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Abstract 

We employed the autoradiographic deoxyglucose method to study metabolic whisker maps of the adult mouse 
somatosensory brainstem and thalamus after the neonatal removal of left whisker follicles C1, C2 and C3. Left 
whiskers 81-3 and D1-3 were deflected to metabolically activate the somatosensory pathway. Unoperated mice 
that were stimulated in the same fashion served as controls. Whisker stimulation resulted in an ipsilateral 
increase in metabolic activity in the three trigeminal brainstem structures in which the whiskers are represented 
topologically by segments of high cytochrome oxidase activity, i.e. subnucleus caudalis, subnucleus interpolaris 
and nucleus principalis. In the two subnuclei of mice with lesions and of controls, there was an increase in 
metabolic activity of the representations of the deflected whiskers, whereas the metabolic activity of 
representations A1-3 and El-3 was low. Apart from these similarities, the metabolic activation of the 
representations originally representing whiskers C1-3 was remarkably greater in mice with lesions than in 
controls. This increase reached statistical significance in subnucleus caudalis and approached statistical 
significance in subnucleus interpolaris. In nucleus principalis the deprived territory was only partially activated 
and the degree of metabolic activation was less than in the subnuclei. In the thalamic ventrobasal complex of 
mice with lesions metabolic activity was unpatterned whereas two areas of metabolic activation were distinct in 
controls. Hence, the removal of whisker follicles in newborn mice resulted in the suppression of localized 
metabolic responses to whisker stimulation in the thalamus, whereas in the brainstem stimulus-related activity 
was prominent and the deprived territory became responsive to the stimulation of whisker follicles adjacent to 
the lesion. Apparently, the modification of the whisker representation at the first synapse of the pathway induces 
a diminution of localized responsivity in the thalamus. 

Introduction 

The whiskers on the snout of the mouse are topologically represented 
by morphological units at all synaptic relays of the ascending 
somatosensory pathway. Brain sections stained for the mitochondria1 
enzymes succinic dehydrogenase (Belford and Killackey, 1979; 
Durham and Woolsey, 1984) and cytochrome oxidase (Wong-Riley 
and Welt, 1980; Bates and Killackey, 1985) or Nissl substance 
(Woolsey and Van der Loos, 1970; Van der Loos, 1976; Ma and 
Woolsey, 1984) reveal these whisker representations in three nuclei 
of termination, the ventrobasal complex of the thalamus and the 
primary somatosensory cortex. In the last, whiskers are represented 
by cytoarchitectonic units in layer IV, named ‘barrels’ (Woolsey and 
Van der Loos, 1970). Barrels develop in the first postnatal week. If 
whisker follicles are destroyed shortly after birth, the barrels that 
were destined to represent these whisker follicles do not develop and 
neighbouring barrels enlarge into the vacant territory (Van der Loos 
and Woolsey, 1973). The vacant temtory is filled less completely the 

later after birth the lesion is carried out (Jeanmonod et al., 1981). 
In a previous deoxyglucose study we found that the vacant temtory 
in the barrel cortex is metabolically activated by deflections of 
whiskers adjacent to the lesion (Melzer er al., 1993). The present 
report provides evidence that early postnatal removal of whisker 
follicles altered the metabolic whisker map not only in the barrel 
cortex but also in thalamic and brainstem relay stations of the whisker- 
to-barrel pathway. Stimulus-related metabolic responses vanished in 
the ventrobasal complex of the thalamus. In brainstem subnuclei 
caudalis and interpolaris, the metabolic representations of the 
whiskers adjacent to the lesion enlarged into the deprived territory 
without an enlargement of the morphological representations. The 
observed alterations in the metabolic whisker map at the first synapse 
emphasize the important role that modifications of input at that 
level may play in the developmental plasticity of the whisker-to- 
barrel pathway. 
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Materials and methods 

Animals 

All procedures were in strict accordance with the US National 
Institutes of Health Guidelines for the Care and Use of Laboratory 
Animals and were approved by the Natonal Institute of Mental Health 
Animal Care and Use Committee. Male and female Swiss albino 
mice of International Charles Rivers origin (Harlan Sprague-Dawley, 
Indianapolis, IN) were used. Pregnant females were checked for 
offspring at noon daily. The follicles of the left whiskers C1, C2 and 
C3 were surgically removed from eight pups from one litter under 
anaesthesia by hypothermia between 5.5 and 7.0 h after the detection 

-of the litter, i.e. on postnatal day 0. One pup from another litter 
underwent follicle removal 30.5 h after detection of the litter, i.e. on 
postnatal day 1. The hours between the detection of the newborn 
litter and the removal of whisker follicles were used to label the 
experiments. Ten unoperated mice served as controls. 

