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Expression of Brain-Derived Neurotrophic Factor in Cortical
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Changes in BDNF expression after different types of brain
insults are related to neuroprotection, stimulation of sprouting,
and synaptic reorganization. In the cerebral cortex, an auto-
crine—paracrine mechanism for BDNF has been proposed be-
cause the distribution patterns of BDNF and TrkB expression
are almost identical. Moreover, cortical BDNF is anterogradely
transported to the striatum, suggesting a role of BDNF in the
functional interaction between the two brain regions. Here we
have examined the expression of this neurotrophin in the cere-
bral cortex after various striatal lesions. Intrastriatal injection of
quinolinate, kainate, 3-nitropropionic acid, or colchicine in-
creased BDNF mRNA levels in cerebral cortex. In contrast,
stimulation of neuronal activity in the striatum did not change

cortical BDNF expression. Both excitatory amino acids in-
creased BDNF expression in neurons of cortical layers II/Ill, V,
and VI that project to the striatum. Moreover, grafting a BDNF-
secreting cell line prevented both the loss of striatal neurons
and the cortical upregulation of BDNF induced by excitotoxins.
Because retrograde transport in the corticostriatal pathway was
intact after striatal lesions, our results suggest that striatal
damage upregulates endogenous BDNF in corticostriatal neu-
rons by a transneuronal mechanism, which may constitute a
protective mechanism for striatal and/or cortical cells.
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Neurotrophins have been implicated in the regulation of devel-
opment, neuronal survival, and adult synaptic plasticity
(Thoenen, 1995; Reichardt and Farinas, 1997; McAllister et al.,
1999). Although the survival of specific neurons in the PNS is
frequently promoted by individual neurotrophins (Snider, 1994;
Lindsay, 1996), the situation in the CNS is further complicated by
the fact that trophic support may be derived from different
sources (Korsching, 1993). Moreover, trophic dependencies in the
adult CNS may be altered by several insults, and the lack of target
support could be compensated by the enhancement of autocrine—
paracrine trophic factors (Giehl et al., 1998; Venero et al., 2000).

Afferents from all areas of the cortex regulate neuronal activity
in the striatal neurons via glutamate release. Excessive activation
of glutamate receptors in the striatum produces selective degen-
eration of striatal projection neurons that resembles the patho-
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logical findings observed in Huntington’s disease (Beal et al.,
1986, 1991; DiFiglia, 1990). This neurological disorder is also
characterized by a decrease in the number of neurons in the layer
V of the cerebral cortex (Cudkowicz and Kowall, 1990). Pyrami-
dal neurons in that layer provide the main neocortical and me-
socortical projection to the striatum, but additional inputs come
from layers II/III and VI (Gerfen, 1992). It has been described
recently that the corticostriatal projection transports BDNF from
cerebral cortex to the striatum (Altar et al., 1997; Kokaia et al.,
1998), showing a trophic relationship between both brain regions.
Increased levels of BDNF mRNA have been observed in cortical
and striatal neurons after brain insults, including epileptic sei-
zures, cerebral ischemia, excitotoxicity, and traumatic injury
(Rocamora et al., 1996; Canals et al., 1998; Kokaia et al., 1998;
McAllister et al., 1999). Because BDNF exerts neuroprotective
effects against excitotoxicity in the striatum (Martinez-Serrano
and Bjorklund, 1996; Pérez-Navarro et al., 1999, 2000b), it has
been postulated that enhancement of this neurotrophin in the
cortex may be involved in protection of striatal neurons against
damage via anterograde transport (Altar et al., 1997; Kokaia et
al., 1998).

Increase of cortical BDNF can also constitute an autocrine—
paracrine trophic response for cortical neurons because BDNF
protects cortical neurons from various types of insults (Shimo-
hama et al., 1993; Kume et al., 1997). The importance of BDNF
in the cerebral cortex has also been demonstrated by a decrease in
the number of neurons that express neuropeptides or calcium-
binding proteins in BDNF knock-out mice (Jones et al., 1994).
Furthermore, an increase in cortical cell death has been described
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in the null mutant mouse of the BDNF receptor, TrkB, during
development (Alcantara et al., 1997) and in adulthood (Xu et al.,
2000).

