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Development/Plasticity/Repair

Excitation and Inhibition Jointly Regulate Cortical
Reorganization in Adult Rats

Alia Benali,' Elke Weiler,' Youssef Benali,’ Hubert R. Dinse,> and Ulf T. Eysel!
"Medical Faculty, Institute of Physiology, Department of Neurophysiology, and ?Institute for Neuroinformatic, Theoretical Biology, Neural Plasticity
Laboratory, Ruhr University Bochum, D-44780 Bochum, Germany, and *Department of Traumatology, Staedtische Kliniken, D-44137 Dortmund, Germany

The primary somatosensory cortex (SI) retains its capability for cortical reorganization after injury or differential use into adulthood. The
plastic response of SI cells to peripheral stimulation is characterized by extension of cortical representations accompanied by changes of
the receptive field size of neurons. We used intracortical microstimulation that is known to enforce local, intracortical synchronous
activity, to induce cortical reorganization and applied immunohistochemical methods in the same individual animals to investigate how
plasticity in the cortical topographic maps is linked to changes in the spatial layout of the inhibitory and excitatory neurotransmitter
systems. The results reveal a differential spatiotemporal pattern of upregulation and downregulation of specific factors for an excitatory
(glutamatergic) and an inhibitory (GABAergic) system, associated with changes of receptive field size and reorganization of the soma-
totopic map in the rat SI. Predominantly local mechanisms are the specific reduction of the calcium-binding protein parvalbumin in
inhibitory neurons and the low expression of the activity marker c-Fos. Reorganization in the hindpaw representation and in the adjacent
SI cortical areas (motor cortex and parietal cortex) is accompanied by a major increase of the excitatory transmitter glutamate and c-Fos.
The spatial extent of the reorganization appears to be limited by an increase of glutamic acid decarboxylase and the inhibitory transmitter
GABA. The local and medium-range net effects are excitatory and can facilitate receptive field enlargements and cortical map expansion.
The longer-range increase of inhibition appears suited to limit these effects and to prevent neurons from pathological hyperexcitability.
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Introduction

The primary somatosensory cortex (SI) is a popular model for
studies of cortical plasticity in rats. A number of different exper-
imental manipulations, such as sensory deprivation, lesions,
training, or intracortical microstimulation (ICMS), have been
used to alter the cortical map or the size, position, shape, and
sensitivity of receptive fields (RFs) (Merzenich et al., 1984; Re-
canzone et al., 1992; Elbert et al., 1995; Buonomano and Mer-
zenich, 1998; Montoya et al., 1998). The changes in the RF prop-
erties have been shown to occur within minutes to hours and to
last over several months (Elbert et al., 1995; Buonomano and
Merzenich, 1998).

Based on theoretical and experimental work, it has been sug-
gested that the maintenance of cortical maps and RFs arises from
a meticulous balance of both local and global mechanisms based
on feedforward and recurrent inputs (Stratford et al., 1996; Miller
etal., 2001; Kalarickal and Marshall, 2002), on alterations of both
excitatory and inhibitory mechanisms (Heizmann, 1993; Jones,
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2000; Kalarickal and Marshall, 2002; Rosselet et al., 2006), and on
a continues protein synthesis (Kleim et al., 2003).

Experimental work on a timescale of days to weeks reveals that
cortical map expansion and RF sharpening/contraction induced
by the repetitive cutaneous stimulation during nursing is associ-
ated with changes in the inhibitory and excitatory system (Ros-
selet et al., 2006). The authors show that, at different time points,
only one of the systems is changed. First, during the initial de-
crease of RF sizes, an upregulation in the inhibitory system [glu-
tamic acid decarboxylase (GAD65 and GAD67)] was detected by
Western blot analysis. Afterward, the expansion of cortical rep-
resentation was accompanied by upregulation of the NR2A sub-
unit of NMDA receptors and calcium/calmodulin kinase type II,
both markers associated with the excitatory system. At this time,
the RF sharpening was maintained and no changes in the inhib-
itory system (GAD65 and GAD67) occurred.

Previous work revealed, after eye removal, TTX injection, and
monocular deprivation, a decrease in the neuronal activity that
induced a decrease in the neuronal GABA and GAD expression
after 4 and 5 d (Hendry and Jones, 1986, 1988). After the reversal
of deprivation, the downregulation of the inhibitory system re-
covered to normal values (Hendry and Jones, 1986, 1988). Simi-
lar results were observed in the barrel cortex after vibrissectomy,
denervation, or deprivation in which the cortical GABA and
GAD expression was decreased in the projection area of affected/
treated vibrissa (Welker et al., 1989; Akhtar and Land, 1991;
Kossut et al., 1991).
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spiratory rate, and, if necessary, an extra dose
a (10% of original dose) was administrated. Body
temperature was monitored and maintained
between 37 and 37.5°C.

Experimental procedures were similar to
those used previously (Recanzone et al., 1992;
Benali et al., 2003). One series of animals was
used to validate the ICMS-induced plasticity.
The cortical hindpaw representation in 13 adult
rats was mapped as described by Dinse et al.
(1997).

