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Abstract 

The hindpaw of the rat is normally innervated by the sciatic and saphenous nerves. In the present 
studies, the hindpaws of adult rats were partially deafferented by transection of the sciatic nerve 
for variable periods of time. The organization of the hindpaw representation in primary somatosen- 
sory (S-I) cortex was then studied with neurophysiological mapping techniques and compared to 
the organization seen in normal rats. The objective was to determine whether cutaneous respon- 
siveness was recovered in the cortical area which lost normal cutaneous inputs from the sciatic 
nerve, and, if recovery occurred, to characterize the time course and spatial extent of this recovery. 

Normal rats were found to have a topographically organized representation of the hindpaw in S- 
I cortex. As determined by nerve recording and cortical mapping, approximately 85% of this 
representation is responsive to cutaneous inputs from the sciatic nerve, while the remaining 15% is 
responsive to inputs from the saphenous nerve. Following transection of the sciatic nerve, all 
hindpaw skin regions normally innervated by the sciatic nerve remained denervated. In cortex, the 
representation of cutaneous inputs from the saphenous nerve expanded into parts of the hindpaw 
region normally representing sciatic inputs and occupied an area about 3 times larger than the 
saphenous representation in normal rats. This expansion was initially observed 1 to 2 days after 
transection and was stably maintained with longer deafferentation times. However, even after 
chronic deafferentation of up to 5 months, this enlarged saphenous representation was still only 
half the size of the normal hindpaw representation in normal rats. 

These findings suggest that cortical representations of deafferented skin can become activated by 
substitute cutaneous inputs. The rapid time course for substitution suggests these changes are due 
to functional modifications in normally existing connections. With the deafferentation conditions 
used in the present study, input substitution was limited to only parts of the deprived cortex. A 
hypothesis is presented which suggests these changes are due to adjustments in the dominance of 
saphenous and sciatic inputs to specific regions of cortex. 

Primary somatosensory cortex normally contains a 
topographically organized representation of cutaneous 
inputs from the contralateral surface of the body. Recent 
studies in adult mammals indicate normal cortical orga- 
nization is changed when skin regions are deafferented 
by transection of peripheral nerves or dorsal roots (Ka- 
laska and Pomeranz, 1979; Franck, 1980; Franck et al., 
1980; Kelahan and Doetsch, 1981; Schoppmann et al., 
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1981; Rasmusson, 1982; Merzenich et al., 1983a; also see 
Kaas et al., 1983 for review). In particular, cortical neu- 
rons can become responsive to cutaneous inputs which 
are outside their normal skin fields if these fields are 
deafferented. Due to this change, the cortical represen- 
tations of skin regions which are near, but outside, deaf- 
ferented zones become larger. Most reports have dealt 
with chronic deafferentation, but there is also evidence 
that cortical effects initially become apparent within the 
first several hours after nerve blockade or injury (Metzler 
and Marks, 1979; Kelahan and Doetsch, 1981; Merzenich 
et al., 1983b). This suggests that connections between 
skin and cortex can undergo rapid alterations in organi- 
zation when normal inputs are disrupted. 

Two issues remain unclear from these studies. First, 
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how extensive is cortical reorganization after deafferen- 
tation? Do all cortical regions which lose their normal 
inputs eventually recover alternate cutaneous inputs, or 
are some regions unable to recover cutaneous respon- 
siveness? This issue is important for understanding 
spatial limitations of recovery of cutaneous responsive- 
ness after injury. Second, what is the time course for 
cortical reorganization? What extent of cortical change 
occurs soon after injury and what extent occurs more 
progressively with longer periods of deafferentation? 
This issue is important for understanding mechanisms 
underlying cortical changes. 

The present experiments examined these issues in the 
hindpaw representation of the primary somatosensory 
(S-I) cortex of adult rats. In initial experiments, the 
innervation of the hindpaw was defined in normal rats 
with nerve recordings of the sciatic and saphenous 
nerves. From these studies it was apparent that transec- 
tion of the sciatic nerve would deafferent a large portion 
of the hindpaw skin. Cortical mapping procedures were 
then used to describe the location, topographical orga- 
nization, and area1 size of the hindpaw representation in 
normal adult rats and adult rats whose hindpaws had 
been deafferented for various lengths of time by transec- 
tion of the sciatic nerve. From these data, it was possible 
to assess directly the spatial and temporal parameters 
for recovery of cutaneous responsiveness in parts of the 
hindpaw representation which had lost their normal 
inputs from the sciatic nerve. 

Materials and Methods 

Studies were carried out on adult (>90 days old) Spra- 
gue-Dawley rats of both sexes. In one set of experiments, 
the innervation of the hindpaw was studied in normal 
rats. The remaining experiments involved mapping the 
hindpaw representation in the S-I cortex of normal and 
deafferented rats. 

Sciatic and saphenous nerve recordings in normal rats 

Innervation to the hindpaw was studied in nerve re- 
cording experiments in which receptive field territories 
were determined for the saphenous (N = 4), sciatic (N 
= 3), or both (N = 3) nerves. These studies were initiated 
to provide a basis for selecting an appropriate deaffer- 
entation procedure and for describing the deafferented 
skin region. As described below, after seeing the results 
of these studies, it became apparent that this information 
could also be used to identify the source of input for 
cortical neurons with receptive fields on different parts 
of the hindpaw. 

Nerve mapping procedures. Animals were anesthetized 
with ketamine hydrochloride (50 to 75 mg/kg, i.m.) and 
one hindlimb was mounted in a position which allowed 
access to the hindpaw and the nerve being studied. The 
nerve was cut at thigh levels and an attempt was made 
to define a receptive field from multiple fiber activity 
while the whole nerve was hung over a hook electrode. 
The epineurium was then split and all fascicles were 
recorded individually. Finally, each fascicle was dissected 
and recordings were made from small strands of fibers. 
The portion of the nerve which had been recorded was 

then trimmed off and the above procedure was repeated 
until all branches of the nerve had been sampled repeat- 
edly down to the ankle. In some experiments, the hook 
electrode was replaced with a tungsten microelectrode (1 
megohm measured at 1 kHz) which was used to impale 
a whole nerve or fascicle through its cut end. This pro- 
cedure provided good multiple and single fiber recording 
with less damage than was possible with dissection of 
fascicles. In general, but especially for the sciatic nerve, 
the quality of the recordings improved as the recording 
location moved distally on the nerve. Near the ankle the 
branches of both nerves are small, and recordings from 
whole fascicles gave very brisk responses which allowed 
clear delineation of receptive field boundaries. Receptive 
fields were determined with tactile stimuli similar to 
those used for cortical studies and were recorded on 
detailed line drawings of the hindpaw. In rats in which 
recordings were made from both nerves, specific attempts 
were made to delineate overlap in the innervation fields 
of the two nerves. In these cases, tactile stimuli were 
delivered while viewing the skin with a microscope, and 
the edges of innervation territories were marked on the 
hindpaw skin as well as on the line drawings to allow 
direct comparison of borders. 

