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Effects of Frontal Cortical Lesions on Mouse Striatum:
Reorganization of Cell Recognition Molecule, Glial Fiber, and
Synaptic Protein Expression in the Dorsomedial Striatum

Maciej Poltorak, Antonio S. Herranz, Jamesine Williams, Liverana Lauretti,® and William J. Freed
Preclinical Neurosciences Section, Neuropsychiatry Branch, NIMH Neuroscience Center at St. Elizabeth’s, Washington,

DC 20032

Brain injury induces trophic effects within adjacent tissue
through an unknown molecular mechanism. One model of
this lesion effect involves the enhanced outgrowth of neu-
ronal processes from transplanted substantia nigra in ani-
mals with cerebral cortex lesions. Since cell recognition mol-
ecules are involved in the molecular mechanisms of contact
between cells and surrounding extracellular matrix compo-
nents, and are important in plasticity of the nervous system,
we investigated changes in L1, N-CAM, and tenascin, as
well as synapse-associated proteins and gliosis, in the stria-
tum of mice with cortical lesions. The removal of somato-
sensory and motor cortex would be expected to produce
changes predominantly in the dorsal striatum. Lesioned mice,
however, showed a significant enhancement of both L1 and
N-CAM immunostaining intensity only within the most me-
dial-periventricular and dorsomedial parts of the striatum,
as compared to the nonlesioned side. Tenascin expression
was significantly decreased, but only in the most medial part
of the striatum. The changes in intensity of immunostaining
with L1, N-CAM, and tenascin did not diminish with time after
lesioning. These changes in cell recognition molecule ex-
pression indicate a possible molecular basis of lesion-in-
duced plasticity in neuronal circuits within the dorsomedial
striatum. These changes were accompanied by decreased
synapsin and synaptophysin expression, but without any
significant change in neurofilament expression. In contrast,
glial fibrillary acidic protein and vimentin immunoreactivities
were increased in aimost the entire striatum on the lesioned
side. Therefore, the areas of changes in cell recognition
molecule expression did not simply correlate to the in-
creased astrogliosis or neuronal fiber damage. We postulate
that the periventricular dorsomedial striatum is relatively
sensitive to disturbances of corticostriatonigral circuits and,
simultaneously, this striatal area has a unique ability to sup-
port and promote neurite growth.
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Lesions of the frontal cortex increase the degree of reafferen-
tation of adjacent dorsomedial striatum by substantia nigra (SN)
grafts in the lateral ventricle of animals with unilateral SN le-
sions (Freed and Cannon-Spoor, 1988, 1989). This finding is
consistent with other data that suggest that a relatively large
degree of striatal reafferantation is obtained when SN grafis are
placed in cortical lesion cavities (Bjorklund et al., 1980). The
mechanism by which frontal cortical lesions influence the rein-
nervation of denervated striatum is not, however, known.

Brain injury causes secretion of soluble neuronal trophic fac-
tors (Nieto-Sampedro et al., 1982, 1984). It is conceivable that
these factors influence adjacent brain tissue by altering the ex-
pression of substrate molecules that are involved in the pro-
motion or inhibition of neural outgrowth. Indeed, recent in vitro
studies have shown that the degree of neurite extension is mod-
ified by recognition of certain permissive (Tomaselli et al., 1986,
1988; Bixby et al., 1988) or repulsive (Schwab and Caroni, 1988)
substrate molecules by growth cones. There are many families
of extracellular matrix (ECM) and cell recognition molecules
involved in such interactions (Schachner et al., 1990). Among
them, two molecules, L1 and N-CAM, in general have a positive
influence on neurite extension (Lagenaur and Lemmon, 1987,
Bixbyetal., 1988; Lemmon et al., 1989; Bixby and Zhang, 1990;
Doherty et al., 1991; Poltorak et al., 1992). Mouse L1 molecule
(Rathjen and Schachner, 1984) is related to rat NILE molecule
(Stallcup et al., 1985), and also to chick NgCAM (Grumet et
al., 1984). Mouse L1 molecule is not identical with the chick
NgCAM, since it shares only approximately 40% the amino acid
sequence (Moos et al., 1988; Burgoon et al., 1991).

Another molecule, tenascin (Chiquet-Ehrismann et al., 1988;
Kruse et al., 1985), which is related to chick cytotactin (Grumet
etal., 1985), in vitro appears able either to promote or to inhibit
neurite extension depending on various conditions, such as
whether it is substrate bound or secreted as the soluble form
(Spring et al., 1989; Faissner and Kruse, 1990; Grierson et al.,
1990; Lochter et al., 1991). Since cell recognition molecules may
be important in plasticity and synaptic remodeling in the CNS,
we have investigated whether frontal cortical lesions induce
changes in cell recognition molecules in the striatum of mice.
It is possible that such changes could predispose certain areas
of the striatum to neurite growth.
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Figure 1. The location of an average aspiration lesion. For the purpose
of this study, the striatum was arbitrarily divided into five regions: the
most medial-periventricular part (M) and the dorsomedial (DM), dor-
solateral (DL), ventrolateral (VL), and ventromedial (VM) quadrants.
Measurements of mean staining intensity were taken from the both
lesioned (L) and nonlesioned (nL) sides.