In the second (43 rats, stimulated animals)
and third (six rats, sham animals) series of ani-
mals, a surgical procedure was developed to
minimize possible structural artifacts induced
by the craniotomy. After abrading the skull to a
thin layer, local field potentials were recorded
from the skull after electrical stimulation of the
middle toe to localize the toe representation in
the left or right somatosensory cortex (0.5 Hz, 1
min, 20-50 wA). At the location of the maxi-

mum local field potential, a small hole (0.1 =
0.05 mm?) was carefully drilled above each
hemisphere. Through this aperture, a glass mi-
croelectrode (3 M sodium acetate; 1-2 M{)) was
inserted, and action potentials were extracellu-
larly recorded in layer IV in depths of 600—800
pm. For tactile stimulation, an electrically
driven stimulator (Bruel & Kjaer) was used to
apply computer-controlled tactile stimuli of 8

Figure 1.

Barrel, barrel cortex; T, tail.

Changes in cortical maps and RF sizes after dorsal rhizotomy
or unloading the hindlimb for 14 d were accompanied only by a
reduction of inhibition (D’Amelio et al., 1996; Canu et al., 2006).
The concentration of inhibitory amino acids (GABA and taurine)
in the deprived cortex (by unloading) were decreased, whereas
the excitatory amino acid (glutamate) did not change (Canu et
al., 2006).

Very fast changes in RF properties have been observed after
direct pharmacological disruption of inhibition. A number of
studies in SI have shown that blockade of GABA, receptors by
iontophoretic application of GABA antagonists leads to rapid
expansion of the RFs of most neurons (Hicks and Dykes, 1983;
Dykes et al., 1984; Alloway and Burton, 1986, 1991), whereas
glutamate enlarges the RFs in only 4% of the recorded cells (Lam-
our et al., 1988).

The first goal of the present study was to induce cortical plas-
ticity by ICMS in SI and to investigate the time course and revers-
ibility of changes in neuronal RF properties. The second goal was
to study the spatiotemporal pattern of changes in the GABAergic
and glutamatergic systems at the stimulation site and in the sur-
rounding cortical areas.

Materials and Methods

Animals and experimental procedures. Briefly, a total of 62 adult Sprague
Dawley rats (male, 300—400 g) were anesthetized by intraperitoneal in-
jection of urethane (1.5 g/kg body weight) and kept under a constant level
of anesthesia by monitoring forepaw withdrawal, corneal reflex, and re-

Experimental procedure. a, The ratunculus with the hindpaw representation and the recording sites (dots) with a
representative receptive field. An enlargement of the rectangle in illustration a is represented in b. It shows the place of the
hindpaw representation in the map, which was electrically stimulated. ¢, For the investigation of the immunolabeled cells, at least
nine coronal sections in a rostrocaudal extent of 2 mm with intervals of 250 wm between the sections were analyzed for each
marker. Each coronal section was divided into sampling areas (five on each hemisphere) with a dorsoventral extent from the pia
mater to the white matter and with a mediolateral extent of 500 um in layer V. HP, Hindpaw; UZ, unresponsive zone; FP, forepaw;

ms duration (1 Hz). The receptive field map-
ping was performed as described by Recanzone
et al. (1992) before and after ICMS at 15 min
intervals (Fig. 1a).

Intracortical microstimulation. To induce
plasticity in the somatosensory cortex, we ap-
plied intracortical microstimulation in the cor-
tical layer IV. This method has been successfully
used in studies of rapid plastic changes induc-
ible within a few hours, in adult motor, somato-
sensory, and auditory cortex and thalamus,
which were fully reversible (Nudo et al., 1990; Recanzone et al., 1992;
Spengler and Dinse, 1994; Maldonado and Gerstein, 1996; Dinse et al.,
1997; Buonomano and Merzenich, 1998; Ma and Suga, 2001; Sakai and
Suga, 2001), and was partially reversible in the visual cortex of the cat
(Godde et al., 2002).

ICMS was applied for 2 h in one hemisphere (ICMS side). The ICMS
side was stimulated via the microelectrode with charged balanced repet-
itive pulse trains of 40 ms duration (13 pulses, 0.2 ms duration at 300 Hz,
6 nA) for 2 h at a repetition rate of 1/s (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). To exclude possible later-
alization differences between the hemispheres, the ICMS was randomly
applied in individual animals to the left or the right hemisphere. The
sham-operated group (n = 6) received the same surgery as the ICMS-
treated animals, including the insertion of a glass microelectrode (3 M
sodium acetate) into each hemisphere but without electrical stimulation.

Microcoagulation. At the end of each experiment, two microcoagula-
tions were induced anteriorly and posteriorly to the somatosensory cor-
tex to find the electrode tracks of the control electrode and ICMS elec-
trode in the stained sections of the cortex (supplemental Fig. 1a, available
at www.jneurosci.org as supplemental material). The microcoagulation
was induced through the stimulation/control electrode with direct cur-
rent of 20 uA for 5 min. A Masson’s trichrome staining (see below) of
every tenth section allowed us to find the microcoagulations and the
electrode tracks (supplemental Fig. 1b,c, available at www.jneurosci.org
as supplemental material). Based on the coordinates of the three land-
marks (two microcoagulations plus ICMS/control electrode position),
selection of the sections and positioning of the sampling areas were pos-
sible. The position of the stimulation/control electrode was in most cases
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Table 1. Overview of the experimental groups and number of animals
Series 1: ICMS and cortical

mapping Series 2: ICMS and RF mapping Series 3: sham
0-2h 0 2h 5h 7h 10h
13 31 2 4 3 3 6

at 2.5 = 0.5 mm lateral of the fissura longitudinalis cerebri (measured in
layer IV). If the electrodes were outside this area, the animals were not
included in the study. The sampling areas were aligned according to the
position of the ICMS electrode.

