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SUMMARY AND CONCLUSIONS 

1. Microelectrodes and controlled stimulation of mystacial vi- 
brissae were used to examine the response properties of thalamic 
barreloid neurons in adult rats that had been raised in an abnor- 
mal tactile environment produced by having one (row C) or four 
(all but C) rows of whiskers trimmed to the skin surface from birth 
to 45-53 days of age. Whiskers were allowed to regrow for an 
average of N 9 weeks before electrophysiological study. 

2. Spontaneous and stimulus-evoked activity of single neurons 
in deprived barreloids was similar to that observed in control ani- 
mals except that activity levels following stimulus offsets were 
slightly elevated. These effects were more pronounced in nonde- 
prived barreloids. In addition, neurons in nondeprived barreloids 
responded more vigorously during the stimulus plateau than neu- 
rons in deprived or control barreloids. Responses to stimulus on- 
sets and offsets were statistically equivalent among deprived, non- 
deprived, and control barreloid neurons. 

3. The findings indicate that increased spontaneous and stimu- 
lus-evoked activities observed: previously in deprived cortical 
barrels reflect abnormalities within the cortex itself. Previously 
observed increases in neuronal activity in nondeprived cortical 
barrels probably reflect abnormalities in the input signals they 
receive from nondeprived barreloids as well as possible changes in 
cortical circuitry. Effects in the thalamus may be due to abnormal 
lateral inhibitory interactions between inputs from previously 
trimmed and nontrimmed whiskers. 

INTRODUCTION 

Sensory experience early in life plays a critical role in the 
functional development of the mammalian brain. In the 
cerebral cortex the development of normal anatomic con- 
nections and neuronal receptive-field properties depends 
on a normally functioning sensory periphery (Hubel et al. 
1977; Van der Loos and Woolsey 1973). In rodents, the 
large mystacial vibrissae (whiskers) are an important 
source of tactile information. Each whisker is associated 
centrally with an anatomically identifiable cluster of neu- 
rons and/ or afferent fibers; these are called “barrels” in 
cortical layer IV and “barreloids” in the ventrobasal thala- 
mus (Van der Loos 1976; Woolsey and Van der Loos 
1970). 

Previous studies in rodents have demonstrated func- 
tional and/ or structural changes in the whisker-to-barrel 
pathway following cauterization of the hair follicles or di- 
rect damage to the trigeminal nerve in young animals (Dur- 
ham and Woolsey 1984; Van der Loos and Woolsey 1973; 
Woolsey et al. 1979). Some studies have used whisker 
plucking or whisker trimming to address more directly the 
effects of functional sensory deprivation. Because these 
procedures do not produce frank degeneration of central 

nerve terminals, some of their effects on central anatomy 
and physiology may be quite different from those following 
deafferentation (compare Akhtar and Land 199 1 with Van 
der Loos and Woolsey 1973; but see Jacquin and Hobart 
1991). 

Neonatal whisker trimming, followed by whisker re- 
growth during adulthood, leads to more vigorous spontane- 
ous and stimulus-evoked activities in the cortical barrels 
(Simons and Land 1987b; see also Fox 1992; Hand 1982), 
abnormal regulation of glutamic acid decarboxylase levels 
( Akhtar and Land 199 1 ), and impaired tactile discrimina- 
tion ability (Carve11 and Simons, unpublished observa- 
tions). Receptive-field abnormalities observed in the corti- 
cal barrels could be mediated by deprivation-induced alter- 
ations in cortical circuitry, or they could reflect abnormal 
development of lower centers (e.g., Moore and Kowalchuk 
1988; Sherman et al. 1972). We therefore examined the 
response properties of thalamic barreloid neurons in ani- 
mals reared identically to those in our previous study of the 
somatosensory cortex. The present findings, like those in 
the cortex, suggest that neonatal sensory deprivation leads 
to abnormal development of inhibitory circuitry. Surpris- 
ingly, unlike the cortex, effects are more pronounced in 
barreloids associated with untrimmed whiskers than in 
those associated with adjacent, neonatally trimmed 
whiskers. 

