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Abs t r ac~The  follicles of whiskers C1-3 were removed from the left side of the snout of adult mice. 
Adjacent whiskers B1-3 and D1 3 were stimulated while local rates of glucose utilization were measured 
with the [14C]2-deoxyglucose method two, four, eight, 64, 160 and ~ 250 days after follicle removal. Local 
metabolic activity in the trigeminal sensory brainstem and somatosensory thalamus was compared with 
that of unoperated mice with the same stimulation and of mice with the same lesion that had all whiskers 
clipped. Actual rates of glucose utilization were measured in brainstem subnuclei caudalis and interpolaris 
whereas metabolic activation was only assessable by colour-coded imaging in brainstem nucleus 
principalis and in the thalamic ventrobasal complex. 

Whisker stimulation activated the somatotopically appropriate loci in brainstem and thalamus. In 
addition, the territory deprived by follicle removal was metabolically activated in subnuclei caudalis and 
interpolaris at all time intervals examined. The activation was statistically significant in subnucleus 
interpolaris at two days, indicating that the metabolic representations of whiskers neighbouring the lesion 
rapidly expanded into the deprived territory. Nucleus principalis showed a broad metabolic activation at 
two and four days that was absent at the longer time intervals examined. Instead, at ~250 days the 
metabolic representations of the whiskers adjacent to the lesion were enlarged into the deprived territory 
as in the subnuclei. Since metabolic whisker representation in the ventrobasal complex appeared to have 
changed in the same fashion, follicle removal apparently resulted in congruent modifications of the 
whisker map in the three nuclei of termination as well as in the thalamic relay at the longest time interval 
examined. Since metabolic responsiveness of the deprived barrels in barrel cortex of the same animals 
increased statistically significantly only several months after follicle removal, the novel neural responses in 
the brainstem were not effectively transmitted to barrel cortex immediately and the slowly evolving 
cortical modifications are more likely to be associated with regrowth of the connectivity of primary 
neurons. 2s By contrast, unmasking of hitherto suppressed inputs may underlie the early expansion of 
metabolic whisker representation in the brainstem. ~t) 1997 IBRO. Published by Elsevier Science Ltd. 
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The  present  s tudy const i tutes  the second par t  of  
our  invest igat ion on  the effects of  the removal  of  
the follicles of  whiskers C1 3 on  whisker  maps  in the 
whisker- to-barre l  pa thway  of  adul t  mice. While  the 
c o m p a n i o n  repor t  focuses on plasticity of  somato-  
topic representa t ion  in barrel  cortex and  its relat ion- 
ship to the regenerat ion of  per ipheral  innervat ion ,  the 
present  repor t  describes the modif icat ions of  whisker  
representa t ions  in subcort ical  relay s ta t ions  of  the 
pathway.  The  whiskers on  the snout  are represented 
somatotopica l ly  by cy tochrome oxidase- and  succinic 
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glucose. 

dehydrogenase-r ich  cytoarchi tec tonic  segments in 
b ra ins tem subnucleus  caudalis,  subnucleus  interpola-  
ris and  nucleus principalis  as well as in the thalamic 
vent robasa l  complex.5"6"12"27"4(l44 In the present  

study, the segments were used as l andmarks  to detect 
changes  in metabol ic  ac t ivat ion after  whisker  follicle 
removal  with the au to rad iograph ic  deoxyglucose 
method.  3a Local cerebral  metabol ic  rates for glucose 
(ICMRg~c) were measured  in subnuclei  caudalis  and  
interpolaris ,  but  could not  be de termined  in nucleus 
principalis,  because of  the l imited spatial  resolut ion 
of  the method,  and  in the vent robasa l  complex, 
because morphologica l  whisker  representa t ions  could 
not  be delineated satisfactorily. However,  colour-  
coded images demons t r a t ed  not iceable  changes in 
metabol ic  act ivat ion in the two stations,  affirming 
tha t  follicle removal  affected these s ta t ions  of  the 
whisker- to-barre l  pa thway  in a similar fashion as the 
subnuclei.  Prel iminary results of  the present  study 
have been publ ished as an abstract .  3° 
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EXPERIMENTAL PROCEDURES 

Animals 

The material for the present study was obtained from the 
same mice used in the companion report 2s where the 
procedures are described in greater detail. All procedures 
were in accordance with the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals and 
were approved by the NIMH Animal Care and Use 
Committee. All efforts were made to minimize animal 
suffering, to reduce the number of  animals used, and to 
utilize alternatives to in vivo techniques. Male and female 
Swiss albino mice of  International Charles Rivers origin 
(Harlan Sprague Dawley, Indianapolis, IN, U.S.A.), >2 
months-of-age, were used. The follicles of the left whiskers 
C1, C2 and C3 were surgically removed. 

Measurement o[ rates qf  ghwose utilization m barrel cortex 

the caudorostral axis of a given subnucleus. Each region 
represented the portion of  the subnucleus where the 
morphological representations of the whiskers were most 
distinct. In subnucleus caudalis this region ended 3201mn 
caudally from the caudal pole of subnucleus interpolaris. In 
subnucleus interpolaris the region started 320 btm rostral 
from its caudal pole. The ICMR~I ~ were calculated from 
the local concentrations of ~4C and the time courses of 
the arterial plasma specific activities with the operational 
equation of the deoxyglucose method. 3s 

Metabolic rates were not measured in nucleus principalis 
and in the thalamic ventrobasal complex, because of the 
small size of the cytochrome oxidase-rich segments in the 
former and the absence of clear segmentation in the latter. 
However, we were able to compare the patterns of meta- 
bolic activity in both with the help of colour-coded, digi- 
tized images of autoradiograms (IMAGE, W. Rasband, 
NIMH, USPHS, Bethesda, MD, U.S.A.). 

