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The Cortical Component of Experience-Dependent Synaptic Plasticity

in the Rat Barrel Cortex

Kevin Fox

Department of Physiology, University of Minnesota, Minneapolis, Minnesota 55455

Rats were raised with altered tactile experience from PO by
removing all but one vibrissa (D1) from one side of the face
(D1-spared animals). This procedure (univibrissa rearing)
has previously been shown to cause neurons in cortical bar-
rels surrounding D1 to develop greater than normal re-
sponses to D1 vibrissa stimulation and smaller than normal
responses to principal vibrissa stimulation (Fox, 1992). in
this study, it was found that the potentiated D1 responses
could be attenuated by acute microlesions placed in the D1
barrel, while principal vibrissa responses were unchanged
or even slightly elevated for the same cases. The ratio of
the average D1 to principal vibrissa response was approx-
imately proportional to the volume of tissue damaged in the
D1 barrel. This resultimplies that the synaptic plasticity seen
in cortex of D1-spared animals is due to synaptic changes
that take place within the barrel cortex rather than to relay
of changes occurring at a subcortical level. In addition, le-
sions aimed at the septum between D1 and an adjacent
barrel aimost completely abolished responses to D1 stim-
ulation in that barrel, including short-latency responses (5-
10 msec). Only neurons severed horizontally from D1 were
affected. Neurons that maintained a connection with the D1
barrel via a bridge of septal tissue preserved their usual
elevated levels of response to D1 stimulation and their ab-
errant short-latency responses. This result implies that path-
ways radiating out from the D1 barrel/column, and con-
necting neurons in the D1 barrel to cells in surrounding
barrels, undergo synaptic plasticity induced by univibrissa
rearing.

[Key words: somatosensory, vibrissa, neocortex, intra-
cortical, lesion, potentiation]

The difficulty of disentangling cortical from subcortical plastic-
ity has been a major impediment to understanding plasticity
mechanisms in the somatosensory cortex. Changes in receptive
field properties have been observed in the cortex in reply to
manipulation of the periphery on many occasions, but it has
not been clear whether the changes observed were due to syn-
aptic plasticity occurring at cortical synaptic connections or
whether the changes were a passive reflection of alterations oc-
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curring at a preceding subcortical level. The problem is partic-
ularly acute for students of somatosensory cortex, because plas-
ticity has been demonstrated to occur in nearly every subcortical
element of the somatosensory system in which it has been sought,
for example, in the spinal cord (Devor and Wall, 1981; Fitz-
gerald, 1985), dorsal column system (Basbaum and Wall, 1976;
Rasmusson, 1988), trigeminal system (Waite, 1984), and thal-
amus (Nicolelis et al., 1991; Garraghty and Kaas, 1992). By
contrast, the locus of plasticity has not been ambiguous in the
visual cortex, making it a popular model system for studying
the mechanisms of cortical plasticity (Wiesel and Hubel, 1963).
Ocular dominance plasticity is known to be a cortical phenom-
enon because the first binocular cells in the pathway occur in
the cortex. Similarly, plasticity of direction selectivity is known
to be a cortical phenomenon because the first direction-selective
cells in the pathway occur in the cortex. On the other hand,
receptive field properties are approximately similar at different
levels in the somatosensory system, and body maps of similar
form occur at each stage of the pathway.

It has recently become possible to investigate the origin of
plasticity observed in the cortex as a result of two recent findings.
First, it has been found that rats raised from PO with just the
D1 vibrissa intact and the other vibrissae carefully removed so
as not to damage the follicle (D1-spared animals) show a larger
area of cortex dominated by the D1 vibrissa (Fox, 1992). Most
neurons in barrels surrounding D1 exhibit greater responses to
D1 stimulation than to their nominal principal vibrissae. Sec-
ond, it has been demonstrated that partially ablating a single
cortical barrel in normally raised animals reduces the responses
of neurons in an adjacent barrel to that barrel’s principal whisk-
er. So, for example, ablating the D2 barrel prevents cells in the
surrounding barrels from responding to D2 vibrissa stimulation
(Armstrong-James et al., 1991a). This observation implies that
little subcortical divergence of vibrissa information is relayed
to cortex in normal animals. In this series of experiments we
used similar techniques to explore whether the increased di-
vergence of D1 excitation seen in D1-spared animals was due
to increased cortical or subcortical divergence.

The experiment is outlined in Figure 1. If the increased di-
vergence occurs subcortically or in the thalamocortical link, then
a lesion of the D1 barrel should leave the increased D1 repre-
sentation unaffected in neighboring barrels. If, however, the
“potentiated” pathway is cortical in origin and emanates from
the D1 barrel, then ablation of the D1 barrel should abolish the
DI representation in neighboring barrels. Theoretically, then,
this paradigm should be capable of distinguishing between the
cortical and the subcortical components of plasticity observed
in the cortex.

On first inspection, it might seem an equivalent experiment
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Figure 1. Diagram illustrating the possible sources of divergence of

D1 vibrissa information en route from the brainstem to the cortex. The
dashed lines indicate pathways that may be potentiated by univibrissa
rearing. Theoretically, only those pathways emanating from the D1
barrel should be affected by lesions destroying the D1 barrel.

to record from the thalamus in a D1-spared animal to answer
the same question. However, such an approach would give an
estimate only of the plasticity occurring subcortically, not the
component of subcortical plasticity projected onto the cortex.
The advantage of the present paradigm is that the thalamo-
cortical response transformation, which is almost certainly not
linear (see Armstrong-James et al., 1991a,b), is automatically
taken into account by making all measurements from cortical
cells.

One further aspect of plasticity can also be examined in these
experiments: that due to changes in the thalamocortical projec-
tion. Neurons in barrels surrounding D1 show short-latency
responses to stimulation of the D1 vibrissa in univibrissa ani-
mals, unlike normally reared animals (Fox, 1992). It is likely
that these aberrant short-latency responses are due to thala-
mocortical axons diverging from the D1 barreloid to a wider
cortical territory than normal. If so, one might expect them to
survive destruction of the D1 barrel (Fig. 1). However, this
prediction assumes that the axons do not course through the
D1 barrel before projecting to the surrounding barrels.

Animals were deprived from PO, as plasticity is most likely
to be subcortical at that age. The results demonstrate that the
plasticity observed in the cortex as a result of univibrissa rearing
is mainly if not exclusively due to changes occurring in cortical
and/or thalamocortical pathways. In addition, using a novel
form of discrete lesion to sever one barrel from another, we
have begun to restrict the number of intracortical pathways that
could possibly be involved in this form of experience-dependent
plasticity.

Materials and Methods

Subjects

Male and female Long-Evans rats from six different litters were used
for these studies. Of the animals that received acute microlesions of the

D1 barrel, 14 were reared as univibrissa animals and four were reared
normally. These are compared with 19 control animals without acute
cortical microlesions, of which seven were reared as univibrissa rats
and 12 were reared normally.