Measurement of local rates of cerebral glucose utilization 

Preparation of animals 

The mice were allowed at least 6 weeks to mature fully. On the day 
prior to whisker stimulation, the mice were anaesthetized with 
halothane (-1.5% in 70% N20/30% 02), and a femoral artery and 
vein were catheterized. The catheters were routed to the nape of the 
neck and coiled up under the skin. Pieces of Ni/Fe wire (0.2 mm in 
diameter and 2.5 mm long) were glued on left whiskers B1-3 and 
D1-3 -5 mm above the skin, and the portion of the whiskers distal 
to the metal piece was trimmed off. All other whiskers were clipped 
close to the skin. A paper collar was placed around the animal's neck 
to prevent the animal from removing the metal pieces. The mice 
were allowed to recover for 16-24 h and provided with food and 
water ad libitum. Then they were anaesthetized with halothane (-2.0% 
in 70% N20/30% 02) for <5 min, the catheters were exposed, and 
the animals were placed in a small cage inside an electromagnetic 
coil. Physiological variables were monitored prior to and during the 
measurement of local rates of cerebral glucose utilization (ICMR,1,) 
as described previously (Melzer et al., 1993). Mice were allowed to 
rest for -30 min, after which 2-deoxy-~-[ l-'4C]glucose (DuPont- 
NEN, Wilmington, DE; specific activity 50-55 mCi/mmol, dose 120- 
150 pCikg) in -40 yl heparinized saline was injected into the vein, 
and simultaneously a pulsing magnetic field was initiated in the coil, 
which deflected the six whiskers (Melzer et al., 1985). The mice 
were stimulated for 45-50 min, during which timed 20 p1 arterial 
blood samples were collected for determination of [ 14C]deoxyglucose 
and glucose concentrations. The mice were then euthanized at a 
precisely recorded time, and the brains were removed and divided at 
the border between the inferior and superior colliculi. The rostral 
portion of the brain was split into the cortical hemispheres, and the 
tissue blocks were frozen in isopentane at -55°C. The cortical 
hemispheres were cut tangentially to the pia in 20 pm thick sections 
in a cryostat at -22°C. After the neocortex had been fully sectioned, 
the right hemispheres of six controls and six mice with lesions were 
oriented in a plane oblique from horizontal, and sections were cut 
through the thalamus. The sections of neocortex were used in a study 
of lesion-induced plasticity in the barrel cortex (Melzer et al., 1993). 
The brainstems were cut transversely, and alternate series of sections 
were obtained. The sections were dried on a hotplate at 60°C. and 
one series was autoradiographed along with calibrated ['4C]methyl 
methacrylate standards on Kodak OMCl X-ray film at 5°C and later 
stained for cytochrome oxidase activity (Wong-Riley and Wek, 1980); 
the other series was stained for Nissl substance. 

Densitometry 

Local rates of glucose utilization were measured in the areas 
representing whiskers A1-3, B1-3, C1-3, D1-3 and El-3 in sub- 
nucleus caudalis and subnucleus interpolaris of the descending 
spinal tract of the trigeminal nerve on both sides. The measurements 
were carried out with the aid of a camera-based image analysis 
system (Imaging Research, St Catharines, Ontario, Canada). The 
areas were outlined on digitized images of cytochrome oxidase- 
stained sections on the basis of the circumferences of enzyme-rich 
segments. In cases in which the areas of interest could not be fully 
drawn on one section because of unclear segmentation, one or two 
adjacent sections were used to complete the outlines. This practice 
is acceptable because the segmentation remained sufficiently invariant 
along the caudorostral axis in the chosen regions of both subnuclei. 
The outlines were superimposed on the corresponding autoradiograms, 
and the concentration of 14C in each delineated area was determined 
from the optical density in the autoradiogram and the optical density 
versus I4C concentration curve derived from the calibrated plastic 
standards. Pixel-weighted averages of 14C concentrations were deter- 
mined from autoradiograms of eight to ten consecutive sections 
representing a 400 pm region along the caudorostral axis of a given 
subnucleus. Each region was chosen to represent the portion of the 
subnucleus in which the morphological representations of the whiskers 
were most distinct. In subnucleus caudalis this region ended 320 ym 
caudally from the caudal pole of subnucleus interpolaris. In subnucleus 
interpolaris the region began 320 pm rostral from its caudal pole. 
The rates of glucose utilization were calculated from the local 
concentrations of 14C and the time courses of the arterial plasma 
specific activities by means of the operational equation of the 
deoxyglucose method (Sokoloff et al., 1977). The mean of the pixel- 
weighted averages of each assessed area was taken to represent its 
local metabolic rate for that animal. Mean differences in metabolic 
rate between homeotopic areas ipsilateral (left side) and contralateral 
(right side) to both stimulation and the lesion were used as indicators 
of stimulus-related metabolic activation in subsequent statistical 
analyses. 

Metabolic rates could not be measured in nucleus principalis and 
in the thalamic ventrobasal complex because of the small size of the 
representations in the former and the absence of clear segmentation 
in the latter. However, we were able to compare the patterns of 
metabolic activity in the two structures as well as in the subnuclei 
with the help of colour-coded, digitized images of autoradiograms 
produced by IMAGE (W. Rasband, NIMH, USPHS, Bethesda, MD). 

