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The hindpaws of l-d-old rats were partially denervated by tran- 
section and ligation of the sciatic nerve. Following growth to 
adulthood, the topographical organization of the hindpaw rep- 
resentation in primary somatosensory (S-I) cortex was studied 
with neurophysiological mapping techniques and compared to 
the organization of previously studied normal adult rats and 
adult rats that had sciatic transection. The goals were (1) to 
determine how the topographical organization of the hindpaw 
representation is affected when development occurs with an in- 
complete set of peripheral inputs, and (2) to identify possible 
differences in the capacity of neonatal and adult CNSs to adjust 
to loss of inputs. 

The rat hindpaw is relatively immature on the day of birth. 
Neonatal transection and ligation of the sciatic nerve stunted 
gross development of the hindpaw and resulted in a permanent 
loss of low-threshold mechanoreceptor inputs from hindpaw 
zones normally innervated by the sciatic nerve. 

A comparison of the cortical representations of neonatally 
denervated and normal rats indicated that early loss of sciatic 
inputs caused several changes in the topographical organization 
of the hindpaw cortex, including (1) a loss of the representation 
of hindpaw skin areas innervated by the sciatic nerve, (2) a 
limited infringement of cutaneous inputs from the hindquarter 
into the cortical zone deprived of sciatic hindpaw inputs, (3) 
increased variability in the topographical relationships of the 
hindpaw and hindquarter representations, and (4) a decrease in 
the size of the cortical area responsive to cutaneous inputs. 

A comparison of the cortical representations of neonatal and 
adult denervates indicated that the general cortical reaction to 
sciatic injury at both ages was similar: Neurons in some parts 
of the deprived hindpaw cortex were activated by cutaneous in- 
puts from uninjured nerves, whereas neurons in other parts of 
this cortex were unresponsive to cutaneous stimulation. The top- 
ographical organization and size of projection zones of unin- 
jured peripheral inputs were different, however, after denerva- 
tion in neonatal and adult rats. 

From these findings we suggest that (1) development of a 
normal, topographically organized hindpaw representation re- 
quires integration of hindpaw inputs in a spatially specific man- 
ner, (2) more than one pattern of cortical adjustment occurs 
after sciatic injury, and age is an important determinant of the 
pattern that is established, and (3) different mechanisms of cen- 
tral adjustment underlie age-related differences in cortical pat- 
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terns, i.e., changes after neonatal injury involve disruption of 
the initial development of ascending hindpaw projections, 
whereas changes after adult injury involve functional alterations 
in pre-existing connections. 

The hindpaw skin of the rat is innervated by low-threshold 
mechanosensory fibers from the saphenous and sciatic nerves. 
The ascending central connections of these nerves project to the 
primary somatosensory (S-I) cortex to form a representation of 
the hindpaw skin (Chapin and Lin, 1984; Donoghue et al., 1979; 
Hall and Lindholm, 1974; Sapienza et al., 198 1; Wall and Cus- 
ick, 1984; Welker, 197 1, 1976; Woolsey, 1958). Normally, there 
is a high degree of spatial order in this projection system, and 
the location, size, and internal topographical organization of the 
hindpaw representation and of the sciatic and saphenous sub- 
components of this representation are similar from animal to 
animal (e.g., Fig. 1, A, B; Wall and Cusick, 1984). 

Cortical organizational patterns in adult mammals are ini- 
tially established during development. In the somatosensory 
system of rodents, the initial assembly of ascending projections 
between the skin and S-I cortex normally continues into the 
first postnatal week. Peripheral injury during this time disrupts 
the development of these projections (e.g., Erzurumlu and Kil- 
lackey, 1982; Jeanmonod et al., 1981; Pidoux et al., 1980; 
Rhoades et al., 1983; Simons et al., 1984; Waite, 1984). The 
first goal of the present study was to compare spatial features 
of the hindpaw representation in normal adult rats (e.g., Fig. 
1B) with those in adult rats whose hindpaws were partially de- 
nervated by sciatic nerve transection on the day of birth. The 
question of interest was, how is the normal topographical or- 
ganization of the S-I hindpaw cortex altered when postnatal 
development occurs with an incomplete set of peripheral inputs? 
This issue is relevant for understanding developmental factors 
that are important for normal spatial assembly of topographi- 
cally organized cortical representations. 

Under normal conditions, the cortical organizational features 
that are established during development are presumably main- 
tained with some degree of stability during adulthood. Recent 
studies indicate, however, that when the hindpaws of adult rats 
are partially deafferented by transection of the sciatic nerve, the 
spatial organization of the S-I hindpaw representation is changed 
in two major ways (Wall and Cusick, 1984). First, because of 
the loss of peripheral inputs, the cortical representation of the 
sciatic skin is lost (e.g., Fig. lc). Second, the representation of 
saphenous inputs from the hindpaw expands and occupies parts 
of the hindpaw cortex that would normally represent lost sciatic 
inputs. This expansion of the saphenous representation appears 
to have limitations, since other cortical regions that would nor- 
mally represent sciatic inputs remain unresponsive to cutaneous 
inputs even after chronic deafferentation. In view of these find- 
ings, the second goal of the present study was to test whether 
the cortical changes after adult injury (e.g., Fig. 1C) are repre- 
sentative of the cortical effects of injury at an earlier age. In 
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Figure 1. Representation of cutaneous mechanoreceptor inputs from 
the hindpaw and adjacent skin regions in the primary somatosensory 
(S-I) cortex of the rat. A, Dorsal view of the rat brain showing the 
approximate location of the hindpaw representation (black rectangle). 
B, The topographical organization of the S-I representation of the hind- 
paw (HP), hindlimb (HL), trunk (TK), forelimb (FL), and forepaw (FP), 
as determined with neurophysiological mapping techniques in a normal 
adult rat. The hindpaw representation (thick border) is normally linked 
to the remaining body map along its caudal border (diagonal hatching) 
with the hindlimb representation. Most of the lateral, rostral, and medial 
border of the hindpaw representation is adjacent to cortical regions that 
are not responsive to cutaneous stimuli (x’s). The hindpaw skin is 
normally innervated by the sciatic and saphenous nerves, each of which 
has its own skin field on the hindpaw. In cortex, the hindpaw repre- 
sentation is internally organized and the skin field of each nerve activates 
the indicated part of the hindpaw representation. C’, The S-I represen- 
tation of low-threshold inputs from the hindpaw and adjacent body 
parts in an adult rat that had undergone transection and ligation of the 
sciatic nerve during adulthood. Note the loss of representation of sciatic 
inputs from the hindpaw and the enlargement of the representation of 
saphenous inputs from the hindpaw. Abbreviations, spatial calibration, 
and orientation as in B. 

particular, does the S-I representation of saphenous inputs from 
the hindpaws of adult rats that had neonatal sciatic transection 
show the same degree of expansion seen in rats denervated 
during adulthood, or does “plasticity” of connections or some 
other feature of the developing system lead to a different result? 
This issue is important for understanding possible differences 
in the central capacity of young and adult systems to adjust after 
nerve injury. 

Materials and Methods 
The right hindpaws of 13 Sprague-Dawley rat pups (both sexes) were 
partially denervated by transection of the sciatic nerve on the day of 
birth. After reaching adulthood (109-489 d, mean = 234 d), the grown 
pups were used in one oftwo experiments. In 11 rats, neurophysiological 
mapping procedures were used to study the contralateral S-I hindpaw 
representation. In the two remaining rats, axonal recordings were used 
to study the peripheral innervation of the denervated and normal hind- 
paws directly and thus to corroborate findings from the cortical studies. 

Neonatal denervation 
Within the first 24 hr after birth, rat pups were removed from their 
mothers and anesthetized with ether. The hindpaw of the rat is in a 
highly immature stage of development on the day of birth. For example, 
the small hairs on the dorsal surface of the hindpaw, which are highly 
sensitive to tactile stimuli in the adult, have not emerged from their 
follicles and are not visible at birth; in addition, the pads on the plantar 
skin are poorly defined, and the toes are still largely fused and do not 
appear as independent appendages. Local anesthetic (5% Xylocaine) 
was applied to the hindlimb and an incision was made across the lateral 
surface of the thigh and calf. Under microscopic view, the sciatic nerve 
was isolated from the surrounding thigh muscles and one to three lig- 
atures were tightly tied around the nerve between the sciatic notch and 
the knee. The nerve was then transected distal to the ligatures and the 
distal segment of the nerve was stripped to the calf. Two approaches 
were used to prevent subsequent regeneration of the nerve. In most rats 
(64%) the hindlimb was reopened once or twice at periods of between 
29 and 208 d after the original denervation and the proximal sciatic 
stump was examined. The transected nerves were smaller than normal 
and, rather than having a normal shiny white appearance, were gray, 
apparently owing to decreased myelination. The ligatures were usually 
still in position and the stumps appeared to end in neuromas that were 
embedded in scar tissue around muscles. During examinations, we 
adopted the procedure of cutting the scar tissue from the surrounding 
muscles and religating the nerve stumps near the scar tissue-neuroma 
mass. In the remaining rats, the ligated nerve stump was embedded in 
a dental acrylic tube at the time of denervation. Observations from 
dissections of the hindlimb after mapping and from the locations of 
receptive fields recorded during the experiments indicate that each of 
these approaches successfully prevented sciatic fibers from reinnervating 
the denervated skin on the leg and hindpaw. As is described in Results, 
the proximal stumps of three rats were resectioned immediately prior 
to cortical mapping as a further test for regeneration, and the results 
from these experiments also indicate that the above precautions were 
successful in preventing regeneration of the sciatic nerve. 

Following hindlimb operations, skin incisions were closed with suture 
and treated with local anesthetic. All rats were housed in cages with 
smooth plastic floors and adequate litter from the time of nerve injury 
until the experiment was ended to prevent further injury ofthe hindpaw. 

Cortical mapping 
The mapping procedures were similar to those used in previous studies 
of normal rats and rats denervated in adulthood (Wall and Cusick, 
1984). Animals were anesthetized with ketamine hvdrochloride (50-75 
mg/kg, IM) and maintained with supplemental injections as needed. 
The ear canals were locally anesthetized (5% Xylocaine) and the head 
was positioned in a stereotaxic frame. The animal was placed on a hot 
water pad and rectal temperature was maintained at around 37°C. A 
craniotomy was made over one hemisphere and a cylinder was mounted 
on the skull. The dura was reflected, the brain was covered with silicone, 
and a magnified photograph (x 25-30) was made of the cortical surface. 

