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Abstract

Acute and chronic postlesion reorganization of the cortical
maps was examined in adult rats using electrophysiological
mapping of the forepaw area in the primary somatosensory
cortex. Recordings were made before and after (first 12 hr
and 3 wk) induction of a focal thermal-ischemic lesion to a
restricted part of the forepaw area. The influence of an
anti-ischemic substance (piracetam) and housing in an en-
riched environment (EE) or impoverished environment (IE)
on the organization of the spared regions of the cortical
maps adjacent to the lesion was investigated. The results
revealed (1) a gradual expansion of the injured zone and a
cellular loss that were smaller in the piracetam-treated (PT)
rats than in the placebo (PL) rats; (2) a better preservation of
the somatotopic organization and the neuronal responsive-
ness in the maps of the PT rats during the first 12 hr after the
lesion; (3) a gradual compression and fragmentation of the
remaining forepaw map over the first 3 postlesion wk.
These changes were found in all PL rats, with the most
detrimental effects in the animals exposed to an IE. In the
PT-EE animals, a contrasting substantial preservation of the
map was observed. (4) Cortical responsiveness was dimin-
ished in the PL rats, whatever the environment, and in the
PT-IE rats; but it was not significantly affected in the PT-EE
animals. The findings demonstrate the protective function
of acute piracetam treatment on electrophysiological prop-
erties of cortical neurons within the peri-infarct tissue and
highlight the neuroprotective effects of an environmental
therapy combined with the piracetam treatment during the
weeks after ischemic damage.
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Introduction

Cutaneous and proprioceptive inputs are encoded by
peripheral mechanoreceptors and are transmitted in
a topographic order through sensory fibers and in-

tegrated within different somatosensory brain structures,
where they constitute somatotopically organized represen-
tational maps. Their organizational features are assessed by
determining the properties of cortical neuron responses to
peripheral stimulation (receptive field sensory submodality,
location, and size).

The maps in the primary somatosensory (S11) cortex
areas are dynamic constructs that retain a capacity for re-
modeling throughout life. These representational maps un-
dergo changes after peripheral denervation (Byrne and
Calford 1991; Calford and Tweedale 1988, 1991a; Kelahan
and Doetsch 1984; Merzenich et al. 1983; Rasmusson and
Turnbull 1983; Salimi et al. 1994; Silva et al. 1996; Turn-
bull and Rasmusson 1990). It is well established that these
map changes can occur within minutes and continue over
weeks and years. Few reports have documented representa-
tional map remodeling after cortical damage. Furthermore,
despite the importance of early cortical changes for later
stages of map reorganization, and hence for functional re-
covery, alterations in the organizational features of the so-
matosensory cortical maps that occur immediately after
induction of a focal cortical injury are largely unknown.

It has been shown that over a period of weeks after focal
ischemic lesion to area 3b of the S1 cortex, small clusters
of neurons in the peri-infarct cortical sectors begin to re-
spond to subthreshold inputs from skin regions formerly
represented in the ischemic zone (Doetsch et al. 1990;
Jenkins and Merzenich 1987; Xerri et al. 1998). We have
shown that after a focal infarct in area 3b, which damaged
a large area of the hand representation, the skin surfaces
stimulated during a manual dexterity task regained a repre-
sentation in areas 1 and 3a, implying that neurons formerly
excited dominantly by deep inputs responded to cutaneous
inputs from the trained skin surfaces after the lesion (Xerri
et al. 1998). This map reorganization paralleled behavioral
recovery and was ascribed to the rehabilitative effects
of training through experience-dependent mechanisms of
neuroplasticity.