Reversibility of the ICMS-induced plasticity. To examine the reversibil-
ity of the ICMS-induced plasticity, the animals were kept under anesthe-
sia after the stimulation. During the recovery periods of 2, 5, 7, and 10 h
(Table 1), the RFs were determined in 15-30 min intervals. After the
different survival times, the animals were perfused and their brains were
treated like those of the acute animals.

Fixation and histochemistry. After ICMS and the different recovery
periods, the rats were killed with an overdose of urethane, and their
brains were fixed by intracardial perfusion with 0.9% NaCl, followed by
4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The brains were
postfixed for 4 h at 4°C in the same fixative.

After postfixation, the brains were either prepared for embedding in
paraffin or cryoprotected in sucrose (30% in PBS). For paraffin embed-
ding, tissue was dehydrated through graded alcohols and xylene and
embedded in paraffin. Serial sections of 5 wm were cut coronally, and
every 10th section was placed on gelatin-coated slides, dewaxed in xylene,
transferred through a descending ethanol series into PBS, and then
stained with cresyl violet (a Nissl stain) for cytoarchitectural control and
a Masson’s trichrome stain for microcoagulation and electrode recon-
struction (Carson, 1990).

Frozen sections of 30 um were cut with a freezing microtome. The
sections were rinsed in PBS, and every 10th section was stained with
cresyl violet.

Immunohistochemistry. Consecutive serial sections (interval of 100 wm
for paraffin sections or 300 wm for frozen sections) adjacent to Nissl-
stained sections (first series) were treated immunohistochemically with
antibody against glutamate (second series; 1:4000; Sigma), GABA (third
series; 1:4000; Sigma), GAD (fourth series; 1:500; DakoCytomation),
parvalbumin (PV) (fifth series; 1:1000; clone PA-235; Swant), calbindin
D28K(CB) (sixth series; 1:250; Swant), calretinin (CR) (seventh series;
1:1000; Swant), and c-Fos (eighth series; 1:3000; Dianova). The sections
were blocked with normal goat or normal horse serum [1:100 in PBS, 1 h,
room temperature (RT); Vector Laboratories] and incubated with pri-
mary antibodies overnight at RT and then with the appropriate secondary
antibody (Vectastain, 1:200 in PBS, 1.5 h, RT). Detection was performed
with a standard ABC kit (Vectastain, 1:500, 1.5 h, RT). The immunostaining
was visualized using the glucose oxidase—diaminobenzidine—nickel method
(Shu et al., 1988), resulting in black nuclear or cytoplasmatic staining. Sec-
tions were finally rinsed in buffer, dehydrated, cleared in xylene, and cover-
slipped with DePeX (Serva). For negative controls, sections were incubated
omitting the primary antibody (replaced by PBS), but all other procedures
were maintained.

Data collections and data analysis. Data collection of immunolabeled
neurons was performed manually (glutamate, c-Fos, CB, and CR) and
automatically (GABA, GAD, PV, and Nissl) (Benali et al., 2003) using a
Leitz Wetzlar Dialux 20 microscope (Leica) equipped with a color video
camera [CCD KH 609 (Heimann); MetaMorph (Universal Imaging)].
Cell counts were performed at a final magnification of 50X to 400X. For
quantification, marked cells of at least nine coronal sections per animal
from a rostrocaudal extent of 2000 wm with intervals of 250 wm between
sections were evaluated for each marker. Each coronal section was di-
vided into sampling areas (five in each hemisphere of a section, 45 in each
hemisphere and 90 in each animal) (Fig. 1¢) with a dorsoventral extent
from the pia mater to the white matter and with a mediolateral extent of
500 wm in layer IV, and these areas are in the following called the region
of interest (ROI). From each of these ROIs, four to eight images were
taken depending on the magnification and cortical thickness. All data
given in Results are number of cells per ROI.
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To quantify the concentration of substances in the tissue, the optical
density (OD) was measured by using the NIH Image system (version
1.61). According to Beer’s law, the concentration is proportional to the
optical density (Rees and Laurence, 1955). The measurement was made
at a final magnification of 200X in layer IV (ICMS was induced in layer
IV) in all five areas on each hemisphere (Fig. 1¢). Because the OD of the
immune reaction varies among animals, the data were standardized for
comparison as follows. For each animal, the average mean value of the
recorded data for each marker was determined. The OD of each individ-
ual measurement was normalized in relation to this mean value.