Deprivation technique

The vibrissa deprivation has been described in detail in an earlier pub-
lication (Fox, 1992). Briefly, it consisted of removing all but the D1
vibrissa from the face bi-daily starting on PO (within 12 hr of birth) and
continuing for approximately 60 d. Just 4-7 d before recording, the
deprived vibrissae were allowed to regrow so that they could be stim-
ulated during the recording session. This deprivation procedure does
not cause degeneration of the apparatus of the follicle in the way that
a lesion does. Myelinated and unmyelinated axons do not degenerate
(Li and Fox, unpublished observations) and the regrown vibrissae evoke
responses as powerful as those recorded in normal animals for many
layer TV cells when unmasked by cortical lesions (see Results).

Surgery

The details of the surgery are identical to those described previously
(see Fox, 1992). Anesthesia was induced with metafane and maintained
with urethane (1.5 gm/kg whole body weight). Anesthetic depth was
monitored throughout the experiment by testing reflexes and observing
the spontaneous firing rate of the neurons. Supplements of urethane
(10% of original dose) were administered to maintain a state where the
hind limb withdrawal reflex was sluggish but present and the layer V
rate of spike burst generation was in the 1-2 Hz range (Fox and Arm-
strong-James, 1986). The cranium was removed between 4—-7 mm lateral
to the midline and 1-4 mm caudal to bregma by careful drilling. Small
holes were made in the dura (1-200 um) through which the electrode
could be introduced.

Electrodes

Single-barreled, carbon-fiber microelectrodes were used to record from
neurons extracellularly. Signals were amplified, filtered, and displayed
as described previously (Fox, 1992). Spikes were isolated using a voltage
window discriminator and spike events were stored as peristimulus
times using a CED 1401 and a computer running spIKe2 software (Cam-
bridge Electronic Design, UK). Spike waveform shape was monitored
during recording to ensure good spike isolation. Poststimulus time his-
tograms and rasters were monitored on line during stimulation.

Stimulus

The stimulus was a 200 um vertical deflection of the vibrissa 10 mm
from the face, delivered at 1 Hz. The stimulator was a fast piezoelectric
bimorph wafer attached to a lightweight glass capillary touching the
vibrissa. All stimulus parameters were identical to those used in three
previous studies (Armstrong-James and Fox, 1987; Armstrong-James
et al., 1991a; Fox, 1992) to allow comparison of data between studies
(for a complete description, see Fox, 1992).

Recordings and lesion placement

For each animal, exploratory penetrations were made to assess the lo-
cations of the different barrels, the lesions were made, and, starting 1-
2 hr later, the effects of the lesions on neuronal responses were assayed.

Prelesion search. The location of the center of the D1 barrel or the
location of the septum between two barrels was estimated by successive
approximation. An initial estimate of the location of the D1 barrel was
made by recording evoked potentials (0.1 Hz to 8 kHz bandwidth) from
the surface via the electrode. The first penetration was made at a point
where the evoked potentials generated by D1 vibrissa stimulation ap-
peared largest. The electrode was driven down to layer IV where the
receptive field of several cells was determined using the standard au-
tomatic stimulus and PSTH analysis. From a consideration of the rel-
ative magnitude and latency of response to the different vibrissa, the
location of the electrode within the barrel field could be guessed fairly
accurately. The identity of the barrel could be determined from knowing
which vibrissa generated the fastest response, since this is almost always
the principal vibrissa (except for D1 responses in D1-spared animals
that also occur outside the D1 barrel). To which side of the barrel the
electrode was located could be determined by finding which surround
receptive vibrissa generated the largest responses; that is, a cell with a



fast response only to D1 that responded to D2 and E2 but not to 8, Cl1,
and E1 was almost certainly located on the corner of the D1 barrel
nearest D2 and E2. Usually three exploratory penetrations were nec-
essary to gauge the disposition of the barrels. Using the stereotaxic
coordinates logged from each penetration, a map could be sketched of
the barrel locations.

Making the lesions. Usually the fourth penetration was in a location
estimated to be where the lesion was required. Again, receptive fields
were measured from several cells as the penetration was made. Provided
these measurements corroborated our expected position, the electrode
was advanced to about 680 um from the surface and an electrolytic
lesion produced by passing direct current through the tip for 10 sec (20
wA for a large lesion of 150 um radius and 8 A for a small lesion of
50 um radius). The exact parameters used are described in the Results,
as a variety of lesion sizes were produced for different experimental
protocols. If two or more lesions were made, lesions subsequent to the
first had to be made “blind,” without benefit of recording responses to
vibrissa stimulation, as the first lesion invariably blocked cortical re-
sponses in neighboring tissue for a short time.

Postlesion assay. One or two hours after the last lesion had been made,
we recorded in barrels surrounding D1 to assay responses to vibrissa
stimulation. In the cases where the intention was to destroy the entire
D1 barrel, an effort was made to sample from several barrels surrounding
D1, progressing in a circle around the lesion. At least three and usually
more assay penetrations were made per animal. In the cases where the
intention was to sever D1 from D2 with a septal lesion, most of the
assay penetrations were made in D2. However, one penetration was
also made in one other barrel neighboring D1 calculated not to have
been severed from DI.

After inserting the electrode in the brain, it was left to sit for several
minutes before recording the first cell, which improved the chances of
recording from the most superficial cells (50-250 um) in each penetra-
tion. Neurons were sampled from layers II/III and IV at intervals of
150-200 pm. Neurons were recorded at the site encountered unless they
were isolated poorly. When necessary, the electrode was moved in 20
wm steps until isolation was adequate. The D1 vibrissa was stimulated
for each cell, and usually two or three other vibrissa that were candidates
for the principal vibrissa. After recording from layer IV, a brief excursion
was made into layer V to measure the spike-burst rate. The electrode
was then returned to the previous layer IV location and a small elec-
trolytic lesion made to mark the recording location (2 xA DC, 10 sec,
tip negative).

Histology

On completion of the recording session, the animal was deeply anes-
thetized to a state where all reflexes were abolished. The animal was
then perfused through the heart with 0.1 M phosphate-buffered saline
to exsanguinate, followed by 10% formalin and 10% sucrose in formalin.
The brain was then carefully removed, flattened as described before
(Woolsey and Van der Loos, 1970; Fox, 1992), and left overnight in
20% sucrose in formalin. Sections of known thickness (either 50 or 60
pm) were cut on a freezing microtome and the tissue reacted for cyto-
chrome oxidase (Wong-Riley, 1979). In some experiments alternate
sections were stained for Nissl substance using standard methylene blue
or thionin protocols.

Data analysis

Lesions. In initial experiments, alternate Nissl and cytochrome oxidase
sections were compared. Lesions were found to be composed of an inner
cavity devoid of tissue and an outer halo of damaged tissue that appeared
pale in cytochrome oxidase sections and cell sparse in Nissl sections.
The boundary of the outer halo was taken as the limit of the lesion.

By comparing adjacent sections it could be seen that the cell-sparse
region corresponded almost exactly to the cytochrome oxidase—deficient
zone (Fig. 2). The boundary of the cytochrome-deficient region was
easier to see than the cell-sparse region, however, in part because the
boundary was often masked by densely stained glia in the Nissl sections
and in part because the boundary was continuous in the cytochrome
sections but effectively discontinuous in the Nissl sections, being based
on an estimate of cell density.