Our previous results showing that striatal excitotoxic lesions
differentially regulated neurotrophin expression in various brain
regions (Canals et al., 1998; Checa et al., 2000) suggest that
changes in the levels of neurotrophins, including BDNF, could
underlie the differential vulnerability of striatal neurons observed
in Huntington’s disease. The main goal of the present study is to
characterize the regulation of BDNF in the cortex of rat models
of Huntington’s disease. Here we show that cortical BDNF was
upregulated after different types of striatal lesions and after
blocking retrograde transport with colchicine. Moreover, protec-
tion of striatal cells with exogenous administration of BDNF
prevented this enhancement. Therefore, the present results sug-
gest that the upregulation of cortical BDNF may be an endoge-
nous trophic response to counteract cortical and/or striatal cell
death.

MATERIALS AND METHODS

Animal injury. Male Sprague Dawley rats (140-210 gm) were anesthe-
tized with pentobarbital (50 mg/kg, i.p.) and placed in a David Kopf
Instruments (Tujunga, CA) stereotaxic apparatus (DK 900) with the
incisor bar 5 mm above the interaural line. We used four to seven animals
for each condition and time point studied. Quinolinate (QUIN) (34 or 68
nmol; Sigma, St. Louis, MO), kainate (KA) (2 or 6 nmol; Sigma),
3-nitropropionic acid (3-NPA) (500 nmol; Sigma), KC1 (100 mm; Merck,
Darmstadt, Germany), and PBS, pH 7.5, were injected in a volume of 1
wl into the left striatum at two coordinates [anteroposterior (AP), +2.3;
lateral (L), —2.4 from bregma; —5.0 from dura; and AP, +1.3; L, —3.0
from bregma; —5.0 from dura] as described by Canals et al. (1998). The
effectiveness of the lesion induced by QUIN, KA, and 3-NPA was
assessed 7 d after intrastriatal injection by the number of turns induced
after apomorphine administration (0.5 mg/kg, s.c.; 1.33-2.5 rpm; Sigma).

Some injections of QUIN, KA, or PBS to the striatum were performed
from the contralateral hemisphere to avoid the effects of the needle-track
injury in the ipsilateral cortex (AP, —1; L, —3.6 from bregma; —8.5 from
dura; and AP, —2; L, —3.2 from bregma; —8.9 from dura; incisor bar,
—11.6; angle of injection, 62° n = 4 for each condition).

In another set of experiments, glutamate antagonists were coinjected
with 3-NPA at the following doses: kynurenic acid (Sigma), 60 nmol;
dizocilpine maleate (MK801) (Tocris Cookson, Bristol, UK), 30 nmol;
6-cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX) (Tocris Cook-
son), 1 nmol (n = 3 per group). Control rats were injected with the same
doses of glutamate antagonists alone (n = 3 per group).

After lesioning, animals were housed separately with access to food
and water ad libitum in a colony room maintained at a constant temper-
ature (19-22°C) and humidity (40-50%) on a 12 hr light/dark cycle. All
animal-related procedures were in accordance with the National Institute
of Health Guide for the Care and Use of Laboratory Animals and approved
by the local animal care committee of the Universitat de Barcelona
(99/01) and by the Generalitat de Catalunya (99/1094).