Indeed, it is well established that alteration of the orga-
nizational features of the somatosensory maps are deter-
mined by the spatiotemporal pattern of ascending sensory
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input associated with new sensory experience and learning
(Byl et al. 1996; Coq and Xerri 1998, 1999a; Jenkins et al.
1990; Recanzone et al. 1992; Wang et al. 1995; Xerri et al.
1994). Interestingly, numerous studies have shown that
housing in an enriched environment, which provides a large
variety of stimuli that promotes physical exercise and social
interaction (Bennett et al. 1964; Diamond et al. 1964; Glo-
bus et al. 1973; Holloway 1966), or in an impoverished
environment that induces sensorimotor deprivation and so-
cial isolation (Bryan and Riesen 1989; Martin et al. 1991),
results in biochemical and morphological alterations in the
neocortex. In previous studies, we showed that exposure to
an enriched or impoverished environment induced specific
alterations in the forepaw representation in the S1 cortex of
adult rats (Coq and Xerri 1998, 1999a).

The influence of an enriched environment on functional
outcome after various brain injuries has long been investi-
gated (Galani et al. 1997; Kelche et al. 1987; Will 1981;
Will et al. 1977). In particular, several reports have de-
scribed the effects of environmental enrichment on the be-
havioral recovery after focal ischemia (Biernaskie and
Corbett 2001; Grabowski et al. 1995; Johansson and Ohls-
son 1996; Ohlsson and Johansson 1995). However, little
attention has been paid to the question of how sensorimotor
experience through enriched versus impoverished housing
conditions can facilitate the remodeling or preserve the
functional organization of the somatotopic maps after injury
to the S1 cortex. Yet, this issue is particularly relevant to the
elucidation of the specific neurophysiological mechanisms
underlying functional compensation or restitution after
brain damage and to the evaluation of the impact of reha-
bilitative procedures on these mechanisms.

In this article, we report the main results obtained in
previous cortical mapping studies (Coq and Xerri 1999b;
Xerri and Zennou-Azogui 2003). We document the follow-
ing: (1) the immediate changes in the somatotopic repre-
sentation in the cortical sectors adjacent to a focal ischemic
injury to the S1 cortex; (2) the effects of the early admin-
istration of an anti-ischemic substance, Piracetam (UCB-
Pharma; Brussels, Belgium), a cyclic derivative of gamma-
aminobutyric acid (GABA1), on the extent of the lesion and
on the lesion-induced reorganization in the cortical sectors
surrounding the site of injury; (3) the influence of housing
in enriched or impoverished environments on the functional
remodeling of cortical zones adjacent to the lesion; and (4)
the effects of chronic administration of piracetam on the
functional organization of the remaining intact sectors of the
somatotopic map in animals housed in enriched or impov-
erished environments.

Methods

Experimental Protocol

Electrophysiological mapping was performed on 52 male,
3-mo-old adult Long-Evans rats weighing from 300 to

350 g. Twenty rats were used to investigate the map alter-
ation occurring during the first 12-hr after lesion induction
(group I), and 32 rats were used to study the map changes
taking place over the first 3 wk after lesion induction (group
II). After weaning (30 days after birth), rats from different
litters were housed for 2 mo in groups of three in Plexiglas
cages (26.5 cm wide × 42.5 cm deep × 18 cm high) (i.e., in
a standard laboratory environment). We recorded neuronal
activity within the cortical area of the forepaw representa-
tion to obtain a control map and then induced a small neu-
rovascular lesion within this area. Recordings were made
during the first hour (T1) following the lesion to assess its
initial boundaries.

Group I

Spread of the lesion was evaluated by recording from 3 to 4
hr (T2), 7 to 8 hr (T3), and 11 to 12 hr (T4) after the injury.
Postlesion maps of the forepaw were elaborated from data
obtained between 2 to 12 hr after the lesion induction.
Whenever possible, postlesion recordings were made at the
same cortical sites sampled before the lesion as identified by
stable vascular landmarks. Piracetam (2-pyrrolidone-
acetamide, C6H10N202, Nootropyl; UCB 6215) or placebo
substances (physiological saline, 200 mg/100 g, i.p.) were
injected three times, at 1 hr, 5 hr, and 9 hr after induction of
the lesion, according to a random procedure in which the
experimenters did not know the identity of the injected sub-
stance. This identity was revealed after the statistical analy-
sis was completed.