Recording penetrations made inadvertently within the cytochrome
oxidase—deficient zone revealed long tracks without vibrissa responses
or spontaneous activity. This supported our notion that the outer halo
encompassed the true extent of the damaged tissue. Camera lucida
drawings (magnification ~ 50 x) were made of each horizontal section
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through the brain outlining the border of the cytochrome oxidase—de-
ficient zone and any barrels present in the section. The locations of the
recording sites were also marked within the barrel field. Areas of the
lesion and the barrels were measured using a graphics tablet and siGMA
scaN software (Jandel, CA) calibrated by drawing a calibration graticule
placed under the microscope. Knowing the section thickness, the vol-
umes of the lesions and barrels could be calculated. This allowed us to
determine how much of the barrel had been destroyed by the lesion.

For most cases, estimating the volume of D1 that had been damaged
was simply a matter of tracing around the border of D1 on each section
to arrive at the D1 barrel volume and tracing around the outline of the
lesion within the D1 barrel to measure the lesion volume within D1.
In cases where the lesions were very large it was impossible to trace the
outline of the D1 barrel on each section. In these cases we extrapolated
between the clearly demarcated D1 barrel outlines where possible, and
where not possible the barrel volume was estimated by measuring the
D2 barrel volume and applying a ratio to predict the D1 barrel volume.
The ratio was based on the ratio of areas of the D1 and D2 barrel where
both barrels occurred on the same section. Where the D1 barrel was
damaged to the extent that its outline could not be seen clearly on any
section, the volume of the residue was calculated and subtracted from
a predicted D1 volume based on the D2 volume for that case multiplied
by 1.32 (which was the mean ratio of D1:D2 volume for the cases where
the D1 volume could be determined). These extra calculations for the
largest lesions probably resulted in the estimates of D1 volume damage
being less accurate for the larger lesions.

To estimate the damage to the D1 column in layers II and III, we
measured the volume of the lesion in layers II/IIT overlying the D1
barrel and divided this value by the volume occupied by layers II/11I
within the D1 column. The volume of the D1 column in layers II/III
was calculated by multiplying the area of widest girth of the D1 barrel
by the thickness of layers II/ITI (~50-450 um). The percentage of this
volume damaged by the lesion was measured by superimposing the
camera lucida drawing of the lesion within layer II/III on the D1 barrel
for each layer II/III section containing the lesion and measuring the
area of overlap using the graphics tablet. The two images were super-
imposed using blood vessels, the lesion center itself, and any recording
lesions as reference points.

Vibrissa responses

Latency and poststimulus time histograms. Detailed methods have been
described elsewhere (Fox, 1992). Briefly, poststimulus and latency his-
tograms were generated off line to analyze the data using a CED 1401
and a spIKE2 data analysis program. Response magnitude and modal
latency of response were calculated automatically by the program for
each vibrissa.

Average vibrissa response. The average response magnitude of a sam-
ple of neurons to stimulation of the D1 and principal vibrissa was
calculated for each animal. The response magnitude of a given cell was
defined as the number of spikes occurring within a 5-50 msec time
window in reply to 50 stimuli, after subtracting the number of spikes
due to spontaneous activity. The average response for a particular vi-
brissa was averaged for each penetration by summing the individual
response magnitudes and dividing by the number of cells. The individual
penetration averages were then averaged in turn to arrive at an overall
average response magnitude for each animal. Penetration averages were
calculated first to overcome differences in the numbers of cells recorded
in different penetrations.

The response to D1 stimulation for each animal was then usually
divided by the average principal vibrissa response for that animal to
account for differences in overall level of excitability between animals.
This is referred to in the text as the strength of response or the D1
representation.

Curve fitting. siGMaPLOT (Jandel, CA) software was used to generate
regression fits for the data. This software uses a least squares method
of estimating curve fits. Regression coefficients (r) are automatically
calculated using this program and are to be found in the text where
appropriate as the coefficient of determination (r2).

Vibrissa dominance histograms. The vibrissa dominance was calcu-
lated for cells located in barrels surrounding D1 by expressing the re-
sponse magnitude of each cell to stimulation of DI relative to its re-
sponse magnitude to principal vibrissa stimulation. The function F was
calculated where F = D1/(D1 + P) and D1 and P are the number of
spikes per stimulus evoked by D1 and principal vibrissa, respectively.
This value varies between 0 and 1, where 0 indicates no response to
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Figure 2. Top, Example of a lesion in the D1 barrel of a normally reared animal. In this animal, approximately 80% of the barrel volume was
destroyed by two lesions, one of 16 pA DC and one of 24 pA DC applied for 10 sec, tip negative, placed at 600 um below the pia. The small lesions
surrounding the two main lesions mark the recording locations of microelectrode penetrations made to assay the effect of ablating the D1 barrel.
The barrels are stained for cytochrome oxidase. Section thickness, 60 um. Bottom lefi, A higher-power view of a barrel lesion in tissue stained for
cytochrome oxidase. Bottom right, An adjacent section stained for Nissl substance. Note the correspondence between the cell-sparse region at
bottom right panel and the pale halo in bottom left panel. Scale bars: top 500 um; bottom left and right, 200 um.

D1, 1 a response to D1 and no response to the principal vibrissa, and
0.5 equal input from the two. For ratios of principal to D1 response
between 0.1:1 and 9:1 the function is relatively linear. The F values are
plotted as vibrissa dominance histograms for different data sets in the
Results.

Results

Normally reared animals

To determine whether the D1 barrel is the main source of hor-
izontally spread D1 vibrissa excitation, we recorded neuronal
responses to stimulation of the D1 vibrissa in barrels surround-
ing D1, having first ablated the D1 barrel with microlesions (see

Materials and Methods). Recordings were made from 59 cells
in 12 penetrations in four normally reared adult animals with
lesions of the D1 barrel, beginning 1-2 hr after making the
lesion. These are compared with the responses of 126 cells re-
corded in normally reared animals without lesions of the D1
barrel,

Lesions

An example of a lesion that encompasses almost all of the D1
barrel is shown in Figure 2. The border of the lesion was taken
as the limit of the pale cytochrome oxidase—deficient “halo™
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Figure 3. Relationship between damage to a barrel and loss of the
corresponding vibrissa’s input into neighboring barrels in normally reared
animals. The D1 representation in barrels surrounding D1 (see Materials
and Methods for definition) is plotted for four normally reared animals
with lesions of the D1 barrel (@). Larger lesions cause a greater reduction
in response to D1 stimulation surrounding cortex. The D1 represen-
tation is also included for 126 cells averaged from 37 penetrations in
animals without lesions (fraction destroyed = 0). The data have been
normalized for the D1 representation to be unity for the case where no
lesion was made. The points are closely fitted by a straight line (y =
1.01-0.89x, r? = 0.98). Data are also included from Armstrong-James
et al. (1991a, V), normalized so that the control value from that study
(D1/P = 0.37, calculated from their Table 2) is superimposed on the
control value from this study (D1/P = 0.31). The best straight line fit
for that data is also good (r* = 0.83) and matches closely the straight
line fit for data from this study.

surrounding the lesion cavity (see Fig. 2 and Materials and
Methods). Barrel lesions measured between 10 and 41 nl in
layer IV, and destroyed 38—80% of the volume of the D1 barrel.
Lesions were not restricted to layer IV and in all cases en-
croached on cells at the layer III/IV border and lower layer III
to some extent. In coronal section the lesions were pear shaped
with the base in layer IV and the stem reaching up into layer
III. The lesion volume ranged between 10.9% and 23% of the
D1 column in layers II/III. Lesions encroached very little on
the surrounding barrels (0-3% of surrounding barrel volume).