Statistical analysis of metabolic rates 
The mean metabolic rates of homeotopic areas on both sides of 
subnuclei caudalis and interpolaris were compared by means of one- 
tailed, paired Student's t-tests. One-tailed testing was justified because 
the barrel cortex of these animals consistently showed increases in 
metabolic activity contralateral to stimulation (Melzer et al., 1993), 
which suggests that the metabolic rates in the subcortical synaptic 
relays should either remain unchanged or be elevated by stimulation. 
The left-to-right differences in local metabolic rate of mice with 
lesions were compared with those of unoperated controls by one- 
tailed Student's t-tests. 

Areal measurement of whisker representations 
In nucleus principalis of the seven mice whose whisker follicles were 
removed on postnatal day 0, the areas of left whisker representations 
B 1-3 and D 1-3, the deprived territory and right whisker representa- 
tions B1-3, D1-3 and C1-3 were measured on transverse sections 
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stained for cytochrome oxidase activity. The measurements were 
carried out on digitized images of the sections with a camera-based 
image analysis system (Bioquant; R & M Biometrics Inc., Nashville, 
TN) fitted on a microscope (Ortholux; Leitz, Wetzlar, FRG) with a 
1OX objective (NPL Fluotar; Leitz). The enzyme-rich segments 
representing the three whisker follicles in each row were outlined as 
one area. The area of low enzyme activity between rows B and D 
ipsilateral to the lesion was outlined as the deprived territory. For 
each animal, between six and 19 measurements could be obtained to 
determine the areas’ mean sizes. Side-to-side differences between 
homeotopic areas were analysed by means of two-tailed, paired 
Student’s t-tests. 

Results 

In the transverse sections of subnuclei caudalis and interpolaris 
stained for cytochrome oxidase each whisker is represented by an 
enzyme-rich segment, separated from the others by a thin strip of 
low enzyme activity (Figs 1 and 2, left columns). The segments were 
frequently spliced by criss-crossing bundles of myelinated fibres. Yet 
the five rows representing the tall whiskers remained distinctive, and 
the areas of interest for the measurement of rates of glucose utilization 
could be identified satisfactorily. In mice with lesions, the pattern of 
cytochrome oxidase staining in subnuclei caudalis and interpolaris 
ipsilateral to the lesion was markedly different from that of the 
controls (Figs 1 and 2, left columns). Whereas the enzyme-rich 
segments representing the whiskers adjacent to the lesion did not 
differ remarkably from normal in shape, size and staining intensity, 
deprived whisker representations C1-3 stained faintly for cytochrome 
oxidase activity and stood out in clear contrast to the neighbouring 
segments. On the side contralateral to the lesion no such difference 
could be seen. 

Subnucleus caudalis 
The metabolic activity in subnucleus caudalis of mice with lesions 
and of controls was changed drastically by the deflection of 
whiskers B1-3 and D1-3. Metabolic activity was increased ipsi- 
lateral to stimulation whereas it remained low on the contralateral 
side (Fig. I, right column, and Fig. 3). In both controls and mice 
with lesions the metabolic rates of all five assessed areas ipsilateral 
to stimulation were significantly higher (paired Student’s t-test, 
one-tailed, 2 X < P < 0.015) than the rates contralateral to 
stimulation. The mean left-right differences in metabolic rate were 
greatest in the appropriate representations of the stimulated whiskers, 
i.e. representations B1-3 and D1-3, and lowest in inappropriate 
whisker representations A1-3 and El-3 (Fig. 3). In mice with lesions, 
the left-right difference in metabolic rate of representations C1-3, 
i.e. the territory deprived of sensory inputs, was -1.5-fold greater 
than that of controls. This was the only area where the left-right 
difference in mice with lesions was significantly greater than that of 
controls (P = 0.027). 

With increasing time between birth and the removal of whisker 
follicles the total area of metabolic activation in subnucleus caudalis 
seemed to become smaller and more restricted to the representations 
of the stimulated whisker follicles (Fig. 1). 

Subnucleus interpolaris 
As in subnucleus caudalis, the deflection of whiskers B1-3 and D1-3 
led to a distinct increase in metabolic activity of subnucleus interpolaris 
ipsilateral to the stimulation (Figs 2 and 3). The stimulus produced 
a significant increase (paired Student’s t-test, one-tailed) in metabolic 

rate of all five assessed areas on the ipsilateral side compared with 
that on the contralateral side in mice with lesions 
(9 X lo4 S P C 0.015) and in controls (5 X 6 P C 0.049). 
The greatest left-right differences in metabolic rate were found in 
whisker representations B1-3 and D1-3 both in controls and in mice 
with lesions (Fig. 3). In representations A1-3 and El-3 the left-right 
differences were smallest. In mice with lesions left-right differences 
in metabolic activity were greater (one-tailed t-test) than those in 
controls in representations C1-3 (P = 0.064), D1-3 (P = 0.071) and 
El-3 (P = 0.084). and smaller than those in controls in representations 
B1-3 (P = 0.103). These differences between controls and mice with 
lesions approached statistical significance. 

