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Distributions of thalamic and cortical connections were investigated in four 
macaque monkeys with long-standing, accidental trauma to a forelimb, to 
determine whether the growth of new connections plays a role in the reor- 
ganization of somatosensory cortex that occurs after major alterations in 
peripheral somatosensory inputs. In each monkey, microelectrode recordings of 
cortical areas 3b and 1 demonstrated massive reorganizations of the cortex 
related to the affected limb. Injections of tracers in area 1 of these monkeys 
revealed normal patterns of thalamocortical connections, but markedly ex- 
panded lateral connections in areas 3b and 1. Thus, the growth of intracortical 
but not thalamocortical connections could account for much of the reorgani- 
zation of the sensory maps in cortex. 

The reorganization of somatosensoiy cortex nections in monkeys that had long-standing 
that has been observed in moilkeys with fore- injury to the forearm, including arm amputation 
limb amp~rtation (1) or sensoly deafferentation and wrist fracture. Electrophysiological maps 
(2): and in human amputees (3, 4), is presumed of the coitical forelimb representation in the 
to be the basis for the sensation of phantom 
limbs (5) and perhaps phantom pain (4). A 
critical issue is how such large-scale changes 
are mediated in the adult brain. We previously 
showed that sprouting of peripheral nerve ax- 
ons in the brainstem could account for some of 
the changes in cortical organization after fore- 
aim amputation ( I ) :  but additional mechanisms 
might be necessaiy for complete reactivation of 
deprived cortex. To investigate the possibility 
that new growth at other levels of the pathway 
contributes to the coitical reorganization, we 
studied tl~alamocortical and corticocortical con- 

same monkeys allowed us to relate the patterns 
of connections to the fi~nctional changes pro- 
duced by the injury. 

Small ilijections of a bidirectional tracer, 
either wheat germ agglutinin conjugated to 
horseradish peroxidase (WGA-HRP) or fluoro 
ruby, were made into somatosensoiy cortical 
area 1 of three norrnal macaque moiikeys and 
four moilkeys that had suffered accidental 
forelimb injuries (6) at other primate facili- 
ties 1 to 10 years before the terrninal exper- 
iments were performed (7). The injuries re- 
sulted in amputation of all the digits on one 
hand in one monkey, a l ~ n  amputations in two 
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the monkeys, they greatly altered the nature 
of the effective sensory input to cortex. Thus, 
these monkeys presented a valuable oppoitu- 
nitv to lealn about mechanisms of large-scale - 
cortical reorganization that follow major 
changes in afferent drive. 

Injections of similar size and location 
were placed in the hand representation of the 
control monkeys and in the reorganized rep- 
resentation of the experimental lionkeys (7). 
The locations for the injections were deter- 
mined from surface landmarks in the normal 
and injured monkeys and were confirmed by 
electropl~ysiologica1 recordings in one of the 
controls and in all experimental monkeys. 
Subsequently, extensive electropl~ysiologica1 
recordings were made throughout the de- 
prived zone in cortical areas 3b and 1 of the 
experimental monkeys. All procedures were 
performed in accordance with both Kational 
Institutes of Health and uiiiversity guidelines 
for the care and use of animals in research. 
This repoi-t describes the patteins of label in 
cortical area 3b (primary somatosensory 
cortex) and area 1 because we have evi- 
dence for reorganization after peripheral 
injury in these fields. (Labeled neurons and 
processes also were apparent in other cor- 
tical somatosensory areas, including areas 
2, 3a, 5 ,  SII, and PV, but it remains uncer- 
tain whether or how these connections dif- 
fer from those in normal animals.) 

The distributions of label in areas 3b and 
1 in the normal monkeys were similar across 
animals (Fig. 1). Both in area 1 and in the 
adjoiiiiiig somatosensory field, area 3b, clus- 
ters of labeled cells and processes were sep- 
arated from other clusters by zones of little 
or no labeling (Fig. 1). The label extended 
across much of the anteroposterior widths of 
areas 1 aiid 3b, but this distribution involved 
limited shifts in representation across the 
hand, from the palm or the proximal portion 
of a digit onto the distal digit tips. However, 
In the mediolateral dimension. where large 
topographic shifts can occur across the fore- 
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limb representation, the distribution of the 
label was limited (Fig. 1). Tliis results in a 
pattern of lateral connections that limits the 
representational spread of activity to near 
neighbors in normal cortex. 