Morphological analysis of the lesion size. Brains intrastriatally injected
with QUIN, KA, 3-NPA, 3-NPA plus kynurenic acid, 3-NPA plus
MKS801, or 3-NPA plus CNQX were morphologically analyzed 3 d after
lesion. The animals were deeply anesthetized in a CO, chamber and
transcardially perfused with 4% paraformaldehyde solution in 0.1 M
sodium phosphate, pH 7.2. The brains were post-fixed 2 hr in the same
solution, cryoprotected in 10% sucrose—PBS for 15 hr, and frozen in dry
ice-cooled isopentane. Serial horizontal cryostat sections (14 um) were
processed for cresyl violet staining. Lesions were measured using Scion
NIH Image on a computer attached to an Olympus Optical (Tokyo,
Japan) microscope. Consecutive sections (26—29 sections per animal)
were visualized, and the border of the lesion was outlined. The volume
of the lesion was calculated by multiplying the sum of all the sectional
areas (in square millimeters) by the distance between successive sections
(0.2 mm) as described previously (Pérez-Navarro et al., 2000a).

RNase protection assay. Rats were killed by decapitation at 2, 4, 6, 10,
16, or 24 hr after injury, brains were removed, and cerebral cortex was
quickly dissected out, frozen on dry ice, and stored at —80°C. Total RNA
was isolated by the guanidine isothiocyanate method (Chomczynski and
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Sacchi, 1987). BDNF mRNA levels were estimated by RNase protection
assay using the RPAII Kit (Ambion Inc., Austin, TX) as described
previously by Canals et al. (1998). In each reaction, total RNA (20 ug)
was hybridized with the BDNF cRNA probe (Lindefors et al., 1995)
together with a glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
cRNA probe (Fort et al., 1985). Protected fragments were separated on
4% polyacrylamide gels in denaturing conditions, and the gels were
exposed to BIOMAX (Eastman Kodak, Rochester, NY) films at —80°C
with an intensifying screen. The optical density of the autoradiograms
was quantified with the Phoretix 1D gel analysis (Phoretix International
Ltd., Newcastle, UK). The amount of BDNF mRNA in each lane was
standardized to GAPDH.

In situ hybridization studies. Animals were killed 6 hr after intrastriatal
injection of PBS or excitatory amino acids (EAAs). Brains were dissected
out and frozen in dry ice-cooled isopentane. Serial horizontal cryostat
sections (14 uwm) were processed for hybridization with radioactive
BDNF riboprobe (Lindefors et al., 1995) as follows. After rinsing in PBS,
tissue was deproteinated in 0.2 M HCI for 10 min, acetylated with 0.25%
acetic anhydride in 0.1 M ethanolamine for 10 min, post-fixed in 4%
paraformaldehyde, and dehydrated with increasing concentrations of
ethanol. Slices were incubated for 16 hr in a humidified chamber at 53°C
with 3 X 10° cpm of antisense BDNF probe in 150 ul of hybridization
cocktail (50% formamide, 20 mm Tris-HCI, pH 7.6, 1 mm EDTA, pH 8.0,
0.3 M NaCl, 0.1 m dithiothreitol, 0.5 mg/ml yeast tRNA, 0.1 mg/ml
poly(A*) RNA, 1X Denhardt’s solution, and 10% dextran sulfate).
Antisense cRNA probe to detect the BDNF transcript was prepared by
in vitro transcription using T7 RNA polymerase (Promega, Madison, WI)
and [**SJUTP or [**P]JUTP (Amersham Pharmacia Biotech, Uppsala,
Sweden). For control experiments, sense cRNA probe was obtained by in
vitro transcription using T3 RNA polymerase (Promega). After hybrid-
ization, slices were first washed at room temperature in 1X SSC, followed
by two washes in 1X SSC at 37°C for 15 min each. Single-stranded RNA
was digested by RNase treatment (40 ug/ml) for 30 min at 37°C in 0.5 M
NaCl, 20 mm Tris-HCI, pH 7.6, and 2 mm EDTA. Tissue was washed
twice in 1X SSC in 65°C for 10 min, dehydrated in ethanol, and air-dried.
Slices were exposed to B-max x-ray film (Amersham Pharmacia Biotech)
for 20 d and dipped in LM-1 photoemulsion (Amersham Pharmacia
Biotech), exposed at 4°C for 2 months, developed with D19 (Eastman
Kodak), fixed, and counterstained with cresyl violet staining. Some
sections were processed for immunohistochemistry after the in situ
hybridization. For this purpose, immediately after the last washes with
SSC, the slides were coincubated with the primary antibodies GFAP
(1:500; Dako A/S, Glostrup, Germany) and neuron-specific nuclear pro-
tein (NeuN) (1:100; Chemicon, Temecula, CA) overnight at 4°C. After
three washes in PBS, the sections were coincubated with both secondary
antibodies (anti-rabbit-FITC conjugated; 1:100; Vector Laboratories,
Burlingame, CA; and anti-mouse-Texas Red conjugated; 1:100; Jackson
ImmunoResearch, West Grove, PA), washed overnight in PBS, and
dipped as mentioned above. Triple-labeling analysis was performed using
a confocal microscope.