Group II

Piracetam or placebo substances were injected (200 mg/
100 g, i.p.) 1 hr after the lesion induction. After the bound-
aries of the lesion were determined, the surgery was com-
pleted, and the animals were returned to the animal care
facility and assigned to two housing environments, enriched
(EE1) or impoverished (IE1). The rats received the pi-
racetam (PT1 groups: 8 EE and 8 IE rats) or the placebo
substance (PL1 groups: 8 EE and 8 IE rats) twice a day for
3 wk. Postlesion electrophysiological recordings were made
on the 22nd day to map the spared regions of the forepaw
representation.

Postlesion Housing Conditions

The operated rats housed in EE lived with a group of 10
male rats in a spacious cage (76 cm wide × 76 cm deep × 40
cm high). To promote tactile exploration and thus cutaneous
stimulation, the EE cage contained mobile and immobile
objects of various shapes and textures. These objects were
renewed daily to maintain the animals’ exploratory behav-
ior. Rats in IE lived singly in small cages (23.5 × 35.5 × 19
cm) without objects.
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Surgical Preparation

Experimental procedures were in accordance with the Guide
for the Care and Use of Laboratory Animals (NRC 1996).
Anesthesia was induced with halothane and maintained with
sodium pentobarbital (50 mg/kg, i.p.). Animals were kept at
an areflexive level of anesthesia throughout the experiment
by supplemental administration of diluted pentobarbital (5
mg/kg, i.p.) as needed. The core body temperature was con-
tinuously monitored by a rectal thermistor probe and was
maintained between 37° and 38°C by a heating pad. The
head was held in a stereotactic frame. Posterior neck
muscles were resected, and cerebrospinal fluid was drained
through an opening in the dura covering the foramen mag-
num. After a scalp incision and the retraction of attached
muscles, a craniotomy exposed part of the somatosensory
cortex. For the animals in group II, the surgical and record-
ing procedures were performed under sterile conditions and
the bone flap was kept in physiological saline at 4°C. The
dura was incised and resected, and the surface of the ex-
posed parietal cortex was bathed in a thin layer of warm
silicone fluid to prevent drying and edema. In group II, at
the end of the first recording session, the silicone was re-
moved with a wash of warm saline, and the dura was repo-
sitioned and covered with gelatin film (Gelfilm, Upjohn,
Kalamazoo, MI). The bone flap was then reinserted and
stabilized with dental acrylic. The animal’s temperature was
monitored until the recovery from anesthesia was complete.

On the 22nd day after the lesion, the anesthesia proce-
dure was repeated. The bone flap was removed to allow
access to the cortical zone to be mapped. After completion
of the remapping procedures, the animal received a lethal
dose of sodium pentobarbital (150 mg/kg, i.p.) and the brain
was prepared for histological processing.

Induction of Cortical Lesion

The silicone fluid was removed and the exposed cortex was
bathed in warm physiological saline. A 500-Hz radiofre-
quency current was delivered through the tip of a tempera-
ture-monitoring electrode in contact with the surface of the
cortex. The lesion targeted the center of the forepaw repre-
sentational zone. The temperature measured at its tip was
gradually increased to 70°C within 1 min and maintained at
this level for 1 min. In addition to destroying neural tissue,
the heat generated in the brain tissue induced a focal infarct
characterized by a visible occlusion of the vessels, along
with a blanching of the cortical zone within the vicinity of
the electrode tip.

Care was taken to preserve major arteries and veins
while occluding their local branches. Radiofrequency-
induced hyperthermia produces cellular injury (i.e., coagu-
lation necrosis, neuronal shrinkage, nuclear pyknosis, and
perineuronal astrocytic swelling) (Ohmoto et al. 1996),
which is associated with cerebral ischemia. Moreover, lo-
calized hyperthermia induces increased extracellular gluta-

mate concentrations that reach neurotoxic levels (Adachi et
al. 1995). The functional impact of the lesion was assessed
using electrophysiological recordings.