Tlie findings from tlie normal monkey in 
which the liand representation was mapped 
electrophysiologically (8) show the normal re- 
lationship of the labeled neurons to the repre- 
sentation of the hand. The injection of the rep- 
resentation of digit 2 in area 1 produced label in 
area 1 that extended only into the representa- 
tions of the adjacent digit 3 and the palm (Fig. 
I). In area 3b, tlie main focus of label was in tlie 
digit 2 representation and extended predomi- 
nantly into the adjacent representation of digit 
3, with sparse labeling extending into the rep- 
resentation of digit 4 (Fig. 1). Thus, neurons in 
somatosensoly cortex are connected predomi- 
nantly with other neurons that represent that 
same general region of tlie body surface; tliis is 
consistent witli tlie results of studies that used 
fluorescent tracers to show cortical connections 
in macaque monkeys (9) ,  Measurements of the 
extent of retrograde labeling (labeled neurons 
projecting into the injection sites) in area 1 of 
the normal monkeys ranged from 2.9 to 4.3 nun 
with a mean spread of 3.8 mm, and in area 3b 
tlie retrograde label ranged from 2.8 to 4.6 nun 
in mediolateral extent with a mean spread of 3.8 
mni. The extents of antesograde labeling (axons 
projecting from the injection site) were similar 
to the distribution of retrograde label, but mea- 
surements were not made. 

In tlie monkeys with long-standing fore- 
limb injury, the extents of labeled connec- 
tions in areas 3b and 1 contralateral to tlie 
injured forelimb were markedly more wide- 
spread than in the normals, even though the 
sizes of the injections were similar (7). The 
size of the retrogradely labeled zone in area 1 
in the experimental monkeys ranged from 5.7 
to 8.3 mnl (mean, 7.1 mm), and the size of the 
retrograde projection in area 3b was even 
more expanded, ranging from 6.9 to 9.2 mm 
(mean, 7.8 mm). Relative to the labeling in 
areas 3b and 1 in tlie normal monkeys, the 
expansions of the extents of labeling in the 
monkeys with forelimb injury were highly 
significant (P < 0.01) (7). Tlie most numer- 
ous and most densely labeled neurons typi- 
cally were located in the central core of the 
labeled region. Fewer well-labeled neurons 
were found beyond tlie core zone; however, 
even at tlie outer extremes of tlie labeled 
zones, labeled neurons were readily apparent, 
and assessment of the labeled extents could 
be made without ambiguity (Fig. 2). Antero- 
grade labeling usually was located in the 
same general area as the labeled neurons. 

Substantial modifications of the electro- 
physiological maps in tlie deprived regions of 
cortical areas 3b and 1 were also found in the 
monkeys with forelimb injury (Fig. 2). In the 
monkeys with the aim amputations, the re- 

gions that nonnally respond to sensory stim- 
ulation of the hand had beconie responsive to 
the face (laterally) and tlie remaining upper 
a m  (medially). The monkey that survived 10 
years after an aim anlputation displayed the 
largest shift of the face representation into the 
region where the liand representation had 
been (Fig. 2). In tliis case, neurons at many 
sites responded to stimulation of both the face 
and the upper a m  (Fig. 2C). Neurons witli 
such receptive fields are never found in nor- 
mal monkeys (10). Also, the broad expanse 
of labeled neurons in areas 3b and 1 of this 
monkey extended laterally well into tlie face 
representation. A comparable expansion of 
the retrogradely labeled zone was also 
present in the other monkey with aim ampu- 
tation (not illustrated). As a result of the 
expanded distribution of lateral coitical con- 
nections, neurons in the normal face repre- 
sentation could activate neurons in the de- 
prived liand representation, and they could 
cause the neurons to respond to stimulation of 
the face. The label also extended medially 
toward the normal location of the arm repre- 
sentation (Fig. 2), so that neurons activated 
by tlie arm could also drive deprived neurons 
in the hand cortex. 

In the monkey with wrist fracture, there was 
a complete representation of tlie hand, with the 
digits represented in a lateromedial sequence 
(Fig. 2E) at least roughly siinilar to that in 