Nucleus principalis 
In cytochrome oxidase-stained sections the five rows of enzyme-rich 
segments representing the tall whiskers were well differentiated. As 
in the subnuclei, the segments are separated by thin bands of low 
enzyme activity. The enzyme activity was decreased in the territory 
deprived by the lesion (Fig. 4, left column) whereas it remained at 
normal levels in adjacent rows B and D. However, these rows 
appeared deformed and less parcellated in five of the seven animals 
which had the follicles removed on postnatal day 0. In the other 
mice their appearance was normal. Whisker representations B1-3 
and D1-3 were on average 24 and 31%, respectively, larger than the 
homeotopic areas contralateral to the lesion. In contrast, the deprived 
territory was 52% smaller than contralateral whisker representations 
C1-3. These effects were significant (paired Student’s t-test, two- 
tailed) in whisker representations D1-3 (P = 0.018) and C1-3 
(P = 0.0006). 

In mice with lesions as well as in controls the deflection of left 
whiskers B1-3 and D1-3 increased metabolic activity in nucleus 
principalis ipsilateral to stimulation (Fig. 4, right column). The areas 
of activation were situated laterally and ventrally in the nucleus and 
comprised the cytochrome oxidase-rich segments representing the 
deflected whiskers. In controls the greatest metabolic activation was 
located in segment rows B and D, with some spread into row C. In 
mice with lesions, stimulus-related metabolic activity seemed gener- 
ally lower than in unoperated mice. Particularly, row D was less 
activated than row B. The deprived territory was metabolically 
activated, but the activation was restricted to the ventrolateral bound- 
ary of that row. Because of the small size of the whisker representations 
we did not attempt to quantify metabolic rates. 

Ventmbasal complex 
We could not distinguish barreloids in Nissl preparations from 
either mice with lesions or controls. In cytochrome oxidase-stained 
preparations the ventrobasal complex appeared as a darkly stained 
fractured ovoid (Fig. 5, left column). Enzyme-rich rows could be 
discerned only rarely (Fig. 5 ,  CTR), and their appearance was not 
related to the lesion. 

In five of the six controls, in which sections through the thalamus 
were prepared, stimulation of whiskers B1-3 and D1-3 resulted in 
two separate areas of increased metabolic activity (Fig. 5, right 
column). In the six mice with lesions, metabolic activity remained 
uniform throughout the nucleus. Local metabolic rates were not 
measured because of the lack of histological landmarks. 

Discussion 

The results of the present study demonstrate that a restricted irrevers- 
ible lesion in the somatosensory periphery executed shortly after birth 
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leads to the invasion of the representation of intact soma surrounding 
the lesion into the deprived temtory already at the first synapse in 
the brainstem. In the thalamic ventrobasal complex, however, localized 
stimulus-related metabolic activity was lost. In a preceding report we 
had shown that the metabolic whisker map in the barrel cortex of the 
same mice also adapted to the loss of sensory input by invasion of 