Preparation q/' anhna£'. Measurements of local rates of 
glucose utilization were carried out in five to nine stimulated 
and unstimulated mice two, four, eight, 64, 160 ± 3 days and 
250±45 days after follicle removal and in 10 age-matched 
mice without follicular lesions that were subjected to the 
same whisker stimulation as mice with lesions. On the day 
prior to the deoxyglucose study, a femoral artery and vein 
were catheterized. Mice that were to be stimulated had wire 
pieces glued on left whiskers BI 3 and DI 3. All other 
whiskers were clipped close to the skin. Unstimulated mice 
with lesions had all whiskers on both sides clipped. Further 
details are provided in the companion report, es On the 
following day, 2-deoxy-D-[1-HC]glucose (DuPont-NEN, 
Wilmington, DE, U.S.A.; specific activity 50 55 mCi/mmol, 
dose 120 150btCi/kg) in heparinized saline was injected 
intravenously, whisker stimulation with magnetic field 
bursts was initiated and timed arterial blood samples were 
collected. Arterial blood pressure, haematocrit, blood gases, 
blood pH and the arterial plasma glucose concentration 
were recorded (see companion report 2s for the physiological 
variables). 

The mice were killed at a precisely recorded time 45 
50 min after tracer injection. The brains were removed, 
divided and frozen. Alternate series of 20 p_m-thick sections 
were cut in a cryostat transverse through the brainstem and 
oblique to horizontal through the thalamus. Sections of  the 
brainstem were obtained from all animals. Sections of  the 
thalamus were obtained from stimulated and unstimulated 
mice - 2 5 0  days after follicle removal and age-matched 
stimulated unoperated controls. One section series was 
dried on a hotplate, autoradiographed together with cali- 
brated plastic [HC]standards on X-ray film (Ektascan °~ 
EMC-1, Eastman Kodak Co., Rochester, NY, U.S.A.) and 
stained for cytochrome oxidase activity) 3 The other series 
was air-dried and stained for Nissl substance. 

Densitometry. Autoradiograms were analysed with a 
video camera-based image analysis system (MCID,lmaging 
Research, St Catharines, Ontario, Canada). Local cerebral 
metabolic rates for glucose (1CMRgI~) were measured in the 
areas representing whiskers AI 3, B1 3, C1 3. DI 3 and 
E1 3 in trigeminal sensory brainstem subnucleus caudalis 
and subnucleus interpolaris on both sides. The five areas 
were outlined on digitized images based on the segmenta- 
tion in sections stained for cytochrome oxidase activity. If 
circumferences of  the segments were not fully visible on one 
section, one or two adjacent sections were used to complete 
the outlines. The outlines were superimposed on the corre- 
sponding autoradiograms and the pixel-weighted averages 
of the concentration of  HC in each delineated area was 
determined from the area's optical density and the calibra- 
tion curve obtained from the plastic standards. These 
measurements were repeated on autoradiograms of  eight to 
10 consecutive sections representing a 400 gm region along 

Statistical analyses. In subnuclei caudalis and interpolaris 
of stimulated mice, the mean differences between home- 
otopic areas ipsi- (left side) and contralateral (right side) to 
both stimulation and the lesion were compared with tile 
differences in unstimulated mice at the same time interval 
after the lesion as well as the differences in stimulated 
unoperated controls with two-tailed Dunnett 's t-tests 
(SAS*M~; SAS Institute, Cary, NC, U.S.A.). 

RESULTS 

Subnuclei caudalis and interpolaris 

Cytochrome oxidase activiO'. The  rows o f  s egmen t s  
o f  h igh  c y t o c h r o m e  oxidase  act ivi ty that  represen t  
the  five rows o f  large caudal  whiskers  on  the  snou t  
were  clearly d i s t ingu ishab le  in subnuc leus  caudal i s  
(Fig. 1) and  subnuc leus  in te rpo la r i s  (Fig. 2). The  
segmen t s  were sepa ra ted  by thin b a n d s  o f  low 
enzyme  activity.  W h e r e a s  they a p p e a r e d  cohesive  in 
subnuc leus  caudal is ,  they  were  f rac tured  by criss- 
c ross ing  bund les  o f  mye l ina t ed  nerve  fibres and ,  
thus ,  m o r e  difficult to ident ify in subnuc leus  inter-  
polaris .  In subnuc leus  caudal i s  enzyme  activity in 
the depr ived  segmen t s  a p p e a r e d  slightly lower  t han  
tha t  o f  the  s u r r o u n d i n g  segmen t s  at 64 days  af ter  
whi ske r  follicle r emova l  (Fig. l). N o  change  was  
de tec ted  in subnuc leus  in te rpo la r i s  (Fig. 2). 