Synapsin and synaptophysin are important components of
synaptic vesicles (reviewed in Sudnof and Jahn, 1991). Four
related synapsin molecules are involved in the binding of syn-
aptic vesicles to the cytoskeleton, and therefore guide the drift
of synaptic vesicles between active and inactive zones of the
presynaptic membrane. Synaptophysin is implicated in the for-
mation of channels during synaptic vesicle exocytosis. There-
fore, the expression of these proteins as measured by immu-
noreactivity can be used as an indication of synaptic density.

In order to examine the influence of frontal cortex extirpation
on striatal tissue, we ablated the frontal cortex in mice without
prior denervation of the striatum by SN lesions. We have in-
vestigated changes in cell recognition molecules, in addition to
synapsin, synaptophysin, fibronectin, neurofilaments, and gli-
osis. To the best of our knowledge, data demonstrating the
corticostriatal projection pattern are not available for mice, but
refer only to the rat species, and there is a possibility of variation
in the corticostriatal projection in the mouse. Since these data
are critical for interpretation of the present results, we also per-
formed anterograde tracing experiments to demonstrate the
mouse frontocorticostriatal projection from the area of cortex
that was lesioned.

Materials and Methods

Aspiration lesions of the right frontal cortex were performed in 48 CF1
mice essentially as described in detail elsewhere (Freed and Cannon-
Spoor, 1988). Animals were maintained according to the NIH Guide
for Use of Laboratory Animals. Mice were housed in groups of 6-10
with continuous access to food and water, and were maintained on a
12 hr light/12 hr dark cycle. Briefly, mice were anesthetized with ke-
tamine and xylazine and mounted in a stereotaxic instrument. Cortical
lesions were performed by aspiration of the cerebral cortex down to the
corpus callosum under visual guidance. The lesions extended approx-
imately from 0.5 mm from the midline to 2.5 mm laterally and 1 mm
posterior from the bregma to the olfactory bulb. Following aspiration,
bleeding was stopped with Gelfoam and the skin was closed with wound
clips. The location of an average lesion is shown in Figure 1. Mice were
studied after 5, 10, 21, 100, and 150 d of survival. Brains were quickly

removed, frozen, and sectioned, and every seventh section was stained
with cresyl violet. Matching frontal sections of anterior striatum from
all groups were labeled with polyclonal rabbit serum against mouse L1
(Schachner et al., 1983; Rathjen and Schachner, 1984; dilution, 1:100),
mouse N-CAM (Goridis et al., 1983; dilution, 1:100; both sera generous
gifts of M. Schachner, Swiss Federal Institute of Technology, Zurich,
Switzerland), human tenascin (Chemicon International Inc.; dilution,
1:100), and glial fibrillary acidic protein (GFAP; DAKO Corp.; dilution,
1:400), and rat synapsin I (Hamos et al., 1989; generous gift of L.
DeGennaro, University of Massachusetts, School of Medicine, Worces-
ter, MA; dilution, 1:200). We also used mouse monoclonal antibodies
against neurofilaments SMI 31 and SMI 35 (Sternberger-Meyer Inc.;
dilutions, 1:200), vimentin (clone 3D3, Chemicon; dilution, 1:50), and
synaptophysin (Boehringer Mannheim Corp., clone SY 38; dilution ,1:
100). Indirect immunofluorescence was used as the detection system
essentially according to Schachner (1983). The secondary antibodies
were affinity purified swine anti-rabbit IgG (DAKO) or goat anti-mouse
IgM (Pel-Freez) conjugated with rhodamine, or F(ab’)2 fragments of
goat anti-mouse IgG (Pel-Freez) conjugated with fluorescein. Secondary
antibodies were used at 1:75 to 1:200 dilutions. For each primary an-
tibody, a matched set of sections from all of the treatment groups was
selected and were stained simultaneously in a single batch.

Measurements of mean staining intensity were taken from both le-
sioned and nonlesioned sides. For the purpose of the study, the striatum
was arbitrarily divided into five regions: the most medial-periventricular
part (M), and the dorsomedial (DM), dorsolateral (DL), ventrolateral
(VL), and ventromedial (VM) quadrants (see Fig. 1). The medial-peri-
ventricular (M) region was defined as the area medial to the myelinated
fiber bundles. Mean density of immunostaining was measured using the
Macintosh IIx-based image analysis program (IMAGE 1.33, developed
by W. Rasband, NIMH, Bethesda, MD). The stained slides were studied
under 200x magnification using a Zeiss Photomicroscope III, and a
DAGE-MTI SIT68 camera. Fluorescence intensity was measured in
relative gray scale units with the camera sensitivity adjusted so that the
range of average mean fluorescence intensity for each antibody was
approximately 120-250 gray scale units. The lower range of gray scale
(0-120 units) could not be effectively used because, at this sensitivity,
anatomical regions could not be precisely identified.

Statistics. Statistical analyses were performed with the superaNnova
program (Abacus Concepts, version 1.1). For each of the antibodies for
which staining was measured in terms of staining intensity (L1, N-CAM,
tenascin, synapsin, synaptophysin, fibronectin, GFAP, vimentin, and
neurofilaments), the data were analyzed by a three-way analysis of vari-
ance (ANOVA), using side (lesioned vs nonlesioned) and region (M,
DM, DL, VL, and VM) as within-subjects factors and time after le-
sioning (5, 10, 21, 100, and 150 d) as a between-subjects factor. Dif-
ferences between the lesioned and nonlesioned side for each of the five
regions were tested by planned means contrasts. Other statistical tests
were used as indicated.