Cortical mapping of the hindpaw representation in 
normal and deafferented rats 

The representations of the hindpaw, hindlimb, trunk, 
and forelimb were mapped in 17 normal rats to establish 
the relative location of the hindpaw representation with 
respect to adjacent cortical representations and to study 
the topographical organization of the hindpaw represen- 
tation. Cortex devoted to the hindpaw was completely 
mapped in high detail in 10 of these animals to allow 
measures of the size of the normal hindpaw representa- 
tion. The cortical representation of the hindpaw and 
adjacent skin regions was completely mapped in high 
detail in 19 rats which had been deafferented for periods 
ranging from 1 to 156 days. Measurements were also 
made of the size of the hindpaw representation in all 
deafferented rats. 

Cortical mapping procedures. Animals were initially 
anesthetized with ketamine hydrochloride (50 to 75 mg/ 
kg, i.m.) and maintained with supplemental injections as 
needed. The ear canals and scalp were treated with local 
anesthetic (5% xylocaine), the head was fixed in a ster- 
eotaxic frame, and the animal was positioned on a ther- 
mostatically controlled water pad which maintained rec- 
tal temperature at 37°C. A craniotomy was made over 
the dorsal surface of one hemisphere, and a cylinder was 
mounted on the skull around the craniotomy. The dura 
was then reflected, the cylinder was filled with silicone 
fluid, and a highly magnified (X 25 to X 30) photograph 
was made of the cortical surface. 

A gridlike array of penetrations was spaced across the 
more medial extent of the S-I cortex. Penetrations were 
made with tungsten microelectrodes (1.0 to 1.5 megohms 
measured at 1 kHz) which were angled perpendicular to 
the cortical surface. The microelectrode and cortical 
surface were viewed through a dissecting microscope (X 

200), and the point of entry for each penetration was 
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carefully marked on the brain photograph. Depending 
on the arrangement of the surface vasculature, efforts 
were made to space penetrations 150 to 300 pm apart, 
with a typical experiment consisting of approximately 60 
to 110 penetrations across the hindpaw and adjacent 
cortical regions. While using conventional techniques for 
recording neural activity, the microelectrode was ad- 
vanced into the cortex until multiple unit responses to 
brushing of the skin and hairs were maximized on an 
audiomonitor. The most brisk responses were usuahy 
recorded at microdrive readings of 500 to 800 pm below 
the cortical surface in both normal and deafferented rats. 
Cutaneous receptive fields were defined with tactile stim- 
uli which were delivered to the skin and hairs with hand- 
held probes, brushes, or bristles. Regions of skin from 
which responses were evoked were marked on drawings 
made from photographs of the hindpaw and body surface. 
In addition to responses to cutaneous stimuli, responses 
observed to harder tapping of the body surface were 
noted. In penetrations where no evoked responses were 
observed, efforts were made to stimulate vigorously wide 
regions of the body surface as the electrode was advanced 
to depths well below (1000 to 1300 pm) the normally 
responsive depths and, as the electrode was withdrawn, 
to the cortical surface. 

To analyze the mapping results, receptive field loca- 
tions were related to each penetration site in the cortex. 
A two-dimensional representation of the hindpaw and 
adjacent skin surface was then reconstructed by delim- 
iting cortical regions with receptive fields at identified 
skin locations. Borders between cortical representations 
of different body parts were established midway between 
adjacent penetrations which had receptive fields at dif- 
ferent skin locations. If the receptive field of a penetra- 
tion equally straddled skin parts which were being dis- 
tinguished, the border separating the involved cortical 
representations was placed at the penetration position. 
Borders between cutaneous representations and adjacent 
cortical areas not responsive to cutaneous stimuli were 
established midway between responsive and adjacent 
nonresponsive penetration locations. Using these bor- 
ders, the size of the cortical representation of the hind- 
paw or parts of the hindpaw was measured with a com- 
puterized planimeter system (Bioquant II, Apple Com- 
puter). These procedures provided a simple and repeat- 
able way of defining the spatial distribution and size of 
cortical regions which were responsive to inputs from 
defined skin locations. 

All mapping studies were done with two investigators, 
one to move the electrode and record the penetration 
location on the brain photograph and a second to define 
and record receptive fields. In all experiments, the inves- 
tigator mapping receptive fields did not see the brain 
photograph and did not have direct knowledge of the 
location of the electrode during the course of the exper- 
iment. Precautions were also taken to prevent the inves- 
tigator who mapped receptive fields from knowing which 
experimental group the animal was from. Maintenance 
of this blind procedure was not always possible since 
longer term sciatic denervation resulted in obvious atro- 
phy in the mass of the hindlimb, but it was effectively 
used for the animals with shorter term denervations. 

Denervation procedures. For transection of the sciatic 
nerve, rats were lightly anesthetized with either ketamine 
hydrochloride or ether. Local anesthetic (5% xylocaine) 
was applied to the lateral surface of the thigh, and an 
incision was made from the sciatic notch to the knee. 
Under microscopic view, the sciatic nerve was isolated 
from surrounding muscle, ligated two or three times just 
distal to the sciatic notch, and transected distal to the 
ligatures. To prevent regeneration, efforts were made to 
remove as much of the distal stump as possible down to 
the knee, and in some animals the proximal stump and 
ligatures were embedded in dental acrylic or histoacryl. 
In other animals the nerve was sectioned near the knee, 
the epineurium of the proximal stump was rolled back 
to the sciatic notch, and the exposed fascicles of the 
nerve were cut near the notch. The epineurium was 
subsequently rolled back out and knotted with ligatures. 
The skin incision was closed with suture and treated 
topically with an antibiotic. Deafferented animals were 
housed in cages with smooth plastic floors and adequate 
litter to prevent further injury to the hindpaw. 

Results 

Normal adult rats 

Innervation of the hindpaw skin. Innervation to the 
skin on the hindpaw is supplied by the sciatic and sa- 
phenous nerves. The cutaneous distribution of sensory 
fibers in both nerves was determined directly with nerve 
recordings, and the innervation territories defined from 
two representative experiments in which both nerves 
were recorded are shown in Figure 1. As can be seen, the 
sciatic nerve innervates the major part of the hindpaw 
skin. Its territory includes the entire plantar surface (Fig. 
1, A and E), the dorsolateral third to half of the hairy 
foot (Fig. 1, B, D, F, and H), the lateral ankle (Fig. 1, D 
and H), and a small area of skin on the medial posterior 
ankle (Fig. 1, C and G). In contrast, the saphenous nerve 
innervates a relatively small region of hairy skin extend- 
ing over dorsal toes 1 to 3 and the dorsomedial foot and 
ankle (Fig. 1, A to C and E to G). 

There appeared to be little overlap in the territories of 
the saphenous and sciatic nerves on the hindpaw when 
boundaries of innervation zones were compared in the 
same animal. For example, the amount of overlap along 
most of the boundary across hairy skin on the dorsal 
hindpaw (Fig. 1, B and F) was 1 mm or less. This degree 
of overlap is probably within the error of determining 
the border, since innervation territories may have inter- 
digitations or small irregularities. There was somewhat 
more overlap on the dorsal surface of toe 3 which was 
jointly innervated in the rats shown in Figure 1, but this 
entire area was innervated by the saphenous nerve in 
other rats. Borders on toes 1 to 3 and on the medial edge 
of the hindpaw were near the transition of hairy and 
nonhairy skin (Fig. 1, A and E). On the skin of the 
medial ankle there also appeared to be little overlap, 
although the relative location of the border varied some- 
what (Fig. 1, C and G). 