Response properties

The effect of the lesions can be seen in Figure 3, where the size
of the lesion is plotted against the strength of neuronal response
to D1 vibrissa stimulation for cells recorded in barrels sur-
rounding D1. The strength of response is calculated as the re-
sponse to D1 stimulation, in spikes per stimulus, averaged over
all the cells in the sample for a particular animal and normalized
to the average principal vibrissa response (see Materials and
Methods). In animals without lesions, the average D1 response
was 0.43 and to stimulation of the principal vibrissa 1.38 spikes
per stimulus. The ratio between the two (of 0.31) is represented
as 100% in Figure 3. There were two main reasons for nor-
malizing the average D1 response to the average principal vi-
brissa response: first, for ease of comparison with a previous
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Figure 4. Three possible outcomes of univibrissa rearing. The graph
showing the relationship between D1 lesion size and D1 representation
for normal animals in Figure 3 could change in one of three ways. 4,
If subcortical divergence is the only factor to change, the D1-spared
animals should show no greater decrease in D1 response with increasing
lesion size than controls. In this case, a complete lesion of D1 should
leave D1 responses considerably higher in D1-spared animals than con-
trols. B, If cortical divergence is the only factor to change, lesions of
the D1 barrel should have a greater effect on the D1 representation in
univibrissa animals than in controls, and a complete lesion of D1 should
reduce the D1 responses to the same levels as a complete lesion of D1
does in controls (about 12% of normal). C, If both subcortical and
cortical plasticity occur, a hybrid of 4 and B would be predicted, where
both the intercept with the 100% lesion line and the slope would be
increased.

study (Armstrong-James et al., 1991a), and second to account
for nonspecific excitability differences between animals. The
average D1 response, relative to the principal vibrissa response,
can be seen to decrease as the volume of D1 destroyed by the
lesion is increased. The data are fitted closely by a simple linear
plot (solid line; coefficient of determination r> = 0.98). The
results are in close correspondence with those reported in a
recent independently conducted study (dashed line, Fig. 3). Taken
together, these results strongly suggest that neurons in the D1
barrel relay D1 vibrissa excitation to cells in neighboring barrels.
The extrapolation of the data to the case where the entire D1
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Figure 5. The relationship between damage to the D1 barrel and rep-
resentation of the D1 vibrissa in barrels surrounding D1. Results are
plotted for nine univibrissa animals sustaining acute lesions of various
sizes to the D1 barrel (@). The straight line fit of the data from Figure
3 is included for comparison. The results for the deprived animals are
fit reasonably well by a straight line (y = 2.77-3.14x, r2 = 0.88). The
plot is similar to Figure 4B and suggests only cortical plasticity has
occurred.

barrel is ablated predicts a small D1 representation in barrels
surrounding D1 of 10-12% of normal levels. This residue pre-
sumably represents the presence of a small subcortical diver-
gence of D1 excitation that is transferred to the cortex in nor-
mally reared animals.

Since the plot of lesion size versus D1 representation is fitted
closely by a straight line, the strength of the responses to D1
vibrissa stimulation in barrels surrounding D1 would appear to
be directly proportional to the number of D1 barrel neurons.
The slope of the curve therefore reflects the strength of D1
excitation in surrounding barrel territory per D1 barrel neuron,
that is, the projected excitation per number of source barrel
neurons. Therefore, the slope should give a measure of the
strength of the intracortical component of plasticity (Fig. 4B).
As mentioned above, the curve fit for normal animals predicts
that a total lesion of the D1 barrel would still leave 10-12% of
the original D1 representation intact (Fig. 3), due to the fact
that some subcortical divergence of DI information occurs in
normal animals. If increased subcortical divergence were to oc-
cur, then the intercept of the curve with the 100% lesion line
should also increase (Fig. 44). A combination of the two is also
possible and should allow one to recognize the condition where
cortical and subcortical plasticity occur together (Fig. 4C).

Univibrissa animals

To determine which, if any, of the possibilities outlined in Figure
4 apply to univibrissa animals, we recorded neuronal responses
to D1 vibrissa stimulation in barrels surrounding D1, having
first ablated the D1 barrel with microlesions. Recordings were
made from 128 cells in 44 penetrations from nine animals with
lesions, beginning 1-2 hr postlesion. These are compared with
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Figure 6. The effect of damage of the D1 barrel on vibrissa dominance.
The percentage of cells showing a greater response to D1 stimulation
than to principal vibrissa stimulation in barrels surrounding D1 are
plotted versus the fraction of D1 damaged by the lesion.

the vibrissa responses of 159 cells recorded from seven univi-
brissa animals without lesions.

Lesions

Barrel lesions ranged in size from 14 to 68 nl in layer IV. Lesions
damaged between 9.6% and 80.5% of the D1 barrel in different
animals. Some of the lesion extended out of layer IV toward
the surface of the cortex, damaging between 8.4 and 23.9% of
the D1 column in layers II/III in seven of the cases and 41% in
the other two. However, the lesions were relatively restricted to
layers II/III and IV and not more than 5% of the lesion en-
croached on layer V in any of the cases. Barrels surrounding D1
were not greatly damaged by the lesions, which lost just 2—4%
of their barrel tissue, except in the case of one lesion where 23%
of D2 was destroyed.

Response properties

The effects produced by the lesions are shown in Figure 5. The
data have been analyzed in exactly the same way as described
above for the normally reared animals (Fig. 3), which are in-
cluded for comparison. The linear fit to the data for univibrissa
animals is reasonably good (r? = 0.88) and most resembles the
theoretical curve Figure 4B, implying that plasticity is accounted
for by cortical changes and that no relay of subcortical changes
is necessary to explain the data. The decrease in strength of the
D1 input to surrounding barrels was mirrored by a decrease in
the number of cells dominated by the D1 vibrissa. Figure 6
shows that the percentage of cells dominated by D1 decreases
approximately linearly (2 = 0.89) from an initial prelesion value
of 50% to 0% when the lesion encompassed 70-80% of the D1
barrel volume. In this sense, the largest cortical lesions appear
to abolish plasticity completely.

The detailed analysis of the effects of the lesions can be seen
in Figure 7. The number of cells dominated by D1 falls to zero



when the lesion size reduces the average D1 response to the
same value expected in a normal animal with a comparable
lesion (Fig. 74). The average DI response does not vary sig-
nificantly for cases where the D1 lesions are small, resulting in
a plateau region in the plot. Only when the lesion size exceeds
about 40% is there a large decrement in the cells’ responses to
D1 stimulation.