Fig. 1. (A) Lateral view o f  a macaque brain 
showing the approximate location o f  the corti- 
cal injections in to area 1, which occupies the 
posterior lip o f  the  central sulcus (CS); anterior 
is t o  the left. Area 3b is situated ventral t o  area 
1. The hand representations in  areas 1 and 3b 
are located medial t o  the t i p  of the intraparietal 
sulcus (IP). (B) Three-dimensional reconstruc- 
t ion of the spatial distribution o f  retrogradely 
labeled neurons in  cortical areas 3b and 1 o f  a 
normal macaque monkey in an en face view o f  
the  posterior bank o f  the central sulcus, fol low- 
ing methods described by Pons e t  a / .  (10). Each 
vertical line indicates the extent o f  label col- 
lapsed across al l  cortical layers. The distribution 
of label in  every other section has been illus- 
trated. The solid black region indicates the  in- 
jection site, and the gray f i l l  indicates the halo 
of dense reaction product around the  injection. 
Lateral is t o  the right and dorsal is t o  the  top.  
Scale bar, 1 mm.  (C) Summary reconstruction 
of the hand representation in  area 3b and a 
partial representation of the hand in area 1, 
based on electrophysiological recordings in  the  
same monkey. The reconstructions were generat- 
ed using methods described in (10). The injection 
site is shown for reference. Numerals indicate 
digits on  the hand. Dashed lines indicate the  
borders between sensory representations; a t  
every recording location wi th in a sensory rep- 
resentation, neurons had receptive fields that  
involved similar skin locations. Fine solid lines 
indicate the borders o f  cortical area 3b. Stip- 
pled regions indicate hairy skin representations. 

normal macaque lnoilkeys (10). However, re- 
ceptive field sizes were strikingly large and 
often extended across two or more digits, or 
involved noncontiguous portions of the palm 
and one or more digits. The labeled neurons in 
this animal extended throughout most of the 
hand representation in both areas 3b and 1. In 
area 3b, and perhaps to a lesser extent in area 1: 
the label extended beyond the representation of 
the hand into tlie forearm representation (Fig. 
2E). Tliis broad distribution of cortical connec- 
tions could cause neurons to respond to stimnu- 
lation over large regions of the hand, rather than 
the very precise receptive field distribution that 
is nolmally seen in the hand representation of 
areas 3b and 1 in macaques. 

Finally: in the monkey with amputations 
of digits 1 to 5, the zones in areas 3b and 1 
where the digits are nonnally represented 
contained expanded representations of the 
palm (medially) and perhaps an expanded 
representation of tlie face (laterally) (Fig. 
2D). Many neurons with abnormal receptive 
fields also were present in this monkey. Neu- 
rons typically had veiy large receptive fields 
and, at a number of sites in both areas 3b and 
1, responded not only to stimulation of tlie 
palm but also to stimulation of the face or the 
back of the hand. The injection produced 
large foci of labeled neurons in areas 3b and 
1 that spanned the medial edge of the face 
representation and the lateral edge of the 
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hand representation (Fig. 2). These may rep- 
resent normal distributions of label, but there 
were also additional patches of label at the 
medial edge of the hand representation (Fig. 
2). These connections may reflect new inputs 
from the palm and wrist to neurons in the 
deprived hand representation, because widely 
separated clusters of label such as this have 
not been seen in areas 3b or 1 of normal 
monkeys. Connections between topographi- 
cally distant regions of the hand such as these 
may lead to the large receptive fields that 
were observed in this monkey. 

The injections also labeled thalamocortical 
relay neurons in the ventroposterior nucleus 
(VP) of the thalamus. In normal monkeys, the 
labeled thalarnocortical connections occupy a 
dorsoventral column in the subnucleus (Fig. 3) 
where the representation of the hand is located 
(11). The labeled VP neurons in the experimen- 
tal monkeys had a columnar distribution similar 
to that seen in the normals. If the forelimb 
injuries had caused the cortical terminations of 
VP neurons to grow and activate deprived neu- 
rons in hand cortex, we would have expected 
labeled neurons to be broadly distributed in the 

/ 
Alignment 

and reconstruction 

Arm Amputation D l  - 5 Amputation 

hand portion of VP, and even in the more 
medial face portion of VP (VPM). The mea- 
surements suggest that the extents of the labeled 
zones might be larger in the experimental mon- 
keys than in the normals, but the difference was 
not significant (P < 0.05). The volume of label 
in the normal monkeys averaged 2.2% of the 
total volume of the nucleus, with a range of 0.7 
to 3.4%. In the experimental monkeys, the av- 
erage volume of the labeled zone was 3.9%, 
with a range of 2.0 to 5.1% (12). The important 
feature of these findings is that the thalarno- 
cortical projections were at least relatively 