BDNF immunohistochemistry. Sections obtained with a cryostat (40
um) were collected in PBS as free-floating sections and preincubated for
1 hr with PBS containing 10% methanol and 3% H,O,. Sections were
then washed three times in PBS, permeabilized with 0.5% Triton X-100
(Sigma), and preincubated for 2 hr with 1.5% goat serum in PBS. After
three washes in 0.1% Triton X-100 in PBS, tissue was incubated with the
primary anti-BDNF antibody (1:200; Santa Cruz Biotechnology, Santa
Cruz, CA) in PBS containing 0.1% Triton X-100 and 1.5% goat serum for
16 hr at 4°C. Sections were washed three times as above and incubated
with a biotinylated goat anti-rabbit antibody (1:200; Vector Laboratories)
for 1-2 hr at room temperature in the same buffer as the primary
antibody. The immunohistochemical reaction was developed using the
Vectastain ABC kit (Vector Laboratories) and intensified by incubation
with 0.01% NiCl,.

Cell grafting of a BDNF-secreting cell line. Fischer 344 rat 3T3 fibro-
blasts transfected with BDNF (F3N-BDNF) (Neveu and Arenas, 1996)
were used for the cell-grafting experiments. Mock-transfected fibroblasts
(F3A-MT) were used as control (Arenas and Persson, 1994). Cells in
active growth phase were washed and collected in serum-free media at a
concentration of 2.5 X 107 cells/ul as described by Pérez-Navarro et al.
(1999). A microinjection cannula was implanted into the left striatum,
and 7.5 X 10° cells in 3 ul were injected (1 wl/min) at the following
coordinates: AP, +1.8; L, —2.7 from bregma; and —5.0 from dura. Four
days later, two injections of glutamate receptor agonists were placed
anterior and posterior to the grafting site at the coordinates described
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Figure 1. Nissl-stained sections showing the striatal lesion (area inside
dotted lines) induced by intrastriatal injection: 4, C, QUIN (68 and 34
nmol, respectively); B, D, KA (6 and 2 nmol, respectively).

above. The cerebral cortex was quickly dissected out and processed for
the BDNF mRNA analysis at 6 hr of the striatal injury.

Studies of the corticostriatal transport. Studies of corticostriatal trans-
port were performed by injecting a retrograde transport tracer (0.2 ul of
Fluorogold; 2 mg/ml in PBS; Fluorochrome, Denver, CO) into the
striatum in both hemispheres 3 d after unilateral QUIN or KA lesion
(n = 3). The coordinates used for the tracer were the same as for the
EAAs. Rats were transcardially perfused with 4% paraformaldehyde
solution 48 hr after Fluorogold injection, and the brains were post-fixed
and cryoprotected in 10% sucrose. Cryostat serial horizontal sections (25
um) were mounted with immunofluore mounting medium (ICN, Costa
Mesa, CA) and visualized under fluorescent microscope. All retro-
gradely labeled cells were counted in three separate regions (250 um?/
field): frontal, motor, and somatosensorial cortex. Retrograde signal was
analyzed in 10-12 sections per animal separated by 175 wm. The number
of positive cells on the side ipsilateral to the lesion was normalized to the
number of cells on the contralateral side (nonlesioned).