Data presentations. The spatial distribution of the cell numbers and
ODs are presented as false-color-coded images in Figure 4. The x-axes of
the distributions indicate the mediolateral position of the analyzed areas
and the y-axes the rostrocaudal distance from the ICMS site (with ICMS
set at zero). The color of each point encodes the local cell number or the
local OD. The spatially continuous distributions were calculated by lin-
ear interpolation between the cell numbers (or optical density) of the
ROIs that are discretely distributed. Data from the hemispheres of the
ICMS or control animals are separate two-dimensional linear interpola-
tions in the areas 0—4.5 mm lateral and —1 to I mm rostrocaudal from
the stimulation or control electrode. By the interpolation, the values at
the original measurement points were not changed. The implementation
of the calculations were made with standard functions of Matlab version
6.0 (MathWorks).

Statistics. A nonparametric Mann—-Whitney U-Test was used to deter-
mine whether there were differences in the number of cells and in the OD
between the stimulated and the sham group. Quantitative differences
between the hemispheres were assessed by a nonparametric paired Wil-
coxon’s test or by a parametric paired Student’s ¢ test. The results are
given as the mean * SD. A p value of <0.05 was considered significant.

Results

ICMS-induced enlargement of cortical and

peripheral representations

Cortical representation

To verify that our application of microstimulation induced the
plasticity effects that have been described previously (Recanzone
etal., 1992; Spengler and Dinse, 1994), we electrophysiologically
mapped the cortical representation of the hindpaw (Fig. 2a,b, red
area) and the RF sizes (Fig. 2¢,d) before and after ICMS. Before
stimulation onset, the cortical hindpaw representation had an
area of 1.77 = 0.48 mm? and after 2 h of ICMS an area of 2.65 *
0.82 mm?, which is an enlargement of the representation by a
factor of 1.5. In controls without stimulation (sham group), the
cortical representation did not change within 2 h (1.79 = 0.27 vs
1.83 = 0.26 mm?).

Peripheral representation (receptive field) of the ICMS site

To minimize possible structural artifacts induced by the treat-
ments (see above, Animals and experimental procedures), only a
small craniotomy was performed for inserting the electrode.
ICMS was applied to a single site of the cortical representation of
toe 3. In sham-operated animals (n = 6), the average RF size at
the tip of toe 3 (Figs. 1a, 2c) was 27.53 = 11.45 mm” in the right
hemisphere and 30.74 = 10.14 mm? in the left hemisphere ( p >
0.05, paired t test) (Fig. 2¢). In the ICMS-treated animals (n =
39), the mean value of the RF size before stimulation was 39.39 *+
29.22 mm? for the ICMS side and 56.59 * 45.33 mm? for the
contralateral side ( p > 0.05, paired ¢ test) (Fig. 2¢). After stimu-
lation, we found a significant increase of the RF sizes on the
stimulated side (221.73 = 73.35 mm?; paired ¢ test, p < 0.005)
(Fig. 2¢). The maximum increase was present for 45 min from 15
min up to 1 h after stimulation (Fig. 2d). Afterward, the RF sizes
began to decrease. However, even 2-5 h after stimulation, the RF
sizes were still significantly increased (¢ test, p < 0.001) (Fig. 2d)
and returned to normal values between 5 and 10 h after stimula-
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Figure 2.

tion offset (Fig. 2d). On the contralateral side, the RF size did not
change (60.23 * 48.41 mm?; paired ¢ test, p = 0.81) (Fig. 2c).

To investigate the underlying mechanisms of the functional
changes after stimulation (RF enlargement and increase of the
cortical representation), brain tissue from stimulated and sham-
operated animals was evaluated with Nissl stain (we counted in
the ROI the number of cells to get an overview about the total
number of cortical cells and to rule out cell loss as a possible
reason for changes in protein expression) and immunohisto-
chemical markers indicative for neuronal activity and the state of
the glutamatergic and GABAergic transmitter systems (Bradford,
1995; MacDermott, 2001).

Mapping the neuronal activity by c-Fos

First we tested whether the RF enlargement at the ICMS site and
the increase of the cortical map was induced by an increase of the
neuronal activity. The metabolic marker c-Fos, an immediate
early gene known for its powerful indication of cellular/metabolic
activity, was used for mapping the neuronal activity (Morgan et
al., 1987; Sagar et al., 1988). After stimulation offset on the ICMS
side, many cells were labeled (Fig. 3a). However, in the area di-
rectly surrounding the stimulation electrode up to a distance of
125-150 wm, some cells (18.1 = 9.2/ROI) showed a weak c-Fos
labeling, reflecting a low concentration of the marker. Outside
this area, a 10-fold greater number of labeled cells (200.5 * 19.8/
ROI) was observed (Fig. 4a). c-Fos labeling extended up to 4.5
mm lateral around the stimulation site, including all adjacent
cortical areas. On the contralateral side (3.3 = 2.4/ROI) and in
the sham-operated animals, fewer cells (3.3 £ 1.0/ROI) ex-
pressed c-Fos (Figs. 3a, 4a).