Metabolic activation. In u n o p e r a t e d  cont ro ls ,  
s t imula t ion  o f  whiskers  B1 3 and  D1 3 increased 
ICMRgI~ to  the  h ighes t  degree  in the  c y t o c h r o m e  
ox idase- r ich  segmen t s  r ep resen t ing  the s t imula ted  
whiskers  in subnuc leus  caudal i s  (Fig. I C T R )  and  in 
subnuc leus  in te rpo la r i s  (Fig. 2CTR) .  N e i g h b o u r i n g  
segmen t s  a p p e a r e d  ac t iva ted  at a lower  level, par t icu-  
larly near  the  b o u n d a r i e s  wi th  r ep re sen ta t ions  BI 3 
and  D I 3. In spite o f  this  spread ,  two separa te  areas  
o f  me tabo l i c  ac t iva t ion  were  dis t inct .  In bo th  sub-  
nuclei  the  two  areas  r ema i ned  mos t  p r o m i n e n t  at all 
t ime in tervals  a l te r  whi ske r  follicle r emova l  (Fig. 1 
and  Fig. 2,2'C250d). Howeve r ,  a l ready  two days  af ter  
the  lesion there  was  a m a j o r  spread  o f  me tabo l i c  
ac t iva t ion  f rom rep re sen t a t i ons  BI 3 and  DI 3 in to  
the  s u r r o u n d  and,  par t icu lar ly  in to  the  depr ived  
te r r i tory ,  fus ing the two areas  o f  ac t iva t ion  



Fig. 1. (Caption on p. 47). 
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Fig. I (continued. Caption overlea[). 
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Fig. 1. Metabolic activation in subnucleus caudalis. The two facing pages display the results from mice 
that had the follicles of  left whiskers CI,  C2 and C3 surgically removed at >2 months of  age and were 
subjected to deoxyglucose studies two (2'9, four (4~3, eight (8~'), 64 (64 a) and 160 days (160 a) after the 
lesion. The left page displays the results of mice that had whiskers B1-3 and D1-3 deflected during the 
deoxyglucose studies, the right page those of  mice that had all whiskers clipped. Outer columns: 
Transverse sections stained for cytochrome oxidase activity after autoradiography. Inner columns: 
Colour-coded images of  the corresponding autoradiograms. The panels on the page overleaf show the 
results of  mice with lesions subjected to deoxyglucose studies at the longest interval after the lesion, i.e. 

250 days, with (250 a) and without whisker stimulation (250a/n.s.) and of  unoperated controls with the 
same stimulation (CTR). Left column: Transverse sections stained for cytochrome oxidase activity after 
autoradiography. Right column: Colour-coded images of  the corresponding autoradiograms. In the 
cytochrome oxidase-stained sections, the five rows of  enzyme-rich segments that represent whisker rows 
A - E  are distinctive. In these rows, the caudal whiskers are represented medially. The segments 
representing whiskers B1 and D1 are identified by arrows and arrowheads, respectively, at eight days (8 ~) 
and in controls (CTR). At 64 days, the segments deprived by the lesion, i.e. C1 3, stain slightly less for 
cytochrome oxidase activity than the adjacent segments (64a). In the colour-coded images, the degree of  
metabolic activation is expressed by the colours in the bar beneath each image (white/red is high, blue is 
low). In the stimulated mice metabolic activation is prominent in and near the morphological represen- 
tations of  the deflected whiskers, i.e. ipsilateral segments BI 3 and DI-3 ,  constituting two loci. In controls 
these loci are distinctly separate. In mice with lesions, there is an increase in metabolic activation of  
deprived segments C1-3 fusing the loci. The metabolic activity in unstimulated mice with lesions is 
comparably homogenous. Increased metabolic activity in the deprived territory is detectable at four days 
(4c/; arrow). Contralateral metabolic activity remains low and undifferentiated (dorsal is up, the animal's 

left side is on the right; Scale bars at 160 a and CTR=300 lam). 
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Fig. 2. (Caption on p. 50). 
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Fig. 2. Metabolic activation in subnucleus interpolaris. The results are composed as in Fig. 1, except that 
only the side ipsilateral to the lesion and/or stimulation is shown. In the sections stained for cytochrome 
oxidase activity, the five rows of enzyme-rich segments representing whisker rows A-E are distinctive. In 
these rows, the caudal whiskers are represented laterally. At eight days (8 a) and in the control (CTR), the 
segments representing whiskers B1 and D1 are identified by arrows and arrowheads, respectively. No 
changes in enzyme activity were detected. The colour-coded images show that the deflection of whiskers 
BI 3 and D1-3 increases metabolic activity prominently in the ipsilateral morphological representations 
of these whiskers forming two foci (white/red is high, blue is low). In the controls these foci remain 
distinctly separate. However, in mice with lesions metabolic activity in deprived segments C1-3 is 
increased fusing the two foci. In unstimulated mice with lesions, a slight increase in metabolic activity of 
the deprived territory is discernible on occasion (arrow at 4~9. Orientation: dorsal is up, the lateral is on 

the right; scale bars at 160 d and CTR=250 gm). 

(Fig. 1, 2,2a). In spite of  a slight waxing and waning 
in metabolic activity in the deprived territory of  
subnucleus interpolaris, the fusion of  representations 
B1-3 and D1 3 was consolidated in both subnuclei at 
the longest time intervals examined (Figs 1 and 2, 
160 '~ and 250~. Metabolic activation was absent in 
unstimulated mice with lesions. In these mice, 1CM- 
Rglc appeared low and almost uniform at all time 
intervals, though an occasional small increase could 

be detected in the deprived territory of  both subnuclei 
(e.g., Figs 1, 2,4'/). Metabolic activity contralateral 
to stimulation and/or lesion remained low and 
undifferentiated. 