To study the effect of blockage of axonal transport, a double injection
of colchicine (2 X 1 pl at 20 pg/pl; Sigma) was performed 30 min before
striatal excitotoxic injury. The coordinates used were the same as those
described above for EAAs.

Statistical analysis. Results were normalized to the mean of sham-
injected animals and expressed as a percentage of these data. Statistical
analysis was performed using one-way ANOVA, followed by LSD (least
significant difference ¢ test) post hoc test.

RESULTS

Striatal excitotoxic injury increases BDNF mRNA levels
in the ipsilateral cortex

Morphological analysis showed that intrastriatal injection of
QUIN (68 nmol), KA (6 nmol), or 3-NPA (500 nmol) produced
lesion sizes with the following volume rank order: KA (3.60 =
0.10 mm?) > 3-NPA (3.23 = 0.09 mm?) > QUIN (2.98 + 0.08
mm?) (Fig. 1; see Fig. 6).

To examine BDNF expression in the cerebral cortex, after
intrastriatal injection of QUIN or KA, we performed a sensitive
RNase protection assay. Both glutamate receptor agonists in-
creased BDNF mRNA in the cerebral cortex with a different
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Figure 2. A, BDNF mRNA is upregulated in the cortex ipsilateral to
excitotoxic lesion in the striatum. Intrastriatal QUIN injection (circles)
induced a peak of expression between 4 and 6 hr. BDNF mRNA levels
were also increased between 4 and 16 hr after KA-induced striatal injury
(squares). Triangles represent sham-injected striata. Values are the
mean £ SEM (n = 4-7; *p < 0.05; **p < 0.005). Autoradiograms show
two representative experiments. B, Injection of QUIN or KA in the

striatum through the contralateral cortex upregulated BDNF mRNA in
the ipsilateral cortex. Values are mean = SEM (n = 4; *p < 0.05).

profile (Fig. 24). QUIN (68 nmol) induced a peak between 4 and
6 hr after lesion, reaching a maximum at 6 hr (306 = 73%). The
increase induced by KA occurred between 4 and 16 hr after
injury, showing the highest levels of BDNF expression at 6 hr
after injection (524 = 115%).

To determine whether the regulation of cortical BDNF could
be attributable to a local mechanical damage by the cannula, we
performed intrastriatal injections from the contralateral hemi-
sphere. In these conditions, BDNF mRNA was upregulated at 6
hr in the cortex ipsilateral to the intrastriatal QUIN or KA
injection (270 * 73 and 378 * 87%, respectively) (Fig. 2B). No
significant increase of BDNF expression was detected in the
contralateral cortex.

In situ hybridization studies showed high levels of BDNF
expression in the cortex ipsilateral to the lesioned striata (Fig. 3).
At the two tested doses of QUIN (34 or 68 nmol) or KA (2 or 6
nmol), the upregulation of BDNF depended on the intensity of
striatal damage (compare Figs. 1, 3). However, both NMDA and
non-NMDA glutamate receptor agonists produced a similar pat-
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KA (2 nmol)

Figure 3. In situ hybridization shows specific BDNF mRNA increased
levels in the ipsilateral cortex after striatal EAA lesions. A, Autoradio-
grams showing a 20 d exposure of horizontal sections through brains
receiving intrastriatal injection of PBS or high doses of EAAs (QUIN, 68
nmol; or KA, 6 nmol). B, C, Autoradiograms showing a 20 d exposure of
intrastriatal injected brains with lower QUIN or KA doses (34 and 2
nmol, respectively). D, Bright-field photomicrographs of frontal, motor,
and sensory cortical areas of QUIN-lesioned brains. E, Photomicrographs
showing BDNF upregulation in the same cortical areas of KA intrastria-
tally injected animals. Scale bars, 150 um.

tern of expression in cortical layers II/111, V, and VI (Fig. 3D,E).
This increase in BDNF mRNA levels was observed along the
cerebral cortex, including the frontal, motor, and somatosensorial
areas (Fig. 3B-E). No regulation of BDNF mRNA was observed
in the hippocampus, indicating that the effects of QUIN or KA
were specific to striatal neurons (Fig. 3B,C). Triple-labeling
showed that BDNF mRNA was upregulated in cortical neurons
(NeuN-positive cells) but not in glial cells (GFAP-positive cells)
(Fig. 44,B).