Mapping of the inhibitory and excitatory systems at the
stimulation site

After we revealed that, after ICMS, the RF size increase at the
stimulation site is not correlated with an increase of the metabolic
activity (low c-Fos labeling) and the RF size increase in the sur-
round correlates with an increased metabolic neural activity

-2 0405 0..5-1 1-2 25 57
time [h]

Somatosensory mapping of the hindpaw representation before (a) and after (b) ICMS. L, Lateral; C, caudal. Dots
indicate recording sites with the appending receptive field (indicated by the arrow). Bars show recording sites, which are unre-
sponsive to tactile stimulation. Asterisks mark newly accrued receptive fields after ICMS (b). Receptive field size from both
hemispheres of control (sham) and stimulated animals (c). Time course of receptive field changes before (pre ICMS) and after 2 h
of electrical stimulation (post ICMS) over an interval of 10 h after stimulation compared with preconditions (d). *p << 0.05.

7-10 (IR) cells nor the OD of the labeling for
glutamate and for GABA were signifi-
cantly changed in this region (Table 2) (see
Table 5). Furthermore, the expression of
the GABA-synthesis enzyme GAD was not
significantly different between the control
animals and the stimulated animals at the
stimulation site, but there were indications
for a specific downregulation of the
GABAergic system based on the expression of the calcium-
binding proteins.

Mapping the expression of calcium-binding proteins at the
stimulation site

Several types of GABAergic neurons can be differentiated by their
expression of the calcium-binding proteins (CaBPs) PV, CB, and
CR. Each of these three CaBPs is mostly colocalized with GABA in
distinct subpopulations of nonpyramidal cells (Hendry et al.,
1989; Celio, 1990). We used CaBP immunohistochemistry to vi-
sualize specific changes in the GABAergic cell population. We did
not find any changes in the number of CR- and CB-positive cells
(Table 2) but a local reduction at the stimulation site in the num-
ber of inhibitory interneurons expressing parvalbumin (Figs. 3b,
4b). This protein is expressed in fast-spiking basket cells and is
involved in the coordination of functional activity across related
cortical regions by inhibiting the pyramidal cell output (Heiz-
mann, 1993). The decrease of the number of parvalbumin-IR
cells at the stimulation site was highly significant ( p < 0.001)
(Table 2). The mediolateral extension of this area was 200-300
pm and includes the zone, in which the c-Fos expression was low
(Fig. 3a). In the following, we will call this area suppression zone
(SZ) (Fig. 4c). Outside of this zone, we did not observe significant
differences in the number of stained parvalbumin cells compared
with control animals (Tables 3, 4).

Mapping excitatory neurotransmitter system outside the
stimulation site

Adjacent to the SZ, the OD of glutamate staining was significantly
enhanced 250 um caudal to the stimulation site in an area ex-
tending from the fissura longitudinalis cerebri up to 4 mm to-
ward lateral. This area includes the motor cortex, the hindlimb
region, forelimb region, and the dysgranular region of SI.

The number of glutamate-IR cells was significantly increased
250 pm rostral to the stimulation site in the hindpaw and fore-
paw region and 750 wm anterior to the stimulation site in the
motor cortex (Fig. 4d). Also, an increase in the number of cells
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expressing glutamate occurred 1 mm lat-
eral to the stimulation site in the forepaw
representation in an area of 1.250 mm an-
teroposterior extent (Fig. 4d). At 1 mm
posterior to the stimulation site, an in-
crease of the number cells expressing glu-
tamate was observed in the motor cortex
and the somatosensory hindlimb and dys-
granular region of S1 (see Fig. 6b), which
are highly interconnected (Hoover et al.,
2003).

This zone, which is characterized by
positive changes in the excitatory trans-
mitter system, will be further called excita-
tion zone (EZ). Within the EZ, for exam-
ple in the hindpaw representation, the
electrophysiological recordings revealed
an enlargement of the cortical area and in-
creased RFs (Fig. 2) that lasted up to 5 h.
The glutamate staining observed at differ-
ent time points (2, 5,7, and 10 h after stim-
ulation) showed a similar time course and
lasted up to 5 h after stimulation (Fig. 5a).

In parts of the EZ, an upregulation of
the inhibitory system was found as well
(Figs. 4g,j, 6b).

Mapping the inhibitory
neurotransmitter system outside the
stimulation site

The changes in the inhibitory transmitter
system displayed a different spatial distri-
bution compared with the excitatory sys-
tem (Figs. 4f,i—1, 6b).

The OD of the GABA and GAD stain-
ing was significantly changed outside the
EZ (Fig. 4h,k; Table 5). The OD of GAD
staining was increased 500 um caudal/3.5
mm lateral of the stimulation site and 750
pm rostral extending from the fissura lon-
gitudinalis cerebri up to 1.5 mm lateral
(Fig. 4k). The OD of the transmitter GABA
was increased medial to the stimulation
site in the agranular frontal cortex (Fig.
4h) and extended into the contralateral
side (data not shown).