METHODS 

Whisker trimming 

Under ether anesthesia male and female rats had either all row C 
whiskers (arcs l-5 plus straddler) or similarly all whiskers except 
those in row C on the left face cut to within 1 mm of the skin 
surface from birth to 45-53 days. Using ear punches each individ- 
ual animal was coded by a laboratory technician who did not 
subsequently participate in any of the recording sessions. 
Whiskers were allowed to regrow for 4- 13 wk (average = 8.9 wk), 
by which time they were visually indistinguishable from the 
whiskers that had never been trimmed. For the recording experi- 
ments subjects were selected from a large pool of coded animals, 
and the pattern of prior whisker trimming became known to the 
experimenters only at the completion of the recording session. 

Surgical procedures and electroph ysiological recordings 

Animals were prepared for electrophysiological study according 
to procedures identical to those described in detail previously (Si- 
mons and Carve11 1989). Briefly, under pentobarbital sodium an- 
esthesia a steel post for holding the animal’s head was fixed to the 
skull with dental acrylic, a small opening was made in the skull 
and dura over the right ventrobasal thalamus, and an acrylic dam 
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FIG. 1. Population profiles. Peristimulus time histograms show accumulated responses of all units in each experimental 
group to whisker deflections at all eight deflection angles. For each unit, 80 spike trains were summed. Vertical scale 
represents the probability of occurrence of an action potential in each I-ms bin. Histograms in the bottom panels are 
expanded fivefold in the vertical dimension. Stimulus waveforms are shown below the histograms. 

was constructed around the craniectomy. Subsequently, the ani- 
mal was immobilized by pancuronium bromide ( - 1.6 mg l kg-’ l 

hr-’ iv), artificially respired via a tracheal cannula and main- 
tained in a lightly narcotized and sedated condition by a continu- 
ous infusion of fentanyl (Sublimaze, Janssen Pharmaceuticals; 
5-10 pg l k-‘g l hr-’ ). The animal’s condition was assessed by 
monitoring electroencephalogram, electrocardiogram, expired 
CO2 levels, pupillary reflexes, and femoral arterial blood pressure. 

Double-barreled glass micropipettes were advanced through the 
thalamus in the dorsal / ventral plane using a hydraulic microdrive 
equipped with a stepping motor. The recording barrel was filled 
with 3 M NaCl ( 5- 10 MQ impedance), and the other was filled 
with horseradish peroxidase (HRP) for marking selected record- 
ing sites. Data were obtained from single units discharging initially 
negative spikes, and these are assumed to be somal spikes of thala- 
mocortical projection neurons (see Simons and Carve11 1989). At 
the end of the experiment the animal was perfused for HRP and 
cytochrome oxidase histochemistry (Simons and Land 1987a). 
The thalamus was sectioned in the coronal plane, and electrode 
tracks were reconstructed using microdrive readings and HRP 
spots. Because individual thalamic barreloids cannot be identified 
in the coronal plane ( Land and Simons 1985 ) , we did not attempt 
to reconstruct electrode tracts with respect to histologically identi- 
fied barreloids. 

Whisker stimulation and data analyses 

Hand-held probes were used to identify the whisker that evoked 
the most vigorous excitatory response from the studied unit, i.e., 
the principal whisker or PW. An electromechanical stimulator 
attached 10 mm from the base of the hair deflected the PW in eight 
different directions, i.e., in 45” increments relative to the horizon- 
tal alignment of the whisker rows (Simons 1983). Deflections 
consisted of 1 -mm ramp-and-hold displacements having onset 
and offset velocities of - 125 mm/s and plateau durations of 200 
ms. Stimuli were delivered randomly for each sequence of eight 
directions, and this was repeated 10 times. The mean and variance 
of spike discharges were derived from the individual spike trains 
which were stored on disk as sequential interspike intervals. Re- 
sponses to stimulus onsets and offsets were computed during a 
20-ms period following the beginning of whisker movement away 

from or back to its neutral position, and responses to maintained 
deflections were measured during the 200-ms stimulus plateau. 
Spike discharges during a 1 00-ms period preceding stimulus onset 
were used as a measure of spontaneous activity. Statistical analy- 
ses were performed on a personal computer using SPSSPC+ 
(SPSS) .; 