Tracing. Tracing experiments to establish the corticostriatal projec-
tion from the lesioned area were performed using injections of Phaseolus
vulgaris leucoagglutinin (PHA-L; Vector Labs) and wheat germ agglu-
tinin conjugated to horseradish peroxidase (WGA-HRP; Sigma Chem-
ical Co.) in young naive adult mice. The tracers were delivered ionto-
phoretically with positive pulses of 1-7 uA (7 sec on, 7 sec off, 75 cycles)
from 2% solutions through glass pipettes with tip diameters of 20-25
um. The injection sites were aimed at the same area of frontal cortex
where the frontal aspiration lesions were made, and more medially into
the cingulate cortex. Sections from mouse brains (n = 4) with the PHA-L
injections were stained immunocytochemically according to the method
of Gerfen and Sawczenko (1984) after 14 d of survival. WGA-HPR was
visualized according to the method described by Mesulam (1982) with
tetramethylbenzidine as the peroxidase substrate. Mouse brains (n = 6)
were studied after 48 hr.

Results

Tracing experiments. The iontophoretic injections of both WGA-
HPR or PHA-L tracers anterogradely labeled the frontocor-
ticostriatal pathway. The medial aspect of motor and so-
matosensory cortex (the site of the aspiration lesions) projected
predominantly to the DL region of the striatum, with little or
no labeling of the DM and M striatum (Fig. 24,B). The tracer
injections to the cingulate cortex at the level of the anterior
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Figure 2. PHA-L (4) and WGA-HRP (B) anterograde labeling of the striatum after injection of tracers into the frontal cortex of naive mice at
the same location in which the aspiration lesions were performed. The labeling indicates that the lesions removed output fibers projecting
predominantly to the DL striatum. In B, taken from the DL region, at higher magnification, note that in addition to the fiber bundles there are
also dispersed very fine fibers (arrowheads). Scale bar: 200 um for 4; 50 um for B.

striatum produced labeling of more medial parts of the striatum
(not shown).

LI immunoreactivity. L1 immunoexpression within the stria-
tum showed uniform staining of the brain parenchyma, with
unstained cell bodies. The striatum on the lesioned side dem-
onstrated disturbances of L1 immunoreactivity. In the M and
DM regions on the lesioned side it appeared that L1 immu-
noreactivity was more intense than on the nonlesioned side
(Figs. 34-D; 44, B). Moreover, it seemed that in groups of mice
with short survival times (i.e., 5 and 10 d), in some of animals,
there was a decrease of L1 immunoreactivity within the DL
regions on lesioned side as compared to nonlesioned side (Fig.
3E,F). In order to evaluate these findings statistically, we an-
alyzed the L1 immunoreactivity using computer-assisted image
analysis. The three-way ANOVA showed a statistically signif-
icant side x region interaction effect [F(4,120) = 3.21, p =
0.015]. There was trend in the main effect of region [F(4,120)
= 2.24, p = 0.069]. The main effects of time and of side, and
the interactions involving time, were not significant (p > 0.1).
Means contrasts demonstrated a statistically significant en-
hancement of L1 immunostaining on the lesioned side in the
M (p = 0.04) and DM (p = 0.0004) regions, as compared to the
nonlesioned side (Fig. 54). There were no differences in the
other regions, including DL. There were no statistically signif-
icant changes related to the time after lesioning.

N-CAM immunoreactivity. Immunostaining with the N-CAM
antibodies showed a homogeneous pattern within the striatum
on both the lesioned and nonlesioned sides. It appeared that
N-CAM expression was enhanced on the lesioned side, as com-
pared to the nonlesioned side, within the M and DM regions.
Representative N-CAM immunostaining in the M region is
shown in Figure 4, C (nonlesioned side) and D (lesioned side).
This difference in immunostaining intensity was statistically
significant. The three-way ANOVA showed a statistically sig-
nificant side x region interaction effect [F(4,128) = 3.41, p =
0.01]. There was a significant main effect of region [F(4,128) =
4.67, p = 0.015]. The main effect of time and the interactions
involving time were not significant. Means contrasts demon-
strated a significant enhancement of N-CAM immunostaining

on the lesioned side in the M (p = 0.04) and DM (p = 0.001)
regions as compared to the nonlesioned side (Fig. 5B). There
were no differences between the lesioned and nonlesioned sides
in the other locations. No significant changes related to time
after lesioning were found.

Tenascin immunoreactivity. The antibody against tenascin
weakly stained the striatal tissue. Representative immunostain-
ing with the tenascin antibody in the M region is shown in Figure
4, E (nonlesioned side) and F (lesioned side). It seemed that in
M region on the lesioned side there was tendency for reduction
of tenascin expression as compared to the nonlesioned side. The
decreased intensity of tenascin immunoreactivity within the M
region was statistically significant. The three-way ANOVA
showed a statistically significant side x region interaction effect
[F(4,120) = 2.72, p= 0.033]. There was a significant main effect
of region [F(4,120) = 6.69, p = 0.0001]. The main effect of time
and the interactions involving time were not significant. Means
contrasts demonstrated a decrease in tenascin immunostaining
in the M (p = 0.0001) region as compared to the nonlesioned
side (Fig. 5C). There were no differences between the lesioned
and nonlesioned sides in the other locations. Intensity of im-
munostaining did not show significant changes related to time
after lesioning.