Significant changes in the number of
GABA- and GAD-immunoreactive cells in
the ROI are located 750 um caudal and
500 wm rostral to the stimulation site (Fig.
4¢,7). Caudal, the number of IR cells was
increased for GABA at 3.5 mm lateral and
for GAD from 1.5 up to 2.5 mm lateral to
the fissura longitudinalis cerebri. Rostral,
the number of GABA-IR cells was in-
creased from 2.5 up to 4.5 mm lateral to
the fissura longitudinalis cerebri, and the
number of GAD-IR cells was increased at
2.5 mm lateral. In addition, GABA-IR cells
are significantly increased 1000 wm rostral
and 0.5, 1.5, and 3.5 mm lateral. In sum-
mary, the upregulation of GABA and GAD
seems to represent an inhibitory surround
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ICMS | ~  cFos Control c-Fos

Figure3. Histological changes after 2 h of ICMS compared with the contralateral side. a, b, Changes at the stimulation site in
c-Fosandin PV. A dark arrow indicates the electrode track. ¢, Increase of the excitatory system (glutamate) after 2 h of ICMS Tmm
lateral the ICMS electrode. The small right top image shows a magpnification of stained pyramidal cell. d, e, Enhancement of
inhibitory system after 2 h of ICMS in GABA and GAD 500 um rostral the ICMS electrode. In the small windows of the GAD images
ata higher magnification, a nonlabeled pyramidal cell is shown, which is surrounded by labeled GAD puncta. (For magnification,
see scale barin a).
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Figure 4. Summary of the changes after 2 h of ICMS are shown in first two columns. a, b, d, e, g, h, j, k, Color-coded
representations of the histological changes after ICMS. The statistical differences are marked by * (significance level of 1%) or X
(significance level of 5%). Arrows indicate the location of the electrodes during ICMS or without ICMS. Note that, in controls
(sham), c-Fos-IR cells are below threshold for color coding (Tables 2— 4). The third column (¢, i, /) summarizes the changes of the

different expression pattern and dlassifies the different zones. L, Lateral; M, medial.

that could functionally limit the increase of glutamatergic excita-
tion (Fig. 6b). This zone, which is characterized by positive
changes in the inhibitory transmitter system, will be further
called inhibition zone (Fig. 41).

Discussion

Our histological and electrophysiological results indicate that
cortical reorganization and RF enlargement after ICMS are char-
acterized by a specific spatiotemporal pattern of changes in trans-
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mitter systems and proteins. In the SZ,
which was located immediately around the
stimulation site, we found no changes of
the transmitter systems and a moderate in-
crease of the neural activity (c-Fos) but a
- reduction of the calcium-binding protein
parvalbumin. A second asymmetric zone
surrounded the SZ. In this zone (excita-
tion zone), we found an increase of the
4324 excitatory transmitter glutamate and an
L mm M increase of the neural activity (c-Fos). A
third zone (inhibition zone) with an up-
regulation of the GABAergic inhibitory
e s system (GABA and GAD) and the neural
activity (c-Fos) seems to enclose the pre-
ceding zones.

Suppression-Zone

Suppression zone
The immunohistochemistry of the
calcium-binding protein parvalbumin
- showed a decrease of IR cells at the stimu-
4321 lation site after ICMS. A decline of parval-
f Loom m bumin is also observed after epileptic sei-
zure (Kamphuis et al., 1989; Sloviter, 1989;
DeFelipe et al., 1993; Schwaller et al.,
2004), in schizophrenia (Eyles et al., 2002;
Zhang and Reynolds, 2002; Sakai et al.,

2008), and in Alzheimer's disease (Solod-

kin et al., 1996). Under all these condi-

= tions, the decrease of parvalbumin indi-

cates a change in the neuronal network,

but, as far as we know, we here describe for

= the first time a change of parvalbumin im-

. 43321 munoreactivity that correlates with changes
I L mm ™ in a topographic map.

We assume that the decrease of parval-
bumin is dependent on the electrophysio-
logical properties (fast-spiking vs regular
firing) of the cells that are involved in syn-
chronizing the neuronal activity (McBain
and Fisahn, 2001). A relationship between
the firing pattern of nonpyramidal cells
and the CaBPs has been reported
(Kawaguchi, 2001). Only the fast-spiking
neurons expressing parvalbumin are able
to follow a high-stimulation frequency
(Celio, 1986; Kawaguchi, 2001). This is
consistent with our finding that calbindin
and calretinin (Table 2) did not change
significantly at the stimulation site,
whereas we observed a significant decrease
of cells expressing parvalbumin.

Differences between the CaBP-
containing neurons exist in their cortical
distribution and their ~morphology
(Markram et al., 2004). The parvalbumin protein is located with
a higher density in layer IV (the layer in which we applied ICMS
in this study) and is expressed mainly in basket and chandelier
cells (Markram et al., 2004). The basket cells have a local dendritic
tree and their axonal arms (two up to five) can extend up to 1 mm
from the dendritic field in the plan view (Kisvarday, 1992) and are
specialized in targeting the somata and proximal dendrites of
pyramidal neurons and interneurons (Markram et al., 2004).
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Table 2. Summary of the number of IR cells in the suppression zone immediately
after the ICMS (Fig. 4)

ICMS Control p<
-Fos 18.1+9.2 33+10 0.394
Parvalbumin 439 +40 1325 = 9.0 0.001
(albindin 593 £ 85 69.1 £ 7.5 0.059
Calretinin 753 £109 873+ 86 0.142
Glutamate 370.1 £ 126 3355+ 89 0.065
GABA 181.6 = 22.1 162.0 = 7.2 0.262
GAD 1220 +7.2 1M1.6+98 0.215
Nissl 3001 = 274 2657 = 172 0.187

