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a Institute of Physiology and Pathophysiology, University of Mainz, Duesbergweg 6, 55128 Mainz, Germany

b Institute of Physiological Psychology and Center for Biological and Medical Research, University of D¨usseldorf, 40225 D¨usseldorf, Germany
c Department of Psychology, University of Hertfordshire, College Lane, Hatfield, Herts AL10 9AB, UK

Received 21 May 2004; received in revised form 8 June 2004; accepted 8 June 2004
Available online 6 August 2004

Abstract

Adult C57BL/6 mice received uni- or bilateral cryogenic or sham-lesions over the barrel field and their exploratory behaviour was assessed
in an open field between 1 and 7 days post-lesion. Bilateral cortical lesions produced a short-lasting increase in thigmotactic scanning with
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oth sides of the face on the first day of testing. Mice with a unilateral barrel-cortex lesion showed more contralateral wall scann
ecovery to behavioural symmetry after 5–7 days. Furthermore, the increase in contralateral thigmotaxis was most pronounced in a
amage to the left barrel field, indicative of a lateralization of the lesion-induced behavioural changes. The cortical lesions did no

ocomotor activity and the rate of habituation to the open field (habituation ‘learning’). Referring to recent electrophysiological
e hypothesize that the lesion established a lateralized source of increased neuronal excitability within the affected barrel-cortex
ore behaviour with its corresponding vibrissae. Alternatively, if the lesion results in contralateral ‘neglect’ in terms of input, the i

canning with the affected vibrissae may reflect an attempt of the system to compensate for this with an increase in usage.
2004 Elsevier B.V. All rights reserved.
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. Introduction

In rats and mice, the facial whiskers (mystacial vibrissae)
re vital sensory organs that play a key role in exploration
nd discriminative behaviour. Acute removal of the vibrissae
esults in deficits in tactile discrimination, orientation,
ocomotion, and balance[20]. The whisker-to-barrel path-
ay represents a part of the trigeminal somatosensory
ystem, which relays sensory information from the whiskers
ia trigeminal and thalamic nuclei to layer IV of primary
omatosensory cortex[22]. The receptive fields for each indi-
idual vibrissa are somatotopically organized into ‘barrels’,
hich occupy about 20% of the somatosensory region[25].
he whisker-to-barrel pathway has frequently been used as a
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model system to study the effects of sensory stimulation
deprivation on cortical activity parameters[19]. The barrel
cortex has been investigated most intensively with rega
its importance for neural plasticity associated with (pat
physiological conditions, including learning of new stimu
configurations[3], experience-dependent receptive field
organisation[18] and disease states like stroke[9] or epilepsy
[11].

Previous work from our laboratory has shown a w
variety of time-dependent lateralized changes in beha
and basal ganglia function after unilateral manipulatio
the vibrissae-barrel-cortex system of rats[10]. Unilatera
removal of the vibrissae (‘hemivibrissotomy’) produc
transient asymmetries in turning and wall scanning f
which the animals recovered within 1 week post-les
Time-related to these behavioural changes, we fo
neuronal alterations in striatal afferents arising from
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ferent brainstem nuclei, indicative of a functional link
between the orofacial systems and the basal ganglia[21].
Furthermore, unilateral lesions in the cortical barrel fields
led to a series of behavioural and biochemical changes
that paralleled a number of those seen following hemivib-
rissotomy [1], suggesting that the barrel-cortex plays
a decisive role in the proposed vibrissae-basal ganglia
interaction.

The majority of studies focusing on behavioural con-
sequences of vibrissae and barrel-cortex manipulations
have been performed with rats, while only little is known
about the effects of such manipulations in the mouse. The
use of mice in neurobehavioural research is increasingly
important because of the possibility of employing tools
of molecular biology and genetics. The mouse has a
well-developed barrel-cortex and mutations could serve as
a model for investigating experience-dependent as well as
lesion-induced barrel-cortex plasticity[6]. However, for
a behavioural phenotyping of genetically modified mice,
the existing animal models have to be re-evaluated, since
differences in vibrissae-related behaviour between rats and
mice are well-documented[23]. The present study was un-
dertaken to gauge the behavioural consequences of uni- and
bilateral lesions of the barrel-cortex in C57BL/6 mice. Focal
cryogenic lesions were made in the cortical barrel field, and
a were
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m rats
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mals in the different treatment groups ranged from seven to
nine.