GFAP and vimentin immunoreactivity. After 5, 10, and 21 d,
mice showed enhancement of both GFAP and vimentin im-
munoreactivity on the lesioned side, as compared to the nonle-
sioned side, in almost the entire striatum with the exception of
the VM region. After 100 and 150 d, expression of both GFAP
and vimentin was similar on both sides in all regions. Figures
6 and 7 show representative GFAP immunolabeling. Vimentin
immunoreactivity is not shown.

In order to quantify these findings, we counted the number
of GFAP-positive cells in one field as seen with the fluorescence
microscope at 312.5 x magnification in each of the four regions
DM, DL, VM, and VL. The data were analyzed using a three-
way ANOVA. The main effect of side was statistically significant
[F(1,66) = 38.89, p = 0.001], as were the side x time [F(4,66)
= 5.39, p = 0.0035] and the side x region interactions [F(3,66)
= 7.07, p = 0.0003]. The increase was statistically significant
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Figure 3. Comparison of immuno-
staining with the L1 antibodies on
nonlesioned (4, C, E) and lesioned side
(B, D, F), in the M region (4, B), DM
region (C, D), and DL region (£, F). It
appeared that there was an increase in
immunostaining intensity within the M
and DM region on the lesioned side as
compared to the nonlesioned side. In
some animals, it seemed that there was
a reduction in L1 immunoreactivity in
the DL region on the lesioned side; this
latter difference was not confirmed
quantitatively by image analysis (see
Results). Scale bar: 90 um for 4 and B;
50 um for C-F.
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Figure 4. Representative immuno-
staining with the L1 (4, B), N-CAM (C,
D), and tenascin (E, F) antibodies in
the M region (same brain sections) on
the nonlesioned side (4, C, E) and the
lesioned side (B, D, F) after 5 d of sur-
vival. L1 and N-CAM immunostaining
is increased, whereas tenascin immu-
nostaining is decreased on the lesioned
side. Scale bar, 125 pm.
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Figure 5. Quantitative computer analysis of the relative intensity of
L1, N-CAM, and tenascin immunofluorescence. LI antigen, The le-
sioned side of the M and DM regions of the striatum showed a statis-
tically significant enhancement of L1 immunostaining as compared to
the nonlesioned side. Intensity of immunostaining did not show sig-
nificant changes related to time after the lesions. N-CAM, The lesioned
side in the M and DM regions showed a statistically significant en-
hancement of N-CAM immunostaining as compared to the nonlesioned
side. Intensity of immunostaining did not change significantly with time
after lesioning. Tenascin, The most M region showed a statistically
significant decrease in tenascin immunostaining on the lesioned side as
compared 1o the nonlesioned side. Intensity of immunostaining did not
show significant changes related to time after the lesions. Asterisks in-
dicate statistically significant differences. Abbreviations are as in Fig-
ure 1.

for the DM region after 5 d (p = 0.0075), 10 d (p = 0.0001]
and 21 d (p = 0.0001), but not after 100 and 150 d. For the DL
region, the effect of side was significant after 5 d (p = 0.0001),
10d (p = 0.0001), and 21 d (p = 0.005), but not after 100 and
150 d. For the VL quadrant, the effect was significant after 10
d (p = 0.0001) and 21 d (p = 0.037) but not after 5, 100, and

150 d. For the VM region, the effect was only significant after
10 d (p = 0.04). Results are shown in Figure 8.

In addition, a strong enhancement of both GFAP and vi-
mentin immunoreactivity was seen in the periventricular dor-
somedial striatum. This GFAP and vimentin staining appeared
in a fibrillar pattern, with fibers generally radiating outward from
the ventricle. The lesion appeared to both increase the density
of the GFAP and vimentin-positive fibers along the ventricular
wall, and also to increase the distance to which these fibers
extended outward into the DM striatum from the ventricle (see
Fig. 6). In order to quantify this effect, the areas of increased
periventricular GFAP and vimentin staining were manually
traced, using the computer, on the lesioned and nonlesioned
sides. The data were analyzed by a two-way ANOVA. For GFAP
immunoreactivity, the main effect of side was statistically sig-
nificant [F(1,23) = 32.74, p = 0.0001] as was the side x time
interaction [F(4,23) = 6.80, p = 0.0009]. The increase in the
area of periventricular GFAP immunoreactivity was significant
after 5 d (p = 0.001), nonsignificant after 10 d (p = 0.059),
significant after 21 d (p = 0.0001), and nonsignificant after 100
and 150 d. For periventricular vimentin immunostaining, the
main effect of side was also statistically significant [F(1,24) =
34.26, p = 0.0001], but the side x time interaction was not.
The effect of side was significant after 5d (p = 0.0001), 10d (p
= 0.017), and 21 d (p = 0.001) but not after 100 and 150 d.
These data are summarized in Figure 9.