Immunohistochemical studies showed that the increase in
BDNF protein coincided with the location of BDNF mRNA
upregulation (Fig. 5). BDN F-positive cells were mainly located in
layers II/III, V, and VT after intrastriatal QUIN or KA injury
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Figure 4. A, Photomicrographs showing triple-labeling of cortical layer
II/III. NeuN-positive neurons are labeled in red, GFAP-positive astro-
cytes are labeled in green, and blue corresponds to the BDNF hybridiza-
tion signal as assessed in radioactive in situ hybridization. B, High mag-
nification of 4. Note that GFAP-positive cells are negative for BDNF
hybridization (open arrows), whereas NeuN-positive neurons are positive
for BDNF mRNA signal ( filled arrows). Some NeuN-positive neurons are
negative for BDNF (arrowheads). Scale bars: A, 30 wm; B, 15 um.

Figure 5.  BDNF immunohistochemistry in the cerebral cortex reveals a
pattern of expression similar to that observed for BDNF mRNA after
striatal excitotoxic lesions. 4, B, C, Immunolocalization of BDNF protein
in the prefrontal cortex ipsilateral to PBS-, QUIN-, or KA-injected
striata, respectively. D, E, F, Detailed photomicrographs of prefrontal
layer V after injection of PBS, QUIN, or KA in the striatum, respectively.
Scale bars: A-C, 200 um; D-F, 100 wm.

(Fig. 5B,C). The strongest BDNF immunolabeling was observed
on cell bodies and apical dendrites of the pyramidal projecting
neurons of layer V in the prefrontal cortex after QUIN or KA
striatal injection (Fig. 5E,F).

Thus, our findings suggested that cortical BDNF is upregulated
in response to either the loss of striatal cells or the increased
neuronal activity by EAA. We therefore tested whether a striatal
neurotoxin working on an energy-dependent mechanism could
modify the cortical BDNF mRNA.



Canals et al. « Target-Dependent BDNF Regulation in Cerebral Cortex

Cortical BDNF mRNA upregulation is specifically
induced by striatal damage but not by increased
neuronal activity

It has been shown that 3-NPA, an irreversible inhibitor of succi-
nate dehydrogenase, produces selective loss of striatal projection
neurons (Beal et al., 1993; Miller and Zaborszky, 1997). Intra-
striatal injection of 3-NPA increased BDNF mRNA levels in the
cortex ipsilateral to the lesioned striata at 6 hr (329 + 5%) (Fig.
6A,E). This neurotoxin induced glutamate-independent lesions
because simultaneous coinjection of glutamate receptor antago-
nists with 3-NPA did not prevent the striatal damage (Fig. 65—
D). Intrastriatal coinjection of 3-NPA with a generic glutamate
receptor antagonist, kynurenic acid, increased BDNF mRNA in
the ipsilateral cortex similarly to 3-NPA alone (344 * 44%) (Fig.
6F). Moreover, coinjection of 3-NPA with either a specific
NMDA (MK-801) or non-NMDA (CNQX) receptor antagonists
produced similar changes in cortical BDNF expression (450 = 89
and 488 = 118%), respectively) (Fig. 6F).

We also examined whether increased neuronal activity induced
by KCI administration into the striatum modified BDNF mRNA
expression in the cortex. Intrastriatal injection of 100 mm KCI did
not affect cortical BDNF mRNA levels at 6 hr (104 + 21%) (Fig.
6). Thus, combined, our observations suggested that cortical
BDNF is upregulated after striatal damage. We therefore tested
whether administration of neuroprotective factors for striatal
neurons, such as BDNF, could prevent the cortical upregulation
of BDNF expression.