the representation of the intact soma surrounding the lesion into the 
deprived territory (Melzer et al., 1993). Similarly, infraorbital nerve 
transection in neonates leads to an enlargement of the representations 
of the soma innervated by the ophthalmic and mandibular nerves in 
both brainstem and cortex (Waite, 1984). This plasticity is analogous 
to that of the hand representation in the somatosensory cortex of 
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FIG. I. Morphological whisker maps and metabolic activation patterns in subnucleus caudalis. The follicles of left whiskers C1, C2 and C3 were surgically 
removed shortly after birth. After the animals had reached adulthood, whiskers B1-3 and D1-3 adjacent to the lesion were deflected in a deoxyglucose study. 
(Left column) Transverse sections (20 pm thick) stained for cytochrome oxidase activity after autoradiography. (Right column) Colour-coded images of the 
autoradiograms taken from the sections. The panels are ordered by increasing time (hours) between the detection of the newborn litter and the removal of 
whisker follicles (shown at the lower middle of each row). CTR is an unoperated control. The whiskers are represented towlogically by segments of high 
cytochrome oxidase activity separated by thin bands of low enzyme activity. The segments representing the five rows of tall whiskers on the snout of the mouse 
are prominent. Woolsey and Van der Loos (1970) designated the rows of whiskers A (dorsal) to E (ventral) and numbered each whisker beginning caudally 
with I. Four single whiskers, a to y. straddle the rows caudally. In subnucleus caudalis, row A is represented ventrally and row E dorsally. The caudal whiskers 
are represented medially. In CTR the arrow and arrowhead point at the segments representing whiskers BI and D1 respectively. In mice with lesions the 
segments deprived by the lesion stain faintly for cytochrome oxidase activity (arrowhead in 30.5). In the images obtained with the deoxyglucose method, the 
metabolic activation is proportional to ['4C]deoxyglucose-6-phosphate accumulation, the degree of which is expressed by the colours in the bar on the right of 
each image (white/red is high, blue is low). Comparable colour-coding was achieved by setting the lowest optical densities in the autoradiograms to blue and 
the highest optical densities in the nuclei of interest to red, while keeping the number of colours equal. Excepting BI-3 of 6.7 and 7.0, the deflection of whiskers 
BI-3 and D1-3 increased metabolic activity to the highest degree in the appropriate representations of these whiskers, i.e. ipsilateral segments B1-3 and 
DL-3. Adjacent inappropriate whisker representations were activated at a lower level. Metabolic activity in segments C1-3 remained low in CTR whereas in 
mice with lesions this area was activated, except in 5.5, 5.7 and 30.5, less than segments BI-3 and D1-3. The total area of activation seems smaller and more 
restricted to the representations of the stimulated whisker follicles, when the whisker follicle had been removed late. Note that metabolic activity in subnucleus 
caudalis contralateral to stimulation remained low and comparably uniform (dorsal is up, the animal's right side is on the left; the scale bar in CTR represents 
300 pm). 
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FIG. 2. Morphological whisker map and metabolic activation pattern in the left subnucleus interpolaris of the mouse, which had the follicles of left whiskers 
C1, C2 and C3 removed 6.3 h after the detection of its birth (6.3). and an unoperated control (CTR). Left whiskers B1-3 and D1-3 were deflected in a 
deoxyglucose study when the mice were 22 and 10 weeks old respectively. (Left column) Transverse sections (20 pm) stained for cytochrome oxidase activity 
after autoradiography. (Right column) Colour-coded images of the autoradiograms taken from the sections. In the sections stained for cytochrome oxidase 
activity, enzyme-rich segments represent the whiskers topologically. As in subnucleus caudalis, the five rows of segments representing the tall whiskers are 
distinct. However, the whisker map in subnucleus interpolaris is reversed about the dorsoventral axis. The arrow and arrowhead point at the segments representing 
whiskers B1 and D1 respectively. In the mouse with lesion, the area low in cytochrome oxidase activity between rows B and D comprises the deprived 
territory. In the colour-coded images metabolic activation is expressed by the colours in the bar on the lower right of each image (whiteked is high, blue is 
low). The deflection of whiskers B1-3 and D1-3 increased metabolic activity in the appropriate representations of these whiskers, i.e. ipsilateral segments 
B 1-3 and D1-3. Adjacent inappropriate whisker representations were also activated, though at lower magnitude. Metabolic activity in segments C1-3 remained 
low in CTR whereas in the mouse with lesion this area was activated, though less than in segments B1-3 and D1-3 (dorsal is up, medial is on the left; the 
scale bar in CTR represents 250 pm). 

adult primates after transection of the median nerve (Merzenich et al., 
1983). Since in the present study the lesions were carried out before 
the barrels develop, but after morphological whisker representations 
in 'the brainstem form, we expected the plasticity of the metabolic 
whisker map to be greater in the barrel cortex than in the brainstem. 
In contrast, our findings suggest that the plasticity of whisker 
representation is an equally powerful feature of the first synapse of 
the pathway. 

Methodological considerations 
For the purpose of quantification, the spatial resolution of the 
autoradiographic [14C]deoxyglucose method was determined to be 
-200 pm (Smith, 1983). Resolution is limited primarily by the 
diffusion of ['4C]deoxyglucose-6-phosphate that occurs when 
tissue sections are thaw-mounted. In the present study we have 
attempted to resolve quantitatively in subnuclei caudalis and inter- 
polaris the metabolic activity of adjacent whisker representations that 
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FIG. 3. Local cerebral metabolic rates of glucose utilization (ICMR,l,) in subnuclei caudalis and interpolaris. The bar graphs represent the mean metabolic rates 
from six mice, in which the follicles of left whiskers C1, C2 and C3 had been removed shortly after birth (6.0 was excluded because the metabolic rates were 
two standard deviations below the respective group means, and 30.5 was excluded to narrow the range of times of lesion), and ten unoperated controls. When 
the mice reached adulthood they were subjected to the deoxyglucose study in which left whiskers B1-3 and D1-3 were deflected. Group means (bars) and 
standard errors of the mean are shown for subnucleus caudalis (top) and subnucleus interpolaris (centre) as well as the mean left-right differences in metabolic 
rate between homeotopic areas (bottom). In operated as well as in unoperated mice, mean ICMR,I, values in both subnuclei were highest in the areas representing 
deflected whiskers B1-3 and D1-3. In mice with lesions, deprived whisker representations C1-3 had greater side-to-side differences in metabolic rate than the 
homeotopic representations in controls. The increase reached significance in subnucleus caudalis (one-tailed Student’s t-test, P C 0.05). In addition, the increase 
in metabolic activation of representations D1-3 as well as the changes in activation of representations B1-3, C1-3 and D1-3 in subnucleus interpolaris 
approached statistical significance (one-tailed Student’s ?-test, 0.05 C P C 0.10). 

are 70-150 pm across. The increases in 1CMRgI, of representations 
C1-3 in the two subnuclei and, to a lesser degree, of representations 
AI-3 and El-3 may be attributed to a spill-over of [14C]deoxyglucose- 
6-phosphate from the metabolically activated whisker representations 
B1-3 and D1-3. However, the stimulus-related increase in lCMRglc 
of representations C1-3 in mice with lesions was greater than in 
unoperated controls whereas the increases in the other two areas 
remained similar to the increases in the unoperated controls. This 
difference provides strong evidence that the neonatal removal of 
whisker follicles C1-3 indeed resulted in a novel responsivity of the 
deprived whisker representations to the stimulation of whiskers 
neighbouring the lesion. 