A gridlike array of penetrations (80-100 per rat) was spaced across 
the medial extent of the S-I cortex. Penetrations were made with tung- 
sten microelectrodes (l-4 MQ, measured at 1 kHz) oriented perpen- 
dicular to the cortical surface. The microelectrode was viewed through 
a dissecting microscope and the point of entry for each penetration was 
carefully marked on the brain photograph. Depending on the surface 
vasculature, efforts were made to space penetrations 150-200 pm apart. 
Using conventional techniques for recording neural activity, the mi- 
croelectrode was advanced until multiple unit responses to stimulation 
of the skin and hairs were maximized on an audiomonitor. The most 
brisk responses were usually recorded at microdrive readings of 500- 
800 wrn below the surface. Cutaneous receptive fields were defined with 
hand-held probes and marked on drawings of the body surface. In 
penetrations where no evoked cutaneous responses were observed, ef- 
forts were made to stimulate wide regions of the body surface as the 
electrode was advanced into and withdrawn from depths below those 
that were normally responsive. 

To analyze the results, receptive field locations were related to each 
penetration site. A two-dimensional representation of the hindpaw and 
adjacent skin surface was then reconstructed by delimiting cortical re- 
gions with receptive fields at identified skin locations. Borders between 
cortical representations of different body locations were established mid- 
way between adjacent penetrations with receptive fields on different 
body locations. If the receptive field of a penetration equally straddled 
skin parts that were being distinguished, the border separating the in- 
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volved cortical representations was placed at the penetration position. 
Borders between cutaneous representations and cortical areas not re- 
sponsive to cutaneous stimuli were established midway between re- 
sponsive and adjacent nonresponsive penetration locations. Using these 
borders, the cortical areas representing inputs from the hindpaw and 
other skin regions were measured with a computerized planimeter sys- 
tem (Bioquant II, Image Analysis System; E. Leitz). Where appropriate, 
cortical area measurements from neonatal denervates have been com- 
pared with measurements from normal rats or adult denervates (Wall 
and Cusick, 1984). Cortical areas in all groups were derived with iden- 
tical procedures. 

All cortical mapping studies were carried out by two investigators. 
Movement of the electrode and recording of penetration locations were 
performed by one investigator, while the second defined and recorded 
receptive fields. In all experiments the investigator mapping receptive 
fields neither saw the brain photograph nor knew the location of the 
microelectrode. In some experiments, neonatally denervated rats were 
mixed with rats in other experimental groups as a further “blind” pre- 
caution. 

Figure 2. Photograph of the plantar 
surfaces of the denervated (left) and 
normal (right) hindpaws of an adult rat 
that had undergone transection and li- 
gation of the sciatic nerve on the day 
of birth. Note the obvious difference in 
the size of the denervated hindpaw. 
Calibration bar, 0.5 cm. 

Nerve recording 
The skin territory innervated by low-threshold mechanoreceptor affer- 
ents of the saphenous nerve was defined in two rats with nerve record- 
ings. The animals were anesthetized with ketamine hydrochloride (50- 
75 mg/kg, IM) and the hindlimbs were mounted in a position that 
allowed access to the hindpaw. The saphenous nerve was cut at the 
thigh and an attempt was made to define a receptive field from multiple 
fiber activity, while the whole nerve was impaled through the cut end 
with a tungsten microelectrode. The epineurium was then split and 
fascicles were recorded individually. Finally, each fascicle was dissected 
and recordings were made from small strands of fibers. The end of the 
nerve was then trimmed off and the procedure reiterated until all branch- 
es of the saphenous nerve had been sampled repeatedly, down to the 
ankle. Near the ankle, the branches of the saphenous nerve are small 
and recordings gave very brisk responses which allowed clear delineation 
of receptive field boundaries. Receptive fields were defined with tactile 
stimuli similar to those used for the cortical studies and were recorded 
on line drawings of the hindpaw. 
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SCIATIC 
Figure 3. Photograph of a dissection of the sciatic nerve and related dorsal root ganglia and roots from the L,-L, spinal segments of an adult rat 
that had undergone unilateral transection and ligation of the sciatic nerve on the day of birth. The L, ganglia and roots also contain neurons of the 
femoral nerve. Note the diminished size of the sciatic nerve and L,-L, ganglia and roots on the side that had undergone transection. Some branches 
not directly related to the sciatic nerve (e.g., a branch to L, from the femoral nerve) are not shown. Calibration bar, 10 mm. 

Results 
The functional organization of the S-I hindpaw cortex and the 
peripheral innervation of the hindpaw were studied in adult rats 
whose hindpaws had been partially denervated by sciatic nerve 
transection on the day of birth. These results were then com- 
pared to similar data from normal rats and from rats that had 
undergone sciatic nerve transection during adulthood (Wall and 
Cusick, 1984). 

Changes in the hindlimb after neonatal denervation 
Neonatal sciatic transection resulted in an obvious retardation 
in the development of the hindpaw and in an abnormal use of 

the hindlimb in adulthood. For example, denervated hindpaws 
did not grow to a normal size (Fig. 2), and were held in a 
characteristic manner, with the lateral toes curled inward toward 
the sole. Because of loss of sciatic motor fibers and small muscle 
mass, the denervated hindlimb was not as effective in supporting 
the animal and denervated hindpaws were often more or less 
dragged or used to push with during locomotion. The dimin- 
ished size of the denervated hindpaw and hindlimb was also 
paralleled by a noticeable reduction in the gross diameter of the 
sciatic nerve and associated L,, L,, and, to a lesser extent, L, 
dorsal root ganglia and roots on the injured side (Fig. 3). 

The sensory innervation to the denervated hindpaws of all 



The Journal of Neuroscience Cortical Effects of Neonatal Nerve Injury 

SAPHENOUS NERVE RECORDING 

NORMAL 

NEONATAL 
SECTION 

HINDPAW CORTEX RECORDING 

NEONATAL 
SECTION 

NEONATAL 
SECTION 
V.XWOsITE 
OF 11 RATS) 

tiOR!iAL MEDIAL PLANTAR 

Figure 4. Composite receptive field areas (stippled) from which low- 
threshold mechanosensory responses were evoked during recordings of 
the saphenous nerve (top two rows) or S-I hindpaw cortex (bottom two 
rows). Saphenous nerve composites compare innervation from the nor- 
mal (row I) and denervated (row 2) hindpaws of one rat. Cortical com- 
posites compare innervation from one rat (row 3) and the total group 
of 11 rats studied (row 4). The hindpaw skin area normally innervated 
by the saphenous nerve (e.g., row I) is similar to the skin area that 
remains innervated following neonatal sciatic denervation (bottom three 
rows), regardless of whether innervation is assessed by recordings of the 
saphenous nerve or the S-I cortex. Toe 1 is on the left in the dorsal 
view, centered in the medial view, and on the right in the plantar view 
of the hindpaw. 

neonatally sectioned rats was assessed by cortical or peripheral 
nerve recordings to determine what parts of the hindpaw re- 
mained innervated. The results indicate that there was no rein- 
nervation of the hindpaw by the sciatic nerve and no major 
sprouting of low-threshold saphenous fibers into the denet-vated 
sciatic skin territory. For example, the hindpaw skin is normally 
innervated by the saphenous and sciatic nerves. Each nerve has 
a highly consistent innervation territory and, for low-threshold 
mechanoreceptor afferents, there is little (< 1 mm) or no overlap 
across the borders of these territories (Wall and Cusick, 1984). 
In normal adult rats, the saphenous nerve innervates the hairy 
skin on toes l-3 and the dorsomedial hindpaw, whereas the 
sciatic nerve innervates the remaining hairy skin on the toes 
and dorsolateral hindpaw and the plantar skin (e.g., Fig. 4, top 
row, and Fig. 1 in Wall and Cusick, 1984). The surviving in- 
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Figure 5. The S-I representation of mechanosensory inputs from the 
hindpaw (stippled region surrounded by heavy border) and adjacent body 
regions in four adult rats that had undergone transection of the sciatic 
nerve on the day of birth. Dots, Cortical sites where cutaneous responses 
were recorded; x ‘s, sites not responsive to cutaneous stimuli. The spatial 
calibration and orientation indicated in D applies also to A-C. Abbre- 
viations and other conventions as in Figure 1. 

nervation to the hindpaws of neonatally denervated rats was 
determined by examining the locations of all cortical receptive 
fields on the hindpaw and by constructing a composite skin area 
covered by these fields. The composite of all cortical receptive 
fields on the hindpaw of one representative rat and the com- 
posite for the entire group of 11 neonatal denervates is shown 
at the bottom of Figure 4. All cortical fields on denervated 
hindpaws were located on hairy skin of toes l-3 and the dor- 
somedial hindpaw. The hindpaw innervation was further stud- 
ied by direct recordings from low-threshold mechanosensory 
fibers in the saphenous nerves of two adult rats that had been 
neonatally denervated. The composites of all saphenous nerve 
fields on both the denervated and normal hindpaws of one an- 
imal are shown at the top of Figure 4. A comparison of the top 
and bottom parts of Figure 4 indicates that there is a close match 
between the hindpaw skin that activated neurons in the S-I 
hindpaw representation and the hindpaw skin territory inner- 
vated by the saphenous nerve. In addition, the saphenous ter- 
ritory on denervated hindpaws closely resembles the normal 
saphenous territory. These findings indicate that the peripheral 
innervation deficits produced in the immature hindpaws were 
maintained into adult life. 

Organization in S-I cortex 
Following neonatal sciatic transection, the developing repre- 
sentation of the hindpaw in the S-I cortex retains inputs from 
the saphenous nerve but is deprived of its sciatic inputs. In 
describing the cortical consequences of neonatal denervation, 
we consider (1) the cortical representation of noninjured hind- 
paw inputs from the saphenous nerve, (2) the cortical zone 
deprived of hindpaw inputs from the sciatic nerve, (3) the pat- 
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Figure 6. Mean area of S-I cortex representing hindpaw skin inner- 
vated by the saphenous nerve in normal adult rats (left; n = 10) and in 
adult rats that had undergone transection of the sciatic nerve on the day 
of birth (middle; n = 11) or during adulthood (right; n = 7). Bars, 1 SD. 

tern of topographical organization produced in the hindpaw and 
adjacent representations, and (4) the overall size of the cuta- 
neously responsive zone in the hindpaw cortex. 