The average principal vibrissa response increases slightly as
the size of the D1 barrel lesion increases. In the original for-
mulation of the hypothesis the average principal vibrissa re-
sponse was assumed to be independent of the D1 lesion size
and therefore a means of normalizing the data for general non-
specific differences in excitability between different animals.
However, this assumption appears not to be valid, as the prin-
cipal vibrissa representation increases with lesion size; this in-
creases the slope of the graph in Figure 5 beyond that predicted
in Figure 4. A comparison of the control principal vibrissa rep-
resentation (Fig. 7, triangles) with those for small lesions, or no
lesions at all, in the univibrissa animals suggests that the re-
sponses to the deprived principal vibrissae are smaller in uni-
vibrissa animals. The principal vibrissa responses jump to nor-
mal values for lesion sizes greater than about 40%, implying
that active cortical suppression induced by univibrissa rearing
has been unmasked. Therefore, barrel ablation of around 40%
appears to form a threshold above which both principal and D1
vibrissa representations are altered and below which they re-
main approximately constant.

Specificity of the lesion

The location of the lesion within the barrel field was found to
influence the decrement in response to D1 stimulation more
than the absolute size of the lesion. This point is illustrated in
Figure 8, where the absolute size of the lesions in layers II/111
and IV is plotted against the strength of D1 response in sur-
rounding barrels. In both cases, the correlation between the size
of the lesion and the D1 representation is at low levels (r> =
0.25 for layers II/III and for layer IV). For example, a lesion
volume of approximately 21 nl in layer IV occurred on five
occasions, resulting in very different D1 representations, ranging
from 0.26 to 1.7, that is, 68% of the total range. However, the
same values of D1 representation plotted against the volume of
D1 destroyed in layer IV, or the volume of the D1 column
destroyed in layers IT and III, showed a close correlation between
the two (r2 = 0.53 for layer II/IIT and 0.88 for layer IV). There-
fore, the size of the lesion was far less critical for determining
D1 responsiveness than whether or not it encroached on the D1
barrel. Because nonspecific damage of the cortex increases with
lesion size, the lack of correlation between absolute lesion size
and the strength of the D1 response strongly suggests that the
larger lesions did not cause a decrease in D1 response by pro-
ducing more overall cortical damage.

The fact that only responses to D1 vibrissa stimulation were
decreased by the lesions also shows that the lesions had a specific
effect. The average principal vibrissa response was relatively
constant at 1.1-1.7 spikes per stimulus per neuron over a range
of D1 lesions destroying between 40% and 80% of the D1 barrel.
These figures are similar to the range of principal vibrissa re-
sponses found in normal animals (1.2-1.4 spikes per stimulus
per neuron). Again, this suggests that the lesions were not af-
fecting responses to D1 stimulation by causing a general decrease
in cortical responsiveness. The principal vibrissa response was
slightly smaller than normal for lesions of less than 40% of the
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Figure 7. 'The relationship between damage to the D1 barrel and the
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same animals described in Figure 5 are plotted showing the average D1
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magnitude (@, B). The dashed line in each case represents the best
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D1 barrel, so, far from decreasing principal vibrissa responses
due to nonspecific damage, D1 barrel lesions actually increased
principal vibrissa responses slightly.

The effect of lesions aimed at the septum on vibrissa
dominance

To understand which intracortical pathways are involved in
experience-dependent plasticity, rows of lesions were made in
the cortex of univibrissa animals aimed at severing any con-
nection running outward from the D1 barrel into neighboring
barrels. An example of such a lesion is shown in Figure 9. Here,
the lesions are aimed at the septum between D1 and D2 and
almost completely spare the D1 barrel neurons from damage.
The small lesions around D2, E2, and C2 in this figure mark
the position of recording penetrations made to assay the effect
of the large lesions. Lesions were made in five animals and their
position and extent are shown in Figure 10 for each case. In
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Figure 8. The DI representation is
correlated with the amount of D1 de-
stroyed, not the absolute size of the le-
sion. D1 representation is plotted
against absolute lesion volume in layers
II/I1I (4) and layer IV (C). Correlation
between these parameters is low and r*
values are shown in each respective
graph. However, there is greater cor-
respondence between the D1 represen-
tation in barrels surrounding D1 and
the amount the lesion destroys of the
layer II/III column above the D1 barrel
(B) and the amount of the DI barrel
destroyed (D).
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Figure 9. Example of a lesion dividing the D1 and D2 barrels along the layer IV septal region. This lesion destroyed 20% of the D1 barrel volume
and extended into the lower half of layer III, destroying 2% of the layer II/1II column. One 22 pA and two 15 uA lesions were made at depths of
650 and 600 um, respectively (10 sec DC, tip negative). The small circular lesions in the D2 barrel mark the location of the recording penetrations.
The D1 barrel is to the leff of the lesion (confirmed from microelectrode recordings) and is marked with an asterisk. 4 is directly below D1. Section

thickness, 60 pm. Scale bar, 500 um.
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Figure 10. Five cases of lesions aimed at the septum are shown in
diagrammatic form to summarize the scope and location of the lesions.
The large shaded areas depict the border of the lesion within layer IV.
The small shaded circles represent recording locations made starting 1-
2 hr after the main septal lesions.

total, 94 cells were recorded in 23 penetrations, beginning 1-2
hr after the lesion had been made.

Lesions

Rows of three lesions were used to cut the barrel field and varied
in volume between 30 and 40 nl in layer IV. With one exception
(see Fig. 10C), the position of the lesions tended to spare most
of the D1 barrel itself. Lesions destroyed between 0% and 30%
of the volume of the D1 barrel for four of the cases and just
1.0-5.1% ofthe D1 column in layers II/II1. In Figure 10C, 46.8%
of the D1 barrel and 23% of the D1 column in layers II/III were
destroyed. In none of the cases did the lesion extend deeper
than layer IV.

Response properties

In each case the D1 representation was reduced substantially in
barrels cut off from the D1 barrel by the lesion. As can be seen
from Figure 11, 76% of cells showed no response to D1 in layers
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Figure 11. Rows of lesions dividing two barrels along the septum

reduce D1 dominance. Data are shown for 27 layer II/I1I cells (fop) and
38 layer IV cells (bottom) recorded in animals with lesions aimed at the
septum. D1 dominance is affected more than for the spherical barrel
lesion cases, but some cells still remain dominated by D1 despite the
lesion. (The 29 cells deliberately recorded behind the row of lesions in
unsevered barrels have not been included.)

IT and III (compared with 11% in univibrissa animals without
lesions) and 61% showed no response to D1 in layer IV (com-
pared with 19% in univibrissa animals without lesions). The
effect of severing the D1 barrel from its neighbor was to reduce
the D1 responses in the univibrissa animals to less than observed
in normally reared animals, with only 25% of the cells showing
any response to D1 at all compared with 45% in normally reared
animals. Four of five lesions reduced D1 responses in surround-
ing barrels with little damage to the D1 barrel. In the only case
where substantial damage of the D1 barrel did occur (46.8% in
Fig. 10C), the reduction in D1 responses was actually smaller
than for the other cases, presumably because a small island of
the D1 barrel survived the lesion and was directly contiguous
with the D2 barrel recording sites.

We reanalyzed the data from the nine animals that had re-
ceived more spherical lesions to see whether the continuity of
tissue between the recorded cell and the D1 barrel had influenced
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compared with unablated animals (right histograms), but many cells dominated by D1 still remain.