Synaptophysin and synapsin immunoreactivities. Both anti-
bodies produced uniform strong staining within the striatal pa-
renchyma. It seems that within the M region there was a re-
duction of their immunostaining intensities. Computer analysis
demonstrated that there was a decrease in expression of both
synaptophysin and synapsin in the M region on the lesioned
side as compared to nonlesioned side. The side x region inter-
action was statistically significant for synapsin [F(4,115) = 3.04,
p = 0.01] and for synaptophysin {F(4,135) = 2.83, p = 0.01].
The decreased immunostaining in the M region was statistically
significant for both synapsin (p = 0.001) and synaptophysin (p
= 0.004). The remaining four regions were not significantly
altered (Fig. 10). There was no significant main effect of time,
nor were the interactions involving time significant.

Fibronectin immunoreactivity. Fibronectin staining within the
striatum was associated predominantly with the small vessels.
Some weak specks of immunoreactivity were also seen dispersed
within the striatal parenchyma (not shown). It appeared that
there was an increase of intensity of staining within the DM,
DL, and VL regions on the lesioned side as compared to nonle-
sioned side. Image analysis showed that these differences were
indeed statistically significant. A three-way ANOVA showed
that the side x region interaction effect was statistically signif-
icant [F(4,115) = 3.58, p = 0.004]. Intensity of immunostaining
was increased in the DM (p = 0.003), DL (p = 0.008), and VL
(p = 0.04) regions on the lesioned side, as compared to the
nonlesioned side. The M and the VM regions were not affected
(Fig. 10). There was no significant effect of time.

Neurofilament immunoreactivities. Immunostaining with both
the SMI 31 and SMI 35 antibodies did not show any apparent
differences on the lesioned, as compared to the nonlesioned,
side. Computer analysis of immunostaining intensities with both
SMI 31 and SMI 35 antibodies confirmed that there were no
significant main effects or interactions involving side (lesioned
vs nonlesioned), region, or time (five time points) (data not
shown).



Figure 6. GFAP immunoreactivity. 4 and C, nonlesioned side; B and D, lesioned side. 4 and B, after 5 d of survival; C and D, after 100 d of
survival. Mice showed enhancement of GFAP immunoreactivity on the lesioned side as compared to the nonlesioned side in almost the entire
striatum, with the exception of the VM region. The photographs show representative GFAP immunolabeling in the M region after 5 d. This
periventricular GFAP immunoreactivity was most prominent after 5 and 10 d and was still present after 21 d of survival. However, after 100 and
150 d the increased GFAP expression disappeared and was similar on both sides (C, D). Scale bar, 125 um.
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Figure 7. Tllustration of increased GFAP immunoreactivity in the DL region of the striatum after 5 d of survival; 4 is the lesioned side, and B
is the nonlesioned side. The general increase in GFAP staining was visible after 5, 10, and 21 d of survival but not after 100 and 150 d of survival.
Scale bar, 125 pm.
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Figure 8. Numbers of GFAP-positive cells in the DM, DL, VL, and VM regions, from the whole area seen with a fluorescence microscope under
312.5x magnification (i.e., in a rectangle with dimensions of 380 um x 290 um, total area = 110,200 pm). The effect of side was statistically
significant for the DM quadrant after 5 d, 10 d, and 21 d but not after 100 and 150 d. For the DL quadrant, the effect of side was significant after
5, 10, and 21 d but not after 100 and 150 d. For the VL quadrant the effect was significant after 10 d and 21 d, but not after 5, 100, and 150 d.
For the VM quadrant, the effect was only significant after 10 d. Details of the statistics are given in the Results. Asterisks indicate the statistically
significant increases on the lesioned side as compared to the corresponding region of the nonlesioned side.
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Figure 9. Areas of enhanced periventricular GFAP and vimentin im-
munoreactivity on the lesioned and nonlesioned sides. The effect of side
was statistically significant for GFAP immunoreactivity after 5 d, non-
significant after 10 d, significant after 21 d, and nonsignificant after 100
and 150 d. For vimentin, the effect of side was significant after 5, 10,
and 21 d but not after 100 and 150 d (see Results for statistics). Asterisks
indicate the statistically significant increases on the lesioned side as
compared to the corresponding region of the nonlesioned side.

Discussion

L1 and N-CAM expression is increased in M and DM regions.
In contrast to the PNS, there are very little data on the influence
of CNS damage on L1 and N-CAM expression. Recently, it has
been reported that SN damage of neonatal mice did not increase
expression of L1 and N-CAM in the striatum (O’Brien et al.,
1992). Our results indicate that frontal cortical lesions provoked
increases in both L1 and N-CAM expression in the M and DM
regions of the striatum ipsilateral to the lesion, as compared to
the nonlesioned side, although in other areas of striatum there
were no significant changes in L1 and N-CAM expression.
The changes in L1 and N-CAM expression after frontal lesions
indicate a potential predisposition of deafferented striatal tissuc
for neurite growth. Recently, it has been shown that L1 has a
promoting effect on neurite outgrowth from tyrosine hydroxy-
lase (TH)-positive neurons in mesencephalic cultures (Poltorak
et al., 1992). The effect of N-CAM on mesencephalic cultures
has not yet been studied. Generally, N-CAM substrates have a
positive influence on neurite extension (Bixby et al., 1988; Do-
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Figure 10. Computer analysis of immunostaining with synaptophysin,
synapsin, and fibronectin antibodies. The lesioned mice showed de-
creased expression of both synaptophysin and synapsin in the M region
on the lesioned side as compared to nonlesioned side. Staining in the
remaining four regions was not significantly altered. There was no sig-
nificant effect of time. For fibronectin, the lesioned mice showed in-
creased intensity of immunostaining within the DM, DL, and VL regions
on the lesioned side as compared to the nonlesioned side. The M and
the VM regions were not affected. There was no significant effect of
time. Asterisks indicate statistically significant differences. Abbrevia-
tions are as in Figure 1.

