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The vibrissae of rats were shaved from one side of the face daily for 10 days. To see
whether or not this treatment had an effect on crossed and uncrossed striatal afferent
connections from the midbrain, the tract tracer horseradish peroxidase was applied
to the caudate-putamen on day 11. When the tracer was deposited on the side oppo-
site the vibrissae removal, more labeled cells were found in the contralateral substan-
tia nigra than when it was applied on the same side as the vibrissae removal, or placed
in animals with intact vibrissae. Unilateral removal of vibrissae did not affect uptake
of the tracer by the cells which give rise to the homolateral nigrostriatal projections.
These changes in HRP labeling in the crossed projection from the substantia nigra
were seen after 10 days of unilateral removal of the vibrissae; i.e., at a time when
the animals have had opportunity to learn to compensate for vibrissotomy-induced
behavioral asymmetries. © 1986 Academic Press, Inc.

INTRODUCTION

A temporal relationship has been found between plastic changes in crossed
efferent connections of the substantia nigra (SN) and learning to compen-
sate for lesion-induced sensorimotor asymmetries. Recovery from turning
behavior, induced by unilateral lesions of the telencephalon or the SN, was
associated in time with an apparent increase in interhemispheric projections
from the SN to the thalamus (Th) and caudate-putamen (CPU). The
changes in these crossed projections were manifested by an increase in the

Abbreviations: CPU—caudate-putamen, HRP—horseradish peroxidase, RRA—retrorubral
area, SN—substantia nigra, Th—thalamus, VTA—ventral tegmental area.
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number of neurons found in the SN of the undamaged hemisphere, retro-
gradely labeled by horseradish peroxidase (HRP) injected into the contralat-
eral Th or CPU (8). Prevention of turning behavior, induced by unilateral
destruction of the SN by 6-hydroxydopamine, suppressed both the behav-
ioral recovery (i.e., the decrease in turning behavior) and the apparent in-
crease in the projection from the undamaged SN to the contralateral Th (18),
suggesting a relationship between those two phenomena.

Unilateral paralysis of the limbs and prevention of input from the vibrissae
and eye, which also resulted in transient asymmetrical behavior, led to a
similar neuronal asymmetry: when HRP was implanted in the Th on the
side opposite the peripheral denervations, more labeled cells than normal
were found in the contralateral SN (22). In the present experiment we exam-
ined whether or not removal of only the vibrissae from one side of the face
for 10 days would result in plastic changes in the crossed nigrostriatal projec-
tion. We hypothesized that during a period of 10 days the animals would
learn to compensate for many of the possible behavioral deficits (asymme-
tries) incured by unilateral removal of the vibrissae, the vibrissae being of
paramount importance for many aspects of rat behavior (6). Based on the
previous experimental results (22), we hypothesized that 10 days of unilateral
vibrissae removal would be associated with an apparent increase in the
crossed nigrostriatal projection arising from the SN ipsilateral to the side of
vibrissae removal.

METHODS

Animals. Sixty-six male Wistar rats (150 to 190 g) were housed in pairs
with free access to food and water, and maintained on a 12-h light: 12-h dark
cycle. They were randomly assigned to one of three groups. Animals in group
CUT SIDE and group INTACT SIDE had their vibrissae removed from one
side of the face, and HRP was iontophoretically applied into the CPU in the
hemisphere either on the same side as (group CUT SIDE) or the side opposite
the vibrissae removal (group INTACT SIDE). The vibrissae of the animals
in group NORMAL remained intact; these rats received HRP in either the
right or left CPU.

Vibrissae Removal. The vibrissae of the two experimental groups (CUT
SIDE and INTACT SIDE) were shaved with an electrical hair clipper daily
for 10 consecutive days. The animals of the control group (NORMAL) were
handled in the same manner as the experimental animals, except their vibris-
sae were not removed.