In summary, the nerve recording experiments indicate 
that the sciatic and saphenous nerves innervate rela- 
tively constant and well defined regions of the hindpaw. 



1502 Wall and Cusick 

NORMAL HINDPAW INNERVATION 

Vol. 4, No. 6, June 1984 

Figure 1. Normal innervation of the hindpaw by the sciatic and saphenous nerves. In this and all subsequent figures 
“hindpaw” refers to skin areas distal to the hairline at the ankle. A to D show results from one rat in which both nerves were 
mapped. Skin areas innervated by each nerve as well as areas with overlapping inputs from both nerves are indicated. E to H 
show results from a second rat to indicate the variabilitv seen for borders. Note that each nerve has a fairly constant innervation 
territory and there is relatively little overlap of territories. 

Since the sciatic nerve innervates most of the hindpaw, 
its transection clearly deafferents a major fraction of the 
hindpaw skin. These experiments further indicate that 
there is little overlap in the innervation territories of 
these nerves on the hindpaw. Since innervation zones 
are relatively constant and have little overlap, it is pos- 
sible to identify the source of innervation for any skin 
region on the hindpaw by reference to these territories. 

Location and topographical organization of the hindpaw 
representation. The normal location of the hindpaw cor- 
tex is indicated in Figure 2, which shows cortical maps 
from three representative normal rats. As indicated by 
the stippled region, the hindpaw representation is located 
in a strip of cortex running mainly in a rostrocaudal 
direction (Fig. 2, B to D). It is bounded caudolaterally 
by representations of the hindlimb and pelvic or abdom- 
inal regions of the trunk. Although the representation 
for the forepaw extends up to or near the rostra1 border 
of the hindpaw representation, the remaining medial, 
rostral, and lateral borders of the hindpaw representation 
are adjacent to cortex which is not responsive to tactile 
stimuli. The hindpaw representation thus occupies a 
rather consistent location in the S-I cortex and can 
accurately be identified from animal to animal by the 
tactile responsiveness of its neurons and by its relative 
position with respect to representations of other body 
parts. 

There is a consistent topographical organization 
within the hindpaw representation of normal rats. This 

topography appeared fairly coarse in that receptive fields 
were relatively large and usually overlapped to some 
degree at neighboring penetrations. However, with larger 
movements across the hindpaw representation, it was 
possible to distinguish systematic shifts in receptive field 
locations. Representations of both the nonhairy and 
hairy skin were similarly organized in that distal parts 
of the hindpaw, for example the toes, were represented 
rostrally in the hindpaw cortex with more proximal skin 
on the ankle or heel represented more caudally near the 
representations of the hindlimb and trunk. This organi- 
zation is illustrated in Figure 3, which shows receptive 
fields defined at 17 selected recording locations in or 
near the hindpaw cortex of a normal adult rat. For each 
of the four rows of penetrations shown in Figure 3A, 
there is a rough shift in receptive field location from 
distal to proximal on the hindpaw and hindlimb (Fig. 3, 
B to G) as recording position moved from rostra1 to 
caudal in cortex. In addition, skin locations on the medial 
hindpaw are represented laterally, whereas the lateral 
hindpaw is represented medially in the hindpaw cortex 
(compare receptive fields for penetrations in Row A 
versus Row B and Row C versus Row D in Fig. 3). 
Although representations of hairy and nonhairy plantar 
skin surfaces on the hindpaw appeared to share the above 
organizational features, they did not appear to be ran- 
domly intermixed. Receptive fields on one type of skin 
did not extend onto the other type of skin. Nonhairy 
skin on the plantar surface of the hindpaw is represented 



The Journal of Neuroscience Cortical Effects of Nerve Injury 1503 

primarily in the more central and rostra1 two-thirds of 
the representation, whereas hairy skin on the dorsal 
surface and ankle is mainly represented along the lateral, 
caudal, and medial margins of the representation (Fig. 
3A). Representations for these different types of skin 
thus appeared to occupy separate cortical regions but 
were roughly in register with each other topographically. 
Similar features of normal topographical organization 
can be observed in the representations of the two rats 
shown in Figures 4 and 5 and were seen in the other 
normal animals. 

These results indicate that neurons in different parts 
of the hindpaw cortex normally receive cutaneous inputs 
from delimited skin areas. The representation of these 
inputs in normal adult rats is organized in terms of the 
type of skin from which inputs are derived and the 
location of these inputs on the hindpaw. 

Size measures of representations for hindpaw regions 

LOCATION OF HINDPAW REPRESENTATION 
IN NORMAL ADULT RATS 

- RAT 0132 X 

RAT 37 

. 
. 

Figure 2. The location of the hindpaw representation in the 
S-I cortex of normal adult rats. A, Dorsal view of the cerebral 
hemispheres of a rat brain indicating the general location of 
the hindpaw cortex (boxed region). B, The representation of 
the hindpaw and adjacent body regions as determined for one 
normal adult rat. Dots indicate locations of penetrations where 
cortical neurons had cutaneous receptive fields on the indicated 
body part and X’s indicate penetrations where neurons were 
not responsive to cutaneous stimulation. The stippled region 
indicates the hindpaw representation. Parts of neighboring 
representations of the hindlimb (HL), trunk (TK), forelimb 
(FL), and forepaw (FP) are also indicated. C and D, The 
representation of the hindpaw and adjacent body regions for 
two other normal adult rats. Spatial orientation and calibration 
are as in B. Note that the hindpaw representation consistently 
occupies cortex which is rostromedial to hindlimb and trunk 
representations and medial to forelimb and forepaw represen- 
tations. Much of the medial, rostral, and lateral border of the 
hindpaw representation is adjacent to cortex not responsive to 
cutaneous stimulation. 

innervated by the saphenous and sciatic nerves and of the 
total hindpaw representation. Using the information on 
innervation territories derived from the nerve recordings, 
it was possible to define zones of the hindpaw represen- 
tation which receive inputs from the saphenous or sciatic 
nerves. For example, by relating the receptive fields 
defined at individual cortical penetrations to the inner- 
vation territories of each nerve, one can identify pene- 
trations as having saphenous or sciatic skin fields. Gen- 
erally, this sorting procedure allowed unambiguous de- 
termination of the distribution and size of the cortical 
areas receiving inputs from each nerve. Receptive fields 
on the medial plantar surface of the hindpaw did not 
extend onto hairy skin. This observation was tested 
repeatedly whenever plantar fields were encountered by 
carefully stimulating individual hairs, small groups of 
hairs, and the hairy skin itself. An additional test done 
to confirm this observation consisted of holding the 
plantar skin to attenuate spread of stimulation while 
vigorously stimulating the hairs and skin within the 
saphenous innervation territory. Similarly, receptive 
fields on hairy skin innervated by the saphenous nerve 
did not extend onto the medial plantar hindpaw. Thus, 
the border between cortical representations of the two 
nerves was relatively clear in regions of cortex repre- 
senting the medial margin of the hindpaw. Fields on the 
dorsal surface of the foot did not commonly straddle the 
border between the saphenous and sciatic innervation 
zones, apparently because the cortical representations 
for the medial and lateral parts of the dorsal foot are 
split near the skin border by the intervening represen- 
tation of the plantar foot (Figs. 3 to 5). Penetrations 
which were most difficult to relate to nerve input were 
those with receptive fields on the medial posterior ankle 
and dorsal toe 3. Due to the variability in the innervation 
territories of the nerves in these skin regions (Fig. l), it 
was sometimes difficult to assign receptive fields at these 
penetrations to the territory of one nerve. Therefore, 
these penetrations were defined as being at the boundary 
between the saphenous and sciatic cortical zones. In 
instances where fields were not straddling skin borders, 
cortical boundaries were established halfway between 
penetrations which had fields at either the sciatic or 
sciatic or saphenous territories. 