Brainstem nuclei 
The pattern of cytochrome oxidase-rich segments we observed in the 
nuclei of termination of unoperated mice on both sides and on the 

side contralateral to the lesion of mice with lesions is in good 
agreement with the patterns of succinic dehydrogenase-rich segments 
described by others (Belford and Killackey, 1979; Woolsey and 
Durham, 1984). The segments have been shown to match the clustered 
terminal fields of primary afferents in normal rats (Bates and Killackey, 
1985; Chiaia et al., 1992; Renehan et al., 1994). The location of the 
areas of increased rates of glucose utilization within the nuclei 
confirms the observation that the caudal whiskers are represented at 
the medial boundary of subnucleus caudalis (Arvidsson, 1982; Jacquin 
et al., 1986a) and at the lateral boundaries of subnucleus interpolaris 
(Arvidsson, 1982; Jacquin et aL, 1986b) and nucleus principalis 
(Bates et aL, 1982). In the three nuclei, row A is represented ventrally 
and row E dorsally. Our observations are in harmony with those of 
others who found that after the cauterization of a row of whisker 
follicles at birth the activities of mitochondria1 enzymes diminish in 
the appropriate representations and their areas decrease in the three 
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FIG. 4. Morphological whisker map and metabolic activation pattern in the left nucleus principalis of the mouse which had the follicles of left whiskers C1, C2 
and C3 removed 6.3 h after the detection of its birth (6.3). and an unoperated control (CTR). Left whiskers BI-3 and DI-3 were deflected in a deoxyglucose 
study carried out when the mice were 22 and 10 weeks old, respectively. (Left column) Transverse sections (20 pm) stained for cytochrome oxidase activity 
after autoradiography. (Right column) Colour-coded images of the autoradiograms taken from the sections. Like subnuclei caudalis and Interpolaris, nucleus 
principalis contains a topological whisker map. In the sections stained for cytochrome oxidase activity, the representations of the five rows of tall whiskers are 
clearly distinguishable as rows of enzyme-rich segments. As in subnucleus interpolaris, caudal whiskers are represented laterally. The arrow and arrowhead 
point at the segments representing whiskers Bl  and D1 respectively. In the mouse with lesion, the band low in cytochrome oxidase activity between rows B 
and D comprises the territory deprived by the lesion. This band is narrower in width than the corresponding area in CTR, and the adjacent segments in row B 
and D seem abnormal in shape and less separated. In the colour-coded images metabolic activation is expressed by the colours in the bar on the lower right of 
each image (whitdred is high, blue is low). The deflection of whiskers B1-3 and DI-3 increased metabolic activity roughly in the appropriate loci, i.e. lateral 
rows B and D ipsilateral to stimulation. In CTR metabolic activation spread slightly from these rows into the adjacent rows. In the mouse with lesion, deprived 
C1-3 seemed partially activated, while metabolic activity in row D was distinctly less than in row B (dorsal is up. medial is on the left; the scale bar in CTR 
represents 250 pm). 

brainstem structures ipsilateral to the lesion (Belford and Killackey, 1993). In fact, we found several follicles with diminished innervation. 
1980; Woolsey and Durham, 1984; Bates and Killackey. 1985; Similarly, after transection of the infraorbital branch of the trigeminal 
Rhoades et aL, 1989; Renehan et al., 1989; Chiaia er al., 1992b). nerve in newborn rats, the number of nerve fibres in the infraorbital 

nerve drastically decreases (Waite, 1984; Klein etal., 1988). Moreover, 
Subnuclei caudalis and interpolaris neuronal death increases in the Gasserian ganglion (Klein er al., 
We did not find regenerated myelinated nerve fibres at the site of the 1988) and in the nuclei of termination (Waite, 1984; Ashwell and 
lesion, nor could we detect any increase in the number of nerve fibres Waite, 1991). Therefore, in the present study ganglion cells, which 
innervating whisker follicles neighbouring the lesion (Melzer et al., were axotomized by the follicle removal, may have died in such great 
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FIG. 5 .  Morphology and metabolic activation pattern in the ventrobasal complex of the right thalamus of the mouse, which had the follicles of left whiskers C1, 
C2 and C3 removed 6.3 h after detection of its birth (6.3) and an unoperated control (CTR). Left whiskers B1-3 and D1-3 were deflected in a deoxyglucose 
study carried out when the mice were 22 and 10 weeks old, respectively. (Left column) Sections (20 pm) cut obliquely to the horizontal plane and stained for 
cytochrome oxidase activity after autoradiography. (Right column) Colour-coded images of the autoradiograms taken from the sections. In the sections stained 
for cytochrome oxidase activity, no morphological whisker map could be discerned. The nucleus appears as darkly stained patches forming an ovoid near the 
centre of the micrographs. In the colour-coded images metabolic activation is expressed by the colours in the bar on the lower left of each image (whiteked is 
high, blue is low). In CTR, two separate areas of metabolic activity can be distinguished (arrows). In the mouse with the lesion, metabolic activity was uniform 
(rostra1 is up, lateral is on the right; the scale bar in CTR represents 250 pn). 