Surgery. On the 11th day each rat was anesthetized with equithesin (3
ml/kg, i.p.) and its head was placed in a David Kopf stereotaxic frame. A
micropipet (inner diameter 20 to 25 um), filled with a 4% solution of HRP
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(Boehringer Mannheim, Grade 1; in Tris-HCI buffer at pH 8.6) was lowered
into the head of the caudate—putamen. The following coordinates were used
for the tip of the pipet: 8.0 mm rostral and 4.7 mm dorsal to the interaural
line, 3 mm lateral (with the incisor bar adjusted 2.5 mm below the interaural
line). These coordinates corresponded to Konig and Klippel (13) coordi-
nates: A 7890, V 0.2, L 2.5. After its insertion the pipet remained in place 5
min. Then, a continuous, 500-nA positive current was applied to the HRP
solution via a silver wire for 20 min. The current was produced by a DC
constant current source. The reference electrode was connected to muscle
tissue exposed at the back of the skull. The pipet was removed 5 min after
the current had been discontinued. A negative current of 500 nA was passed
during insertion and removal of the pipet to prevent passive leakage of HRP
from the tip.

Horseradish Peroxidase Histochemistry. Twenty-four hours after the ap-
plication of HRP, the animals were anesthetized with an overdose of
equithesin and perfused through the heart following the procedure described
by Mesulam (17). The brains were removed from the skull and placed in
sucrose phosphate buffer for about 24 h before being cut into 50-um frontal
sections. The sections comprising the HRP deposition site and the SN were
processed for HRP histochemistry using tetramethylbenzidine (Sigma) as
chromogen (17). They were mounted on gelatinized slides, air-dried, and
counterstained with neutral red.

Anatomical Analysis. The HRP deposition sites of all brains were checked
for correct position within the CPU. Two experimenters independently ex-
amined all sections containing SN for HRP-labeled neurons. Labeled cells
in the ipsilateral and contralateral SN, ventral tegmental area (VTA), and
retrorubral area (RRA) were counted. The borders between the SN, VTA,
and RRA were defined by criteria specified elsewhere (19).

In a recent study we found an imbalance between the hemispheres in the
distribution of the crossed nigrostriatal projections, which was related to the
direction of amphetamine-induced turning behavior. This anatomic asym-
metry was strongest in the caudal part of the SN (19). Therefore, to see if an
effect of unilateral vibrissae removal would also be restricted to part of the
SN, we looked at whether the contralaterally projecting neurons lay in the
rostral, middle, or caudal parts of the SN [see (20) for the limits of these three
parts].

RESULTS

The results are based on the anatomic data of 43 animals: 15 rats in groug
NORMAL, 14 in group CUT SIDE, and 14 in group INTACT SIDE. There
was only slight variability between the animals in placement of the pipet tir
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Fi1G. 1. B—photomicrograph of a horseradish peroxidase implantation site in the caudate—
putamen. D and E—photomicrographs of labeled cells found in the middle (D) and rostral (E)
part of the contralateral substantia nigra. The positions of these cells are shown in diagrams A
and C, respectively. SNC—substantia nigra pars compacta, SNR—substantia nigra pars reticu-
lata, ML—medial lemniscus. Bars = 10 um.

and extent of spread of HRP within the CPU. Therefore, systematic differ-
ences between the groups in HRP deposition can be ruled out. A typical
HRP deposition site is shown in Fig. 1, together with examples of labeled
cells found in the contralateral SN.

The anatomical results are based on analysis of each available brain sec-
tion from the SN (35 to 47 sections per SN). Ipsilateral to the HRP deposition
site, 801 to 3497 HRP-labeled neurons were found in the SN, 15 to 215
neurons in the VTA, and 6 to 236 neurons in the RRA. The number of
labeled neurons found contralateral to the HRP application site was | to 22
for the SN, 0 to 15 for the VTA, and 0 to 13 for the RRA.