The hindpaw representations of four normal adult rats 
which have been analyzed in this way are shown in Figure 
6. The representation shown in Figure 6A is the same 
case shown in Figure 5, and comparison of the two figures 
provides an example of how cortical boundaries for 
sciatic and saphenous representations were established. 
The saphenous representation occupied cortex along the 
lateral margin of the hindpaw representation (Fig. 6A). 
All penetrations with receptive fields at hairy skin along 
the medial margin of the hindpaw (Fig. 5F) were located 
along the lateral margin of the hindpaw representation 
(Fig. 5A, penetrations indicated by dots within the 
hatched region). In contrast, all other penetrations had 
receptive fields located outside the saphenous innerva- 
tion territory (Fig. 5, B to E). Comparison of Figure 6B 
to Figure 3 provides a second example of how boundaries 
were established between cortical regions representing 
saphenous and sciatic inputs. 

The representations of saphenous and sciatic skin 
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Figure 3. Normal topographical organization of the hindpaw representation. A, The hindpaw representation (heavy border) 
and adjacent representations of the hindlimb and trunk in a normal adult rat. Representations of hairy (hatching) and nonhairy 
plantar (no hatching) surfaces of the hindpaw are indicated within the hindpaw representation. Dots indicate locations of some 
of the recording sites in this experiment. Four anterior-to-posterior rows of recording sites are indicated (Rows A to D). B, 
Receptive fields defined on the lateral plantar surface of the hindpaw at recording locations 1 to 3 of Row A. C, Receptive fields 
defined on the medial plantar skin at recording locations 4 to 6 of Row B. D, Receptive fields defined on the hairy skin of the 
lateral hindpaw and hindlimb at recording locations 7 to 10 of Row C. E to G, Receptive fields defined on hairy skin of the medial 
hindpaw, hindlimb, and trunk at recording locations 11 to 17 of Row D. Note that: (1) for each row, receptive fields shift 
proximally as recording sites shift posteriorly; (2) medial surfaces of the hindpaw are represented laterally in cortex whereas 
lateral surfaces are located medially in cortex; and (3) hairy skin on the hindpaw is largely represented posteriorly near the 
representations of hairy skin on the hindlimb and trunk. 

regions seen in Figure 6, which are representative of the 
other normal rats, suggest the following observations. 
(1) The cortical representation of saphenous skin is 
located along the lateral margin of the hindpaw repre- 
sentation and sometimes appears as more than one small 
area of cortex. The representation for skin innervated by 
the sciatic nerve occupies cortex located medial and 
rostra1 to the saphenous representation. (2) The repre- 
sentation of sciatic skin comprises the major fraction of 
the total hindpaw representation, whereas the saphenous 
cortical space is only a small component of this represen- 
tation. 

The size of the cortical area representing the entire 
hindpaw was measured with a planimeter from maps 
similar to those shown in Figures 2 to 6. The mean area 
for the hindpaw representation for 10 normal adult rats 
was 0.94 mm* (Fig. 7). Measures of the representations 
for sciatic and saphenous inputs indicate the sciatic 
representation occupies approximately 85% of the total 
hindpaw representation with the saphenous representa- 
tion comprising the remaining 15% (Fig. 7). 

Adult rats after transection of the sciatic nerve 

Innervation of the hindpaw. The surviving innervation 
to the hindpaws of deafferented rats was assessed by 
examining the locations of all cortical receptive fields on 
the hindpaw and by constructing a composite of the skin 
area covered by these fields in each animal. Receptive 
field composites from three representative rats are shown 
in Figure 8, A to C. It was clear that saphenous inputs 
survived deafferentation since approximately 95% of all 
the receptive fields seen in deafferented rats appeared to 
be entirely contained within the skin territory normally 
innervated by the saphenous nerve. The remaining 5% 
of the fields appeared to extend somewhat beyond the 
expected territory of the saphenous nerve. Even in these 
instances, however, the center of the field and most of 
the field area was contained within the saphenous nerve 
territory (Fig. 80). No receptive fields extending onto 
the plantar foot were found in denervated rats. Receptive 
fields which appeared to extend beyond the saphenous 
skin were observed as early as 1 to 2 days after deaffer- 
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entation. This suggests that some of these fields can be 
accounted for by minor variation in the innervation 
territory of the saphenous nerve or by small errors in the 
definition of receptive fields. 

Dissection of the denervated hindlimb after cortical 
mapping showed that the sciatic nerves had not regen- 
erated back to the hindpaw since most nerve stumps 
clearly did not extend beyond midthigh levels. It was 
more difficult to eliminate completely the possibility that 
small numbers of fibers managed to reach the surround- 
ing thigh muscles, since neuromas sometimes blended 
into scar tissue formed in these muscles. However, it was 
clear that the sciatic nerve had not reinnervated any of 
its normal skin territory distal to the knee and remained 
completely or nearly completely contained within neu- 
romas. 

Thus, there was no substantial recovery of cortical 
representation for skin areas innervated by the sciatic 
nerve with deafferentation of up to 5 months. The hind- 
paw cortex essentially represented only skin areas of the 
hindpaw normally innervated by the saphenous nerve. 
These findings suggest low threshold mechanoreceptor 

NORMAL TOPOGRAPHY 

Figure 4. Topographical organization of the hindpaw repre- 
sentation. A, The hindpaw representation (heavy border) and 
adjacent representations of the hindlimb and trunk in a normal 
adult rat. Representations of hairy (hatching) and nonhairy 
(no hatching) surfaces of the hindpaw are indicated. The loca- 
tions of some of the recording sites in this experiment are also 
shown (Rows A to C). B, Receptive fields for penetrations 1 to 
3 in Row A. C, Receptive fields for penetrations 4 to 6 in Row 
B. D to F, Receptive fields for penetrations 7 to 13 in Row C. 
Although the representation of hairy skin on the hindpaw 
appeared less continuous in this rat, the overall topographical 
organization here is similar to the organization seen in Fig- 
ure 3. 