2.2. Apparatus and behavioural procedure

Behavioural testing was conducted in a circular open field
(83 cm in diameter) with white walls (45 cm high). The testing
device was set up in a sound-protected experimental chamber
dimly lit by a 25 W bulb. A noise generator provided mask-
ing noise (68 dB). The behaviour of the animals through-
out the experiment was recorded by a video system. Open
field tests were performed on the first, third, fifth and sev-
enth day after surgery. On each postoperative day, the mice
were placed in the open field for 10 min during which the
following behavioural parameters were scored: frequency of
scanning(wall-contacts with the left or the right vibrissae
while traversing the edge of the open field), frequency of
rearing (partial or total rising onto hind limbs) and duration
of locomotion(forward and backward movements using all
limbs).

2.3. Histology and data analysis

After termination of the behavioural tests, animals were
deeply anaesthetized with diethylether for perfusion and
s e. In
a al le-

Fig. 1. Localization and extent of the freeze lesion in adult mouse so-
matosensory cortex (modified after[14]).
t different times after the lesion, a series of behaviours
easured that have been shown to be sensitive to later
anipulations of the vibrissae-barrel-cortex system in

1,2].

. Materials and methods

.1. Animals and surgery

The experiments were carried out in accordance with
erman Law on the Protection of Animals and were appr
y the state authority. Male C57BL/6 mice (starting we
5–30 g; breeder: TVA University of D̈usseldorf) were use
nd maintained under standard laboratory conditions

ree access to food and water. A 12-h light/dark photo
le was imposed (lights on at 07:00 a.m.) and behavio
esting was done between 09:00 a.m. and 07:00 p.m.
cranial cryogenic lesions to the barrel-cortex were prod
ith a modification of the method described by Herm
t al. [7]. In brief, the mice were anesthetized with chlo
ydrate (40 mg/100 g body-weight; i.p.) and the skin o

ying the parietal cortex was cut along the midline ove
istance of 3–4 mm with a small scalpel. A 1.0 mm in dia

er copper cylinder cooled with liquid nitrogen was pla
or 30 s on the exposed calvarium above the somato
ory cortex of one (50% left side; 50% right-side lesi
r of both hemispheres (bilateral lesion). Uni- and b
ral sham lesions were performed as above, except th
opper cylinder was not cooled. After surgery, the wo
as closed with histoacryl tissue glue. The number of
ubsequent histological survey regarding the lesion sit
greement with previous studies using the same cortic
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sion model[7], freeze-lesioned animals revealed a sharply
demarcated cortical lesion in the barrel field of the pri-
mary somatosensory cortex (S1BF;Fig. 1) and neighbour-
ing cortical areas as the shoulder/neck representation in S1
(S1ShNc) and secondary somatosensory cortex (S2). There
was no evidence for systematic between-group differences
with regard to the site and the extent of the lesion. The be-
havioural data were analysed within and between groups us-
ing the Wilcoxon test or the Mann–WhitneyU-test, where
applicable.

