus) were
completely crushed in the distal forearm
approximately 70 mm from the tip of
digit 3. After recovery periods of 21 to
568 days, the hand representation in cor-
tical area 3b was mapped (4). Three
monkeys had also been mapped before
nerve crush to allow detailed comparison
of normal and regenerated organization
in individual animals. All mapping data
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were collected in such a way that the
investigator defining receptive fields did
not know the location of the cortical
recording site.

In normal monkeys the representation
of mechanoreceptor inputs from the
hand in area 3b is topographically orga-
nized (Fig. 1, B and C) (5). The topogra-
phy for the monkey shown in Fig. 1 is
similar to that of other normal monkeys
in terms of the location and distribution
of representations for individual digits
and pads. For example, palmar pads are
represented along the caudal margin of
area 3b, whereas digits are represented
in a strip along the anterior margin. Pads
and digits on the ulnar side of the hand
are represented medially, whereas skin
areas on the radial hand are represented
laterally in the cortex.

Figure 1D shows the hand representa-
tion for the same monkey 142 days after
nerve crush. Receptive fields were found
on all skin areas normally innervated by
the median nerve (Fig. 1E), indicating a
high degree of reinnervation (6). In addi-
tion, the representations of individual
pads and digits were similar in location
and extent in both normal and regenera-
tion maps (Fig. 1, B and D). Although
minor differences in the shapes of pad
and digit representations were observed,
representations of skin parts with regen-
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heads receive inputs from the median nerve. Abbreviations: PH, hypothenar pad; PI, insular pads; PI-Th, pad 1 and thenar pad; P2-P4, pads 2 to
4; D1-D5, digits 1 to 5; and H, hairy hand proximal to knuckles. Spatial calibration and orientation are indicated in D. (C) Glabrous (left) and
hairy (right) hand surfaces showing locations of receptive field centers for the recording sites shown in (B). The median nerve innervates glabrous
areas to the right of the large arrowheads. (D) The representation of the hand for the monkey shown in (B) as it appeared 142 days after crush of

the median nerve. (E) Locations of receptive field centers for all recording sites shown in (D).
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erated (for example, P1-Th, P2, and gla-
brous D1-3) and normal (for example,
P4, PH, and glabrous D4-5) inputs un-
derwent comparable degrees of change.
These and similar findings from the other
monkeys indicate that normally appear-
ing topography can be reestablished after
nerve crush and regeneration.

The second question, whether regen-
eration replicates connections existing
prior to injury, was studied in three
monkeys mapped before and after nerve
crush. As suggested in Fig. 1, B and D,
some of the variability between maps
can be attributed to sampling factors
since the distribution of cortical record-
ing sites was not identical for different
mapping sessions in an individual mon-
key. To minimize this variability, corti-
cal recording sites sampled before crush
were matched with closely located re-
cording sites sampled after regeneration,
with blood vessel patterns on the brain
photographs used as a reference. By
comparing the receptive fields observed
at these matched sites it was possible to
assess the extent to which receptive
fields were replicated after regeneration.
Figure 2A shows 52 locations where it
was possible to match recording sites
within 50 to 300 wm of each other and
indicates representative receptive fields
for ten of these locations. Prior to crush,
locations 1 to S had receptive fields (bot-
tom left) on skin not innervated by the

Fig. 2. (A) Comparison
of receptive fields at
identified cortical loca-
tions before and af-
ter regeneration. (Top)
Dots indicate recording
sites sampled before
nerve crush which were
within 300 wm of a re-
cording site sampled
142 days after nerve
crush (the monkey is
the one shown in Fig,
1). Recording sites
were identified relative
to large blood vessels,
some of which are al-
so illustrated. (Bottom)
Receptive fields ob-
served before nerve
crush (A’s) are com-
pared to receptive
fields seen after regen-
eration (B’s) for cortical
sites 1 to 10. Field 2A is
shown with dashes to
indicate its location on
the hairy side of DS. (B)
Topography in the hand
representation  before
complete reinnerva-
tion. (Top) The hand
representation of a

median nerve, whereas locations 6 to 10
had fields (bottom right) within the medi-
an nerve innervation zone. The range of
overlap for receptive fields at normally
innervated skin varied and resembles the
range for fields at reinnervated skin;
moreover, some receptive fields at rein-
nervated skin were similar before and
after nerve crush. These findings indi-
cate that preinjury skin-to-cortex corre-
spondences can be replicated accurately.

A third goal was to characterize the
sequence of recovery. Two monkeys
were mapped shortly after crush to study
cortical organization prior to complete
regeneration. Figure 2B illustrates the
hand representation of a monkey
mapped 32 days after crush. Reinnerva-
tion was incomplete since most receptive
fields for median nerve skin were located
on the palmar pads (Fig. 2B, bottom
left). Representations of reinnervated
pads (P1-Th, P2) appear near their nor-
mal locations (Fig. 1B) even though rein-
nervation is incomplete. Cortical regions
normally representing median nerve in-
puts from glabrous digits 1 to 3 instead
represent skin on the hairy hand or hairy
digits 1 to 3 innervated by the radial or
ulnar nerves. Similar substitution of gla-
brous with hairy skin inputs were seen in
experiments in which the median nerve
was transected and ligated to prevent
regeneration (6). Thus, the replacement
of median nerve inputs with other inputs

r Lateral

Anterior

is a direct result of nerve injury and is
unrelated to nerve regeneration. Due to
this substitution, the proportion of the
hand area representing median nerve in-
puts is smaller than normal at this time.
Some cortical regions responded only
weakly to tactile stimulation of the medi-
an nerve skin. Overall; these observa-
tions suggest that cortical reactivation
occurs in a specific sequence which pri-
marily reflects the proximal to distal
reinnervation of the skin; that is, repre-
sentations of proximally located pads
appear before the more distally located
digit skin becomes reinnervated (7).
Thus, reestablishment of organized rep-
resentations for reinnervated skin does
not depend on complete reinnervation or
on complete reactivation of the median
cortex by regenerated inputs. These
findings also indicate that, prior to com-
plete reinnervation, cortical organization
reflects the combined effects of the crush
injury and early regeneration.