RESULTS 

Data were obtained from nine neonatally trimmed ani- 
mals, five “C-only” and four “not-c.” The topographic rep- 
resentation of PWs appeared to be identical to that de- 
scribed previously in anatomic and physiological studies 
(Land and Simons 1985; Waite 1973), and we therefore 
assume that the whisker / barreloid relationship was largely 
or completely normal in the trimmed animals. In each ani- 
mal we tried to sample units equally from row B, C, and D 
barreloids, that is, from zones populated by units respond- 
ing maximally to whiskers that had been neonatally 
trimmed and from zones containing units responding best 
to whiskers in rows immediately adjacent to them, e.g., row 
C in a “not C” animal. Hereafter, barreloids associated with 
trimmed PWs will be referred to as deprived, those asso- 
ciated with nontrimmed whiskers, nondeprived. We studied 
87 units in deprived barreloids and 9 1 units in nondeprived 
barreloids. For a control group, we used data from 135 
units obtained in a previous study of normal adult animals 
(Simons and Carve11 1989). 

Figure 1 shows population profiles constructed by a bin- 
by-bin accumulation of all spike trains recorded in response 
to controlled PW deflections. The histograms show qualita- 
tively that the size and temporal pattern of ON and OFF 

responses are similar among the three experimental groups, 
but that activity during the stimulus plateau is abnormally 
elevated in units recorded in nondeprived barreloids. Even 
when viewed over all eight deflection angles, as shown here, 
activity excedes prestimulus levels and actually increases 
during the 200-ms period of maintained whisker displace- 
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TABLE 1. Stimulus-evoked and spontaneous activities 

Group/Response ON* Plateau? OFF” Spontaneous* 

Control 
(n = 135) 

Deprived 
(n = 87) 

Nondeprived 

1.72 f 0.78 1.84 + 1.80§ 1.58 + 0.79 0.79 * 0.68 

1.64 -+ 0.79 1.90 + 2.245 1.53 f: 0.88 0.85 + 0.64 

(n = 91) 1.90 + 1.02 2.83 + 2.768 1.56 + 0.89 0.99 t 0.76 

Values are means + SD. * Values are spikes/20-ms window. t Values are 
spikes/200-ms window. $ Values are spikes/ 1 00-ms of prestimulus activ- 
ity. 8 ANOVA, P = 0.003. 

ment. Spontaneous activity levels are also somewhat higher 
for these neurons. The only abnormality evident in the pro- 
file from deprived barreloids is a slightly greater level of 
activity immediately following responses to stimulus off- 
sets; this same abnormality is more pronounced in nonde- 
prived barreloids. 

Quantitative data are shown in Table 1; for each unit, 
mean spikes/ stimulus were derived from the deflection di- 
rection that yielded the maximal (ON, OFF, or plateau) re- 
sponse. Spontaneous activity was measured before stimulus 
onset. One-way analyses of variance revealed no differences 
in the magnitudes of ON and OFF responses among units in 
deprived, nondeprived, and normal barreloids (P > 0.05 ). 
Similar results were obtained when data from all eight de- 
flection angles were pooled, indicating that whisker trim- 
ming did not differentially affect responses to maximal and 
nonmaximal deflection angles. Although spontaneous activ- 
ity levels were somewhat higher in nondeprived barreloids, 
differences among the three groups were not significant. 

As suggested by visual inspection of the population pro- 
files in Fig. 1, the three groups did differ with respect to their 
plateau responses (F = 5.969, P = 0.003). Activity in non- 
deprived barreloids was greater than that in deprived or 
normal barreloids, and the latter did not differ from each 
other (Tukey multiple comparison tests). The elevated 
plateau activity in nondeprived barreloids was not simply a 
reflection of their somewhat higher background activities 
because the aforementioned differences remained even 
when each neuron’s spontaneous activity level was sub- 
tracted from its plateau value. Similar analyses showed that 
spike activity during the 20-ms period immediately follow- 
ing the OFF response was greater, relative to the control 
group, in both deprived and nondeprived barreloids (F = 
5.94, P = 0.003). 

For all response measures, no differences were observed 
between deprived barreloid units or between nondeprived 
barreloid units recorded in animals having row C whiskers 
trimmed versus those having all-but-C whiskers trimmed. 