Figure 13. Poststimulus time histo-
grams (PSTHs) for responses to prin-
cipal and D1 vibrissa stimulation. These
histograms are examples of the re-
sponses of eight cells (recorded at the
depths indicated) in two penetrations,
one penetration severed from the D1
barrel by the lesion (left) and one still
connected to D1 (right). There are no
responses to D1 in the severed barrel
(D2), but clear responses in the cells in
the connected barrel (located in Cl1)
where D1 dominates the receptive field.
All data recorded in the same animal
within 50 min of one another. Bin width,
1 msec; PSTHs for 50 stimuli.
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D1 responsiveness in those cases also. The results are shown in
the vibrissa dominance histograms of Figure 12. The position
of the lesion clearly had a large influence on the outcome in
these animals, too. All of the cells that exhibited D1 dominance
were located in barrels still connected to the D1 barrel by a
direct bridge of intact neuropil. As found before, cells that had
been severed from D1 had smaller D1 responses than cells in
univibrissa animals without lesions, or even than cells recorded
in normally reared animals. Apparently, this did not mean that
the only attribute of the spherical lesions to influence D1 re-
sponsiveness was whether they had severed the D1 barrel from
the recording site, since the cells that remained linked to D1
despite the lesion still showed smaller and fewer D1 responses,
on average, than those in animals without lesions, as shown in
Figure 12 (middle histograms). The distributions are signifi-
cantly different for both layer II/III (p < 0.002) and layer IV
cells (p < 0.004), comparing neurons recorded in animals with-
out lesions (histograms on right in Fig. 12) with neurons re-
corded in penetrations connected to the D1 barrel in animals
sustaining D1 lesions (two-tailed Mann~Whitney U test for large
samples).

Having discovered that D1 responses could be abolished in
one part of cortex while they were merely reduced in another,
an effort was made in most experiments to record at least one
penetration around the back of the row of lesions (Fig. 10B-E).
This allowed us to verify that the animal in question had indeed
undergone plasticity, and also provided an internal control against
nonspecific damage of the barrel field. In each of the four cases,
the neurons in the unsevered barrels exhibited the large DI
dominance usually found in these univibrissa animals, implying
that plasticity had occurred. In total, 65% of the cells responded
more to D1 than they did to the principal vibrissa, which is a

10 20 30 4 .0 0 10 20 330 ©

Time peristimulus (msecs)

cipal vibrissa. All data recorded in the
same animal. Bin width, 1 msec; PSTHS
for 50 stimuli.

slightly higher rate of occurrence than found in univibrissa an-
imals with no lesions. Two of the four penetrations are shown
in Figures 13 and 14, and represent examples of the difference
between recording in a position severed from the D1 barrel
compared with an unsevered location. Figure 13 shows an ex-
treme example, where only principal vibrissa responses remain
in the D1 severed case (left column), whereas the cell recorded
in an adjacent barrel, still joined by neuropil to D1, showed
only DI responses. Figure 14 shows a moderate example, where
a small vestige of a D1 response remains in layer IV, despite
the lesion, and D1 dominance is greater in layers II/III than in
layer IV in the unsevered case, illustrating an earlier finding that
plasticity is greater in superficial layers at all ages (Fox, 1992).

Response latencies in layer IV

The effect of the cortical lesions on fast (5-10 msec) responses
to D1 stimulation were of particular interest, as they probably
represent the action of direct monosynaptic connections from
the thalamus onto layer IV cells. In univibrissa animals without
lesions, approximately 30% of the layer IV cells in barrels sur-
rounding D1 respond within 10 msec to stimulation of the D1
vibrissa (Fox, 1992). On average, this value falls to approxi-
mately 20% (20 of 102) in animals with lesions of the D1 barrel,
implying that short-latency responses are affected by cortical
lesions. However, all of the fast responses discovered after the
lesions had been made were located in penetrations that had
not been severed directly from the D1 barrel. If such penetra-
tions are considered on their own, the percentage of fast re-
sponses in such tracks is identical to that found in normally
reared animals without lestons (30.3%, 20 of 66). Conversely,
none of the cells recorded in penetration severed from D1 showed
any fast responses (0%, 0 of 36). This implies that fast responses
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are essentially unaffected by the lesion unless it severs a direct
link from the D1 barrel to a cell located in surrounding cortex
(see Discussion).

Discussion

It was found that lesions of the D1 barrel reduce significantly
responses to stimulation of the D1 vibrissa in barrels surround-
ing D1 (when lesions destroy in excess of about 40% of the D1
barrel). In addition, lesions aimed at the septum between D1
and an adjacent barrel almost completely abolished responses
to D1 vibrissa stimulation, but only at locations directly severed
from DI; any cell recorded in barrels remaining contiguous with
D1 exhibited unattenuated responses to D1 stimulation. These
results imply that barrel lesions reduce D1 vibrissa excitation
to surrounding cortex partly by decreasing the number of pro-
jection neurons in the D1 barrel and partly by severing pathways
leading out of the D1 column, through layer IV or II/I1I or both.

The experiments reported here were effectively conducted
blind; the exact position of the recording penetration relative
to the lesion and the D1 barrel were critical determinants of
whether or not a cell responded to DI stimulation, yet these
factors were discovered only after the electrophysiological re-
cording had been completed and the histology analyzed. In prac-
tice, it proved difficult to adjust the lesion until it severed every
recorded cell from the D1 barrel, and therefore many cells were
inadvertently recorded in penetrations contiguous with the D1
barrel. These unintentional controls proved useful for a number
of reasons. (1) They prompted reanalysis of the earlier experi-
ments with spherical lesions, leading to the finding that, in these
cases, too, a bridge of neuropil connecting D1 to the recorded
cell was essential if the neurons in that penetration were to
maintain their potentiated D1 responses. (2) They showed that
the lesions were very specific in their effect, since cells in nearby
penetrations at similar distances from the lesion showed very
different levels of response to D1 dependent on their connection
with the D1 barrel. (3) They showed that the initial degree of
plasticity expressed by individual animals was at its usual high
levels in some parts of the cortex, since cells in unsevered barrels
exhibited D1-dominated receptive fields (see Results).

It is possible to infer that the cortical microlesions used in
these experiments abolished plasticity induced early in devel-
opment, rather than at a later time period during deprivation,
because the magnitude of plasticity observed in the unsevered
barrels of these animals can be produced only by deprivations
initiated before P4. If deprivation is started on PO, for example,
30% of the cells in layer IV exhibit aberrant short-latency re-
sponses to D1 stimulation, compared with 13% if started at P4
and 0% at P56. In the present subjects, 30% of the cells in
unsevered barrels showed aberrant short-latency responses, im-
plying that these changes were induced before P4. Similarly,
deprivations initiated on PO result in 37% of the layer IV cells
exhibiting a greater magnitude response to D1 than to their
principal vibrissa, compared with 12% when started at P4. In
the present experiments, 21% of the cells in layer IV responded
more to D1 than to the principal vibrissa, again implying that
the effects were induced earlier than P4. The cortical microle-
sions therefore affected developmentally induced plasticity.