These experiments demonstrate that
cortical topography undergoes a series of
changes after nerve crush and regenera-
tion. Among the earliest consequences
are changes resulting from the crush
injury and entailing substitution of in-
jured inputs with normal inputs from
skin regions surrounding the deafferent-
ed area. Similar changes have been seen
after median nerve transection injury (6),
which suggests a general pattern of corti-

32 Days

monkey 32 days after nerve crush. Blackened areas were poorly reponsive to light tactile stimuli. All other conventions as in Fig. 1B. (Bottom)
All receptive field centers for recording sites sampled 32 days after crush.
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cal reorganization following any nerve
injury that results in degeneration. With
subsequent regeneration, inputs progres-
sively reestablish cortical representa-
tions and replace inputs that appear after
nerve injury. When regeneration follows
nerve crush, representations of reinner-
vated skin areas become sequentially
reestablished, and normal features of
cortical topography, including preinjury
skin-to-cortex correspondences, can be
recovered. In contrast, cortical topogra-
phy is aberrant after nerve transection,
repair, and regeneration primarily be-
cause many cortical neurons have multi-
ple receptive fields or fields out of topo-
graphic sequence (2). Peripheral regener-
ation thus reestablishes cortical activa-
tion from deafferented skin regions after
both crush and transection injuries, but
the likelihood of replicating preinjury
topography is quite different for these
injuries. Presumably this difference
largely reflects the extent to which nor-
mal peripheral innervation patterns are
reestablished after regeneration. In view
of the good sensory restoration which
usually follows nerve crush injuries (1),
it seems reasonable to conclude that
sensory recovery is more readily en-
sured when preinjury skin to cortex cor-
respondences are reestablished. Recov-
ery of preinjury state may not, however,
be the only means of restoring sensory
function since sensory impairments after
regeneration can be significantly recti-
fied by sensory therapy (8). Recovery
may be promoted by sensory experience
even when regeneration creates abnor-
mal skin to cortex correspondences.
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Cortical Dopaminergic Involvement in Cocaine Reinforcement

Abstract. Neuronal systems involved in the initiation of cocaine reinforcement
were investigated by identifying brain sites where direct application of the drug was
reinforcing. This was accomplished by allowing rats to self-administer picomolar
concentrations of cocaine into discrete brain regions. The medial prefrontal cortex
supported self-administration, while the nucleus accumbens and ventral tegmental
area did not. Self-administration could be attenuated by including equimolar
concentrations of the dopaminergic D,-receptor antagonist sulpiride in the microin-
Jection system. These results imply that cocaine reinforcement is mediated in part
through a direct action on mesocortical dopaminergic receptors.

Cocaine is a local anesthetic agent that
is used by millions of people (/). Paral-
lels between the use of cocaine by hu-
mans and self-administration of the drug
by animals have recently been estab-
lished (2). Behavioral studies have
shown that cocaine is a potent reinforc-
ing stimulus that will maintain respond-
ing on operant schedules of reinforce-
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Fig. 1. Intracranial self-infusions of cocaine
hydrochloride (100 pmole per microinfusion),
presented as the percentage of infusions of
vehicle (artificial cerebrospinal fluid), by rats
with cannulas implanted into the nucleus ac-
cumbens, ventral tegmental area, or medial
prefrontal cortex. Values are means *+ stan-
dard deviations for five animals per group.

ment (3). Self-administration occurs in
the absence of demonstrable physiologi-
cal dependence (4), suggesting that co-
caine-seeking in humans results princi-
pally from the reinforcing properties of
this drug and not from a desire to post-
pone the discomforts of withdrawal.

Even though little is known about the
neuronal mechanisms mediating cocaine
reinforcement, neuropharmacological in-
vestigations suggest an involvement of
the biogenic amines. Cocaine inhibits
reuptake of norepinephrine (5), dopa-
mine (6), and serotonin (7) in vitro and
increases the turnover of dopamine in rat
brain (8). Pimozide, a dopaminergic re-
ceptor antagonist, attenuates the intrave-
nous self-administration of cocaine by
rats while the noradrenergic receptor
blocker phentolamine does not (9), sug-
gesting a role for dopaminergic neurons
in this behavior. More recently, 6-hy-
droxydopamine lesions of the nucleus
accumbens were shown to decrease the
rate of intravenous self-administration of
cocaine (10), further implicating meso-
limbic dopaminergic neurons. We at-
tempted to directly explore the neuronal
circuitry involved in cocaine reinforce-
ment by using an intracranial self-admin-
istration (ICSA) methodology. We re-
port that the application of cocaine into
the medial prefrontal cortex results in
the initiation of reinforcing neuronal ac-
tivity.

Experimentally naive male Fischer
344 rats 90 to 150 days old were stereo-
taxically implanted unilaterally with 22-
gauge guide cannulas into the nucleus
accumbens, ventral tegmental area, or
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