The measurements of  1CMR~I c in subnucleus 
caudalis (Fig. 3) and subnucleus interpolaris (Fig. 4) 
demonstrate that the metabolic activation (i.e. left- 
to-right difference in 1CMRglc ) of  representations 
B1-3 in both subnuclei was consistently higher than 



s u b n u c l e u s  c a u d a l i s  

unoperated controls, L mice wdh lesions on the left, 
~t .~ ~ , ~  m-3 ~ D1-3 = m~Latea too I ~1  ~ , s ~  c,p~,d 

[ ]  - st~m.~at~ too t C T R  25O ] 

R - right ~ 40 : 

0 
L R k R 

1 2 d  60 

,ol '1'1 = 

L R L R 

D E 

o 0 
L R L R 

F G too I s" ' o o ~  

0 0 
L R L R 

H I 

0 0 
L R L R 

J K 

L R L R 

JIB mlce with les~ons on the left, 
EVE le4t v~skers B1-3 & 01-3 stimulated 

100 

60 

0 
k R 

Fig. 3. Local cerebral metabolic rates for glucose (ICMRglc) in subnucleus caudalis. The bar graphs, labelled A M, represent 
the mean metabolic rates 4-S.E.M. obtained from five to 10 mice for representations A l - 3  (A), B1-3 (B), C1 3 (C), D1 3 
(D) and E l -3  (E) ipsi- (left) and contralateral (right) to the lesion and/or stimulation. Graph A presents the data of  
stimulated unoperated mice (CTR). The subsequent graphs show the data obtained from mice with lesions that had all 
whiskers clipped before the deoxyglucose study (B, D, F, H, J and L) or had left whiskers B1-3 and D l - 3  deflected during 
that study (C, E, G, I, K and M). The graphs are sorted by increasing time between the lesion and the deoxyglucose study. 
The left-to-right percent differences in metabolic rate are inserted in the bars. In stimulated unoperated mice, the highest 
metabolic rates were found in the morphological representations of the stimulated whiskers (A). Metabolic rates in 
inappropriate representations A1 3, C1 3 and E l -3  were also elevated, but to a substantially lower degree. Stimulated mice 
with lesions showed similar increases in metabolic rate in the appropriate representations (C, E, G, I, K and M). The 
metabolic rate of  representations B1 3 was consistently higher than that of representations D1-3. Though there was a 
distinct depression in metabolic activity two days after the lesion (B and C), whisker stimulation increased metabolic rates 
almost to control levels (C). Beginning at four days after the lesion, the metabolic rate in deprived representations C1 3 was 
persistently increased above control (E, G, I, K and M) with a peak at eight days (G). In unstimulated mice with lesions the 
metabolic rate of  the deprived territory was slightly higher than that of  the adjacent areas between two and eight days after 

the lesion (B, D, and F). 
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Fig. 4. Local cerebral metabolic rates for glucose (ICMRg=~) in subnucleus interpolaris. The arrangement 
of  the bar graphs is the same as in Fig. 3. The bar graphs, labelled A M, show the local metabolic rates 
ipsi- (left) and contralateral (right) to the lesion and/or stimulation. Results from stimulated unoperated 
mice (CTR) are shown in A. Graphs  B, D, F, H, J and L show the data of  mice with lesions that had all 
whiskers clipped before the deoxyglucose study, graphs C, E, G, I, K and M that of  mice that had left 
whiskers B1 3 and D1 3 deflected. The lesion led to changes in ICMRgI~ similar to those in subnucleus 
caudalis. Metabolic rates were depressed two days after the lesion (B and C), affecting the stimulus-related 
response only slightly. In contrast to subnucleus caudalis however, the metabolic rate in deprived 
representations CI 3 was distinctly increased above control levels. Consistently, at longer time intervals 
after the lesion the increase in metabolic rate of  the deprived territory was more pronounced than in 
subnucleus caudalis. The prominence of this increase in unstimulated mice between two and eight days 
after the lesion suggests that the early increase in metabolic rate in the deprived territory of stimulated 

mice with lesions may reflect, in part, a metabolic response to the lesion itself. 
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that of representations D1-3. In mice with lesions, 
the metabolic activation of the deprived territory was 
greater than that of its homeotopic area in stimulated 
unoperated mice and in unstimulated mice with 
lesions at all time intervals after follicle removal. Two 
days after the lesion the metabolic activation of the 
deprived territory reached a peak in both subnuclei at 
on the average 2.2-times that of the homeotopic area 
in stimulated controls (Figs 3, 4C); it was diminished 
at four days (Figs 3, 4E), but rose to consolidate in 
both subnuclei at ~ 1.6-times the level of stimulated 
controls ~ 160 days after follicle removal (Figs 3, 
4K,M). The metabolic activation of the deprived 
territory attained the level of representations D1-3 in 
subnucleus interpolaris (Fig. 3I,K,M) and surpassed 
it in subnucleus caudalis ~64 days after the 
lesion (Fig. 4I,K,M). However, it never reached the 
metabolic activation of representations B1-3. 

Whisker stimulation resulted in the greatest 
percent changes in 1CMRglc two days after follicle 
removal, because it was accompanied by a general 
depression of 1CMRg~c on both sides and in both 
unstimulated (Figs 3B, 4B) and stimulated (Figs 3C, 
4C) mice. Yet whisker stimulation offset this depres- 
sion and the metabolic activation of the deprived 
territory in subnucleus interpolaris (Fig. 4C) reached 
statistical significance (P<0.05; Dunnett 's test). 
Four days after the lesion the metabolic rates had 
essentially returned to normal levels (Figs 3, 4D,E). 