NORMAL TOPOGRAPHY 

LATERAL CENTRAL MEDIAL 
FIELDS FIELDS FIELDS 

Figure 5. Topographical organization within the hindpaw 
representation of a normal adult rat. A, The hindpaw represen- 
tation of a normal rat. Cortical areas where recording sites had 
receptive fields (RFs) on hairy (hatching) or nonhairy plantar 
(stippling) skin are indicated. Symbols show locations of all 
recording sites in hindpaw cortex. Sites with receptive fields on 
the lateral (+), central (W), and medial (0) surfaces of the 
hindpaw are distinguished. B, Composite skin area encompass- 
ing RFs for all penetrations representing hairy skin on the 
lateral hindpaw (+, hatching in A). C, Composite skin area for 
penetrations representing plantar skin on the lateral hindpaw 
(+, stippling in A). D, Composite skin area for penetrations 
representing plantar skin on the central toes (m, stippling in 
A). E, Composite skin area for penetrations representing plan- 
tar skin on the medial hindpaw (0, stippling in A). F, Composite 
skin area for penetrations representing hairy skin on the medial 
hindpaw (0, hatching in A). In C to E composite RF areas 
overlap somewhat because adjacent penetrations had RFs on 
more than one adjacent toe; however, the combination of toes 
was different. Note that recording sites with fields on the lateral 
foot surfaces are clustered in more medial parts of the hindpaw 
representation (A to C). In contrast, sites with fields on the 
medial hindpaw are clustered in lateral locations (A, E, and F) 
with middle parts of the hindpaw represented centrally in the 
hindpaw representation (A and D). 

fibers of the saphenous nerve had not sprouted into the 
vacated sciatic skin territory to any significant extent. 

Location and topographic organization of the hindpaw 
representation. The location of the hindpaw representa- 
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Figure 6. Hindpaw representations from four normal adult 
rats showing locations of penetrations which had receptive 
fields at skin areas innervated by the saphenous and sciatic 
nerves. Inputs from the sciatic nerve occupy most of the medial 
and rostra1 parts of the hindpaw cortex, whereas saphenous 
inputs are found in a relatively small portion of the lateral 
hindpaw cortex. 

tion in the S-I cortex of deafferented rats was similar to 
that seen in normal adult rats (Figs. 2 and 9). For 
example, as shown in Figure 9, the hindpaw representa- 
tion was rostromedial to the representation of the hind- 
limb and trunk and medial to the representation of the 
forelimb and forepaw. In addition, most of the medial, 
rostral, and lateral parts of the hindpaw representation 
bordered cortex which was unresponsive to tactile stim- 
ulation. These identifying features were seen consist- 
ently in all deafferented rats regardless of the length of 
the denervation period (cf. Fig. 9, A to D). With further 
inspection, it was also apparent that the location of the 
hindpaw representation in deafferented rats was similar 
to that of the representation of saphenous skin in normal 
rats. For example, in normal rats the representation of 
the saphenous skin is located along the lateral margin of 
the hindpaw region and is bordered caudolaterally by the 
representation of the hindlimb, trunk, and tactilely un- 
responsive regions (Figs. 2 to 4, and 6). Similar cortical 
regions are located along the caudolateral border of the 
hindpaw representation in denervated rats (Fig. 9). 

Following deafferentation, there was a coarse topo- 
graphical organization in the representation of the re- 
maining saphenous inputs which was similar in certain 

respects to that seen in normal rats. Most notably, re- 
ceptive field locations shifted from distal to proximal on 
the hindpaw with anterior to posterior shifts in cortical 
position (Fig. 10). It was more difficult to demonstrate 
systematic shifts across the mediolateral axis of the 
hindpaw representation, primarily because the saphen- 
ous skin field is narrow and it was difficult to detect 
mediolateral shifts in receptive field locations across this 
skin. 

The representations of the medial hindlimb, trunk, 
forelimb, and forepaw which were near or adjacent to the 
hindpaw representation did not appear to be disrupted 
topographically by deafferentation. For example, loca- 
tions of receptive fields in part of the hindlimb and trunk 
representations closest to the hindpaw cortex were sim- 
ilar in normal and deafferented rats (Figs. 3, 4, and 10). 
An exception was that, due to the level of the sciatic 
injury in the thigh, the hindlimb representation was 
mainly limited to inputs from the medial surface of the 
hindlimb. Receptive fields on the distal lateral hindlimb, 
usually occupying cortex caudal and medial to the hind- 
paw representation (Fig. 3), were not seen. The general 
location of receptive fields in parts of the forelimb and 
forepaw representation closest to the hindpaw cortex 
were also comparable in denervated and normal rats. 
The consequences of the denervation procedure thus 
appeared to be mainly restricted to cortical regions nor- 
mally representing the injured inputs. 

NORMAL ADULT RATS 

T 
(N.10) 

TOTAL SAPHENOUS SCIATIC 

HINDPAW INPUT 
Figure 7. Areas of S-I cortex representing hindpaw inputs in 

normal adult rats. The left bar shows the mean area (and 
standard deviation) for the entire hindpaw representation. 
Areas representing hindpaw inputs from the saphenous and 
sciatic nerves are shown, respectively, by the center and right 
bars. The left ordinate indicates area in square millimeters. The 
right ordinate indicates area as percentage of the entire hindpaw 
area. Sciatic nerve inputs usually occupy the major portion of 
the hindpaw representation. 
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Figure 8. Hindpaw skin areas which activated cortex in deafferented 
rats. A to C, Illustrations of composite receptive field areas for three 
deafferented rats. D, Four examples of receptive fields which appeared to 
extend outside the normal innervation zone of the saphenous nerve. Note 
that, even in these examples, most of the field is within the normal 
saphenous territory (cf. Fig. 1). 
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Figure 9. The location of the hindpaw representation 
(hatched) as seen in four adult rats which had been deafferented 

Size measures of the hindpaw representation. Measures 
of the size of the hindpaw representation were made in 
all denervated rats, and these data are plotted in Figure 
11A as a function of denervation time. Since the hindpaw 
cortex in denervated rats represented saphenous inputs, 
area measures of cortex representing saphenous inputs 
from 10 normal rats have also been included for direct 
comparison. The data shown in Figure 11A indicate that 
sciatic nerve transection resulted in an enlargement of 
the saphenous representation. This enlargement oc- 
curred in some rats within 1 day of denervation. For 
example, two of the seven representations measured on 
day 1 appeared clearly larger than the range of values 
observed for the saphenous representation in normal 
rats. Areas of representations 2 or more days after deaf- 
ferentation also appeared to be above the normal range. 