Table 3. Summary of the number of IR cells in the excitation zone immediately
after the ICMS (Fig. 4)

ICMS Control p<
¢-Fos 200.5 = 19.8 2602 0.001
Parvalbumin 1194 = 48 122.83 = 2.1 0.42
(albindin 701+ 2.7 703 = 3.9 0.872
Calretinin 1248 = 5.1 1436 7.2 0.057
Glutamate 4256 = 6.8 3364 + 8.0 0.001
GABA 240.8 = 24.1 187.7 = 10.0 0.1
GAD 1259 £ 5.7 119.0 =35 0.581
Nissl 2468 + 146 2640 + 224 0.445

Table 4. Summary of the number of IR cells in the inhibition zone immediately
after the ICMS (Fig. 4)

ICMS Control p<
¢-Fos 163.5 £ 17.5 2002 0.001
Parvalbumin 1225+ 44 116.85 = 2.5 0.811
Calbindin 61524 63.1 3.6 0.586
Calretinin 1421 £ 6.5 150.4 = 8.6 0.518
Glutamate 4261+ 9.1 3721147 0.005
GABA 2159 =195 162.8 == 7.1 0.007
GAD 1220 x£7.2 1M1.6 £3.9 0.215
Nissl 2657 * 142 2414 = 88 0.187

They are therefore the primary source of lateral inhibition across
columns within the layer that contains their somata.

The chandelier neurons can be multipolar or bitufted and are
targeting the initial axon segment in which they can control the
generation of action potentials (Zhu et al., 2004). This means that
the GABAergic input on the dendrites and somata of pyramidal
cells originates from numerous and various types of basket cells,
but the only source of synapses on their axon initial segment is
from one or a few chandelier cells (DeFelipe, 1999).

ICMS has been shown to produce a small RF enlargement
already after 30 min of stimulation and RF size additional in-
creases with longer application time (Dinse et al., 1993). We as-
sume that, at the beginning of ICMS, both the excitatory and the
inhibitory system are strongly activated by the synchronized
stimulation, but the PV-IR cells control the output of the pyra-
midal cells (Zhu et al., 2004), and, if the activity in the network
increases by the ICMS, then the inhibition of pyramidal cells
increases, too. Similar findings were observed during the critical
period (Hensch, 2005; Hensch and Fagiolini, 2005; Morishita and
Hensch, 2008), in which the onset of the critical period correlates
with the emergence of PV-IR cells (del Rio et al.,, 1994). The
increase of inhibition adjusts the excitatory output of pyramidal
cells and consolidates plasticity during the critical period (Mor-
ishita and Hensch, 2008). In a previous study, it was shown that
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Figure 5.  Optical density of glutamate (a), GABA (b), and GAD (c) at different time points

afterICMS from the different zones (Fig. 4c,f,/). For comparison, see time course of changesin RF
size (Fig. 2d). Because the 0D of the immunoreactivity of animals differ, the data were stan-
dardized, to compare among animals. The OD of each individual measure was divided by the
average value of all stained sections from the same animal and same marker. |Z, Inhibition zone.

repetitive intracortical microstimulation in brain slices of the rat
SI induces long-term depression in the excitatory system (Heu-
sler et al., 2000). As a consequence, the transmitter release of the
depressed excitatory synapses is reduced. Calcium-permeable
AMPA and NMDA receptors are expressed in PV interneurons
(Goldberg et al., 2003; Nyiri et al., 2003). In cells expressing PV,
the calcium-permeable AMPA receptors provide a fast and
NMDA receptors a slow calcium influx (Goldberg et al., 2003). A
decrease of the glutamatergic transmitter release (hypoglutama-
tergic condition) leads to a drop in the calcium influx (Kinney et
al., 2006) and to a compensatory mechanism, with a decrease of
parvalbumin-positive GABAergic interneurons and a loss of their
phenotypic appearance (Kinney et al., 2006). These findings
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lular glutamate enhances the responses of
the affected neurons to peripheral stimula-
tion and uncovers new receptive fields that
induce an enlargement of the cortical repre-
sentation (Lamour et al., 1988).

After partial deafferentation of the
hindlimb, granular cortex of the rat by
nerve transection neurons in the cortical
hindlimb area were more readily depolar-

ized by glutamate (Lamour and Dykes,
1988). In this deafferentated cortex, the
neuronal responses to a fixed dose of glu-
tamate were larger than in normal cortex.

a b Inhibition Suppression Excitation The main effect of glutamate was an en-
largement of the receptive field sizes and
Figure 6.  Cortical topography surrounding the ratunculus in primary somatosensory cortex (a). VC, Visual cortex; fl, forelimb; only few receptive fields were uncovered

hl, hindlimb; SI, primary somatosensory cortex; MC, motor cortex; cg, cingulate cortex; OB, bulbus olfactorius; RAG, retrosplenial
cortex; TE, temporal cortex; (R, cerebral cortex; SII, secondary somatosensory cortex; Ins, insular cortex; PIR, piriform cortex.
(lassification of the zones attributable to the specific changes of the transmitters and proteins immediately after two hours of
ICMS and overlay these to the cortical representation (b). FP, Forepaw; HP, hindpaw; IZ, inhibition zone; UZ, unresponsive zone.