number that the corresponding sites of termination in the brainstem 
were depleted of the original afferents, and the postsynaptic elements 
decreased in cytochrome oxidase activity (Wong-Riley, 1989). 

However, the metabolic responsivity to the stimulation of whisker 
follicles adjacent to the lesion increased in the deprived temtory of 
the two subnuclei, which points to a mechanism to compensate for 
the loss of input at the first synapse of the pathway. An explanation 
may be provided by the finding that primary afferents in subnucleus 
interpolaris extend arbors beyond the appropriate areas of termination 
into the territory deprived by neonatal cauterization of rows of 
whisker follicles (Renehan et al., 1994). Interestingly, this expansion 
occurs at a time past embryonic day 18 on which the period of 
plasticity for the enlargement of mitochondrial enzyme-rich segments 
ends (Chiaia et al., 1992a). An expansion of the endings of primary 

afferents from the whisker follicles adjacent to the lesion without an 
enlargement of cytochrome oxidase-rich segments may, therefore, 
underlie the increase in metabolic responsivity in the deprived territory 
we observed. 

This increase in metabolic responsivity was greater in subnucleus 
caudalis than in subnucleus interpolaris. Similarly, the terminal fields 
of primary afferents enlarge more in subnucleus caudalis (Jacquin 
et al., 1986a) than in subnucleus interpolaris (Renehan et al., 1989) 
after transection of the infraorbital nerve in neonatal rats. The 
difference in metabolic responsivity to stimulation in the deprived 
territory between the two subnuclei may reflect a difference in the 
capacity of primary afferents to elongate into that temtory during 
postnatal development. The trend we observed in subnucleus caudalis 
for the total area of metabolic activation to be larger the earlier the 
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lesion had been carried out may indicate that there is a limited period 
for plasticity of functional maps. This conclusion is consistent with 
the notion of critical periods of plasticity of morphological maps 
in the whisker-to-barrel pathway (Belford and Killackey, 1980; 
Jeanmonod et al., 1981; Durham and Woolsey, 1984). 

Nucleus principalis 
The change in area, shape and segmentation of the mitochondrial 
enzyme-rich rows adjacent to the deprived temtory we observed in 
nucleus principalis was not noted in studies in which whisker follicles 
were cauterized (Belford and Killackey, 1980; Durham and Woolsey, 
1984; Bates and Killackey, 1985; Chiaia et al., 1991). Cytochrome 
oxidase-rich segments in nucleus principalis only enlarged when 
whisker follicles were cauterized in more than one row and before 
embryonic day 18 (Chiaia et al., 1992a). With cautery, the destruction 
of the follicles often remains incomplete and the surviving follicles 
may be innervated (Jeanmonod et al., 1981; Durham and Woolsey, 
1984). Moreover, the deprived temtory still receives primary afferents 
connected to damaged follicles (Renehan et al., 1994). In contrast, 
in the present study the follicles were surgically removed. Some mice 
had follicular remnants at the site of the lesion, but when the lesion 
was carried out on postnatal day 0 the remnants did not receive deep 
innervation (Melzer et al., 1993). Only the complete deprivation of 
the peripheral innervation may, therefore, lead to changes in size and 
segmentation. 

Cytochrome oxidase-rich segments in nucleus principalis may be 
more plastic than those in the subnuclei. In the rat, subnucleus 
interpolaris segmentation develops between embryonic days 19 and 
20 (Chiaia etal., 1992a) whereas in nucleus principalis clear segmenta- 
tion is gained only at birth, i.e. embryonic day 21 (Bates er al., 1982; 
Chiaia et al., 1992a). Following the transection of the infraorbital 
nerve at birth, segmentation shows earlier signs of disintegration 
(Chiaia et al., 1992b), and neuronal death is greater in nucleus 
principalis than in the subnuclei (Waite, 1984; Chiaia et al., 1992b). 
In addition, naturally occumng neuronal death during postnatal 
development is slightly greater in nucleus principalis than in the 
subnuclei (Ashwell and Waite, 1991). The above findings may 
advocate a higher degree of immaturity in this nucleus at birth. 
Consistent with a caudorostral sequence of maturation, the onset of 
stimulus-related metabolic activation in nucleus principalis lags behind 
that in the two subnuclei (Melzer et al., 1994). Because of the late 
maturation the critical period of plasticity may end later in nucleus 
principalis. 