Affirming a slight metabolic response to the lesion 
in the deprived territory, a small, but consistent 
increase in ICMRglc was measured in unstimulated 
mice with lesions. This increase was more explicit in 
subnucleus interpolaris than in subnucleus caudalis. 
Its side-to-side percent difference was greatest four 
days after the lesion. However, even at this peak it 
reached only a third and a half of the metabolic 
activation found in the deprived territories of sub- 
nucleus caudalis and subnucleus interpolaris of 
stimulated mice with lesions, respectively. In com- 
parison with stimulated unoperated controls, the 
metabolic activity in representations C I 3 in sub- 
nucleus interpolaris of stimulated mice with lesions 
was statistically significantly increased at all time 
intervals after follicle removal, except four days 
(P<0.05; two-tailed Dunnett 's test). Compared 
with unstimulated mice with lesions, this increase 
was statistically significant at all time intervals. The 
metabolic activation of the deprived territory in 
subnucleus caudalis did not reach statistical signifi- 
cance at any time interval examined. The differences 
in stimulus-related activation of other whisker 
representations were not statistically significant. 

tall whiskers were distinct (Fig. 5). Eight days after 
follicle removal, small cavities appeared at the lateral 
boundary of the middle row of segments, i.e. in 
the territory deprived by the lesion (Fig. 5,8a). The 
cavities were absent at longer time intervals after the 
lesion. 

Metabolic activation. The stimulation of whiskers 
B1-3 and D1-3 increased metabolic activity in 
ipsilateral nucleus principalis at its lateral boundary 
(Fig. 5). In unoperated mice, two separate areas of 
high metabolic activation were distinct (Fig. 5CTR). 
Their location was congruent with the cytochrome 
oxidase-rich segments representing the stimulated 
whiskers. The metabolic activation of representations 
D1-3 was smaller than that of B1 3. Both areas 
stood out clearly separated from each other. In 
contrast, two and four days after the lesion, one large 
area of high metabolic activity covered the ventral 
aspect of the nucleus (Fig. 5,2 d, 4'~. Beginning at 
eight days (8~), the activation diminished, and the 
two areas were discernible again at the longest time 
interval examined though they remained fused (Fig. 
5,250a). In unstimulated mice with lesions, metabolic 
activity was uniform at all time intervals after the 
lesion examined, except an occasional small focus of 
slightly elevated metabolism (Fig. 5,4a). In the trans- 
verse plane the area occupied by the representations 
of the large caudal whiskers in nucleus principalis 
is only about one third of that in subnucleus inter- 
polaris. Because of the small dimensions of nucleus 
principalis, metabolic rates were not measured. 

Thalamic ventrobasal complex 

The ventrobasal complex appeared as an ovoid 
agglomeration of darkly-stained patches of high 
cytochrome oxidase activity (Fig. 6). In some cases, 
rows of segments could be discerned. However, the 
whisker map could not be reconstructed with 
certainty. In unoperated controls, the deflection of 
whiskers B1-3 and D1-3 resulted in two separate 
areas of slightly increased metabolic activity at the 
lateral boundary of the complex (Fig. 6CTR). In 
contrast, the same whisker stimulation increased 
metabolic activity in one broad area in mice with 
lesions (Fig. 6,250 J) whereas in unstimulated mice 
with lesions metabolic activity remained low and 
uniform (Fig. 6,250alns). 

DISCUSSION 

Nucleus principalis Morphologic and metabolic whisker representation 

Cytochrome oxidase activity. The whiskers on the 
snout are represented in the ventral aspect of nucleus 
principalis. As in the two subnuclei, the five rows of 
cytochrome oxidase-rich segments representing the 

Cytochrome oxidase activity. The segmentation of 
the nuclei of termination in sections stained for 
cytochrome oxidase activity is identical with that 
in sections stained for succinic dehydrogenase 
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I 
Fig. 5. (Caption on p. 56). 
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rl 
Fig. 5. Metabolic activation in nucleus principalis. The results are composed as in Fig. 1, except that only 
the side ipsilateral to the lesion and/or stimulation is shown. In the sections stained for cytochrome 
oxidase activity, the enzyme-rich segments that represent the whiskers topologically are evident. As in the 
two subnuclei, the five rows of segments representing the tall whiskers are distinct. In the left panel at 8 '1 
and in CTR the arrow and the arrowhead point to the segments representing whiskers B1 and DI, 
respectively. Note the "cavities" lacking enzyme activity in the deprived territory between segment rows 
B and D eight days after the lesion (8d). Such signs of degeneration were not found at longer time intervals 
after the lesion. The colour-coded images show that whisker stimulation led to one large area of increased 
metabolic activity (white/red is high, blue is low) at the lateral boundary of the nucleus two (2 d) and four 
days (4 't) after the lesion. At eight days this area was less cohesive (8'/). In unstimulated mice with lesions 
metabolic activation was absent, except a small focus of slightly elevated metabolism at four days (4a; 
arrow). At 250 days after follicle removal, whisker stimulation resulted in a broad area of metabolic 
activation (250a). However, two foci were discernible at the representations of the stimulated whiskers 
(250'1; arrows). In contrast, in unoperated mice these two foci were more discrete and distinctly separate 
(CTR; arrows). Orientation: dorsal is up, lateral is on the right; scale bars at 160 a and CTR=250 ~am). 