Electrophysiological Mapping Procedures

Magnified images of the exposed parietal cortex and the
ventral and dorsal surfaces of the forepaw contralateral to
the cerebral hemisphere to be mapped were digitized by
using a high-resolution camera mounted on an operating
microscope. The recording sites were located relative to the
cortical surface vasculature on the digitized image of the
cortex, and the cutaneous receptive fields (RFs1) were
drawn on the forepaw images. Neurons were recorded with
parylene-coated tungsten microelectrodes (∼1 M� at 1
kHz). The responses of clusters of two to four neurons in
layer IV were recorded at a depth of approximately 650 to
700 �m. At each recording site, large bursts of activity
elicited by natural stimulation enabled us to classify neuro-
nal responses as cutaneous or noncutaneous. Cutaneous RFs
were defined as the skin area where just-visible skin inden-
tation or hair deflection elicited reliable changes in multi-
unit activity. This stimulation was produced with a fine-
tipped, hand-held glass probe and monitored by using
magnifying glasses (×4). The ridges running along the gla-
brous skin of the digits and palm were used as landmarks to
delineate the RFs. In our classification, responses to nail
movements were considered as cutaneous. Noncutaneous
responses were identified by more intense stimuli such as
taps, pressure on muscles, tendons, or joint manipulations,
when no cutaneous response was found. Cortical sites not
exhibiting stimulus-evoked responses but only spontaneous
discharges, were classified as unresponsive.

We elaborated maps of the forepaw representation by
drawing boundaries enclosing the cortical sites in which
RFs shared a common skin subdivision (i.e., finger, palmar
pad). The areal extent of each region of the cutaneous map
was then calculated.

To estimate changes in the responsiveness of somato-
sensory cortex neurons, in the group I animals, we classified
the responses to just-visible skin indentation along a three-
level ordinal scale (weak, clear, and strong). In the group II
rats, the thresholds of neuronal responses to skin stimulation
were determined using von Frey monofilaments (Semmes-
Weinstein aesthesiometer; Stoelting, Wood Dale, IL),
which apply indenting stimuli at a relatively constant, pre-
determined force. The most commonly used filaments were
3.22 (diameter: 0.152 mm; bending force: 0.166 g; bending
pressure: 9.15 g/mm2), 3.61 (0.178 mm; 0.407 g; 16.36
g/mm2), and 3.84 (0.203 mm; 0.692 g; 21.39 g/mm2). The
stimulation consisted of pressing a filament gently against
the skin, perpendicular to its surface at the center of the RF,
until the filament began to bend. We repeated this procedure
5 to 10 times for each filament, using a stimulus series of
increasing and decreasing strengths to determine the me-
chanical threshold evoking noticeable changes in neuronal
discharge.
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Experimental Measurements and
Statistical Analysis

In an attempt to evaluate the postlesion loss of cortical
tissue, we used stable vascular landmarks on the surface of
the cortex. On the intact cortex image obtained in each rat
in group II, we used these landmarks to demarcate a refer-
ence polygon with the lesion at its center. The polygon area
surrounding the lesion was twice as large as the injured area
determined on the basis of the neuronal recordings. The
same vascular landmarks were used to delimit a new poly-
gon on the images of the cortex obtained 3 wk after the
lesion. The tissue loss was estimated by measuring the dif-
ference between the two polygons measured in each rat,
thereby allowing the calculation of a relative decrease in the
area of the reference polygon.

Cortical areas devoted to the forepaw representation
(i.e., excited by stimulation of glabrous or hairy skin sur-
faces, or by nail movement) were calculated. For each rat,
we evaluated the areal extent of the injured zone determined
during the second hour following the lesion. For the group
II rats, the spared portion of the representation was referred
to as an “acute” postlesion area and was estimated by sub-
tracting the injured area from the area of forepaw represen-
tation recorded before the lesion. The spared portion of the
representation as measured from the map obtained 3 wk
after the lesion was referred to as a “chronic” postlesion
area. Relative changes in the area of the representation were
expressed as follows: [(chronic area – acute area)/ acute
area] × 100.