The locus of plasticity (locus ductilis)

The effects of lesions of the periphery on development of the
somatosensory system are very different from the effects of al-
tered tactile experience. For example, ablating vibrissa follicles

at PO prevents the corresponding barrels from forming in the
cortex (Woolsey and Wann, 1976), whereas trimming or re-
moving vibrissae starting on PO allows all the barrels to form
normally (Hand, 1982; Simons and Land, 1987; Fox, 1992).
Similarly, ablating vibrissa follicles causes degeneration of pe-
ripheral nerves (Waite and Cragg, 1979), whereas careful and
repeated removal of the vibrissae does not (Li and Fox, un-
published observations). Because of the clear differences be-
tween the two paradigms, experience-dependent and lesion-in-
duced plasticity are discussed separately below.

Experience-dependent plasticity

One of the main aims of this experiment was to test whether
univibrissa rearing causes changes at synapses within the cortex
itself. Previous experiments from this laboratory have distin-
guished between cortical and subcortical components for later
ages of deprivation. Univibrissa rearing from about P28 onward
causes plasticity in layer II/III cells in the absence of changes
in layer IV, and therefore, since layer IV provides the main
input to superficial layers, this result argues strongly that intra-
cortical pathways are involved (Fox, 1992; Glasewski and Fox,
1994). For layer IV, it had been argued that changes in short-
latency responses of layer IV cells to vibrissa stimulation rep-
resent changes in the distribution of thalamocortical synapses
brought about by univibrissa rearing (see Fox, 1992). However,
the locus of plasticity was ambiguous still for the younger ages,
particularly PO-P2, when the greatest changes can be produced
in layer I'V of the cortex. The present results, showing that lesions
of the D1 barrel or of the neuropil linking D1 with its imme-
diately surrounding barrels can abolish expression of plasticity
in this system, suggest that intracortical pathways are changed
by univibrissa rearing in the younger PO animals, too.

Although the present results provide evidence for intracortical
plasticity, they do not provide any evidence for the existence
of a subcortical component to the plasticity measured in the
cortex. If subcortical plasticity had occurred, for example, due
to cells in the D2 thalamic barreloid increasing their responses
to D1 stimulation, this novel pathway for routing D1 excitation
should have survived lesions of the cortical D1 barrel in the
same way that the pathway for routing D2 excitation survived
(see Fig. 1). However, this was not the case, and only the D2
responses survived the D1 barrel lesion. Furthermore, lesions
aimed at the septum between barrels drastically reduced D1
responses in the barrel cut off from D1, and yet such lesions are
capable only of severing intracortical processes (possibly in-
cluding thalamocortical axons). Therefore, either subcortical
plasticity does not occur with univibrissa rearing or, if it does,
the effects are not relayed to the cortex. In fact, univibrissa
animals with near total deletion-of the D1 barrel exhibited the
same minor responses to D1 stimulation as normally reared
animals with comparable lesions. Such residual responses are
presumably due to normal subcortical divergence. This implies
that the degree of subcortical divergence that affects receptive
field size in the cortex is similar in normally reared and uni-
vibrissa reared animals.

The degree to which functional plasticity exhibited by one
group of cells maps onto the target to which those cells project
is generally not well understood. The evidence presented here
suggests that even if thalamic plasticity occurs, it is not projected
onto the cortex, perhaps due to the intrinsic response transfor-
mation that occurs in the thalamocortical link. For example,
receptive field changes in the thalamus may be attenuated by



intracortical inhibitory mechanisms. In any case, there is no
evidence at present to suggest that experience-dependent plas-
ticity does occur in the thalamus. Lesion-induced plasticity has
been reported to occur in the thalamus (Garraghty and Kaas,
1991; Nicolelis et al., 1991), but the induction and expression
mechanisms are quite different for lesion-induced and experi-
ence-dependent effects, as discussed below. There is some evi-
dence that a subgroup of local circuit neurons in the interpolaris
subdivision of the spinal trigeminal nuclei can increase their
receptive fields by one or two vibrissae in response to whisker
trimming from birth (Jacquin et al., 1994). The net effect of
these changes on the projection targets of nucleus interpolaris
depends on whether the local circuit cells are inhibitory or ex-
citatory, and this is not known at present. However, the inter-
polaris cells that project to the thalamus do not change receptive
field size, which implies that the changes in local circuit neurons
are not relayed in the interpolaris-thalamic projection. This
again emphasizes that a structure exhibiting plasticity does not
necessarily relay its plastic changes to its target.

Lesion-induced plasticity

Recent anatomical experiments have provided evidence that
manipulations involving damage to the periphery can also cause
changes in intracortical pathways; for example, infraorbital nerve
section prevents intracortical axons from extending radially
(McCasland et al., 1992). Furthermore, the well-studied changes
in barre! morphology induced by follicle lesions (Woolsey and
Wann, 1976) have also been shown to be due in part to cortical
synaptic interactions (Schlaggar et al., 1993). Lesions of the C
row vibrissa follicles that normally cause shrinkage of the C row
barrels and expansion of the B and D rows are prevented by
postsynaptic activity blockade. Therefore, there is evidence that
lesion-induced and experience-dependent deprivations can cause
changes in cortical connectivity, in layer IV during the first
postnatal week, and in extragranular layers at later ages.
Lesion-induced plasticity has also been shown to occur sub-
cortically in neonates. Lesion-induced plasticity occurs in pri-
mary afferents entering the trigeminal nuclei (Renehan et al.,
1994) as well as the thalamus (Nicolelis et al., 1991). Lesion-
induced plasticity has also been demonstrated in spinal cord
(Basbaum and Wall, 1976) and thalamus (Garraghty and Kaas,
1992) of adults, making it difficult to ascribe functional changes
in somatosensory cortex (Merzenich et al., 1983) exclusively to
changes in intracortical mechanisms. However, it has also been
argued that subcortical plasticity is unlikely to account for le-
sion-induced plasticity in area 3b of the adult monkey, since
area 1 receives similar thalamic projections but does not show
plasticity (Wall et al., 1986). The problem of dissociating cortical
from subcortical plasticity has been discussed elsewhere (Wall,
1988), but a few additional observations have been made since.
It has been shown that digit amputation in the raccoon causes
an increased cortical representation of the spared digits in the
area of cortex deprived of its main digital input (Zarzecki et al.,
1993). That this occurs in the absence of any change in the
incidence of intracortical EPSPs suggests the effect is due to
subcortical plasticity, or a change in the thalamocortical pro-
jection. In the rat vibrissa system, it has been found that deaf-
ferentation of all but one vibrissa in the neonate causes an
expansion of the spared vibrissa representation at the trigeminal,
thalamic, and cortical levels as revealed by the 2-DG technique
(Liu et al., 1992). However, the greatest expansion occurs in the
cortex, which could indicate that this is where the main plasticity
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occurs. In a different system, lesions of the retina have also been
shown to alter intracortical connections in visual cortex of adults
(Darien-Smith and Gilbert, 1994). In the cat somatosensory
cortex, expansion of the spared digit representation does not
occur if lesions of the basal forebrain deplete cortical ACh levels
(Juliano et al., 1991). Since this nucleus is not known to inner-
vate subcortical targets, this evidence suggests that the digit
amputation causes mainly cortical effects.