activity. 6'12 The segments co-localize with the foci o f  
endings of  pr imary afferents demonst ra ted  with 
horseradish peroxidase transport .  T M  After deafferen- 
tation cytochrome oxidase activity diminishes in 
postsynaptic  dendrites.  43 Accordingly, in the present 
study whisker follicle removal resulted in a slight, 
temporary diminution of  enzyme activity in the 
deprived segments of  subnucleus caudalis two 
months  after the lesion. No  changes in enzyme 

activity were detected in subnucleus interpolaris. A 
week after the lesion, cavities void of  cytochrome 
oxidase activity developed temporari ly in nucleus 
principalis. The disparate response to the lesion in the 
three nuclei may reflect differences in the subsets of 
primary afferents that  each nucleus receives. 4 The 
transience of  the changes in subnucleus caudalis 
and nucleus principalis may be indicative of  the 
restoration of  active input. 



Fig. 6. Metabolic activation in the thalamic ventrobasal complex. Results obtained at the longest time 
interval after the removal of  whisker follicles, i.e. ~ 250 days, are shown for mice with lesions that had all 
whiskers clipped prior to the deoxyglucose study (250d/n.s.) as well as mice with lesions (250 a) and 
unoperated mice (CTR) that  had left whiskers B1 3 and DI  3 stimulated during the deoxyglucose study. 
Left column: sections cut in a nearly horizontal plane and stained for cytochrome oxidase activity after 
autoradiography.  The nucleus can be identified as an ovoid agglomeration of darkly-stained patches at the 
middle of  the micrographs. In CTR segmentation can be discerned. However, the whisker map  could not  
be reconstructed. Right column: colour-coded images of the autoradiograms taken from the sections. The 
degree of  metabolic activity is expressed by the colours in the bar beneath each image (white/red is high, 
blue is low). Metabolic activity in unst imulated mice with lesions was low and uniform (250d/n.s.) whereas 
stimulated mice with lesions showed increased metabolic activity in a broad area at the lateral boundary 
of  the nucleus (250d). In contrast,  in stimulated unoperated mice two separate areas of  high metabolic 
activity could be differentiated (CTR; arrows). The orientation of  these areas agrees well with known 
somatotopic  histochemical and cytoarchitectonic whisker maps  (rostral is up, lateral is on the right; scale 

bar in the panel of  CTR=250 ~tm). 
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S o m a t o t o p y .  Neural stimulation increases meta- 
bolic activity predominantly in the terminations of 
afferents, 22 and the findings of the present study 
concur with this notion. In subnuclei caudalis and 
interpolaris as well as in nucleus principalis whisker 
row A is represented ventrally and row E dorsally. 
The loci of increased metabolic activity in the present 
study are in agreement with the finding that the 
primary afferents from caudal whisker follicles 
terminate medially in subnucleus caudalis 1"~8 and 
laterally in subnucleus interpolaris ~'2~ and nucleus 
principalis. 5 In the latter, metabolic activation 
appeared less delineated than in the subnuclei. In 
harmony, Jacquin et al., 2° using a high resolution 
deoxyglucose method, observed increased tracer 
accumulation in ectopic locations in this nucleus 
whereas the tracer accumulation in the subnuclei 
was restricted to the cytochrome oxidase-rich 
segments in which the appropriate primary afferents 
terminate. 5,9.34 

In the ventrobasal complex, we could not ascertain 
a morphological whisker map. Ivy and Killackey ~5 
observed that the segmentation in sections stained for 
succinic dehydrogenase activity disintegrates with 
age, and the clearest morphological maps have been 
demonstrated successfully in mice younger than three 
months. 12,4o.44 According to these maps, whisker row 
A is represented caudally and row E rostrally, while 
the caudal whiskers are represented laterally. In 
comparison with the prominent metabolic activation 
in the brainstem subnuclei, that in the ventrobasal 
complex appeared low and less delineated. In 
harmony, Jacquin et al. TM found inconsistent deoxy- 
glucose accumulation in the ventroposterior medial 
nucleus of the hamster. Apparently, the stimulation 
of a select few whiskers affects metabolic activity in 
the ventrobasal complex to only a minute degree. In 
spite of this complication, we could identify two areas 
of metabolic activation that were situated at the 
lateral boundary of the complex in agreement 
with the known somatotopy. The caudal area 
may represent whiskers B1 3 and the rostral area 
whiskers DI-3.  

Plas t ic i t y  

Metabolic mapping with the deoxyglucose method 
clearly demonstrated that the removal of three 
whisker follicles from adult mice leads to early 
prominent and persistent changes in metabolic 
whisker maps at the first synapse of the whisker-to- 
barrel pathway, i.e. the brainstem trigeminal sensory 
nuclei. The metabolic representations of whiskers 
surrounding the lesion enlarged into the deprived 
territory two days after follicle removal, i.e. at the 
shortest time interval examined, and this enlargement 
persisted until the end of the present investigation at 
approximately 10 months. At that time, the meta- 
bolic whisker maps in the thalamic ventrobasal com- 
plex and in barrel cortex 28 were altered in a similar 

fashion, providing evidence that the modification of 
the whisker map eventually comprehends all relay 
stations of the pathway. 