The representation of hindpaw inputs from the 
saphenous nerve 
Cortical location. In all neonatal denervates, the saphenous skin 
territory on denervated hindpaws was represented in a relatively 
constant position in the S-I cortex (Fig. 5). This representation 
was rostra1 to representations of the hindlimb and/or trunk, 
medial to the representation of the forelimb, and caudomedial 
to the representation of the forepaw. In addition, portions of 
the medial, lateral, and rostra1 borders of the hindpaw repre- 
sentation were immediately adjacent to cortical zones that were 
not responsive to cutaneous stimuli (Fig. 5). In normal adult 
rats, inputs from hindpaw skin areas innervated by the saphe- 
nous nerve typically project to the lateral and more caudal part 
of the hindpaw representation (e.g., Fig. 1B). The relative lo- 
cation of this representation with respect to representations of 
neighboring body parts has been described in detail (Wall and 
Cusick, 1984) and, on the basis of the localizing features de- 
scribed above, the representation of the saphenous hindpaw 
territory in neonatally denervated rats was very similar to the 
location of this representation in normal adult rats (e.g., Figs. 
1B and 5). These findings indicate that establishment of sa- 
phenous projections in a normal cortical locus does not depend 
on the presence of inputs from adjacent parts of the hindpaw 
during the neonatal period. 

The location of the saphenous hindpaw representation in neo- 
natally denervated rats was also very similar to the location of 
the saphenous hindpaw representation in rats that underwent 
sciatic transection as adults (e.g., Figs. 1C and 5; Wall and 
Cusick, 1984). Thus, the saphenous hindpaw representation 
maintains a relatively normal cortical location after sciatic sec- 
tion at different postnatal ages. 

Size measures. The cortical area responsive to saphenous in- 
puts from the hindpaw was measured in all neonatally dener- 
vated rats and compared to similar measures from normal rats 
and rats denervated as adults. This comparison indicated that 
sciatic transection in neonatal and adult rats had different effects 
on the size of the representation of hindpaw inputs from the 
saphenous nerve. For example, the mean area of the saphenous 
representation in neonatally denervated rats (Fig. 6, middle) 
was slightly larger but not significantly different (t[19] = 1.82, 
p > 0.05) from the mean area of this representation in normal 

Figure 7. Composite receptive field areas (hatched) of penetrations 
that were located in the deprived cortex, mediorostral to the represen- 
tation of hindpaw inputs from the saphenous nerve. Most fields were 
on the medial hindlimb and adjacent pelvic-abdomen trunk region 
indicated on the left. 

rats (Fig. 6, left). In contrast, the mean area of the saphenous 
representation in neonatal denervates was noticeably smaller 
than the mean size of this representation in rats that were chron- 
ically denervated during adulthood (Fig. 6, right), and this dif- 
ference was statistically significant (t[ 161 = 3.86, p < 0.0 1). These 
findings indicate that neonatal injury precludes the development 
of a saphenous hindpaw representation on the order of size of 
the expanded representation seen after adult injury. 

The cortical zone deprived of sciatic inputs from the hindpaw 
The cortical representation of hindpaw skin innervated by the 
sciatic nerve is normally located immediately mediorostral to 
the representation of hindpaw inputs from the saphenous nerve 
(Wall and Cusick, 1984; e.g., Fig. 1B). To assess the effects of 
neonatal denervation in this deprived cortex, an evaluation was 
made of the response properties of neurons recorded at all pen- 
etrations that were mediorostral to the saphenous hindpaw rep- 
resentation and that would normally fall within the area re- 
ceiving sciatic nerve inputs. Two major changes were apparent 
in the deprived cortical zone: (1) Neurons recorded in some 
penetrations showed no evoked activity to cutaneous stimuli, 
while (2) neurons at other penetrations had abnormally located 
cutaneous receptive fields. The extent to which these changes 
were seen varied from animal to animal. In 45% (5/l 1) of the 
rats, neurons recorded at every or almost every penetration in 
the deprived cortical zone were unresponsive to cutaneous stim- 
uli (e.g., Fig. 5, A, B). In the remaining 55% ofthe rats, abnormal 
cutaneous representations were found along the mediorostral 
edge of the representation of saphenous inputs from the hindpaw 
(e.g., Fig. 5, C, D). In effect, neonatal denervation appeared to 
produce a graded pattern of cortical change that ranged from 
complete loss of cutaneous responsiveness in the deprived cor- 
tex to variable establishment of cutaneous inputs. 

The peripheral locations of cutaneous inputs to the deprived 
cortex were studied in each animal by examination of the re- 
ceptive field areas defined at all penetrations located medioros- 
tral to the representation of saphenous hindpaw inputs and in 
an area of cortex comparable to the normal representation of 
hindpaw inputs from the sciatic nerve. Figure 7 summarizes 
this information in views of the composite skin areas covered 
by these fields in all neonatally denervated rats. Most receptive 
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Figure 8. Mean areas of S-I cortex representing (left) hindpaw skin 
innervated by the sciatic nerve in normal adult rats (n = 10) and (right) 
proximal hindquarter skin in the deprived hindpaw zone of adult rats 
that had undergone transection of the sciatic nerve on the day of birth 
(n = 11). Bars, 1 SD. 

fields (79%, 31139) were located on the medial surface of the 
hindlimb or on the adjacent pelvic-abdomen trunk region (Fig. 
7, left), while the remaining fields were on the posterior margin 
of the hindlimb or adjacent trunk (Fig. 7, right). Since the rep- 
resentation of saphenous inputs from the hindpaw was nearly 
normal in size, inputs from the hindpaw did not reoccupy the 
deprived cortical zone to any major extent. 

The cutaneous inputs from the hindquarter to the deprived 
cortex were not due to anomalous reinnervation of the hind- 
quarter by regenerated sciatic fibers. Dissections of the hind- 
limbs after mapping indicated that the sciatic nerve stumps 
terminated in neuromas that were encased in scar tissue ad- 
hering to surrounding muscles. Although careful dissections un- 
der microscopic view indicated no major regeneration, it could 
be argued that it is difficult to completely eliminate the possi- 
bility that some sensory fibers reinnervated the skin and went 
unnoticed. To test this possibility, the sciatic nerve in three 
neonatally denervated rats was resectioned proximal to the neu- 
roma immediately before mapping, to eliminate any possible 
regenerated inputs. Two of these rats had abnormal hindquarter 
representations in the deprived cortex (Fig. 5D is taken from 
one of these rats) while, in the third rat, the deprived cortex was 
unresponsive to cutaneous stimuli. These findings indicate that 
the graded patterns of change in the deprived cortex were not 
dependent on peripheral regeneration of sciatic fibers. 

Measurements were made of the cutaneously responsive cor- 
tical area located mediorostral to the saphenous hindpaw rep- 
resentation in neonatal denervates in order to study the extent 
of the deprived cortex that became occupied by proximal hind- 
quarter inputs. The representation of the hindpaw skin inner- 
vated by the sciatic nerve in normal rats can serve as an estimate 
of the area of hindpaw cortex that becomes deprived after sciatic 
transection. In normal adult rats, this representation occupies 
a mean cortical area of about 0.8 mm2 (Fig. 8, left; Wall and 
Cusick, 1984). The mean size of the mediorostral responsive 
area in neonatal denervates equaled about 12% of the represen- 
tation of sciatic hindpaw inputs in normal rats (Fig. 8, right). 
This decrease in size from normal was statistically significant 
(t[ 191 = 11.67, p < 0.001). These findings suggest that cuta- 
neous inputs from the proximal hindquarter of neonatal de- 
nervates occupied a relatively small part of the cortical zone 
that would normally be activated by sciatic nerve inputs from 
the hindpaw. 

Figure 9. Topographical organization in the cortical representation of 
the hindpaw (stippled with heavy border) and neighboring body parts of 
a neonatally denervated adult rat. Upper left, Map of the hindpaw and 
adjacent cortex. Numbered dots, Locations of some of the recording 
sites in this experiment. x ‘s, Sites not responsive to cutaneous stimu- 
lation. Arrows link cortical sites with fields on the hindpaw, hindlimb 
(HL), and trunk (UC). Other conventions as in Figure 1. Right and 
bottom, Receptive field locations of numbered recording sites indicated 
in the cortical map. Note that (1) within the hindpaw representation, 
rostrocaudal shifts in cortical sites (arrows) correspond to distal-prox- 
imal shifts in receptive field location on the hindpaw, whereas, for 
cortical shifts in the mediolateral direction, there was more overlap in 
receptive fields; and (2) there was a topographical progression of recep- 
tive field shifts for recording sites across the hindpaw, hindlimb, and 
trunk representations. 

Topographical organization in the hindpaw and adjacent 
hindlimb and trunk representations 
We were interested in determining whether topographical changes 
were produced in cortex when postnatal development occurred 
with an incomplete set of peripheral inputs. An assessment was 
therefore made of the internal topographical organization of the 
hindpaw representation and of the topographical linkages be- 
tween the hindpaw and adjacent hindlimb and trunk represen- 
tations. 