The relative contribution of cortical and subcortical factors
to lesion-induced changes measured in the somatosensory cor-
tex therefore remains unresolved, though it seems clear that
both cortical and subcortical pathways are affected. The present
results indicate that the locus of experience-dependent plasticity
is less complex to analyze since the changes that can be measured
in the cortex are mainly, if not exclusively, due to cortical mech-
anisms.

Comparing lesion-induced and experience-dependent plasticity

In this study, the deprived input was found to have maintained
some representation in the system despite the deprivation. Es-
timates of plasticity were taken as changes in the balance of
responsiveness to the spared versus the deprived input. In le-
sion-induced plasticity experiments, comparison of spared and
deprived input is obviously not possible if the periphery is dam-
aged, as it is no longer possible to stimulate the ablated receptors.
In these cases, it is not known whether the representation of the
deprived input expands, contracts, or remains constant. This
complicates direct comparison of the effects of lesion-induced
and experience-dependent plasticity.

Lesion-induced plasticity induces a complex series of changes
in the peripheral nerves including nerve degeneration (Waite
and Cragg, 1982), nerve regeneration to inappropriate periph-
eral targets (Rhoades et al., 1987), neuropeptide synthesis in
ganglion cells (see Hokfeldt et al., 1994), reorganization of cen-
tral terminations of primary afferents (Renehan et al., 1994),
and, farther on in the somatosensory pathway, cell death (Ha-
mori et al., 1882; Waite et al., 1992). If the integrity of the
peripheral nerves are affected by the induction paradigm, it
would seem almost inevitable that subcortical effects would be
induced, as indeed they are (see above). The induction mech-
anisms for lesion-induced plasticity are therefore very different
from those of experience-dependent plasticity, where just the
balance of activity transmitted in different pathways is altered.
Evidence presented in this study implies that subcortical plas-
ticity is not a major contributor to the plasticity observed in
the cortex. As a general hypothesis, then, it is likely that delicate
manipulations of the periphery, such as univibrissa rearing, cause
plasticity only in the most sensitive areas of the somatosensory
pathway, while more severe interventions, such as peripheral
nerve lesions, cause plasticity in many areas of the somatosen-
sory pathway. Implicit in this view is the idea that some cells
have a lower threshold for plasticity than others. At present, it
appears that cortical cells have low thresholds for plasticity.
Plasticity thresholds vary even within the cortex itself as a func-
tion of age, and layers II and III show plasticity in the absence
of changes in layer IV in older animals (Daw et al., 1992; Fox,
1992; Glazewski and Fox, 1994).

Pathways for plasticity

These studies raise the question of what pathways support plas-
ticity in the cortex. In layer IV, aberrant short-latency responses
to stimulation of the spared vibrissa are found in deprived bar-
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rels (Fox, 1992). These responses are the earliest evoked by
vibrissa stimulation in the cortex and suggest a direct thala-
mocortical link is involved. It is possible that the morphological
change underlying the wider dispersion of short-latency re-
sponses is due to altered development of stellate cell dendrites.
Dendrites normally turn inward to face their own appropriate
barrel unless the animal is subjected to a follicle or 6-OHDA
lesion (Harris and Woolsey, 1981; Loeb et al., 1987). If univi-
brissa rearing were to cause stellate cell dendrites in deprived
barrels to radiate more symmetrically, their dendrites could
reach the D1 barrel to sample thalamic inputs. However, this
explanation is unlikely to apply to the case of short-latency
responses found at more than half a barrel width away from the
D1 barrel. In these cases, the best explanation is that D1 thal-
amocortical afferents have failed to segregate properly (Erzur-
umlu and Jhavari, 1991) and have been retained in inappro-
priate barrels. Since the layer IV septal lesions also reduced the
number of short-latency responses in surrounding barrels, ab-
errant thalamocortical axons must travel to the D1 barrel before
sending a horizontal process to the neighboring barrel. There is
some anatomical evidence for such horizontal collaterals during
early development (Senft and Woolsey, 1991), and it is possible
that some of these are retained in development by univibrissa
rearing.

Plasticity has been found to be greater in layers II and III
than IV at all the ages studied to date (PO-P56; Fox, 1992;
Glasewski and Fox, 1994 and unpublished observations). At
least two processes are likely to be involved in layer II/1II plas-
ticity: an increase in lateral excitation emanating from the D1
column and a decrease in vertical intracolumnar transmission
in the deprived principal barrel (see Fox, 1992). The experi-
ments reported here confirm the cortical origin of the cells par-
ticipating in these effects, but unfortunately do not restrict the
possible interlaminar pathways. Latency analysis suggests that
excitation propagates from layers IV and Vb to layers II/III
within the column, before radiating laterally to effect cells in
neighboring barrels (Armstrong-James et al., 1992). Therefore,
the pathway for increased lateral excitation to layers II/11I could
involve lateral projections from layer IL, III, IV, or V. Anatom-
ical evidence suggests that all three possible pathways send ax-
ons through layer IV (Lorente de No, 1922), and so could have
been affected by the layer IV septal lesions.

The decreased responsiveness of layer II/III cells to stimu-
lation of their principal vibrissa could be attributable partly to
a failure of the normal vertical columnar connections to grow.
Development of responses to principal vibrissa stimulation in
layers II/III appears to depend on normal levels of synaptic
activity (Fox et al., 1993). However, since a similar decrease in
principal vibrissa efficacy is also seen in older animals (P28), it
could also be due to downregulation of this synaptic link (Gla-
zewski and Fox, 1994).

In this study, it was found that the principal vibrissa was
slightly under-represented in barrels surrounding D1, but nor-
mal response levels were restored by lesions destroying more
than about 40% of the D1 barrel. This could indicate that active
inhibition of the principal vibrissa response was occurring due
to increased levels of lateral inhibition generated by the DI
barrel neurons. Lateral inhibitory processes are known to occur
in somatosensory cortex from functional (Simons, 1985) and
pharmacological studies (Dykes et al., 1984), and it is conceiv-
able that the “experienced” inhibitory pathways might be se-
lectively enhanced during development. A synapse-specific po-

tentiation mechanism appears to exist in the cortex for inhibitory
pathways (Komatsu and Iwakiri, 1993), and while it is not clear
that inhibitory pathways are potentiated in visual cortex by
monocular deprivation, intracortical inhibitory mechanisms
certainly appear to suppress closed-eye inputs in monocularly
deprived cats (Sillito et al., 1981). Rats chronically deprived
from a young age do not show any changes in GAD levels,
unlike adults (Akhtar and Land, 1991), where GAD changes
occur rapidly in reply to alterations in the activity received from
the periphery. However, the small changes in lateral inhibition
that we see in developing animals may be below the resolution
of the GAD technique, especially since lateral inhibitory con-
nections would comprise only a small subset of all GABAergic
terminals.

Conclusions

These results imply that univibrissa rearing causes changes in
columnar and intercolumnar connections within the barrel cor-
tex. Excitatory, and to some extent inhibitory, pathways appear
to be involved. Any subcortical changes that occur either are
not relayed to the cortex or are too small for us to detect. These
findings suggest that it should be possible to use univibrissa
rearing as a method for examining the pathways and mecha-
nisms involved in cortical plasticity.
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