DISCUSSION 

Unexpectedly, we found abnormalities in neurons that 
were not themselves deprived of their principal peripheral 
inputs, whereas deprived neurons appeared relatively nor- 
mal. Because the only statistically significant effects of 
whisker trimming were observed during the periods when 
thalamic neurons normally display postexcitatory suppres- 
sion, it appears that the major effect of neonatal sensory 
deprivation. followed bv an extended period of regrowth, is 

a long-lasting, and perhaps permanent, decrease in the net 
effectiveness of inhibition. A number of cellular changes 
could underly this effect. These might include a decrease in 
the efficacy of inhibitory synapses per se, due, for example, 
to a smaller number of synapses or fewer receptors in the 
postsynaptic cells, and/ or a decrease in the efficacy of excit- 
atory synapses onto inhibitory neurons. 

Previously we found that neonatal whisker trimming 
leads to increases in neuronal spontaneous activities and in 
all aspects of the stimulus-evoked response (ON, OFF, and 
plateau) recorded in cortical barrels (Simons and Land 
1987b). Qualitatively similar effects are observed in both 
deprived and adjacent, nondeprived barrels, but, unlike the 
present study, the magnitudes of these changes are greater 
in the deprived barrels. Because the barreloid-to-barrel pro- 
jection is topographically normal in trimmed animals 
( Land, unpublished observation), effects in deprived 
barrels are almost certainly mediated by changes in cortical 
circuitry. Increased neuronal activity observed in nonde- 
prived barrels, on the other hand, probably reflects abnor- 
malities in the input signals they receive from nondeprived 
barreloids as well as possible changes in the cortical cir- 
cuitry itself. Neonatal whisker trimming leads to receptive- 
field size increases and other abnormalities in the trigemi- 
nal subnucleus interpolaris (Jacquin and Hobart 199 1). 
Because, however, these observations were obtained in de- 
prived regions of the subnucleus, it is not clear how they 
could account for our present findings or those in the barrel 
cortex. 

Physiological studies of thalamic neurons suggest the ex- 
istence of inhibitory interactions between inputs from dif- 
ferent whiskers (Simons and Carve11 1989; Sumitomo and 
Iwama 1987) as well as inhibition evoked in a given barre- 
loid neuron by deflections of its principal whisker (Salt and 
Eaton 1990). Although inhibition within the barreloids is 
almost entirely mediated by neurons in the thalamic reticu- 
lar nucleus (RT) (Ohara and Lieberman 1985; Peschanski 
et al. 1983)) it is not clear whether lateral interactions 
among inputs from different whiskers occur within RT 
(Harris and Hendrickson 1987), in the barreloid/RT cir- 
cuit (Shosaku 1986), in corticothalamic projections to RT 
(Kayama et al. 1984) or even in inhibitory circuits within 
the brainstem (Doherty et al. 1992). Nevertheless, we pro- 
pose that the present findings can be explained by abnor- 
malities in lateral inhibitory interactions between inputs 
from adjacent, trimmed and nontrimmed whiskers. Thus, 
in row-C-trimmed animals, neonatal absence of row C 
whiskers leads to a net decrease in inhibition in row C 
barreloids and also in adjacent, nondeprived, rows B and D 
barreloids. Accordingly, neuronal activity is elevated in the 
latter. Inhibitory influences of B and D whiskers on row C 
barreloids correspondingly are enhanced, and this counter- 
balances the loss of within-row inhibition in neonatally de- 
prived row C barreloids. A similar explanation applies to 
findings in animals deprived of all whiskers except for those 
in row C. 

The model makes three predictions. First, in animals 
having all whiskers neonatally trimmed except those in row 
C, deprived barreloids in rows A and E will exhibit abnor- 
malities resembling those observed here for nondeprived 
barreloids. Second, in row-C-trimmed animals, neurons in 
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rows A and E barreloids should be somewhat less active 
than those in rows B and D barreloids. These two predic- 
tions cannot be evaluated on the basis of the present data, 
because our study was intentionally directed to examining 
the effects of whisker trimming on rows B-D only. A criti- 
cal requirement for these predictions is the presence in the 
mystacial pad of neonatally trimmed and untrimmed 
whiskers. A third prediction, therefore, is that, in animals 
having all whiskers trimmed from birth, neuronal activity 
levels will be roughly equivalent, and perhaps slightly ele- 
vated, in all barreloids. 
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