Wrist Fracture 

Fig. 2. (A) Illustration of the distribution of labeled neurons in a series of parasagittal sections through the I 1 

postcentral gyrus of a 17-year-old monkey that had a long-standing amputation of one arm at the midhirneral 
level. (B) Summary reconstruction of all labeled sections from the case illustrated in (A) (conventions as in Fig. 
1). The total mediolateral extent of the label in areas 3b and 1 is twice as wide as the largest projections in the 
normal monkeys. (C) Summary reconstruction of the mapping data from areas 3b and 1 of the same ---L-.* 

as in (A) and (B), showing extensive topographic reorganization of the region where the hand nor 
represented. (D) Reconstructions of the extent of labeled neurons in areas 3b and 1 (above) and of the rc 
field data (below) in area 3b of a monkey that had amputation of all the digits at the meta~arpallph~ 
joints. (E) Reconstructions of the distribution of labeled neurons in areas 3b and 1 (above) and of the rc 
field data (below) in a monkey that had an uncorrected fracture of the wrist. Numerals indicate digit! 
hand. Asterisks indicate recording sites where multiple receptive fields were detected. Stippled regions 
hairy skin representations (other conventions as in Fig. 1). (F) Light-field photomicrograph illu 
well-labeled neurons at the extreme edge of the labeled zone for the case illustrated in (A). (C) D* 
photomicrograph of a labeled axon from the case in which fluoro ruby was injected. The axon bifurcates near 
layer I l l  in area 3b, well away from the injection core, and is similar to others seen throughout the expanded 
area of labeling. FA, forearm; P, palm; W, wrist. 
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A Normal C Digit 
Amputation 

Fig. 3. Frontal sections through the ventroposterior nucleus (VP) of the thalamus, showing the 
distribution of retrogradely labeled neurons after an injection of area 1 in a normal monkey (A) and 
in monkeys w i th  forelimb injury (B t o  D). The sensory representation in  VP normally progresses 
f rom the face, medially, across the  forelimb representation t o  the  hindl imb and ta i l  representation 
laterally. The locations o f  the  face, hand, and foot  subnuclei are indicated in  (A). In each panel, black 
dots represent labeled neurons. In al l  cases, a column of label is apparent in  the lateral subdivision 
of VP that  contains the hand subdivision. Variations in  the  distribution o f  label f rom dorsal t o  
ventral reflect shifts f rom proximal t o  distal on  the hand representation, which could not  account 
for the physiological changes detected in  cortex. In contrast, differences in  the  mediolateral 
location of label could involve very large shifts across the body representation, including f rom hand 
t o  face o r  f rom hand t o  foot. Thus, significant changes in the thalamocortical projection would 
likely involve modifications either in  the mediolateral location of the labeled neurons or in  their 
to ta l  mediolateral extent. However, few or no differences were detected. Dorsal is t o  the t o p  and 
medial is t o  the  left. Heavy solid lines indicate the  borders of VP, fine solid lines distinguish the  
hand subdivision wi th in VP, and dashed lines indicate the  borders between VP and ventroposterior 
superior (VPS) dorsally, and ventroposterior inferior (VPI) ventrally. 

normal. whereas the changes at the cortical reactivate cortex relatively rapidly after 

portant source of illformation about the sensory 
environment, and they may largely account for 
cortical reactivation. In either case, new growth 
in the adult brain has important implications for 
recovery of function after injury, including di- 
rect damage to the central nervous system, such 
as spinal cord injuiy or stroke. Thus, an impor- 
tant direction for future research will be to 
identify the mechanisms that lead to such pro- 
found changes in intsacortical connections. 
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11. R, J. Nelson and J. H. Kaas, J. Comp. Neuroi. 199, 29 
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12. To determine whether the forelimb injury had an effect 
on the size of the labeled projection column in VP, we 
measured the volume of the labeled region with a 
Bioquant image analysis system (R & M Biometrics, 
Nashville, TN). This involved areal measurements, using 
a digitized drawing tablet attached t o  a computer, of 
the extent of label in each VP section. Then, the sum of 
the areas for all sections was multiplied by the section 
thickness and by the number of sections through which 
the label extended. The volume of the entire nucleus on 
the side of the injection was also calculated using the 
same approach, so that for each case the percent vol- 
ume of the nucleus occupied by the label could be 
determined. Finally, a permutation test for two inde- 
pendent samples (77) was used t o  determine whether 
the range of percent volumes in the experimental mon- 
keys was significantly different from that in the three 
normals. 

Thalamic and Brainstem 
Contributions to  Large-Scale 

Plasticity of Primate 
Somatosensory Cortex 

Edward G. Jones and Tim P. Pons 

After long-term denervation of an upper limb in macaque monkeys, the rep- 
resentation of the face in  somatosensory cortex expands over many millimeters 
into the silenced representation of the hand. Various brainstem and cortical 
mechanisms have been proposed t o  explain this phenomenon. Reorganization 
in the thalamus has been largely ignored. In monkeys wi th  deafferented upper 
limbs for 12 t o  20 years, it was found that the brainstem cuneate and the 
thalamic ventral posterior nuclei had undergone severe transneuronal atrophy, 
and physiological mapping in the thalamus revealed that the face and trunk 
representations were adjoined while the normally small representation of the 
lower face had expanded comparable t o  the expansion in cortex. Reorganization 
of brainstem and thalamic nuclei associated with slow transneuronal atrophy 
is likely t o  be a progressive process. When coupled wi th  divergence of ascending 
connections, it is likely t o  make a substantial contribution t o  representational 
changes in cortex. 