To assess more specifically the alteration of representa-
tions of glabrous, hairy skin surfaces and nail movement as
parts of the forepaw representation, the corresponding parts
of the map were expressed as a percentage of the whole area
of the cutaneous map of the forepaw. The differences in
these relative values of the size of the cortical maps (chronic
area – acute area) were then calculated. The absolute sizes
of glabrous and hairy RFs were measured in mm2, normal-
ized relative to the ventral and dorsal skin forepaw areas,
respectively, and expressed as percentages. The relative RF
areas measured in each rat were averaged (geometrical
means), and the mean size of the RF was then computed for
each group of rats. For each rat, postlesion changes in RF
size were expressed as the chronic – acute differences be-
tween the corresponding mean sizes. We processed the
stimulation thresholds obtained using the von Frey fila-
ments by calculating the percentages of threshold responses
obtained for a given filament’s strength (3.22, 3.61, or 3.84)
in each rat. Individual chronic – acute values were then
calculated and averaged for each experimental group.

After we administered the Shapiro-Wilk normality test,
we used the student’s t-test, Mann-Whitney-U test, Chi-
square test, analysis of variance (ANOVA1), which was
supplemented with multiple comparisons post hoc test
(Newman-Keuls) and least square means by using SAS 6.12
software. Statistical significance was set at p < 0.05.

Results

Cortical Map Alteration 12 Hr After Lesion

During the first hour after the lesion induction (T1), before
the administration of the PL and PT substances, the injured
areas determined electrophysiologically were similar for the
two groups (PL: 0.18 ± 0.08 mm2 [standard deviation
(SD1)]; PT: 0.18 ± 0.11 mm2 [SD]). The size of lesion
increased from T1 to T2 but did not differ significantly
between the PL (0.42 ± 0.34 mm2) and the PT groups (0.31
± 0.26 mm2) (Figure 1A) (Mann-Whitney; p: not significant
[n.s.1]). The PL group showed a significant outward expan-
sion of the silent cortical zone between T2 (0.42 ± 0.34
mm2) and T4 (0.91 ± 0.52 mm2) (p < 0.007), whereas the
lesion in the PT rats remained relatively stable (T2: 0.31 ±
0.26 mm2 vs. T4: 0.24 ± 0.36 mm2).

The topographic organization of the forepaw represen-
tational map in the S1 cortex has been described in detail in
a previous report (Coq and Xerri 1998). Briefly, the cortical
sectors serving the forepaw surfaces were organized in so-
matotopic sequences along a rostrolateral (thenar eminence
and digit 1) to caudomedial (digit five and hypothenar emi-
nence) direction. The palm representation was situated
along the medial edge of the map, and the hairy skin of the
digits along the lateral margin of the map. Typically, the
cortical zones representing skin surfaces were interspersed
with islets displaying changes in the firing rate in response
to taps, joint manipulations (noncutaneous responses), or
nail movements.

The average areas of the forepaw representational maps
before the lesion did not differ between the PL and the PT
groups (2.14 ± 0.30 mm2 and 2.05 ± 0.31 mm2, respec-
tively) (p: n.s.). Consistent with the lesion expansion de-
scribed above, the mean net loss in cutaneous
representational area calculated 12 hr after the lesion induc-
tion was significantly smaller in the PT rats (0.37 ± 0.37
mm2) than in the PL rats (1.35 ± 0.53 mm2) (p < 0.0001).
Comparison of the maps derived before and 12 hr after the
lesion induction revealed extensive remodeling of the rep-
resentations within the spared territories of the forepaw map
(Figure 1, B and C). This general reorganization was com-
mon to each map regardless of the treatment.

Indeed, substantial alterations were observed in the area
devoted to a particular sensory submodality (cutaneous or
noncutaneous), the location, the size, and the shape of zones
serving a particular body part, not only in cortical sectors
adjacent to the lesion but also in regions distant from the site
of injury. Moreover, all postlesion maps showed the emer-
gence of noncutaneous zones creating discontinuities in for-
merly contiguous sectors of cutaneous representation. As a
consequence of these disruptions of the internal somatotopic
order, the spared territories of the cutaneous maps appeared
more fragmented 12 hr after the lesion induction. Despite
conspicuous restructuring of organizational features in all
postlesion maps, the somatotopic order seen before the le-
sion was better preserved in PT maps than in maps of the PL
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