The mean number of labeled neurons per section found in the SN, VTA,
and RRA ipsilateral and contralateral to the side of HRP deposition are pre-
sented in Table 1. Mann-Whitney U tests were carried out on these data
(23). The exact one-tailed P values calculated are also shown in Table 1. In
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accordance with our hypothesis, significance tests were made on the cell
counts of the ipsilateral and contralateral SN, In order to take into account
the use of multiple tests, the significance level (o = 0.05) was adjusted for six
dependent tests (to o = 0.0083) (16). These tests revealed an effect of unilat-
eral vibrissae removal on the interhemispheric projection from the SN to the
CPU. The animals in group INTACT SIDE (HRP placed in the CPU of the
hemisphere on the side opposite vibrissae removal) had significantly more
labeled neurons in the SN contralateral to the HRP deposition site than ani-
mals in group CUT SIDE (HRP deposited in the hemisphere on the same
side as vibrissae removal; P = 0.0015) and animals in group NORMAL
(without vibrissae removal; P = 0.0050). There were, however, no significant
differences between the groups in the number of cells found in the ipsilateral
SN. Figure 2 depicts the mean numbers of labeled cells per section for the
crossed and uncrossed nigrostriatal projections in the individual animals.
Significance tests were not made on the post-hoc comparisons of the other
regions. It is of interest to note, however, the low P values of the VTA com-
parisons, suggesting a possible effect of the experimental treatment on the
striatal afferent connections from this region. This finding might deserve
closer scrutiny in future experiments. Figure 3 presents schematically the

TABLE 1

Number of HRP-Labeled Neurons per Section in the Substantia Nigra (SN), Ventral
Tegmental Area (VTA), and Retrorubral Area (RRA) after Hemivibrissotomy in Rats®

Mean number of labeled neurons P
per section (SE)
NORMAL NORMAL CUT
INTACT versus versus versus
Brainregion NORMAL CUT SIDE SIDE CuUT INTACT INTACT
Ipsilateral
SN 61.52(5.91) 55.15(4.87) 55.10(3.18)  0.1797 0.2291 0.4817
VTA 1.41(0.23) 1.49(0.30) 1.96(0.24) 0.4136 0.0368 0.0647
RRA 745(1.19) 6.77(0.97) 7.56(0.79) 0.3717 0.2425 0.3826
Contralateral
SN 0.16(0.02) 0.15(0.02) 0.29(0.04) 0.4393 0.0050*  0.0015*
VTA 0.07(0.02) 0.10(0.03) 0.12(0.03) 0.2917 0.0628 0.2167
RRA 0.20(0.04) 0.19(0.06) 0.34(0.10) 0.2674 0.2154 0.1045

4 Cell counts were from the side ipsilateral or contralateral to the HRP deposition in the stria-
tum of animals without vibrissae removal (NORMAL), with vibrissae cut on side of HRP depo-
sition (CUT SIDE) and with vibrissae intact on side of HRP deposition (INTACT SIDE).

® One-tailed P-values calculated with Mann-Whitney U tests.

* Significant difference based on adjusted level of significance (o = 0.0083).
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FIG. 2. The mean number of labeled neurons per section found in the substantia nigra ipsilat-
eral and contralateral to the horseradish peroxidase (HRP) application. Each dot represents the
result from one animal. N—group NORMAL, CS—group CUT SIDE, with HRP applied to
the caudate-putamen on the same side as the vibrissae removal, [S—group INTACT SIDE,
with HRP applied on the side opposite the vibrissae removal.

effects of unilateral vibrissae removal on the crossed and uncrossed nigrostri-
atal projections.

The rostrocaudal distributions of the contralaterally projecting SN neu-
rons in the three groups are shown in Fig. 4. The mean number of labeled
neurons per section for the rostral, middle, and caudal parts of the SN contra-
lateral to the HRP deposit are shown. Post-hoc analysis showed that animals
of group INTACT SIDE had more labeled cells only in the rostral part (ver-
sus group CUT SIDE, P = 0.0003; versus group NORMAL, P = 0.0022)

Vibrissae

Striatum

Substantia
nigra

a8

UNILATERAL
VIBRISSAE VIBRISSAE
INTACT REMOVAL

FI1G. 3. Schematic summary of changes in nigrostriatal connections after unilateral vibrissae
removal.
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FIG. 4. The mean (+SE) number of labeled cells per section found in the rostral, middle, and
caudal parts of the substantia nigra contralateral to the caudate-putamen (CPU) into which
HRP was deposited. 1S-——group INTACT SIDE, HRP applied to the CPU on the side opposite
the vibrissae removal. N—group NORMAL, vibrissae intact. CS—group CUT SIDE, HRP ap-
plied to the CPU on the same side as the vibrissae removal.

and the middle part (versus group CUT SIDE, P = 0.0296; versus group
NORMAL, P = 0.0301).