Internal topography of the hindpaw representation. Despite a 
lifelong denervation of much of the hindpaw, the topographical 
organization in the representation of surviving hindpaw inputs 
in neonatal denervates was normal in many respects. For ex- 
ample, in normal rats there is an internal topographical order 
in the hindpaw representation (Wall and Cusick, 1984). The 
topography is somewhat coarse, in that receptive fields at neigh- 
boring penetrations usually overlap extensively; however, with 
larger movements across cortex, receptive field centers are ob- 
served to shift systematically across the hindpaw skin. The hind- 
paw representation is generally polarized such that rostra1 to 
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Figure 10. Topographical organization in the cortical representation 
of the hindpaw (stippled with heavy border) and neighboring body parts 
of a neonatally denervated adult rat. Conventions and description as in 
Figure 9. 

caudal movements across cortex correspond to distal to prox- 
imal shifts across the hindpaw, while lateral to medial cortical 
movements relate to medial to lateral field shifts across the 
hindpaw. The topographical organization in the representation 
ofthe saphenous inputs from hindpaws of neonatally denervated 
rats was similar to that seen in normal rats. Receptive fields at 
neighboring cortical sites showed variable degrees of partially 
shifted overlap. With larger cortical movements in a rostrocau- 
da1 direction, there was a tendency for field centers to shift from 
distal to proximal parts of the hindpaw (Fig. 9, recording and 
receptive field sites 1-6; Fig. 10, recording and receptive field 
sites 1-6; Fig. 11, recording and receptive field sites l-3). It was 
difficult to demonstrate systematic shifts across the mediolateral 
axis of the hindpaw representation of neonatal denervates pri- 
marily because the saphenous skin field on the hindpaw is nar- 
row in the mediolateral dimension and, given the size of the 
receptive fields, it was hard to detect shifts across the hindpaw 

(Figs. 9 and 10). Similar internal topography was seen in neo- 
natal denervates regardless of the extent of cutaneous inputs in 
the adjacent deprived cortex (e.g., compare Figs. 9 and 10). 
These findings indicate that neonatal sciatic nerve injury did 
not upset the development ofnormal topographical organization 
patterns in the saphenous hindpaw system. 

The topographical organization in the representation of hind- 
paw inputs from the saphenous nerve in neonatal denervates 
was also similar to the topography observed in rats denervated 
during adulthood (Wall and Cusick, 1984). This finding indi- 
cates that the internal patterns of topography in the saphenous 
system from the hindpaw are maintained following sciatic tran- 
section at any postnatal age. 

Topographical interrelationships of the hindpaw, hindlimb, 
and trunk representations. Neonatal sciatic denervation de- 
prived the mediorostral part of the hindpaw representation of 
normal inputs from the hindpaw. In some rats, this deprivation 
caused changes in the detailed topographical relationships of 
the representations of the proximal hindquarter and saphenous- 
innervated hindpaw skin. For example, the caudal border of the 
hindpaw representation in normal adult rats is typically adjacent 
to the hindlimb representation or to the representations of the 
hindlimb and pelvis-abdomen trunk skin (e.g., Fig. 1B; Wall 
and Cusick, 1984); as a result, the S-I hindpaw representation 
is normally somatotopically linked to the remaining body rep- 
resentation through the adjacent representation of more prox- 
imal hindquarter inputs. Similar to normal rats, the caudal mar- 
gin of the hindpaw representation in neonatally denervated rats 
also bordered the representations of the hindlimb and/or trunk 
(pelvis-abdomen). The detailed spatial relationships of these 
representations varied, however, from animal to animal: In 55% 
(6/l 1) of the neonatal denervates, the caudal hindpaw repre- 
sentation primarily bordered the trunk (e.g., Figs. 54 and 11); 
in 27% (3/l 1) it bordered both the trunk and hindlimb (e.g., 
Figs. 5C and 13); in the remaining 18% (2/l 1) it primarily 
bordered the hindlimb (e.g., Fig. 9). This variability is somewhat 
unusual in that normal rats typically fall into the latter two 
categories, whereas a nearly complete caudal juxtaposition with 
the trunk representation is not usually seen. In neonatal dener- 
vates, where the hindlimb representation bordered the hindpaw 
representation, the topographical continuity in the representa- 
tions of the hindpaw, hindlimb, and trunk was similar to that 
seen in normal rats (e.g., Fig. 9, penetrations and fields 2,7, and 
8; 3, 4, and 9-13; Wall and Cusick, 1984). In contrast, in neo- 
natal denervates in which the caudal border of the hindpaw 
representation was linked with the trunk representation, there 
appeared to be a more noticeable jump in receptive field loca- 

Figure II. Topographical organiza- 
tion in the cortical representation of the 
hindpaw (stippled with heavy border) 
and neighboring body parts of a neo- 
natally denervated adult rat. Conven- 
tions as in Figure 9. Note that the ros- 
trocaudal topography within the 
hindpaw representation is similar to that 
shown in Figures 9 and 10. In this rat, 
however, the hindpaw representation is 
largely separated from the representa- 
tion of the hindlimb by the intervening 
representation of the trunk. As a result, 
there is a more marked shift in recep- 
tive field locations across most of the 
caudal border of the hindpaw represen- 
tation. 
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tions at neighboring cortical sites across this border (e.g., Fig. 
11, penetrations and fields 2-6). Some of these rats had hindlimb 
inputs to the deprived cortex, medial to the saphenous hindpaw 
representation. Even in these instances, however, the hindpaw 
representation did not appear to be normally linked to the trunk 
representation. Thus, in these rats there was little or no conti- 
nuity in topographical organization across the border. These 
observations suggest that there were adjustments in the detailed 
topographical relationships of the hindpaw and more proximal 
hindquarter skin as a result of neonatal denervation. Such ad- 
justments were not seen after sciatic transection in adult rats 
(Wall and Cusick, 1984). 

These findings led us to question whether the representations 
in the deprived cortex resulted from rostra1 “shifts” in the rep- 
resentations of proximal hindquarter inputs, or whether the 
representations in deprived cortex were “replications” of rep- 
resentations that still occupied more normal locations caudal 
to the representation of saphenous inputs from the hindpaw. 
To study this issue, the receptive fields of neurons at all cortical 
sites in the deprived cortex were compared to receptive fields 
recorded at cortical sites caudal to the representation of sa- 
phenous inputs from the hindpaw. With topographical “shifts,” 
fields in deprived cortex would not replicate caudal fields and 
a somewhat abnormally located but continuous representation 
might result, whereas with “replication,” receptive fields in de- 
prived cortex might extensively repeat fields seen more caudally 
and there might be a re-representation of inputs from the same 
skin. There was evidence that both “shifts” and “replication” 
occurred in the deprived cortex. For example, in the cortical 
representation of the neonatal denervate illustrated in Figure 
12, cortical sites 1-3, rostra1 to the representation of hindpaw 
saphenous inputs, had highly abnormal receptive fields near the 
pelvic and abdomen regions of the trunk. These same skin re- 
gions were also represented approximately 1 mm more caudally 
at cortical sites in a more normal cortical location (Fig. 12, sites 
and fields A-D). The rostra1 fields in deprived cortex thus ap- 
peared to “replicate” the caudal fields. These “replicated” trunk 
representations were isolated from each other by an intervening 
representation of the hindlimb, which was mainly located me- 
dial to the hindpaw representation (Fig. 12, sites 4-9). In con- 
trast to the abnormal “replication” of trunk fields in deprived 
cortex, this abnormal representation of hindlimb inputs ap- 
peared to extend in a continuous manner from the caudal margin 
of the hindpaw representation. Thus, these hindlimb inputs ap- 

Figure 12. Examples of topographical 
“replications” and “shifts” in the de- 
prived hindpaw cortex of a neonatally 
denervated adult rat. L& Cortical map 
of the hindpaw (stippled with heavy bor- 
der) and neighboring body parts, indi- 
cating some of the recording sites made 
in this experiment. Right, Receptive 
field locations of numbered and lettered 
recording sites indicated in the cortical 
map. Conventions as in Figure 9. Note 
that (1) cortical sites l-3 in the de- 
prived cortical zone had trunk recep- 
tive fields that “replicated” receptive 
fields at cortical sites A-D, located about 
1 mm more caudally in the main rep- 
resentation of the trunk, and (2) the 
hindlimb representation appears to oc- 
cupy a rostrally shifted position where 
hindpaw inputs from the sciatic nerve 
would normally be found. 

peared to have shifted rostrally to some degree (compare with 
Figs. 9 and 1B). Replication of trunk and hindlimb fields was 
also seen in animals that had more limited cutaneous inputs to 
the deprived cortical zone (e.g., Fig. 13). These findings indicate 
that topographical linkages between the hindpaw and adjacent 
hindquarter representations were adjusted as a result of neonatal 
denervation and that replication and shifting of hindquarter 
inputs were two reflections of this adjustment. 

Estimates of the cutaneously responsive area in the 
hindpaw cortex 
Neonatal denervates did not recover cutaneous representations 
over a cortical area the size of the normal hindpaw represen- 
tation. For example, in normal adult rats, the S-I representation 
of hindpaw skin innervated by the saphenous and sciatic nerves 
occupies a mean cortical area of 0.94 mm2 (Fig. 14, left; Wall 
and Cusick, 1984). In neonatal denervates, the mean area of 
cortex representing hindpaw inputs from the saphenous nerve 
and proximal hindquarter inputs in the deprived zone was 0.29 
mm2 (Fig. 14, middle). This difference from normal is statisti- 
cally significant (t[19] = 10.32, p < 0.001) and indicates that 
neonatal denervation resulted in a net loss of cutaneously ac- 
tivated cortex. 

The cutaneously responsive area of hindpaw cortex in neo- 
natal denervates was also not as extensive as in adult denervates. 
Following chronic transection of the sciatic nerve during adult- 
hood, the cortical representation of saphenous inputs from the 
hindpaw occupies a mean area of 0.47 mm2 (Fig. 14, right; Wall 
and Cusick, 1984) and no cutaneous inputs are observed in 
cortex rostromedial to this representation. Thus, this area pro- 
vides an estimate of the cutaneously responsive cortex com- 
parable to the 0.29 mm* area measure in neonatal denervates. 
The difference in the cutaneously responsive cortical areas in 
neonatal and adult denervates is small but statistically signifi- 
cant (t[ 161 = 2.57, p < 0.05). This difference is not attributable 
to length of survival time after injury or other time-related 
factors such as adult age at mapping. For example, with chronic 
denervation of up to 160 d in adult rats that were at least 90 d 
old at injury, the total cortical area responsive to cutaneous 
inputs comprised about 50% of the normal hindpaw represen- 
tation (Wall and Cusick, 1984). In neonatally sectioned rats with 
denervation times of 160-489 d, the area was 28% ofthe normal 
hindpaw representation. Thus, neonatal denervates having post- 
injury times comparable to or longer than times in adults of 
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Figure 13. “Replications” in the deprived hindpaw cortex. Left. Cor- 
tical map of the hindpaw (stippled with heavy border) and neighboring 
body parts indicating some of the recording sites made in this experi- 
ment. Right, Receptive field locations of the numbered and lettered 
recording sites indicated in the cortical map. Conventions as in Figure 
9. Note that the receptive fields of sites l-4 in the deprived cortical 
zone replicate receptive fields at sites A-E located about 0.5-1.5 mm 
more caudally. 

similar age at mapping still have a smaller cutaneously respon- 
sive area. Age at the time of nerve injury in these rats appears 
to be an important factor in determining the extent of cortical 
space that loses cutaneous activation. 