These conclusions are more clearly suggested when the 
data are expressed as mean areas for groups of-animals 
which had varying deafferentation periods (Fig. 11B). 
Statistical analyses indicated that the mean area of cor- 
tex, representing saphenous inputs in deafferented rats 

for 1 day (A), 3 days (B), 20 days (C), or 148 days (D). All 
conventions are as for previous figures. Note that the relative 
location of the hindpaw representation in these deafferented 
rats is similar to that seen in normal rats (Fig. 2). Spatial 
calibration and orientation shown in D also apply to A to C. 
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Figure 10. Topographical organization of the hindpaw representation 
after deafferentation. A, The hindpaw representation (hatched area) and 
adjacent hindlimb and trunk representations in a deafferented rat. Dots (1 
to 7) indicate locations of recording sites having receptive fields indicated 
in B to D. E to G, Similar information from another deafferented rat. Note 
that the penetrations shown in A and E represent only a proportion of the 
total penetrations made in these experiments. 
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Figure 11. Area measurements of the hindpaw representation 
in deafferented rats. A, Measures of the hindpaw representation 
taken from 19 individual rats which had been deafferented for 
the indicated times. Hindpaw inputs in these rats came only 
from the saphenous nerve. Measurements of the representation 

considered as a single group (0.41 mm2), was significantly 
different from the mean area of the saphenous represen- 
tation in normal rats (0.14 mm2; t(27) = -4.76, p < 
0.001). This change in area occurred rapidly as indicated 
by a significant difference in the saphenous representa- 
tion of normal rats and rats denervated 1 day (0.30 mm2; 
t(14) = -2.76, p < 0.02). In addition, this change was 
maintained during subsequent months of deafferenta- 
tion, since the size of the saphenous representation in 
chronically denervated (20 to 157 days) rats was also 
significantly different from that of normal rats (0.47 
mm’; t(15) = -5.19,p < 0.001). Transection of the sciatic 
nerve in adult rats thus results in about a 3-fold expan- 
sion in the size of the cortical representation of saphen- 
ous inputs from the hindpaw. This enlargement begins 
within 1 day of injury and is stably maintained for up to 
5 months. 

The size measures also showed that the area of cortex 
representing the hindpaw in denervated rats was smaller 

of saphenous nerve inputs taken from 10 normal rats are also 
shown for comparison. B, Data shown in A have been expressed 
as mean areas for groups of rats which were pooled across the 
indicated deafferentation periods. Mean area for the saphenous 
representation in normal adult rats is also shown. 
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Figure 12. Mean size of the hindpaw representation in nor- 
mal and chronically deafferented adult rats. The hindpaw area 
of normal rats reflects combined inputs from the saphenous 
and sciatic nerves. For denervated rats, all hindpaw inputs are 
from the saphenous nerve. Note that the enlarged saphenous 
representation in denervated rats is smaller than the normal 
hindpaw representation. 

than the size of the total hindpaw representation in 
normal rats (Fig. 12). This observation was statistically 
confirmed by a comparison of the mean size of the 
hindpaw representation in chronically denervated (>20 
days) rats (0.47 mm’) and the mean size of the total 
hindpaw representation in normal rats (0.94 mm2; t(15) 
= -5.57, p < 0.001). These findings indicate that there 
were limits in the expansion of saphenous inputs and 
that, even after chronic deafferentation of up to 5 
months, some regions of the original hindpaw represen- 
tation never recovered cutaneous responsiveness. A com- 
parison~% of Figures 2 and 9 suggests that the cortical 
regions most likely to remain unresponsive are the me- 
dial and rostra1 poles of the normal hindpaw represen- 
tation. 

Discussion 

Innervation of the hindpaw before and after transection 
of the sciatic nerve 

As shown by the nerve recording experiments, the 
hindpaw skin of normal rats is innervated by the sciatic 
and saphenous nerves. Each nerve has a relatively con- 
stant territory, with the sciatic contribution supplying 
about three-fourths of the hindpaw skin. There is little 
or no overlap in the innervation regions of low threshold 
inputs from these nerves. 

The normal innervation territories described in this 
study are in good agreement with previous findings of 
Devor et al. (1979), who used behavioral testing and 
nerve recording to define the hindpaw innervation fields 
of these nerves in rats. The main differences from the 
present findings appear to be that (1) all of dorsal toe 3 
was innervated by the sciatic nerve in their illustrations 
and (2) the medial edge of the saphenous territory was 
sometimes shown to include the margin of the plantar 
skin along the medial foot. These small differences (cf. 
Fig. 1, present study) may be due to the fact that pinch 
or pressure stimuli were used to elicit their behavioral 
responses, and it is likely that the locus of the effective 
stimulus was only approximately judged in a freely mov- 
ing rat. Devor et al. (1979) did not show the innervation 
territories defined with nerve recordings but indicated 
these territories were similar to those defined in the 
behavioral studies. Unfortunately, overlap in the inner- 
vation fields of these nerves was not described. 

Consistent with the present results, other nerve re- 
cording studies have demonstrated that the innervation 
zones of cutaneous nerves can have sharp borders and 
minor overlap with adjacent innervation zones of other 
nerves. Burgess et al. (1974) and Horch (1981) found 
that individual touch domes on cat skin almost always 
received their innervation from axons of a single periph- 
eral nerve and that sharp borders distinguished domes 
in the innervation fields of different nerves. Jackson and 
Diamond (1981) mapped low threshold mechanosensory 
fields of nerves to back skin of rats and found that 
innervation territories of identified nerves overlapped 
“only slightly” and were similar in size and shape from 
animal to animal. The discrete and autonomous inner- 
vation fields of the saphenous and sciatic nerves thus 
appear like the innervation patterns reported for other 
cutaneous nerves. The degree of overlap for adjacent 
nerve fields may vary, however, depending on the partic- 
ular animal or nerves under study (Kitchell et al., 1982). 

After transection of the sciatic nerve, receptive fields 
of neurons in the hindpaw cortex were almost entirely 
restricted to skin areas normally innervated by the sa- 
phenous nerve. This suggests that, at least as assessed 
by cortical receptive fields, low threshold inputs of the 
saphenous nerve did not sprout into the denervated skin 
to any significant extent. This observation is in agree- 
ment with peripheral nerve studies in adult rats (Dia- 
mond and Jackson, 1978; Devor et al., 1979; Jackson and 
Diamond, 1981) and cats (Horch, 1981) which suggest 
that low threshold mechanoreceptors do not sprout into 
adjacent, denervated skin regions. 

The hindpaw representation in primary somatosensory 
cortex of normal and deafferented adult rats 

Nor nal rats. A main goal of this study was to describe 
the effects of transection of the sciatic nerve on the 
cutaneous responsiveness of neurons in the hindpaw 
representation. To do this it was necessary to first char- 
acterize the hindpaw representation of normal adult rats. 
The present findings describe the location and topo- 
graphical organization of the hindpaw representation 
and the variability in the size of the cortical area receiv- 
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ing inputs from the hindpaw via the sciatic and saphen- 
ous nerves. 

With respect to the first issue, the present results 
indicate the hindpaw representation normally occupies a 
stereotyped position in the S-I cortex. The somatotopic 
organization of the representations for the hindpaw, 
hindlimb, trunk, and forelimb seen in the present study 
is similar to the organization described by others (Wool- 
sey, 1958; Welker, 1971; Hall and Lindholm, 1974; Don- 
oghue et al., 1979; Sapienza et al., 1981). 