DISCUSSION

In this experiment we found that unilateral removal of the vibrissae for 10
days led to changes in HRP labeling in the crossed nigrostriatal projection.
When HRP was applied to the CPU on the side opposite the vibrissae re-
moval, more labeled cells were found in the contralateral SN than in normal
control animals, or in animals which received HRP in the CPU on the side
of vibrissae removal. This experimentally induced anatomic asymmetry was
confined to the crossed nigrostriatal projection; the numbers of labeled cells
in the ipsilateral SN did not differ among the three groups. Thus, it is unlikely
that the finding was due to some adventitious difference between groups in
the amount of applied HRP.

The change in uptake of HRP by the cells which give rise to the crossed
nigrostriatal projection could be attributable to several different effects. It has
been shown that uptake and retrograde transport of HRP are related to the
activity of synapses and transmitter release (5, 14, 21), as well as the number
of synapses present in a HRP deposition site (11). Thus, the change in cell
labeling found here could reflect alterations in synaptic activity and/or num-
ber of terminals.

Recently, we found the direction of amphetamine-induced circling to be
also related to an asymmetrical distribution of the interhemispheric nigro-
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striatal projections. This anatomic imbalance was, however, predominantly
seen in the caudal part of the SN (19). In contrast, the results of the present
experiment showed unilateral vibrissae removal to mainly affect neurons
that lay in the rostral and middle parts of the SN. Further experiments are
mandatory to determine the basis of these findings.

Extensive experimentation has demonstrated that vibrissae removal in ne-
onates results in profound anatomic alterations within the four major synap-
tic stations of the trigeminal system (1, 2, 10, 12). Our study shows changes
in a system other than the trigeminal one. Moreover, although removal of
the vibrissae in the adult mouse is associated with a reduction in neural activ-
ity in corresponding barrels of the Sml cortex (4), other central effects of
vibrissae removal, as far as we know, have not been reported for the adult
animal. Thus, our results are additionally interesting as they demonstrate
plastic changes, in response to vibrissae removal, in the adult animal.

We demonstrated elsewhere a relationship between an asymmetry in sen-
sorimotor responsiveness of the vibrissae region and the direction of turning
elicited either by unilateral damage to the SN (9) or by unilateral injection of
GABA agonists (9, 26) or neuropeptides (25, 26) into the SN. Furthermore,
Szechtman (24) showed that apomorphine induced turning in normal rats
that had an asymmetry in sensory input, induced by bandaging the head on
one side. Moreover, it was shown that neurons in the SN will respond to
sensory stimuli, including stimuli presented to the face (3, 7). Together, these
findings argue for a functional relationship between activity in the nigro—
striato—nigral system and sensory input from the face, including the vibris-
sae. We suggested that the SN is part of a system that determines the input,
and/or the response to the input from the vibrissae, by influencing the senso-
rimotor field to tactile stimulation (9) [see also Lidsky et al. (15) for a similar
theory]. Further evidence for such a relationship is provided by the findings
of the present study, in that unilateral removal of the vibrissae results in
physiologic changes in the crossed nigrostriatal projection.

We earlier found changes in crossed nigrothalamic and nigrostriatal pro-
jections that appear in a time-dependent manner correlated with recovery
from brain lesion-induced behavioral asymmetries (8), and, therefore, postu-
lated a relationship between such changes and learning to compensate for
lesion-induced asymmetries. In the present study the change in number of
labeled cells was measured after 10 days of vibrissae removal, when the ani-
mals presumably had had sufficient time to learn to adapt to the asymmetry
in sensory input from the vibrissae. It remains to be determined, first, what
kinds of learning take place during 10 days of hemivibrissotomy, and, sec-
ond, whether or not such presumed learning is linked to the central anatomic
changes we described above.
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