Discussion 

Present jindings 
The first goal of this study was to assess how the normal top- 
ographical map of the body surface in the primary somatosen- 
sory (S-I) cortex is affected when postnatal development occurs 
in the absence of inputs from part of the body. To study this 
issue, we compared the hindpaw representations of adult rats 
that developed postnatally with normal innervation of the hind- 
paw to the hindpaw representations of adult rats that developed 
postnatally with only saphenous innervation. Peripherally, neo- 
natal transection and ligation of the sciatic nerve resulted in an 
irreversible loss of low-threshold mechanoreceptor inputs from 
the plantar and dorsolateral surfaces of the hindpaw (Fig. 15, 
top center, blackened). A comparison of the S-I maps in neonatal 
denervates and normal rats indicated that neonatal sciatic sec- 
tion resulted in the following cortical changes (Fig. 15, middle, 
left three panels): (1) The cortical representation of hindpaw 
skin innervated by the saphenous nerve in neonatal denervates 
was similar to that of normal rats in location, internal topo- 
graphical organization, and size (Fig. 15, middle, stippling). (2) 
Two major changes were produced in the cortical zone deprived 
of sciatic inputs. In some neonatal denervates, small abnormal 
representations of cutaneous inputs from the proximal hind- 
quarter were established (Fig. 15, middle, third panel from left, 
cross-hatching). In other denervates, no cutaneous inputs were 
apparent in this zone (Fig. 15, middle, second panel from left, 
blackened). (3) In animals that had hindquarter representations 
in the deprived zone, as well as in animals that did not, there 
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Figure 14. Mean area of S-I cortex representing (left) hindpaw inputs 
from the saphenous and sciatic nerves of normal adult rats (n = lo), 
(middle) hindpaw inputs from the saphenous nerve to normal cortex 
and hindquarter inputs to deprived cortex in adult rats that had under- 
gone sciatic transection neonatally (n = 1 l), and (right) hindpaw inputs 
from the saphenous nerve to normal and deprived cortex in adult rats 
that had undergone sciatic transection during adulthood (n = 7). In the 
region of the hindpaw representation, there is a decrease in the size of 
the cutaneously responsive area after both neonatal and adult sciatic 
transection. In addition, the cutaneously responsive area is smaller after 
neonatal injury than after adult injury. Bars, I SD. 

was a net loss of tactilely responsive cortex in the vicinity of 
the hindpaw representation (Fig. 15, middle, second and third 
panels, blackened). (4) Finally, the detailed topographical re- 
lationships between the representations of the hindpaw, hind- 
limb, and trunk were sometimes altered as a result of shifting 
and replication of hindlimb and trunk representations. 

We conclude that loss of sensory inputs at birth caused lifelong 
changes in the functional organization of the body map in the 
S-I cortex. Under the conditions of the present experiments, the 
general features of these changes were loss of the cortical rep- 
resentation of skin inputs from the injured nerve, increased 
variability in the detailed topographical relationships of rep- 
resentations of normally innervated skin regions near the de- 
nervated skin, decreased overall size of the S-I area that was 
responsive to cutaneous stimuli, and partial infringement of the 
representations of normally innervated skin areas into the de- 
prived cortex. 

The second goal of this study was to evaluate the cortical 
effects of nerve injury at different ages. To study this issue, we 
compared the hindpaw representations of adult rats that had 
undergone sciatic transection and ligation on the day of birth 
to those of adult rats that had undergone sciatic transection 
and ligation during adulthood. In a previous study of sciatic 
transection in adult rats, the following major changes were seen 
(Wall and Cusick, 1984): (1) Peripherally, there was a sustained 
loss of low-threshold mechanoreceptor inputs from hindpaw 
skin areas innervated by the sciatic nerve (Fig. 15, top right, 
blackened). (2) In cortex, the representation of hindpaw sa- 
phenous inputs occupied a normal location but had expanded 
into parts of cortex where hindpaw sciatic inputs would nor- 
mally be represented (Fig. 15, middle right, dense stippling). (3) 
Because of this expansion, about 40% of the cortical area de- 
prived of sciatic inputs recovered cutaneous inputs. The re- 
maining part of the deprived cortex, an area equal to about 40- 
50% of the total hindpaw representation in normal rats, did not 
recover cutaneous inputs even after denervation of up to 5 months 
(Fig. 15, middle right, blackened). 

The consequences of sciatic injury in adults were similar to 
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Figure 15. Schematic summary of the hindpaw system of normal adult rats (left) and adult rats after partial denervation of the hindpaw by sciatic 
section on the day of birth (center) or during adulthood (right). Peripheral changes are indicated along the top row, whereas corresponding changes 
in the S-I hindpaw cortex are indicated in the middle row. The bottom row provides a key to shading. See Discussion for details. 

the present observations in the following respects: (1) The pe- 
ripheral effect of injury at both times was a sustained loss of 
low-threshold inputs from the sciatic hindpaw skin (Fig. 15, top 
center and right, blackened). (2) In adult denervates and some 
neonatal denervates, cutaneous inputs from normally inner- 
vated skin areas were observed in parts of the cortical zone 
deprived of sciatic inputs from the hindpaw (Fig. 15, middle, 
hatching in third panel from left and dense stippling in right 
panel). (3) Finally, injury at both times resulted in a net loss of 
cutaneously responsive cortex in the vicinity of the hindpaw 
representation (Fig. 15, middle, blackened areas in right panel 
and second and third panels from left>. 

There were also notable differences in the consequences of 
adult and neonatal sciatic transection. (1) The organization in 
the deprived cortex of neonatal denervates varied such that 
some animals recovered substitute proximal hindlimb inputs 
whereas other animals did not recover cutaneous inputs (Fig. 
15, middle, second and third panels from left). Both these pat- 
terns differed from the consistent pattern of substitution from 
hindpaw inputs seen in adult denervates (Fig. 15, middle, right 
panel). (2) The topographical relationships ofthe hindpaw, hind- 
limb, and trunk representations in neonatal denervates were 
more variable and, in some instances, differed from the pattern 
seen in adult denervates. (3) The representation of saphenous 
inputs from the hindpaws of neonatal denervates was not en- 
larged like the representation of adult denervates but, instead, 
was similar in size to that of normal rats (Fig. 15, stippling in 
middle four panels). (4) Finally, the area of deprived cortex that 
recovered cutaneous responsiveness was smaller after neonatal 
injury than after adult injury (Fig. 15, middle, hatching in third 
panel from left and dense stippling in right panel). 

Regarding the second question concerning the age-linked con- 
sequences of sciatic injury, these observations suggest that the 
general cortical reaction to peripheral injury in neonates and 

adults was similar: Some parts of the deprived cortex became 
reactivated by substitute inputs, whereas other parts lost cuta- 
neous responsiveness. Age at injury did have an effect, however, 
on the cortical pattern of representation that was produced. For 
the rat hindpaw system, the major age-related changes involved 
differences in the skin locations from which substitute cutaneous 
inputs were derived and differences in the spatial extent ofcortex 
that recovered cutaneous responsiveness. 

We were surprised to find that the representation of hindpaw 
inputs from the saphenous nerve did not expand after neonatal 
denervation, as it had after adult denervation. From the initial 
findings in adults, a reasonable expectation was that neonatal 
animals would have fewer “constraints” than adults and, as a 
result, the representation of hindpaw inputs from the saphenous 
nerve might expand into all the deprived cortex and be on the 
order of size of the total hindpaw representation in a normal 
animal. This expectation reflected a general bias-that the ner- 
vous systems of young animals have better recovery capacities 
than adults (e.g., see Finger and Stein, 1982, and Simons and 
Finger, 1984, for discussion). The present finding that the rep- 
resentation of saphenous hindpaw inputs in neonatal denervates 
is smaller than that of adult denervates is not in line with this 
expectation. Even if hindquarter inputs to the deprived cortex 
are considered in neonatal denervates, the reactivated hindpaw 
cortical area is still not larger than that seen in adult denervates. 
We suggest that the nervous system of neonatal rats may be 
more “plastic” than the adult, but that this plasticity results in 
the young system being, in effect, more vulnerable to injury. In 
particular, injury of sciatic neurons in neonates may have a 
detrimental effect on the assembly of central circuits that are 
developmentally dependent on sciatic inputs at the time of in- 
jury (see below). This effect could preclude expansion of the 
hindpaw saphenous representation beyond the limit seen in neo- 
natal denervates. 
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Extension of a dominant input hypothesis to the 
present Jindings 
The topographical organization of the hindpaw representation 
in normal adult rats indicates that about 80% of the hindpaw 
representation is dominantly activated by skin regions inner- 
vated by the sciatic nerve, while about 20% is dominantly ac- 
tivated by hindpaw skin innervated by the saphenous nerve 
(Fig. 15, middle left). In the previous study of sciatic section in 
adult rats (Wall and Cusick, 1984) the enlargement in the rep- 
resentation of hindpaw inputs from the saphenous nerve oc- 
curred rapidly, and it was hypothesized that peripheral injury 
altered the functional dominance ofinputs to the hindpaw cortex 
in several ways. First, the cortical zone receiving dominant in- 
puts from hindpaw skin innervated by the saphenous nerve 
continued to respond to these inputs (“saphenous” cortex; Fig. 
15, middle, left and right panels, light stippling). Next, a second 
cortical zone that normally received dominant inputs from the 
sciatic nerve lost and failed to recover cutaneous responsiveness 
(“sciatic” cortex; Fig. 15, middle right panel, blackened). Fi- 
nally, an intervening zone between the “saphenous” cortex and 
the “sciatic” cortex received inputs from both nerves but, under 
normal conditions, was functionally dominated by sciatic in- 
puts. Following sciatic transection, this dominance was switched 
and saphenous inputs became dominant input substitutes for 
lost sciatic inputs. As a result, this convergence zone became 
the area into which the saphenous representation expanded 
(“convergence” cortex; Fig. 15, middle right panel, dense stip- 
pling). 