In unoperated controls, metabolic activation in rows B and D was 
less restricted to the appropriate enzyme-rich segments than in the 
two subnuclei, though the two areas of activation remained distinctly 
separated. In contrast, metabolic activation stretched across the 
deprived temtory in mice with lesions. Indeed, in rats with neonatal 
follicle cautery primary afferents from intact whisker follicles adjacent 
to the lesion were observed to extend into inappropriate locations 
(Renehan et al., 1994). However, the metabolic enzyme-rich segments 
did not enlarge. It remains puzzling that we found greater plasticity 
in segmentation in nucleus principalis than in the subnuclei while the 
changes in the metabolic whisker map seemed smaller. Perhaps the 
elongation of primary afferents in response to a lesion in the sensory 
periphery is a mechanism available only after the critical period for 
segmentation has ceased. Because the gestational period of mice is 
up to 2 days shorter than that of rats, this may not have been the 
case at the time of the lesion in the present study. 

Ventmbasal complex 
The ventrobasal complex of the thalamus contains a somatotopic map 
demonstrable with single- and multi-unit recordings (Waite, 1973; 

Rhoades et al., 1987; Simons and Carvell, 1988; Armstrong-James 
and Callahan, 1991; Chiaia et al., 1992b; Lee et al., 1994) and 
histological staining methods. Morphological whisker representations, 
termed barreloids, can be distinguished with staining for Nissl 
substance (Van der Loos, 1976) as well as for the mitochondrial 
enzymes succinic dehydrogenase (Belford and Killackey, 1979; Dur- 
ham and Woolsey, 1984) and cytochrome oxidase (Land and Simons, 
1985; Yamakado, 1985). However, barreloids disintegrate in animals 
older than 2 weeks (Ivy and Killackey, 1982), which may explain 
why we could not discern any in either Nissl or cytochrome oxidase 
preparations. We could, however, localize the nucleus satisfactorily 
in sections stained for cytochrome oxidase activity, though we could 
not determine its precise boundaries. 

Metabolic mapping of the ventrobasal complex showed two distinct 
areas of metabolic activity in unoperated controls. Their orientation 
matched with that of the rows of barreloids shown by others (Van 
der Loos, 1976; Durham and Woolsey, 1984; Yamakado, 1985). The 
caudal area is roughly located where whisker row B is represented; 
the rostra1 area where row D is represented. Early cauterization of a 
row of whisker follicles in rats (Belford and Killackey, 1980) and 
mice (Durham and Woolsey, 1984) resulted in altered segmentation 
in the ventrobasal complex and a decrease in enzyme activity in the 
deprived temtory. In the present study deflections of whiskers B1-3 
and D1-3 did not result in distinct loci of metabolic activity in the 
ventrobasal complex of mice with lesions. In contrast, the barrel 
cortex of these animals showed circumscribed, distinctive increases 
in metabolic activity in the areas representing the deflected whiskers 
as well as in the temtory deprived by the lesion (Melzer ef  al., 1993). 
Jacquin (1989) reported that the somatotopic organization of thalamic 
projection neurons in the brainstem had greatly deteriorated in adult 
rats with neonatal infraorbital nerve transection, and it may well have 
been perturbed in the present study. A decrease in somatotopic 
specificity could result in a greater divergence of corticofugal projec- 
tions to the thalamus from the barrel cortex (Hoogland et al., 1988; 
Chmielowska et al., 1989) and a less specific inhibitory input from 
the reticular nucleus (DeBiasi et al., 1988). Excitotoxic lesion of the 
reticular nucleus in the rat enlarged the receptive fields of neurons 
responding to whisker deflections in the ventrobasal complex by an 
average of 3.2-fold (Lee et al., 1994), and a less effective input from 
reticular nucleus may have caused the uniform metabolic activity we 
observed in mice with lesions. 

Outlook 
The removal of three whisker follicles in newborn mice resulted in 
the enlargement of the metabolic representations of the whiskers 
adjacent to the lesion into the deprived temtory in the nuclei 
of termination of the primary afferents. We attributed the newly 
acquired responsivity to the expansion of the primary afferents from 
intact whisker follicles into the deprived temtory. This important 
hypothesis must be tested in future studies, particularly because 
changes in the action of local interneurons, projection neurons and 
corticofugal connections may also contribute to the plasticity of 
metabolic whisker maps. 

Surprisingly, differentiable metabolic responses vanished in the 
thalamic ventrobasal complex of mice with lesions. Since we showed 
earlier that the metabolic whisker map in the barrel cortex was very 
prominent and changed in a manner similar to those in the brainstem 
(Melzer et al., 1993), the ventrobasal complex must have conveyed 
the instructions for change from the nuclei of termination to the 
barrel cortex. A possible explanation is that a strong inhibitory 
mechanism could have been imposed on the metabolic activation 
pattern in the ventrobasal complex to suppress the manifestation of 
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locally differentiable effects of the lesion, as found in the synaptic 
relays lower and higher in the pathway, and this hypothesis merits 
further study. 
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