herty etal., 1991). Moreover, developing dopaminergic neurons
demonstrate increased N-CAM immunoreactivity iz vivo (Shults
and Kimber, 1992). These results may in part explain data
suggesting that frontal cortex lesions enhance the outgrowth of
neuronal processes from transplanted SN within the corpus
striatum of rats with SN lesions (Freed and Cannon-Spoor, 1988,
1989).

Tenascin expression was decreased in the M region. During
development of the nervous system, certain brain areas express
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tenascin immunoreactivity. It has been shown that these areas
are nuclear or regional borders where neurite outgrowth is in-
hibited (Steindler et al., 1989, 1990). The developing striatum
has such boundaries, whereas the normal adult striatum shows
low tenascin immunoreactivity and has no boundaries similar
to those observed in the barrel field cortex. After brain injury,
tenascin/cytotactin expression increases in adjacent tissue, and
it has been hypothesized that this enhancement is one factor
impairing regeneration processes (Laywell and Steindler, 1991;
McKeon et al., 1991). In our model, the areas of decreased
tenascin are relatively far from the lesion. Therefore, the influ-
ence of frontal lesions on striatal tenascin levels is probably
secondary to deafferentation, rather than a direct mechanical
effect. Lesions of the SN decrease tenascin immunoreactivity in
the striatum of neonatal mice (O’Brien et al., 1992). We did not
find a statistically significant downregulation of tenascin in the
striatum, except in the M region. It is possible that removal of
the cortical versus SN inputs to the striatum produces different
effects on expression of tenascin, N-CAM, and L1, although it
is also possible that the difference in developmental stage of the
animals in the present study, as compared to the study by O’Brien
et al. (1992), contributes to the difference in results. The relative
lack of tenascin immunoreactivity in M region after frontal
lesions may contribute to promotion of neurite outgrowth in
the medial striatum.

Our data did not show significant changes in L1, N-CAM, or
tenascin immunoreactivities related to time after lesioning. On
the other hand, GFAP expression returned to normal after lon-
ger survival times. It is possible that the failure to find changes
in cell recognition molecule expression related to time after
lesioning is due to the relatively small number of animals in
each time period studied.

Recently another molecule, chondroitin sulfate/keratan sul-
fate proteoglycan (CS/KS-PG), has been implicated in failure
of regeneration in the CNS (McKeon et al., 1991). Similarly to
tenascin, the CS/KS-PG molecule is expressed in boundary
regions during development (Snow et al., 1990a) and inhibits
neuronal growth (Snow et al., 1990b). Interestingly, injury of
the adult brain produces a marked increase in expression of this
molecule (McKeon et al., 1991). Whether disturbances in as-
trocyte synthesis of CS/KS-PG occur in the present injury model
could be evaluated in the future.

Mechanism of observed changes in expression of cell recog-
nition molecules. Although the changes in cell recognition mol-
ecules within the DM striatum after frontal cortex ablation sug-
gest a possible molecular mechanism for facilitation of neurite
outgrowth, they do not explain why these changes occur in these
particular striatal regions, nor do they explain the mechanism
responsible for their appearance. Lesions of the frontal cortex
are assumed to have an impact on two main striatal pathways:
first, they affect the corticospinal and thalamocortical projec-
tions passing through the putamen-caudate, and second, they
remove corticostriatal glutamate projections (Carter, 1982). We
will consider both factors subsequently.

Striatal fiber bundles do not influence changes in cell recog-
nition molecule expression. In contrast to primates, in rodents
the corticospinal bundles and thalamocortical pathways directly
cross the putamen-caudate as fiber bundles. Damage to these
fibers, by means of aspiration of their cell bodies, is likely to
provoke demyelination and local micro- and astrogliosis within
the bundles (Graeber et al., 1988; Streit and Kreutzberg, 1988;
Poltorak and Freed, 1989). The M region lacks these axonal

bundles as compared to the rest of striatum. It does not seem
likely that the changes in cell recognition molecule expression
were caused entirely by changes within the fiber bundles. First,
there was ncither evident demyelination (not shown) nor a
markedly increased cellularity within the bundles. Moreover,
the GFAP-positive astrogliosis in the striatum on the lesioned
side was primarily confined to the striatal parenchyma, not in-
cluding the bundles (Figs. 6B, 7B). The probable reason that
fiber bundles in the striatum were not greatly affected is that
the bundles contain projections from very wide cortical areas,
and therefore any individual bundle would include only a few
damaged axons. Moreover, our cortical lesions were primarily
limited to the medial aspect of frontal somatosensory cortex
and relatively less motor cortex was damaged. The tissue as-
piration removed primarily thalamocortical axonal terminals
and sensory association neurons. Therefore, the cortical efferent
axons in the bundles were not greatly damaged. These data
suggest that changes in the fiber bundles might have only a minor
influence on our results.