Table 5. Summary of the optical density in the three zones for GABA, GAD, and
glutamate immediately after the ICMS (Fig. 4)

ICMS Control p<

Suppression zone

GABA 1.01 % 0.048 0.96 = 0.07 0.881

GAD 0.95£0.25 1.1x0Mm 0.393

Glutamate 0.92 = 0.07 0.99 +0.28 0.8
Excitation zone

GABA 0.86 = 0.05 0.97 £ 0.01 0.305

GAD 0.96 = 0.01 0.97 = 0.04 0.514

Glutamate 1.06 = 0.15 0.97 £ 0.06 0.001
Inhibition zone

GABA 0.98 = 0.14 0.93 = 0.11 0.024

GAD 1.07 = 0.16 0.99 £ 0.06 0.001

Glutamate 0.92 = 0.05 0.98 = 0.02 0.884

might well explain our data at the stimulation site, in which no
expression of parvalbumin and a moderate expression of c-Fos
occurred.

ICMS seems to “reset” the excitatory and inhibitory balance
and to induce a state as found in the precritical period during
development (Morishita and Hensch, 2008). The physiological
state of the parvalbumin-positive basket cells is disturbed and this
attenuation of the GABAergic circuits in maturity induces corti-
cal reorganization as observed during the critical period in the
somatosensory cortex (Fox 1992; Stern et al., 2001) or visual
cortex (Fox, 1992; Hensch, 2005; Hensch and Fagiolini, 2005).

Excitation zone

Direct synaptic projections are supposed to activate neurons
within a range of 125-600 um (Stoney et al., 1968; Tehovnik,
1996). Thus, the increase of glutamate in the EZ might be directly
attributable to synaptic activation via stimulated nerve fibers
originating from the SZ or indirectly attributable to missing in-
hibition from the SZ indicated by the decrease of parvalbumin in
the fast-spiking basket cells and chandelier cells. Increased exci-
tation and/or missing inhibition might explain the increased RF
sizes measured in this area. An enlargement of the receptive field
size is seen after iontophoretic application of glutamate to neu-
rons in the forelimb and hindlimb representation of the somato-
sensory cortex of rats (Lamour et al., 1988). In addition, extracel-

by glutamate. These data were interpreted
in such a way that the cells from deafferen-
tated cortex had fewer excitatory inputs
and were apparently under a compara-
tively weaker degree of inhibitory control
than in controls (Lamour and Dykes,
1988). Interestingly, a similar mechanism is observed in the visual
cortex, too. An increase of glutamate immunoreactivity was seen
after peripheral retinal lesions in the visual cortex of cats. The
increase is located in the boundary region of the lesion projection
zone (LPZ) (Arckens et al., 2000). This effect might be explained
by a very similar mechanism. Like in the SZ of our experiments,
the cortical activity is strongly reduced in the LPZ as a result of the
missing afferent signals after retinal lesions. In the boundary re-
gion of the LPZ, intracortical lateral inhibition from the LPZ is
reduced, inducing increased activity and enlarged RF sizes (Gi-
annikopoulos and Eysel, 2006). The upregulation of GABA and
glutamate in the EZ must not be a contradiction. Similar upregu-
lations of both transmitter systems is observed after 1-2 months
after retinal lesion in the nondeprived cat visual cortex (Massie et
al., 2003) and during the critical period (Hensch, 2005). The
increase of glutamatergic excitation would allow the strengthen-
ing of synapses and the expansion of the receptive fields, and the
increase of GABA shapes the new RFs. Therefore, the coregula-
tion maintains the balance between excitation and inhibition and
stabilizes the functional organization of the cortical RFs.

Inhibition zone

The third and outermost zone induced by ICMS in the somato-
sensory cortex was characterized by an increase of markers for the
GABAergic system. The increased activity of the inhibitory sys-
tem in the inhibition zone probably represents a compensatory
reaction to the increased activity in the EZ. It could serve to
prevent a propagation of the excitation over the whole cortex as
seen during epileptic seizures (Prince and Wilder, 1967; Golden-
sohn and Salazar, 1986; Schwartz and Bonhoeffer, 2001). In the
inhibition zone, the RF enlargement was smaller than at the stim-
ulation site and in the EZ (Haupt et al., 2004). The ICMS-induced
changes are, on the one hand, functionally limited by this inhibi-
tion zone, and, on the other hand, structurally restricted by the
range of horizontal connections and anatomical rules such as the
fact that, within the hindpaw representation, layer IV cells main-
tain relatively few axonal connections with adjacent more dys-
granular cortical regions (Chapin et al., 1987). In addition, layer
VI cell connectivity has to be considered because the changes of
IR after ICMS extend over the whole column. Forty-four percent
of all corticocortical projections of layer VI neurons from the
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primary somatosensory cortex of the rat project to SII and motor
cortex (Zhang and Deschenes, 1997), which could limit cortical
reorganization to these areas.
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