This framework for conceptualizing the functional projection 
zones of peripheral nerves in adult rats can be usefully applied 
to the present findings to provide the following picture of how 
early injury may interact with the initial development of normal 
cortical projection zones of nerves and with the development 
of normal topographical order in cortical representations. 

First, the representation of hindpaw inputs from the saphe- 
nous nerve in neonatal denervates was similar to the “saphe- 
nous” cortex in location, internal topographical organization, 
and size (Fig. 15, middle left three panels, light stippling). This 
suggests that cortical areas with dominant inputs from a single 
nerve can develop normally, independent of either normal pe- 
ripheral inputs from neighboring nerves or normal activation 
of adjacent cortical areas. The present findings further indicate 
a net loss of cutaneously responsive cortex medial and rostra1 
to the saphenous hindpaw representation in neonatal dener- 
vates. This suggests that at least some parts of the “sciatic” 
cortex did not recover substitute cutaneous inputs (Fig. 15, mid- 
dle, second and third panels from left, blackened). This loss of 
responsiveness is also consistent with there being some degree 
of independence in the development, or, in this instance, lack 
of development, of cortical representations dominated by dif- 
ferent nerves. These findings imply that functional representa- 
tions of delimited skin territories are capable of developing or 
not developing as somewhat autonomous units. 

Second, following neonatal denervation, some animals did 
not recover cutaneous responsiveness in the cortical zone im- 
mediately medial and rostra1 to the saphenous cortex, whereas 
other animals had partial representations of hindquarter inputs 
in this zone (Fig. 15, middle, second and third panels, hatching 
and blackened). In the dominant input hypothesis, this zone 
would coextend spatially with the “convergence” cortex in adult 
denervates (Fig. 15, middle right panel, dense stippling). These 
findings suggest that loss of dominant nerve inputs to a con- 
vergence zone in the cortex of developing animals may have at 
least two effects on the functional organization of other cuta- 
neous inputs to that zone. (1) Dominant input loss may retard 
initial development of a normally sized subdominant projection 
zone of noninjured nerves; i.e., in neonatal denervates, the rep- 
resentation of hindpaw inputs from the saphenous nerve was 

not as large as it was in rats that had a normal development 
but were denervated as adults. (2) Early input loss may result 
in a strengthening of projections from different inputs, i.e., prox- 
imal hindquarter inputs as seen after neonatal injury instead of 
hindpaw inputs as seen after adult injury. 

An interesting question raised by these observations is, what 
is the relationship between development of functional soma- 
totopic order in central representations and peripheral “group- 
ings” of cutaneous inputs? From the present findings, it is plau- 
sible that the initial development of a somatotopic map entails 
assembly of many patch- or stripe-like cortical units, each of 
which may acquire internal order somewhat autonomously, per- 
haps as a result of spatial or temporal contiguity of ascending 
inputs from a group of peripheral sensory axons. Since sensory 
axons of a peripheral nerve normally innervate a continuous 
skin territory, a nerve could readily serve as one such peripheral 
grouping. Fascicles within nerves or nerve branches to delimited 
skin areas could serve a similar function for fractions of the 
innervation field of a nerve. Cortical units that are autonomous 
for a single nerve may be pieced together through cortical units 
that are more dependent on converging dominant and subdom- 
inant inputs from more than one nerve. In an anatomical sense, 
this view is consistent with the patchlike array of cellular and 
fiber aggregates seen in the S-I hindpaw cortex of normal rats 
(Chapin and Lin, 1984; Dawson and Killackey, 1984; Welker, 
1976) and with the partial maintenance (and partial loss) of 
these patchlike arrays after sciatic transection in l-d-old rats 
(Dawson and Killackey, 1984; see below). This view is also 
consistent with findings from the trigeminal system, where the 
fascicular organization in the infraorbital nerve contributes a 
framework for spatially organized projections to isomorphic 
cortical representations of the vibrissae (Erzurumlu and Kil- 
lackey, 1983). Similar patch- or stripe-like patterns specific to 
different inputs are important organizational units in a variety 
of other central structures (e.g., see Constantine-Paton, 1982, 
for a recent discussion). 

From the perspective of the peripheral nerves, we suggest that 
normal development of topographical order in the S-I hindpaw 
representation may be analogous to assembling a puzzle that 
has three pieces: a saphenous piece, a sciatic piece, and a sciatic- 
saphenous convergence piece. The nerve injury experiments in 
neonatal and adult animals make discrimination of these pieces 
possible because different functional consequences are produced 
in cortical pieces where injured inputs are developmentally im- 
portant or functionally dominant to different degrees. In this 
system, a dominant skin “image” can develop or fail to develop 
in the saphenous and sciatic pieces independent of each other. 
The development of dominant and subdominant “images” in 
the convergence piece, however, requires both nerves. We sug- 
gest that normal topographical organization in the hindpaw map 
may emerge as a product of the internal order within each nerve’s 
piece and of the order resulting from specific convergence of 
spatial information from both nerves centrally. This arrange- 
ment could enable the CNS to assemble one integrated, topo- 
graphical “image” of inputs that arrive from a continuous skin 
sheet via two nerves, even though there is little or no spatial 
overlap in the peripheral innervation territories of the nerves. 

Previous studies of somatosensory changes after peripheral 
injury in young mammals 
Studies of functional changes in cortex. All previous studies of 
cortical organization after early peripheral injury in rodents have 
assessed changes in animals that had undergone denervation of 
the mystacial vibrissae pad (Table 1, A-D, G, and H, columns 
2-6) whereas investigations in other mammals involved de- 
nervation of limbs (Table 1, studies E and F, columns 2-6). 

Previous findings from rodents are similar to the present re- 
sults in the following respects: First, following early damage of 
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Table 1. Studies of functional changes in somatosensory cortex after peripheral injury in young mammals 

Change in deprived cortex 

(7) - 
(6) Abnormal 

(3) (4) (5) Denerva- cutaneous (8) (9) 
(1) (2) Denervated Type of Age at tion responsive- Changes in Loss of cutaneous 
Study Animal skin area denervation injury period ness somatotopy responsiveness 

(A) Welt (1977) 

(B) Killackey et al. 
(1978) 

(C) Waite and 
Taylor (1978) 

(D) Pidoux et al. 
(1979, 1980) 

(E) Kalaska and 
Pomeranz 
(1979) 

(F) Kelahan et al. 
(1981); Carson 
et al. (1981) 

(G) Simons et al. 
(1984) 

(H) Waite (1984) 

(I) Present study 

Rat 1 or 2 rows of Follicle 
facial cautery 
vibrissae 

Rat 1 or 2 rows of Follicle 
facial cautery 
vibrissae 

Rat All or most 
facial 
vibrissae 

Mystacial pad 
cautery 

Rat and All or most 
mouse facial 

vibrissae 

Follicle 
cautery 

Cat Forepaw below Nerve 
wrist transection 

Rac- 
coon 

Forepaw digit 3 Nerve 
transection 

Rat and 1 row of facial Follicle 
mouse vibrissae cautery 

Rat All facial Nerve 
vibrissae and transection 
lip hairs 

Rat Part of hindpaw Nerve 
transection 

Id 

Id 

Id 

1 d or 
20d 

1.5-3.0 
weeks 

2-8 weeks 

l-5 d 

Id 

Id 

r120d 

60 d 

15-26 
weeks 

~80-90 
d 

8-10 
weeks 

9-12 
months 

~70 d 

60 d 

109-489 
d 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 
(65% of 
animals) 

Delimited changes in 
representations of 
adjacent vibrissae 

Delimited changes in 
representations of 
adjacent vibrissae 
and mystacial pad 
fur 

Notable changes in 
representations of 
nose, lip hairs, and 
cheek 

Changes in 
representations of 
mystacial pad fur 

Notable changes in 
spatial distribution 
of neurons 
representing 
forearm 

Notable changes in 
representations of 
normally 
innervated parts of 
hand 

Delimited changes in 
representations of 
adjacent vibrissae 

Increased size and 
variability in 
representations of 
lower jaw, digits, 
and vibrissae over 
eyes and ears 

Increased variability 
in hindquarter 
representation and 
changes in 
topographical 
linkages 

Unresponsive 
recording sites 
in some cases 

Some 
unresponsive 
sites 

Not seen 

Not seen 

Increased 
proportion of 
unresponsive 
neurons 

No large 
unresponsive 
zones 

Increased 
proportion of 
unresponsive 
neurons 

Yes 

Yes 

cutaneous inputs, all investigators have found that cortical neu- 
rons have some ability to recover responsiveness to noninjured 
cutaneous inputs (Table 1, column 7). Second, previous studies 
have indicated that changes in the cortical body map are pri- 
marily localized to cortical zones where inputs from the injured 
nerve are normally represented. Third, these changes involve 
inputs from normally innervated skin near the denervated skin 
and produce variability in the cortical representations of these 
normal inputs (Table 1, columns 3 and 8). Finally, most in- 

vestigators also found neurons in the deprived cortex that had 
no apparent cutaneous responsiveness long after injury (Table 
1, column 9). These similarities support the conclusion that early 
peripheral injury produces lifelong functional changes in parts 
of the somatosensory cortex that would normally be dependent 
on the injured inputs. For most studies, two features that con- 
sistently contribute to these changes are some decrease in cu- 
taneous responsivity in cortex and some reordering of soma- 
totopic specificities to produce a broadened variability in how 
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the deprived part of the cortical map subsequently functions in 
processing cutaneous inputs. 

The most notable difference between the present results and 
previous findings in young rodents concerns the degree of loss 
of cutaneous responsiveness in the deprived cortex. In most 
previous studies, peripheral injury involved cauterization of one 
or more rows of vibrissae follicles (Table 1, studies A-D and 
G, column 4). The finding in these studies was that there was 
only a modest loss of cutaneous responsiveness (Table 1, studies 
A, B, and G, column 9). In contrast, when the whole infraorbital 
nerve to the vibrissae was transected and ligated, larger unre- 
sponsive zones were common in the deprived vibrissae repre- 
sentation (Table 1, study H, column 9). Thus, with respect to 
degree of loss of cutaneous responsiveness, the present findings 
are more consistent with previous observations from rodents 
with whole nerve transection injury. 