The present findings suggest that there is a consistent 
topographical organization within the hindpaw represen- 
tation. Under the recording conditions of this study, 
receptive fields on the hindpaw were relatively large, and 
there was a fair amount of overlap for fields seen at 
adjacent positions in the hindpaw representation. The 
internal organization was thus somewhat coarse, but it 
was clear that hairy and plantar skin surfaces were 
represented separately. For both plantar and hairy sur- 
faces, distal skin was represented anteriorly in cortex, 
whereas proximal skin was represented caudally. In ad- 
dition, skin on the medial hindpaw was represented 
laterally in cortex, whereas the representation of the 
lateral hindpaw was more medial. The internal organi- 
zation of the hindpaw representation has not been de- 
scribed previously in detail, but in each of the previously 
mentioned studies it was recognized that distal-to-prox- 
imal locations on the hindlimb (including the hindpaw) 
were represented in an anterior to posterior manner in 
cortex. Welker (1971) also stated that glabrous and hairy 
skin surfaces of the toes and hindpaw projected to dif- 
ferent cortical locations. These observations are entirely 
consistent with the present findings. 

The present results show that the total hindpaw rep- 
resentation occupies approximately 1 mm2 of cortex. The 
size of the “hindlimb” representation has previously been 
studied in rats (Welker, 1971; Hall and Lindholm, 1974; 
Donoghue et al., 1979), but it is difficult to compare these 
measures with the present hindpaw measures because 
earlier studies did not distinguish the “hindlimb” (thigh, 
leg, and hindpaw) from the “hindpaw.” The areas re- 
ported for the “hindlimb” representation are larger than 
the present hindpaw area, as would be expected. The 
dimensions of the hindpaw representation seen in the 
present study are very similar to those of the cytoarchi- 
tectonically defined “foot” region described by Welker 
(1976). 

Since the nerve recording studies indicated that the 
sciatic and saphenous nerves innervate different parts of 
the hindpaw, it was possible to characterize further the 
size and distribution of parts of the hindpaw represen- 
tation normally activated by low threshold inputs from 
each nerve. The sciatic nerve normally serves as a dom- 
inant source of cutaneous input for about 85% of the 
hindpaw representation, whereas inputs from the sa- 
phenous nerve activate only 15% of this representation. 
Cortex normally receiving sciatic inputs is located in 
more medial and rostra1 parts of the hindpaw represen- 
tation. By comparison, the representation of saphenous 
inputs is normally found along the lateral or caudolateral 
margin of the hindpaw cortex. These observations sug- 
gest that, a major proportion of the cortical neurons in 

the medial and rostra1 portions of the hindpaw represen- 
tation would be deprived of their normal cutaneous in- 
puts after transection of the sciatic nerve. 

Deufferented ruts. The main findings from the studies 
of deafferented rats can be summarized as follows. 

1. The saphenous representation in deafferented rats 
occupied an area about 3 times larger than normal. The 
location of this enlarged representation with respect to 
other cortical representations was normal. The simplest 
explanation of this result appears to be that cutaneous 
inputs from the saphenous nerve activated adjacent cor- 
tical regions normally representing sciatic inputs. Thus, 
following peripheral deafferentation, cortical represen- 
tations of deafferented skin can become activated by 
“substitute” cutaneous inputs. The term “substitute” is 
used to indicate that these inputs were not functionally 
apparent in normal rats. 

2. Following sciatic transection, all substitute cuta- 
neous inputs were from skin areas adjacent to the deaf- 
ferented hindpaw region. This suggests that peripheral 
adjacency contributes importantly in determining which 
cutaneous inputs will become apparent in deprived cor- 
tical regions. 

3. Expansion of the cortical area representing saphen- 
ous inputs was first observed within 1 to 2 days of nerve 
injury. With longer deafferentation periods of up to 5 
months there were no further changes in the size of this 
representation. This finding suggests that, following 
some deafferentation conditions, recovery of cutaneous 
responsiveness can be accounted for entirely by rapidly 
occurring, functional changes in connections and does 
not require widespread anatomical modifications. 

4. Even though the saphenous representation was en- 
larged, the area of the hindpaw representation in chron- 
ically deafferented rats was still only about half the 
normal size. Moreover, no other cutaneous inputs ap- 
peared to be represented in the region normally repre- 
senting sciatic inputs. Sciatic transection thus resulted 
in a net loss of cutaneously responsive cortex. These 
results indicate that recovery of cutaneous responsive- 
ness is incomplete or limited after some deafferentation 
injuries. 

5. Following sciatic injury, there appeared to be a 
spatial gradient in recovery across the sciatic cortex. 
Locations near the saphenous representation apparently 
had a higher chance for recovery, whereas the medial 
and rostra1 margins of the hindpaw representation did 
not recover cutaneous responsiveness. These observa- 
tions suggest that limitations in recovery of cutaneous 
responsiveness may depend partly on how inputs from 
injured and intact nerves distribute to cortex. 

Figure 13 summarizes these findings and indicates one 
hypothesis for their interpretation. The normal represen- 
tation of the hindpaw contains regions in which tactile 
inputs from the sciatic or saphenous nerves predominate 
(Fig. 13A). After sciatic transection, the saphenous rep- 
resentation still occupies its normal location, but it is 
larger than normal as a result of increased activation of 
adjacent parts of the sciatic cortex (Fig. 13B). Even after 
chronic deafferentation, however, the saphenous repre- 
sentation still remains smaller than the normal hindpaw 
representation. It seems plausible that the sciatic nerve 
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Figure 13. Schematic summary of the results and an inter- 
pretation of the present experiments. A, In normal adult rats 
the saphenous and sciatic nerves are distributed to consistent 
parts of the hindpaw representation. B, Following sciatic tran- 
section, the saphenous representation maintains its normal 
cortical location but rapidly enlarges into cortex normally 
representing sciatic inputs. However, this expanded saphenous 
representation is smaller than the normal hindpaw represen- 
tation. The hindpaw representation thus appears to contain a 
part which is largely or entirely driven by sciatic inputs (cross- 
hatched region in C), a part which is normally dominated by 
sciatic inputs but which also receives convergence from saphen- 
ous inputs (cross-hatched region in D), and a part which is 
largely or entirely driven by saphenous inputs (cross-hatched 
region in E). Following sciatic transection, the saphenous rep- 
resentation enlarges into “expansion” cortex but not into 
“sciatic” cortex. 

provides all or most of the cutaneous input to the medial- 
rostra1 part of the hindpaw representation where cuta- 
neous responsiveness is lost following sciatic transection 
(Fig. 13C). This part of cortex apparently cannot be 
accessed by “substitute” cutaneous inputs within the first 
several months after sciatic injury. The saphenous nerve 
provides input to the lateral part of the hindpaw repre- 
sentation (Fig. 13E), and this cortex remains responsive 
to saphenous inputs after sciatic transection. Cortex 
located between regions normally receiving sciatic or 
saphenous inputs apparently receives converging inputs 
from both nerves. However, under normal conditions, 
this convergence cortex appears to be dominated by the 
sciatic nerve and is functionally similar to more medial 
parts of the hindpaw representation in having receptive 
fields on sciatic skin. If this dominance is disrupted by 
sciatic transection, saphenous inputs will become domi- 
nant input “substitutes,” and the “convergence” region 
becomes a saphenous “expansion” zone (Fig. 130). The 
result is a limited enlargement of the normal saphenous 
representation. 