Lack of significant changes in cell recognition molecule ex-
pression in DL striatum. The striatum is highly heterogeneous
and contains distinct areas termed matrix and striatosomes or
patches with complex input—-output compartments (Graybiel and
Ragsdale, 1983; Gerfen, 1984). In rodents, the corticostriatal
fibers project bilaterally, particularly from the sensorimotor cor-
tex (Carman et al,, 1965). The excitatory glutaminergic cortical
input to the striatum is widely distributed but has some degree
of localization. In rats, the cingulate cortex projects predomi-
nantly to the DM striatum, whereas projections from motor and
somatosensory fibers innervate dorsal and dorsolateral regions
of striatum (Carter, 1982; Divac, 1983; Gerfen, 1984; Donoghue
and Herkenham, 1986). Our lesions were confined primarily to
the medial aspect of somatosensory and motor cortex, with only
minor damage to the cingulate and prelimbic cortex. Tracing
experiments using anterograde labeling with PHA-L and WGA
demonstrated that, similar to the rat, there is no overlapping
between the cingulate-striatal and somatosensory—striatal path-
ways in the mouse brain. The cortical areas that were removed
were found to project primarily to the DL striatum. Changes in
cell recognition molecule expression seen in the present study
were primarily in the DM region, and especially in the very M
zone. The DL region was not changed.

This contradiction raises the possibility that we damaged the
cingulate cortex and therefore destroyed neuronal cells that give
rise to the corticostriatal projections to mediodorsal regions of
striatum (Carter, 1982). Examination of cresyl violet-stained
sections, however, revealed only minor and infrequent damage
to the cingulate cortex. Moreover, decreases in the synaptic
markers synapsin and synaptophysin were observed only in the
M region, and not in the other parts of the dorsal striatum.
Furthermore, increased reactive gliosis was present not only
within the DM region but covered almost the entire striatum
on the lesioned side, and was absent in the striatum on the
nonlesioned side.

Does the periventricular M and DM striatal region have unique
properties? Increascd GFAP and vimentin immunoreactivity
was found in almost the entire striatum, except in the VM region.
For most of the striatum, gliosis was present up to 21 d after
lesioning, and declined to normal levels thereafter. Neither vi-
mentin nor GFAP-positive gliosis was present in the striatum
on the nonlesioned side. This reactive gliosis suggests that the
areas of damage were not only confined to the M and DM



regions. Thus, the areas of changed CAM expression did not
correlate well either with the predicted areas of glutamatergic
fiber deafferentation or with the areas of damage as indicated
by gliosis.

Moreover, we also studied fibronectin immunoreactivity.
Normal mature brain tissue demonstrates a low expression of
fibronectin (Stewart and Pearlman, 1987). After brain injury
there is an increase in fibronectin synthesis, not connected with
neuroectodermal cells (Liesi et al., 1984). In our study there was
a significant increase in fibronectin immunoreactivity in the
striatum on the lesioned side, in DM, DL, and VL, but not in
the M or VM regions, suggesting widespread damage in the
striatum. This anatomical localization of increased fibronectin
expression corresponds to the expected localization of cortico-
striatal deafferentiation produced by our lesions as well as to
the areas of gliosis. It is noteworthy that fibronectin is generally
considered to be a substrate that does not promote neuronal
growth in the CNS (Rogers et al., 1989). Fibronectin has been
found to facilitate the outgrowth of dopaminergic neurites in
primary culture, although this effect appears to be dependent
on glial cells (Poltorak et al.. 1992). The absence of an increase
in the M region might contribute to facilitation of neurite out-
growth in this area.

The decrease in synaptic protein synthesis was primarily pres-
ent in the M striatum, where it would not be expected either
theoretically, from expected areas of deafferentation, or from
areas of increased GFAP, vimentin, and fibronectin staining.
Any corresponding neurite damage must have been relatively
small, since we did not observe significant changes in neurofila-
ment expression. Thus, this region may be highly sensitive to
disturbances of the corticostriatonigral circuits. This striatal area
might also have a unique ability to support and promote neurite
regeneration, since there is a concurrent increase in L1 and
N-CAM expression, a decrease in tenascin, and an absence of
fibronectin upregulation.

The mechanism by which the effect of frontal cortex lesions
is localized to the medial and dorsomedial striatum is unclear.
There are at least two possibilities.