Transection of whole nerves has also been used to study func- 
tional changes in the primary somatosensory cortex of young 
cats and raccoons. In contrast to rodents, the loss of cutaneous 
responsiveness in the deprived cortical zones of these animals 
appears to be relatively minor (Table 1, studies E and F, column 
9). It is difficult, however, to compare findings because of the 
age disparities of these species. The animals studied in the cat 
and raccoon studies were not only older than the animals in the 
rodent studies (Table 1, studies E, F, H, and I, column 5) but 
their somatosensory systems were more developed at the time 
of injury. For example, it is known that somatotopic maps exist 
in the S-I cortex of cats at birth (Rubel, 197 1). Less has been 
reported about the initial appearance of cutaneous responses in 
the cortex of raccoons, but it is known that somatotopic maps 
are established at least prior to the second postnatal week (Ke- 
lahan and Doetsch, 1984). In rodents, thalamocortical projec- 
tions are present in the white matter at birth, but invasion of 
the upper cortical plate first occurs over the next 2 or 3 d (Waite, 
1977; Wise and Jones, 1978); consequently, the S-I cortex ini- 
tially becomes responsive to peripheral electrical stimuli around 
the second or third postnatal day (Verley and Axelrad, 1975; 
Waite and Cragg, 1982) and to cutaneous stimuli around the 
sixth day (Armstrong-James, 1975). Thus, in the young cats and 
raccoons, nerve transection occurred after functional cortical 
maps had been established, whereas in rodents, nerve transec- 
tion preceded normal functional activation of cortex. These 
findings suggest that loss of cutaneous responsiveness in cortex 
may be greater for peripheral injuries that occur before cortical 
activation than for injuries that occur after initial activation. 

Relationship between the present findings and previously de- 
fined anatomical changes after early injury. Previous studies in 
rodents have shown that neonatal peripheral injury affects the 
initial development of ascending anatomical connections be- 
tween the facial vibrissae and the S-I cortex. In normal rodents, 
the vibrissae follicles are represented by spatially parcelled groups 
of neurons at brain stem, thalamic, and cortical levels of the 
trigeminal neuraxis (Belford and Killackey, 1979b; Erzurumlu 
et al., 1980; Ivy and Killackey, 1982; Killackey, 1973; Van der 
Loos, 1976; Woolsey and Van der Loos, 1970; Woolsey et al., 
1979). Cauterization of follicles or injury of the infraorbital 
nerve during the first several postnatal days results in (1) loss 
of primary sensory neurons and disruption of the cellular or- 
ganization in the trigeminal ganglion (Bates and Killackey, 1984; 
Durham and Woolsey, 1984; Erzurumlu and Killackey, 1982, 
1983; Jacquin and Rhoades, 1983; Math et al., 1984; Rhoades 
et al., 1983; Savy et al., 1981; Waite, 1984; Waite and Cragg, 
1979); (2) disorganization and shrinkage of brain stem trigem- 
inal nuclei due to transynaptic loss of neurons (Waite, 1984); 
(3) abnormal spatial patterns of cells and fiber terminals at syn- 
aptic relays in the brain stem (Bates and Killackey, 1984; Bates 
et al., 1982; Belford and Killackey, 1979a, b, 1980; Durham 
and Woolsey, 1984; Erzurumlu and Killackey, 1983; Jacquin 
and Rhoades, 1983; Killackey and Shinder, 1981; Rhoades ef. 

al., 1983); thalamus (Belford and Killackey, 1979a, b, 1980; 
Durham and Woolsey, 1984; Killackey and Shindler, 1981; 
Woolsey et al., 1979) and S-I cortex (Belford and Killackey, 
1980; Durham and Woolsey, 1984; Jeanmonod et al., 1977, 
198 1; Jensen and Killackey, 1984; Killackey and Belford, 1979, 
1980; Killackey et al., 1976; Van der Loos and Woolsey, 1973; 
Waite and Cragg, 1979; Weller and Johnson, 1975; Woolsey 
and Wann, 1976); and (4) alterations in the dendritic organi- 
zation of cortical cells (Harris and Woolsey, 1979, 198 1; Ryugo 
et al., 1975; Steffen and Van der Loos, 1980). These studies 
clearly indicate that the rodent somatosensory system is in a 
formative stage during the first several postnatal days and that 
spatial partitioning of connections involves an “outside-in” or 
peripheral-to-central sequence. The relative time relationships 
for partitioning at successively higher central levels of the system 
remain controversial, but there is agreement that the infraorbital 
nerve acts as a primary template for patterns at higher levels of 
the neuraxis (e.g., Durham and Woolsey, 1984; Erzurumlu and 
Killackey, 1982, 1983; Jeanmonodet al., 198 1; Killackey, 1985; 
Van der Loos and Do& 1978; Van der Loos and Welker, 1985). 
Neonatal peripheral injury disrupts this template and conse- 
quently the structural organization of ascending central con- 
nections undergoes an abnormal initial development. 

Although studied less systematically, neonatal injury of spinal 
nerves causes anatomical changes along the neuraxis between 
the hindpaw and S-I cortex that resemble the trigeminal system 
changes. For example, injury of hindlimb nerves in young an- 
imals results in loss of primary sensory neurons (Aldskogius and 
Risling, 198 1, 1983; Jorgensen and Dyck, 1979; Ranson, 1906; 
Risling et al., 1983; Yip and Johnson, 1984) and disorganization 
and shrinkage of the second-order nucleus gracilis (Johnson et 
al., 1972). Cellular barrels and segmented spatial patterns of 
axonal terminations like those seen in the S-I representation of 
the vibrissae have been shown in the S-I representation of the 
hindpaw in normal rats (Dawson and Killackey, 1984; Welker, 
1976); interestingly, transection of the sciatic nerve on the day 
of birth in rats produces abnormal axonal termination patterns 
in the hindpaw cortex that resemble the disrupted patterns seen 
in the vibrissae cortex after injury ofthe infraorbital nerve (Daw- 
son and Killackey, 1984). These findings suggest that the func- 
tional changes in the present study are, to some degree, attrib- 
utable to alterations in the spatial partitioning of ascending 
anatomical connections. The similarities in the hindpaw and 
vibrissae systems suggest that these partitioning changes result 
from an abnormal initial development of connections in com- 
ponents of the hindpaw system that, at the time of injury, were 
dependent on a peripheral template from the sciatic nerve. 

Previous studies comparing the relative cortical effects of 
peripheral injury in young and adult mammals 
Few studies have compared functional changes in cortex after 
peripheral injury in young and adult animals, and the studies 
that do exist contain major differences related to species (Table 
2, column 2) skin area denervated (column 3), and age at injury 
(columns 5 and 6). If these differences are overlooked, there is 
a general similarity in the cortical reactions to peripheral injury 
across studies. For example, regardless of age at injury, all stud- 
ies have found that deprived cortical zones undergo some degree 
of reactivation by cutaneous inputs from normal nerves (Table 
2, column 7). On the other hand, as reflected by abnormally 
large proportions of neurons that were unresponsive to cuta- 
neous stimuli, or by unresponsive cortical zones, there is also 
some agreement that nerve transection results in a loss of cu- 
taneous responsiveness in cortex (Table 2, studies A, C, and D, 
column 7). These cortical reactions are generally consistent with 
findings from a larger body of studies dealing with cortical (for 
a recent review, see Kaas et al., 1983) and subcortical (Basbaum 
and Wall, 1976; Brinkhus and Zimmerman, 1983; Brown et al., 
1983a, b; Devor and Wall, 1981a, b; Dostrovsky et al., 1976; 
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Table 2. Studies comparing functional changes in cortex after peripheral injury in young and adult animals” 

(5) (6) (7) 
(3) (4) 

(1) (2) 
Age at Age at 

Denervated Type early late Cortical changes (8) 
Study Animal skin area denervation injury injury Early injury Late injury Conclusions 

(A) Kalaska and 
Pomeranz 
(1979) 

Cat Forepaw 
below 
wrist 

(B) Kelahan et al. Raccoon Forepaw 
(1981); Carson digit 3 
et al. (1981); 
Kelahan and 
Doetsch ( 1984) 

Nerve 
tran- 
section 

1.5-3.0 >6 (1) 52% of 
weeks months sampled cells 

in deprived 
cortex had 
substitute 
cutaneous 
inputs 

(2) 19% of 
sampled cells 
were 
unresponsive 
to cutaneous 
stimuli 

Nerve 
tran- 
section 

2-8 Adult (1) Reactivation 
weeks of deprived 

cortical zone 

(C) Waite (1984) Rat All facial Nerve Id 
vibrissae tran- 
and lip section 
hairs 

(D) Wall and Rat Part of Nerve Id 
Cusick (1984); hindpaw tran- 
present study section 

(2) No large 
unresponsive 
zones 

60 d (1) Extensive 
reactivation of 
deprived 
cortical zone 
by substitute 
cutaneous 
inputs 

(2) Small 
unresponsive 
zones 

>90d (1) Limited 
reactivation of 
deprived 
cortical zone 

(2) Unresponsive 
zones 

(1) 7% of 
sampled cells 
had substitute 
cutaneous 
inputs 

(2) 37% of 
sampled cells 
were 
unresponsive 
to cutaneous 
stimuli 

(1) Reactivation 
of deprived 
cortical zone 

(2) No large 
unresponsive 
zones 

(1) Limited 
reactivation of 
deprived 
cortical zone 

(2) Large 
unresponsive 
zones 

(1) More 
extensive 
reactivation of 
deprived 
cortical zone 

(2) Unresponsive 
zones 

Recovery of 
cutaneous 
responsiveness 
more limited 
after adult 
injury 

(1) No age 
difference in 
extent of 
recovery of 
cutaneous 
respon- 
siveness 

(2) Receptive 
fields of 
substitute 
cutaneous 
inputs were 
larger after 
adult injury 

(1) Recovery of 
cutaneous 
respon- 
siveness in 
deprived 
cortex more 
limited in 
extent after 
adult injury 

(1) Recovery of 
cutaneous 
respon- 
siveness in 
deprived 
cortex more 
limited in 
extent after 
early injury 

(2) More 
variability in 
substitute 
cutaneous 
inputs after 
early injury 

a Other early studies indicated that experiments had been done on young and adult animals but no results were presented for adult animals and age-related differences 
were not discussed (Pidoux et al., 1979, 1980; Waite and Taylor, 1978). 
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Jacquin et al., 1984; Lisney, 1983; Marcus et al., 1984; Mendell 
et al., 1978; Millar et al., 1976; Pubols, 1984; Pubols and Gold- 
berger, 1980; Sedivec et al., 1983; Waite, 1984) changes after 
peripheral injury in adult animals. 