The removal of whisker follicles per  se had a minor 
influence on the metabolic activity in the nuclei of 
termination. We observed only a small increase in 
metabolic activity in the deprived representations, 
greatest four and eight days after the lesion. Con- 
comitantly, the population density of microglia 
increases at that location. 3~ Microglial proliferation 39 
and phagocytosis of degenerating neurons ~ may 
increase local rates of glucose utilization. Since the 
resulting metabolic activity was only about half of 
that measured after the stimulation of whiskers 
adjacent to the lesion, stimulation effectively drove 
metabolic activity in the deprived territory. Though 
the increase in metabolic responsiveness of the 
deprived territory was immediate and persistent, the 
mechanisms underlying this change may vary in 
short- (<8 days) and long-term. 

Earl), mechanisms .  As in barrel cortex, 28 the local 
metabolic rates of all assessed areas in subnuclei 
caudalis and interpolaris were reduced two days after 
follicle removal, i.e. the earliest time interval exam- 
ined. In contrast to barrel cortex however, the 
stimulus-related increases in metabolic activity in the 
representations of the stimulated whiskers were simi- 
lar in mice with and without lesions. In the deprived 
territory metabolic activation was statistically signifi- 
cantly increased in subnucleus interpolaris as early as 
two days after the lesion. In subnucleus caudalis this 
metabolic activation became prominent at four days 
and reached a level that was on the average equal to 
that in subnucleus interpolaris. However, it did not 
reach statistical significance at any time interval 
examined, probably because the dimensions of the 
whisker representations were at the limit of the 
spatial resolution of the method. 

Nucleus principalis is regarded as the main relay 
station for the ascending connections in the whisker- 
to-barrel pathway and appears to play a crucial role 
in plasticity during development. 12"19"24 It contains 
75% of the trigeminothalamic projection neurons in 
the murine trigeminal sensory brainstem whereas 
subnuclei interpolaris and caudalis accommodate 
only 17 and 6%, respectively. 7 However, in spite of 
this inbalance, inputs to the thalamic ventrobasal 
complex from subnucleus interpolaris play an im- 
portant role for the size of neuronal receptive fields in 
the thalamic relay. 37 Though metabolic activity was 
not measurable in nucleus principalis in the present 
study, colour-coded images showed the largest 
expansions of metabolic activation at two and four 
days, indicating an early effect of the lesion also in 
this nucleus. 

The findings of the present study do not permit a 
distinction between the contributions of each brain- 
stem nucleus to the plasticity of the higher stations. 
Yet, taken together they provide strong evidence for 
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a pronounced modification of the metabolic whisker 
map in the trigeminal brainstem within the first week 
after follicle removal. In harmony, neural receptive 
fields were found to be enlarged in the dorsal horn of 
the spinal cord four days after peripheral nerve 
transection. 1° By contrast, primary afferents were 
shown to have sprouted only at one week 42 and there 
is no evidence that the early modification of somatic 
representation at the first synapse of the somatosen- 
sory pathway is associated with new growth of 
connections of the primary neurons. 

Two alternatives have been discussed in the 
literature. Devor and Wall ~° suggested that the rapid 
enlargement of neural receptive fields was the result 
of changes in the efficacy of synaptic transmission 
caused by the removal of dominant inputs that 
unmask hitherto silenced inputs from soma unaf- 
fected by the lesion. Cortical synaptic strength can be 
shifted by N-methyl-D-aspartate receptor-mediated 
long-term potentiation and depression. 25 However, 
such mechanisms await to be demonstrated in the 
trigeminal brainstem. 

Disinhibition is an alternative mechanism for the 
enlargement of neural receptive fields. 8 Local circuit 
neurons that are presumably GABAergic and inhibi- 
tory have been demonstrated in subnuclei caudalis 35 
and interpolaris.~6'~7 Their axons are recurrent and 
send collaterals to the other trigeminal sensory brain- 
stem nuclei where they end in glomeruli containing 
synaptic triads of large symmetric, axodentritic syn- 
apses and small asymmetric, axoaxonic or axodentric 
synapses.~4 The removal of whisker follicles may shut 
down the asymmetric, putatively inhibitory, synapses 
and disinhibit the symmetric, putatively excitatory, 
synapses leading to a rapid enlargement of whisker 
representation. 

Peculiarly, the metabolic activation of the deprived 
territory in the brainstem increased during a period 
when only a small and statistically insignificant 
increase in metabolic activity was detected in the 
deprived barrels of barrel cortex. This dissociation 
indicates that neural activation at the first synapse 
was not transmitted to the last synapse of the path- 
way immediately. Therefore, cortical alterations in 
whisker representation do not merely reflect brain- 
stem plasticity suggesting that differing mechanisms 
may underlie the plasticity of various synaptic relay 
stations of a sensory pathway. 

Late mechanisms. The large expansion of meta- 
bolic activation that was observed in nucleus princi- 
palis two and four days after follicle removal waned 
and was replaced by a stronger activation pattern 
similar to that in the subnuclei at the longest time 
interval examined. In conjunction with the concomi- 
tant oscillations of metabolic activation in the sub- 
nuclei, the fluctuation in nucleus principalis may 
constitute an actual attribute of the change in 
whisker representation after follicle removal. An 
analogous fluctuation has been demonstrated for the 

sizes of neural receptive field in primary somato- 
sensory cortex. 8'23 However, we did not observe an 
early expansion of metabolic whisker representation 
in barrel cortex. 28 Since the receptive field recordings 
were carried out on anaesthetized animals, anaes- 
thesia may block the neural circuitry that restricts 
cortical whisker representation in the awake, 
freely-moving mice. 