Comparison of the present results to previous findings on 
the cortical consequences of deafferentation 

Table I summarizes previous studies which describe 
the cortical effects of deafferentation in adult mammals. 

As indicated in columns 1 to 4, previous studies involve 
several species and have used a variety of procedures to 
denervate different skin regions. The present results can 
be related to these studies in the following ways. 

1. In agreement with the present results, all earlier 
studies suggest that cortical neurons can recover cuta- 
neous responsiveness to some degree after disruption of 
their normal inputs (Table I, column 5). The consistency 
of this finding strongly implies, first, that adult mammals 
have a capacity for cortical reorganization after nerve 
injury and, second, that maintenance of normal organi- 
zation in primary somatosensory cortex depends on the 
functional state of peripheral sensory neurons. 

2. Consistent with the present results, virtually every 
previous study has reported that deprived cortex becomes 
responsive to inputs from skin regions near the deaffer- 
ented skin (Table I, columns 3 and 6). Substitution of 
peripherally adjacent inputs thus appears to be a general 
feature of cortical reorganization after deafferentation. 

In contrast to peripheral adjacency, central adjacency 
appears to be less important for recovery of cutaneous 
responsiveness. For example, the forepaw and forelimb 
representations in the rat are near or sometimes adjacent 
to the hindpaw cortex, yet these representations did not 
appear to spread into the hindpaw cortex after denerva- 
tion. Studies of cortical organization after nerve transec- 
tion in monkeys also suggest that central adjacency, in 
itself, is not as important as peripheral adjacency. For 
example, in normal monkeys the representation of the 
face is adjacent to the representation of median nerve 
inputs from the hand (Merzenich et al., 1978). Following 
median nerve transection, deprived parts of the hand 
representation did not become responsive to face inputs, 
and the hand-face border remained relatively constant 
in cortex (Merzenich et al., 1983b). Thus, in both mon- 
keys and rats, central adjacency without a corresponding 
peripheral adjacency and (presumably) adjacency of in- 
put systems up to cortex appears to be relatively unim- 
portant for substitution of cutaneous inputs. 

3. One major goal of the present study was to describe 
the time course for recovery of cutaneous responsiveness 
after deafferentation. The main finding is that recovery 
occurred rapidly and was subsequently maintained at 
this level following prolonged deafferentation. The time 
course for recovery of cutaneous responsiveness has not 
been closely analyzed in previous studies. Earlier inves- 
tigations (a) studied recovery after either acute or 
chronic deafferentation, but usually not both (Table I, 
column 7) and (b) did not attempt to quantify the extent 
of recovery other than to state, for example, the propor- 
tions of small samples of neurons which were responsive 
after deafferentation. Given these limitations, it is diffi- 
cult to describe a general pattern for the rate of cortical 
recovery in these studies. From the studies in which 
acute effects of deafferentation have been examined it 
seems that some degree of recovery occurs soon (within 
several hours to 1 day) after injury. This finding is 
consistent with the present results in suggesting that 
cortical changes involve some degree of functional reor- 
ganization. Investigations of chronic deafferentation in- 
dicate that acute changes become more fully established 
with time; however, the lack of a quantitative evaluation 
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extent after deafferentation. The rapid time course for 
expansion of the cortical representation of saphenous 
inputs suggests that pre-existing connections undergo 
functional alterations, and it may be that the enlarged 
saphenous representation represents one extreme of how 
cortical space can be delegated or used in a normal adult 
rat. If this reasoning is correct, inputs which converge 
onto central neurons (e.g., inputs converging from differ- 
ent skin locations via separate nerves) may normally be 
organized in terms of their dominance in driving these 
neurons, but this dominance may be modifiable as a 
function of input changes. Several investigators have 
previously concluded that functional factors are impor- 
tant for cortical change after nerve injury or blockade 
(Metzler and Marks, 1979; Franck, 1980; Kelahan and 
Doetsch, 1981; Merzenich and Kaas, 1982; Merzenich et 
al., 1983b), and it is relatively easy to imagine the changes 
expressed in “expansion” cortex (Fig. 130) as being 
related to mechanisms of functional change which have 
been hypothesized previously (Merrill and Wall, 1978) 
to underly switching of central connections after nerve 
injury. 

Other observations from studies of central sensory 
systems appear to be consistent with this view. First, a 
considerable amount of evidence suggests that normal 
functional properties such as receptive field location or 
receptive field size do not fully reflect the wider range of 
inputs available to sensory neurons (Merrill and Wall, 
1972; Wall and Werman, 1976; Devor et al., 1977; Dos- 
trovsky et al., 1977; Mendell et al., 1978). Thus, all inputs 
converging on a cortical or other central neuron are not 
equally successful in activating the neuron under normal 
conditions. Sensory systems may take advantage of less 
dominant inputs to maintain some degree of functional 
plasticity in connections. Second, a number of studies 
have shown that responsiveness of central sensory neu- 
rons can be modified as a function of sensory use during 
learning (Groves and Thompson, 1973; Oleson et al., 
1975; Woody et al., 1976; Gibbs and Cohen, 1980; Wall 
et al., 1980b; Disterhoff et al., 1982; Weinberger, 1982). 
These response modifications can be highly specific and 
can be developed rapidly. Increases in the response 
strength of preferentially used inputs can also result in 
enlargement of the cortical representation for these in- 
puts (Spinelli and Jensen, 1979; Metzler, 1980). 

Thus, it is conceivable that deafferentation may 
change the relative use of injured and intact inputs and 
bring about changes which are similar to normal learning 
or use-related changes. This suggests that sensory system 
changes due to use or learning may also have limitations, 
central spatial distribution characteristics, or substitu- 
tion rules like those described in the present study. This 
possibility has not been tested in learning studies of 
sensory neurons because stimuli used in these studies 
generally have not been related to the central represen- 
tations of different nerve inputs. 

Substitution of cutaneous inputs after nerve injury and 
subsequent central recovery after nerve regeneration 

Peripheral deafferentation results in loss of tactile 
sensitivity in the denervated skin zone and, in the ab- 
sence of central substitution, in loss of cutaneous respon- 
siveness for neurons in the central representations of 

injured inputs. If the normal function of cortical neurons 
involves monitoring or interpreting skin inputs, pro- 
longed loss of these inputs might diminish, perhaps ir- 
reversibly, the functional capacities of these neurons. 
This loss of central function would seem unfortunate in 
view of the regeneration abilities of injured peripheral 
nerves. It thus seems plausible that substitution may 
serve a useful role in keeping central neurons “cuta- 
neously active” while regeneration of injured nerves re- 
establishes peripheral inputs. In that alternate inputs 
come from skin areas which are adjacent to denervated 
skin, there is no serious central confusion of inputs 
during this period. Interesting in this respect is that 
cutaneous substitutions occurring after nerve injury are 
themselves progressively replaced by inputs from the 
injured nerve as this nerve regenerates (Wall et al., 
1980a, 1982,1983). Substitution thus represents only one 
stage in recovery of cortical function after nerve injury. 
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