3. Results

Animals, which had received a bi- or unilateral sham-
lesion to the barrel-cortex, did not show substantial asymme-
tries in thigmotactic scanning in the course of postoperative
behavioural testing (Fig. 2A, C and E). A bilateral cortical

F
l
(
t

lesion caused an increase in wall scanning with both sides
of the face on the first day of testing (P-values <0.05), while
the scores did not differ from the respective sham-lesioned
controls on the subsequent days (Fig. 2B). Both groups of
mice with a unilateral cortical lesion showed more contralat-
eral thigmotaxis, that is, more scanning of the wall with the
vibrissae represented in the damaged barrel-cortex. Animals
with a lesion to the left barrel-cortex showed more scanning
with the right than with the left vibrissae on days 1, 3 and
5 post-lesion (P-values <0.05), while thereafter scanning re-
covered to symmetry (Fig. 2D). A similar behavioural pattern
was observed for the group of mice with a lesion to the right
barrel-cortex (Fig. 2F). These animals showed more scanning
with the left than with the right side of the face, especially
during the initial period of postoperative testing (days 1 and 3;
P-values <0.05). However, compared with left side lesioned
animals, the contralateral asymmetry in thigmotactic scan-
ning was less prominent and showed faster recovery reaching
ig. 2. Mean (±S.E.M.) frequency of thigmotactic scanning with the left and
esion (D, F) to the posteromedial barrel subfield of the primary somatosenso
C, E). Asterisks indicate significant within-group differences (P< 0.05) in the amo
est sessions in the open field, which were performed on days 1, 3, 5, and 7
right vibrissae for mice, which had received a bi- (B) or unilateral cryogenic
ry cortex. Control groups included animals with a bi- (A) or unilateral sham-lesion
unt of wall scanning with the left and right side of the face during the 10 min

after the (sham-) lesion.
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symmetry within 5, rather than within 7 days, after the lesion.
The levels of locomotion and rearing did not differ between
the groups of mice across the testing days. Furthermore, no
differences between groups were observed with regard to the
rate of habituation to the novelty of the open field defined
as a decrease in locomotion and rearing from day 1 to 3 of
postoperative testing (P-values >0.10; data not shown).

4. Discussion

In the present study, a unilateral focal lesion to the barrel-
cortex produced a time-dependent asymmetry in thigmotactic
scanning in adult C57BL/6 mice. The time course of the be-
havioural asymmetry was similar to that previously observed
in rats recovering from a unilateral damage to the cortical
barrel fields[1]. In both species, the cortical lesion induced
an acute asymmetry with a recovery to behavioural symme-
try within 1 week after the intervention. However, during
the acute phase, the mice showed more contralateral thig-
motaxis, that is, more scanning of the wall with the vibris-
sae represented in the damaged barrel-cortex. This finding
was unexpected and stands in contrast to our former observa-
tions in rats, where a unilateral barrel-cortex lesion resulted
in less contra- than ipsilateral wall scanning behaviour[1].
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speculate that the increase in contralateral scanning reflects
a behavioural adaptation that serves to compensate for the
lesion-induced imbalance between the intact and the partially
damaged somatosensory cortex in their capacity to process
vibrissal-tactile information. In line with this suggestion, it
has recently been shown that the rate of functional recov-
ery following unilateral cortical damage can be enhanced by
stroking or by the forced use of the affected whisker pad
[8]. However, this interpretation is somewhat questioned by
the present data, which also provided evidence for a later-
alization of the behavioural effects produced by left versus
right barrel-cortex lesions. Damage to both the left and the
right barrel field resulted in more contra- than ipsilateral wall
scanning. However, in mice with a lesion to the left cortex
the observed asymmetry in thigmotaxis was much stronger
and persisted for a longer time after the intervention before
returning to symmetry. This observation is in keeping with
previous studies in rats, which showed innate ‘handedness’
in thigmotactic scanning[17] and demonstrated asymmet-
rical effects of cortical damage on the performance in dif-
ferent whisker-related tasks[4]. However, the lateralized ef-
fects also suggest that the over-expression of contralateral
wall scanning was ‘maladaptive’ and actually interfered with
the speed of functional recovery from the cortical lesion. Al-
ternatively, because the cryogenic lesion was followed by
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he groups of mice did not differ in the amount of lo
otion and rearing. Therefore, the observed differenc

higmotactic scanning cannot be attributed to difference
xploratory activity. Furthermore, no significant differen
etween groups were evident with regard to the rate o
ituation to the novelty of the open field, indicating that
ortical lesions did not interfere with neural processes re
o stimulus-orientated habituation ‘learning’.