(1) Differential activation of striatal inputs. The potential ex-
plantation of the neurite-promoting effect of cortical lesions
could be that neurotropic growth factors, particularly brain-
derived neurotropic factor (BDNF) might be released after le-
sioning. BDNF might mediate increased CAM expression or
directly promote reafferention of the striatum by SN grafts. The
survival of mesencephalic TH-positive neurons is dependent on
the presence of regional non-neuronal cells (O’Malley et al.,
1991) and striatal BDNF, which belongs to the NGF family
(Hyman et al., 1991). Moreover, it is likely that the regulation
of neurite extension from dopaminergic neurons in culture in-
volves a combination of soluble growth factors (Tomazawa and
Appel, 1986; Dal Toso et al., 1988; Collier et al., 1990; Engele
and Bohn, 1991) and both cell-cell and cell-ECM interactions
(Prochiantz et al., 1981; Heller and Won, 1985; Tomaselli et
al., 1986; Walicke, 1988). Recent data suggests, at least in hip-
pocampal cultures, that the synthesis of BDNF in neuronal cells
is increased by activation of glutamate neurons synapsing with
BDNF-synthesizing neurons, and decreased by GABA inner-
vation (Zafra et al., 1991). Moreover, after temporal seizures
synthesis of BDNF mRNA is increased in the hippocampal
formation (Isackson et al., 1991). It is conceivable that BDNF
production in the striatum is also regulated by glutamatergic
inputs. In the case of frontal cortex lesions, the somatosensory
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glutamate neurons innervating DL striatum are removed, and
would not amplify BDNF synthesis within the DL striatum. It
is tempting to speculate that ablation of these somatosensory
and motor cortical inputs to DL striatum may result in a com-
pensatory activation of the remaining intact corticostriatal cir-
cuits including cingulate cortex, which, in turn, might stimulate
synthesis of BDNF in medial and dorsomedial striatum. This
hypothesis does not, however, explain why we observed a de-
crease in synaptic marker expression.

(2) Diffusion via the cerebrospinal fluid. Another possibility
includes the potential influence of a factor(s) present in the CSF
after frontal lesion. Removal of the frontal cortex may produce
increased synthesis of soluble survival and neurite promoting
factors (Nieto-Sampedro et al., 1982, 1984). Circulation of sol-
uble factors via the cerebrospinal fluid (CSF), and possibly di-
rectly through tissue as well, may influence the adjacent M and
DM regions of striatum. The evidence of subependymal reactive
astrogliosis (Fig. 4B, D) supports this possibility, and might ex-
plain the observation of gliosis in the medial striatum, which
theoretically should not have been deafferented. CSF-borne fac-
tors might also induce changes in CAM expression that are
primarily limited to the striatum adjacent to the lateral ventricle.

Unusual properties of M and DM striatum in recovery of do-
paminergic systems. Frontal cortex lesions, in our experimental
paradigm, seem to precipitate a number of changes that are
confined to the periventricular dorsomedial striatum. It is pos-
sible that this is related to recently observed regeneration of
dopaminergic terminals of ventral tegmental area after tissue
transplantation in experimental 1-methyl-4-phenyl-1,2,3,6-te-
trahydropyridine (MPTP)-induced or in idiopathic parkinson-
ism in humans. Depending on dosage, the neurotoxin MPTP
produces in mice and monkeys damage of SN dopaminergic
neurons with the relative sparing of ventral tegmental areas
(Burnsetal., 1983; Hallman ¢t al., 1985; Schneider et al., 1987).
These dopaminergic fibers from the ventral tegmental area, which
are less damaged and more likely to show regeneration, project
mainly to the DM striatum. Several studies have shown regen-
eration or regrowth of dopaminergic fibers, primarily in the M
and DM regions according to our designation, after cortical and
striatal injury or transplantation procedures (Bohn et al., 1987,
Fiandanca et al., 1988; Bankiewicz et al., 1990; Kordower et
al., 1990). Transplantation procedures, whether stereotaxic or
open surgery, always induce cortical and striatal damage.

Moreover, our results could partially explain the behavioral
amelioration of patients with Parkinson’s disease after adrenal
medulla transplants in the medial part of nucleus caudatus (M
and DM region) (Madrazo et al., 1987). Although, the degree
of improvement is controversial (Bjorklund, 1991), it has been
confirmed in extensive studies by others (Goetz et al., 1989;
Olanow et al., 1990). Reasons for the improvement are unclear,
but postmortem studies (Hirsch et al., 1990; Kordower et al.,

1992) also suggest neurite growth in this area. This neurite growth
appears to be unrelated to graft survival, and may instead be
related to the production of lesion cavities by the surgical pro-
cedures (Hirsch et al., 1990; Kordower et al., 1992). It is con-
ceivable that similarly grafted embryonic SN in experimental
and human parkinsonism also affects the DM striatum by al-
tering expression of CAM molecules.

Concluding remarks. Our results suggest that frontal cortical
lesions provoke an increase in both L1 and N-CAM expression
and a decrease in tenascin immunoreactivity in the M and DM
regions of striatum on the lesioned side, as compared to the
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nonlesioned side. In addition to the changes in cell recognition
molecule expression, there were decreases in the expression of
synapsin and synaptophysin in the M region, and a peculiar
enhancement of periventricular GFAP- and vimentin-positive
glial fiber staining. Thus, there was a complex set of alterations
in the DM region and especially in the very medial-periventri-
cular zone, which was not directly deafferented by the cortical
lesions. This region appears, therefore, to be uniquely suscep-
tible to alterations in the corticostriatal system, showing a com-
plex reorganization of protein expression. These changes in cell
recognition molecule expression indicate a possible molecular
basis for plasticity in catecholamine-containing systems within
the striatum, and may contribute to the outgrowth of neuronal
processes from intraventricularly transplanted SN in the dor-
somedial corpus striatum of rat hosts. Moreover, our results
would suggest that the DM striatum in the mouse is relatively
sensitive to disturbances of the corticostriatonigral circuits, and
that this striatal area has a unique ability to support and promote
neurite growth and plasticity.
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