Because cortical metabolic whisker representations 
in the animals of the present study were altered 
statistically significantly only after more than two 
months, reinnervation of the sensory periphery by 
regenerated nerve fibres 28"32 may exert a crucial 
influence on central whisker representations. Skin 
denervated by crush or transection of the sciatic 
nerve in adult rats may be reinnervated by either 
sprouting saphenic or regenerating sciatic nerve 
fibres. 1~ Consistent with such flexibility, infraorbital 
nerve transection results in the loss of somatotopy 
of Gasserian ganglion cells 36 and terminations 
of primary afferents. 3'33 Moreover, after follicle 
removal follicles of adjacent whiskers receive novel 
innervation, 28 and this reorganization of peripheral 
innervation may be sufficient to explain the observed 
changes in central somatotopy. 

However, the endings of primary afferents may 
also reorganize. In macaques the transection of the 
median nerve led to the expansion of its central 
terminations in the dorsal horn of the spinal cord and 
in the cuneate nucleus, and this expansion was 
reflected in a changed organization of receptive fields 
in primary somatosensory cortex. 13 In accord, after 
infraorbital nerve transection in adult rats neural 
receptive fields in the nuclei of termination were 
expanded and, on occasion, dividedfl 6 Therefore, 
whether the endings of primary afferents expand 
under the conditions of the present study is an 
interesting question to be addressed in the future. 

Comparison with developmental plasticity. In a pre- 
vious study we removed whisker follicles C1-3 from 
neonates and in their adulthood subjected them to 
whisker stimulation while 1CMRglc was measured 
with the [14C]2-deoxyglucose method. 29 

Cytochrome oxidase activity in the deprived terri- 
tory of the three brainstem nuclei was distinctly 
diminished and in nucleus principalis adjacent seg- 
ments were enlarged. As in the present study, the 
deprived territory was metabolically activated by the 
stimulation of whiskers adjacent to the lesion. 
Whereas in subnucleus caudalis this activation was 
about the same as that at the longest time interval 
in the present study, it was only half of that in 
subnucleus interpolaris. This discrepancy points to a 
difference in vulnerability of primary afferents to 
whisker follicle removal during development. 

In the thalamic ventrobasal complex, whisker 
follicle removal in neonates resulted in the loss of 
differentiable metabolic activation whereas removal 
of the same follicles in adults led to a metabolic 
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act ivat ion pa t te rn  similar to tha t  in the brainstem.  
This  discrepancy may be the result of  a difference in 
the capacity of  axotomized pr imary  neurons  to recu- 
perate. Regenera t ing  nerve fibres were not  seen in the 
whiskerpads  of  the mice with neonata l  lesions, and  
gangl ion cells were likely to die. 4j The ensuing atro-  
phy of  the deprived morphologica l  representa t ions  in 
the nuclei of  t e rmina t ion  suggests tha t  bra ins tem 
project ion neurons  degenerated after  the deafferenta-  
tion. Consistently,  a similar a t rophy  of  the deprived 
terr i tory has been observed in the vent robasa l  com- 
plex. 6']2 Therefore,  after  neonata l  whisker  follicle 
removal  the remain ing  input  to the vent robasa l  com- 
plex from the deprived terri tories in the bra ins tem 
must  be small. In contrast ,  after  whisker follicle 
removal  in adults  axotomized nerve fibres regenerate 
vigorously and  re innervate  the sensory periphery. 
A t rophy  of  the deprived terri tories in the bra ins tem is 
slight and  transient .  Thus,  a s t rong connect ion  with 
the vent robasa l  complex may remain.  This  connec- 
t ion may be crucial for the main tenance  of  the 
metabol ic  ac t ivat ion found in the present  study. 
Moreover ,  it may stabilize the morphologica l  whisker  
map  in barrel  cortex which, unlike in mice with 
neona ta l  lesions, did not  change.  2s 

funct ional  representa t ions  of  intact  whiskers adjacent  
to the lesion into the deprived terr i tory in the 
whisker- to-barre l  pathway.  This plasticity has two 
compell ing aspects: i) the whisker map  in the nuclei 
of  t e rmina t ion  is modified early wi thout  affecting 
barrel  cortex, and  ii) a similar, late modificat ion 
evolves in barrel  cortex gradually and  concomi tan t ly  
with the re innervat ion  of  the periphery. Whereas  the 
early modif icat ion of  the whisker map  in the brain-  
stem may be explained with unmask ing  of  h i ther to  
suppressed inputs,  the late modif icat ions are most  
likely the result of  altered per ipheral  sensory inner-  
va t ion and /or  al tered p r imary  afferents. The delayed 
evolut ion of  a new responsiveness in barrel  cortex 
may provide an oppor tun i ty  for a novel innervat ion 
of  the sensory periphery to influence cortical plastic- 
ity. The present invest igation covered a good third of  
the mature  life of  the a lb ino mouse,  and  apparent ly  
regenerated peripheral  nerve fibres cont inued  to find 
and  innervate  whisker follicles up to the very end. -~s 
Hence, facil i tat ion of  the re innerva t ion  of  the sensory 
periphery even at a long t ime interval after the lesion 
may possibly exert a beneficial influence on the 
recovery of  funct ion,  and  this potent ia l  will be subject 
of  future investigations.  

CONCLUSION 

The present  repor t  and  its preceding compan ion  
demons t ra t e  tha t  the removal  of  three whisker  fol- 
licles in adul t  mice results in the enlargements  of  the 
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