The results of the present study seem to be at variance
ecent studies focusing on the effects of unilateral manip
ions of the barrel-cortex on exploration and discrimina
ehaviour. In these studies, unilateral lesions to the ba
ortex consistently resulted in behavioural asymmetries
nimals neglecting the ‘sensory-deprived’ side contrala

o cortical damage[1,4,8]. Besides factors such as spec
ifferences or different behavioural protocols, the follow
articulars of the present study may be of relevance fo
iscrepancy: for one, we used cryogenic lesions, whil

he cited experiments the cortical damage was produce
erebral contusion, ischemia, or radiofrequency hyper
ia. Secondly, we performed focal lesions centred ove
arrel field, whereas most studies in the rat have used e
ive lesions to somatosensory cortex to ensure the occu
f behavioural deficits. The latter aspect might be of sp

mportance because cortical lesions of different size can
eemingly paradoxical effects on behaviour and neuroc
stry [13].

The relatively small size of the lesion implies that in
resent study, the resulting damage to the somatose
ortex was ‘subtotal’, leaving a reasonable amount o
atosensory cortical networks intact. Therefore, one m
ore contra- than ipsilateral scanning, it is feasible tha
ntervention established a lateralized source of stimula
r irritation of the underlying cortex, leading to more
aviour with its corresponding vibrissae. Empirical sup

or this assumption comes from electrophysiological s
es demonstrating that focal lesions to somatosensory
ex produced an increase of neuronal excitability in p
ocal brain regions[12,15]. Such an increased excitabil
an promote recovery from the lesion by facilitating rec
ive field reorganization and cortical remapping[24] but may
lso cause functional disorganization or even epilepsy[12].

lesion-induced cortical hyperexcitability could expla
or one, why bilateral damage led to a temporary incr
n scanning with both sides of the face and, secondly,

ice with a unilateral lesion showed more scanning with
ffected vibrissae compared with respective sham-les
ontrols. Interestingly, unilateral mechanical stimulatio
he barrel-cortex by skull trephination also led to asym
ries in thigmotactic scanning[2], which were quite similar t
hose seen in the present study following unilateral cryog
esions.

Finally, another aspect should be pointed out. The
vidence that behavioural asymmetries in vibrissae-re
asks are closely related to brain monoamine systems
ffect of cortical lesions on both the dopaminergic[1] and
oradrenergic[16] systems varies with laterality. In additio

he importance of noradrenergic neurotransmission in
xtent of behavioural deficits seen after cortical dama
ell-documented[5], whilst the dopaminergic nigro-stria
athway is known to be closely related to vibrissal
nd function [10]. With regard to these findings, it
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imperative to further characterize the present mouse model
neurochemically, focusing on monoaminergic mechanisms.
Furthermore, the above mentioned perilesional neuronal
hyperexcitability observed after focal cortical damage may
also be associated with a downregulation of GABA receptor
subunits[15]. Thus, future studies with drugs influencing
GABA as well as glutamate transmission or experiments
with genetic mouse models of cortical hyperexcitability
could be instrumental in elucidating the cascade of events
triggered by the cortical lesion leading to the observed
behavioural asymmetries and recovery.

In summary, the present data demonstrate that focal freeze
lesions in the barrel-cortex can induce profound behavioural
changes in the mouse. Most striking was the over-expression
of thigmotactic scanning contralateral to the side of the cor-
tical damage, which might be related to (a) a lesion-induced
increase in neuronal excitability within the affected barrel
field, leading to more behaviour with its corresponding vib-
rissae or (b) increased scanning with the affected vibrissae to
compensate for diminished input as a result of sensory ne-
glect. Furthermore, the freeze-lesion model of cortical dys-
function used in the present experiment might be useful for
the assessment of behavioural, functional, and structural con-
sequences of barrel-cortex manipulations in genetically mod-
ified mice.
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