Although there is agreement that the cortical consequences 
of peripheral injury differ between young and adult mammals, 
it is difficult to identify a unifying concept that accurately en- 
compasses the reported differences. One problem is that it is 
hard to compare the age-linked trends that have been observed. 
For example, in the present study and in a previous study in 
the rat, relatively large sectors of the deprived cortical zone were 
found to be unresponsive to cutaneous stimuli, and the size of 
these unresponsive zones varied with age at injury (Table 2, 
studies C and D, column 7). In contrast, in cats and raccoons, 
unresponsive cortical zones were not prevalent, but age-linked 
differences involved more subtle features, such as the proportion 
of sampled neurons that were not responsive to cutaneous stim- 
uli (Table 2, study A, column 7) or the receptive field size of 
neurons (Table 2, study B, column 8). As was previously dis- 
cussed, differences in system maturation at the time of injury 
probably contributed to these differences to some degree. Even 
when developmental disparities are better controlled, however, 
it still appears that age-linked cortical changes vary in major 
ways. For example, when results of rat studies are closely com- 
pared, recovery of substitute cutaneous inputs in the deprived 
hindpaw cortex was more limited (unresponsive zones were 
larger) after early sciatic injury, whereas recovery of cutaneous 
responsiveness in the vibrissa cortex was more limited (unre- 
sponsive zones were larger) after adult infraorbital injury (Table 
2, studies C, D, columns 7 and 8). Thus, the relative effects of 
injuring different nerves in young and adult rats can show an 
opposite trend. This difference is surprising, since these studies 
are similar in major ways: (1) injury involved transection of a 
whole nerve (column 4) (2) injury occurred at similar ages in 
young and adult animals (columns 5 and 6) (3) denervation 
was maintained for roughly similar periods of time, and (4) 
similar mapping and analytic methods were used. These obser- 
vations suggest that age-linked trends in cortical reactivation 
vary as a function of different peripheral injuries. 

There are other plausible reasons for suggesting that age-linked 
trends in cortical recovery vary as a function of the peripheral 
injury. With respect to young animals, if the previously dis- 
cussed relationship between cortical reorganization and periph- 
eral template disruption is correct, patterns of cortical recovery 
after early injuries could differ because of variable template 
disruptions after different injuries. Consistent with this line of 
thinking, the disruption in the spatial partitioning of cells and 
fibers at cortical levels after whole nerve transection differs from 
the disruption produced after cauterization of distal nerve end- 
ings (e.g., compare Durham and Woolsey, 1984; Jeanmonod et 
al., 198 1; and Killackey and Belford, 1979, with Bates et al., 
1982; Killackey and Shinder, 198 1; and Rhoades et al., 1983). 
This difference appears to be related to the different conse- 
quences of these injuries on the central terminations of injured 
primary sensory fibers (e.g., Bates et al., 1982; Erzurumlu and 
Killackey, 1982; Killackey and Shinder, 198 1). Cortical recov- 
ery after different injuries in adult animals can also vary. For 
example, cutaneous reactivation in the deprived cortical zone 
after sciatic nerve transection in adult rats (Wall and Cusick, 
1984) appeared to be relatively more extensive than the reac- 
tivation observed after infraorbital nerve transection in adult 
rats (Table 2, study C). Similarly, variable degrees of cortical 
reactivation have been reported after transection of different 
nerves in other adult mammals (Merzenich et al., 1983a, 1984). 
The extent of the peripheral denervation appears to be an im- 
portant factor in these findings. 

The above observations suggest that age-related trends in cor- 
tical recovery after one injury may not always match the trend 

seen after a different injury. Age-related differences appear to 
reflect an interaction of the developmental maturity of the sys- 
tem at injury, and the nature or extent of the injury. 

Peripheral effects of denervation 
Previous studies in rats (Brenowitz and Devor, 198 1; Devor et 
al., 1979; Greenfield and Devor, 198 1; Jackson and Diamond, 
1984; Nixon et al., 1984; Pomeranz and Markus, 1980; Wall 
and Cusick, 1984), cats (Horch, 1981) rabbits (Jackson and 
Diamond, 1983) and primates (Merzenich et al., 1983a, b; Wall 
et al., 1983) have shown that low-threshold mechanoreceptor 
fibers in intact nerves of adult animals do not sprout into ad- 
jacent, denervated skin zones. In contrast to these findings in 
adult animals, data on sprouting of normal low-threshold fibers 
after injury in young animals are less consistent. For example, 
following transection and ligation of the infraorbital nerve on 
the day of birth, Waite (1984) found that vibrissae normally 
innervated by this nerve remained denervated into adulthood. 
Similarly, Devor et al. (1979) noted that the lateral toes on the 
hindpaws of rats whose sciatic nerves were transected and li- 
gated on the day of birth remained tactilely insensitive into 
adulthood. Somewhat different results have been reported in a 
recent study that described an age dependence in the sprouting 
capacity of low-threshold mechanoreceptor fibers to the trunk 
skin of rats (Jackson and Diamond, 198 1, 1984). The main 
finding was that sprouting did not occur when denervation oc- 
curred 15-20 d postnatally, but was seen following denervation 
at either 5 or 10 d of age. 

In the present experiments, peripheral axons in the saphenous 
nerves of denervated hindpaws and central neurons in the S-I 
hindpaw cortex had low-threshold tactile receptive fields that 
were localized to hindpaw areas normally innervated by the 
saphenous nerve. Although the present results rule out major 
sprouting, they primarily rely on between-limb comparisons of 
the saphenous skin territory in normal and denervated hind- 
paws. Using this type of comparison, it is possible that increases 
in the density of the terminal branches of saphenous axons, or 
small changes along the borders of the saphenous skin territory 
of about 1 mm or less, remained undetected because of the 
variability in normal hindpaws. However, the borders of the 
innervated hindpaw skin zone after neonatal sciatic denervation 
were comparable to the borders seen after denervation in adult 
rats (Wall and Cusick, 1984). We suggest that any sprouting that 
remained undetected in the present study did not result in sig- 
nificant reinnervation. 

The present findings and previous studies of facial and hind- 
paw skin in rodents (Devor et al., 1979; Waite, 1984) indicate 
that early denervation does not induce sprouting of low-thresh- 
old mechanosensory fibers. The relationship of these findings 
to the results from the rat trunk skin remain unclear. The rats 
studied by Jackson and Diamond (198 1, 1984) were at least 5 
d old at injury, so it is not certain whether sprouting occurs in 
younger animals. In addition, sprouting in the trunk skin was 
limited by dermatomal and other factors. Since it is known that 
neonatal denervation has different effects on tactile receptors in 
trunk and hindpaw skin (Mills et al., 1984), it is also possible 
that sprouting may vary in different body regions because of 
differences in local factors that regulate nerve innervation ter- 
ritories. 

After neonatal transection of the sciatic nerve, the sciatic 
nerve stump and its associated L,-L, dorsal root ganglia and 
roots (Kaizawa and Takahashi, 1970; Peyronnard and Charron, 
1982; Rodin et al., 1983; Wall and Devor, 1981; Wiley and 
Wall, 1983) were smaller than normal. This is consistent with 
reports of loss of sensory cell bodies in dorsal root ganglia after 
nerve injury in young mammals (Aldskogius and Risling, 198 1, 
1983; Jorgensen and Dyck, 1979; Ranson, 1906; Risling et al., 
1983; Yip and Johnson, 1984) and with the proposition that 
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the patterns of cortical change after neonatal sciatic injury in- 
volve alterations in the capacity of the injured nerve to support 
normal development of the ascending hindpaw projection sys- 
tem. 

D@erences in mechanisms of adjustment in the hindpaw 
system after sciatic nerve injury in adult and neonatal rats 
The cortical patterns of cutaneous activation differ after sciatic 
injury in adult and l-d-old rats. Do different mechanisms of 
change account for these pattern differences? 

In our previous study of sciatic transection in adult animals, 
cortical rearrangements occurred within 2 d after injury and 
were thereafter maintained with denervation times of up to 5 
months (Wall and Cusick, 1984). Rapid changes similar to these 
cortical changes have been observed in the adult rat spinal cord 
after injury of hindlimb nerves (Devor and Wall, 198 1 a; Markus 
et al., 1984; Wall and Devor, 1981), and at cortical and sub- 
cortical levels in other adult mammals (Dostrovsky et al., 1976; 
Jacquin et al., 1984; Kelahan and Doetsch, 1984; Metzler and 
Marks, 1979; Millar et al., 1976; Rasmusson and Tumbull, 
1983), including primates (Merzenich and Kaas, 1982; Mer- 
zenith et al., 1983b), after a variety of peripheral injuries and 
manipulations. There is considerable evidence that normal cu- 
taneous receptive fields do not fully reflect the wider range of 
inputs available to central somatosensory neurons (Chapin and 
Woodward, 198 1; Devor and Wall, 198 1 b; Devor et al., 1977; 
Dostrovsky et al., 1977; Jacquin et al., 1984; Macgillis et al., 
1983; Mendell et al., 1978; Merrill and Wall, 1972; Mountcastle, 
1957; Wall and Werman, 1976). This implies that not all inputs 
converging on a cortical or other central neuron are equally 
successful in producing activation under different conditions 
(Wall, 1977). Given this possibility, it is plausible that rapid 
central reorganization after peripheral injury in adult rats entails 
functional modifications in preexisting connections (Devor, 1983; 
Merrill and Wall, 1978; Wall, 1975; Wall and Cusick, 1984). 

As previously discussed, we suggest that the cortical patterns 
of functional organization after neonatal sciatic injury most like- 
ly involve anatomical modifications in the initial assembly of 
the ascending projection system to the hindpaw cortex. In con- 
trast, the cortical patterns seen after adult sciatic injury involve, 
at least to some degree, functional changes in preexisting con- 
nections. The evidence for anatomical changes in the initial 
assembly of connections, on the one hand, and fimctional changes 
in preexisting connections, on the other, suggests that different, 
mechanisms underlie production of the specific patterns of cor- 
tical organization seen after neonatal and adult injuries. 
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