Maps of the body surface in the postcentral 
gyms of adult inonkeys are capable of reor- 
ganization under the influence of reduced or 
enhanced input from peripheral somatosenso- 
ry receptors (I). These reorganizations are 
likely to be responsible for perturbed sensory 
experiences that occur after loss of peripheral 
input from a body part. such as phantom and 
painful sensations that follo\iz amputation or 
deafferentation of a liinb in humans (2). The 
neural mechanisms that underlie activity-de- 
pendent co~tical reorganization may be the 
same as those normally responsible for im- 
proveinents in perceptual skills that accom- 
pany extended sensory experience and. if har- 
nessed, these inechanisms inay provide a ba- 
sis for promoting recovery of function after 
peripheral or central lesions of the nervous 
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system (3). The most extensive reorganiza- 
tion of sornatosensoiy cortex occur~ed in 
~nonkeys in which the dorsal roots of the 
spinal cord (4) or the spinal dorsal coluinns 
( 5 )  had been cut or a hand had been ampu- 
tated (6). In these cases. after months or 
years, the representation of the face in the 
contralateral postcentral gyms had expanded 
for a distance of 15 to 20 inin into the adja- 
cent part of the gyms in which the contralat- 
era1 upper limb is normally represented. 

Plechanisms postulated to explain such ex- 
tensive reorganization include (i) reorganiza- 
tion in the dorsal coluinn nuclei; \i,hich is then 
projected upward to somatosenso~y cortex (5);  
(ii) divergence of ascending somatosensory 
projections whose more divergent synapses 
have been hitherto silent (4); and (iii) reorgani- 
zation or sprouting of preexisting connections 
in cortex itself (I). Suiprisingly, the thalamus, 
the second synaptic station in the ascending 
somatosensoly pathways and the obligato~y re- 
lay for all sensory inputs to the cerebral cortex, 
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has been ~gnored in most explanations. 
Earlier data. however. suggest that the so- 

matosensory thalainus is not immune from ac- 
tivity-dependent inap plasticity. Expansion of 
the forelimb representation into the silenced 
hindlimb representation in the ventral posterior 
(VP) thalamic nucleus was reported 1 week or 
inore after destruction of the gracile nucleus in 
rats (7). Similar expansions of the VP upper 
limb representation into that of the lower limb 
were reported in monkeys after dorsal rhizoto- 
mies or section of the gracile fasciculus (8). A 
number of peripheral deafferentation-depen- 
dent expansions of receptive fields of individual 
cells or of the representations of whole body 
regions have recently been described in the 
somatosensoiy thalainus of rats; monkeys; and 
humans (9) \Ire evain~ned the soinatosensory 
thalamus in Macncn fnsclcularls monkeys from 
the same group in \i~lnch massive expansions of 
the coltical face representat~on after 12 or more 
years of upper liinb deafferentation were first 
reported (4). The thalami and brainstems of the 
eight monkeys in the group were examined 
histologically. and in two (one deafferented for 
nearly 20 years), the thalainus was inapped 
electrophysiologically and showed extensive 
reorganization of the body map in a thalainus in 
which the upper liinb representation was affect- 
ed by severe transneuronal degeneration. 

Tactually elicited neuronal activity was re- 
corded in the \iP nucleus contralateral to an 
upper limb that had been denelvated by surgical 
transection of the dorsal roots of the spinal cord 
from the second cervical (C2) to fourth thoracic 
(T4) se,ments (10). Microelectrodes spaced at 
1-mm inteivals entered the VP nucleus in the 
horizo~~tal plane from behind and in a gsid-like 
pattern. Neuronal responses to light stimulation 
of the body su~face were systematically record- 
ed in 100-knl steps as the electsode \i2as ad- 
vanced froin posterior to anterior through the 
VP nucleus (11). In all eight monkeys, the 
thalamus, brain stein, and spinal cord were 
sectioned and stained by the Nissl method, his- 
toche~nically for the metabolic marker cyto- 
clxome oxidase (CO), and immunocytochemi- 
cally for the neuronal proteins calbindin or 
pal-valbumin (I 2). 

www.sciencemag.org SCIENCE VOL 282 6 NOVEMBER 1998 1121 