The upregulation of BDNF mRNA in the cerebral
cortex after striatal injury is prevented by intrastriatal
administration of exogenous BDNF

We next examined whether administration of exogenous BDNF
to the striatum modified the increase of cortical BDNF mRNA
levels induced by intrastriatal EAA injections (Fig. 7). A BDNF-
secreting cell line that protects striatal neurons against excitotox-
icity (Pérez-Navarro et al., 1999, 2000b) was grafted into the
striatum before QUIN or KA injection. Intrastriatal grafting of
F3N-BDNF but not the F3A-MT cell line prevented the upregu-
lation of BDNF mRNA in the cerebral cortex at 6 hr after
intrastriatal EAA injections (Fig. 7). BDNF mRNA levels in the
cortex were not modified by intrastriatal grafting of F3A-MT or
F3N-BDNF cells in animals injected with PBS (Fig. 74). These
results suggest that a striatal-derived signal might be retrogradely
transported to the cortex, in which it regulates BDNF expression.
To test this possibility, we studied the retrograde transport in
corticostriatal neurons.

Blockade of axonal transport does not prevent the
BDNF upregulation in the cortex induced by striatal
excitotoxic lesions

Intrastriatal injection of Fluorogold, a retrograde transport
tracer, showed that the corticostriatal pathway was not affected by
excitotoxic lesions in the target area (Fig. 8). The retrograde
transport was studied in frontal, motor, and somatosensorial
cortical areas (Fig. 8 A,B,C, respectively). No significant differ-
ences in cortical Fluorogold-labeled cells were observed after
QUIN or KA intrastriatal lesion compared with the contralateral
(nonlesioned) hemisphere.

To determine whether axonal transport is involved in the
induction of BDNF mRNA expression in the cerebral cortex,
colchicine was injected into the striatum. No retrograde transport
of Fluorogold was observed in the cerebral cortex after intrastri-
atal colchicine administration, showing that retrograde transport
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Figure 6.  BDNF mRNA is transneuronally upregulated in the cortex by
striatal cell death and not by synaptic activity per se. A-D, Nissl-stained
sections in which unilateral lesions were performed. Note the areas of
reduced staining (area inside dotted lines) in striata injected with the
following: 4, 3-NPA (500 nmol); B, 3-NPA (500 nmol) and kynurenic acid
(Kyn; 60 nmol); C, 3-NPA (500 nmol) and an NMDA receptor antagonist
(MKS801; 30 nmol); and D, 3-NPA (500 nmol) and a non-NMDA receptor
antagonist (CNQX; 1 nmol). E, Histogram represents BDNF mRNA
levels from cerebral cortex 6 hr after intrastriatal injection of PBS, KCI,
or 3-NPA alone or in combination with different glutamate receptor
antagonists [kynurenic acid (Kyn), MK801, and CNQX]. Values, from
three to four animals per condition, were normalized to those obtained in
PBS-injected animals and are represented as mean = SEM (*p < 0.05).

was completely blocked (Fig. 94, B). However, intrastriatal injec-
tion of colchicine alone or in combination with QUIN or KA
upregulated BDNF expression similarly to EAA injection alone
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Figure 7. Intrastriatal grafting of a BDNF-secreting cell line (F3N-
BDNF) prevents the upregulation of BDNF mRNA in the cerebral cortex
of EAA-lesioned animals. 4, Values obtained from intrastriatal PBS
injection in the F3A-MT-grafted striata were taken as 100%, and all other
values were normalized to these data. Values are the mean = SEM of four
animals (***p < 0.001). B, Autoradiograms showing a 10 d exposure of
brains hybridized with a BDNF *?P riboprobe in situ. Horizontal sections
were obtained from animals intrastriatally grafted with the F3AN-BDNF
cell line and injected with PBS, QUIN, or KA. Although BDNF mRNA
was detected in the cell line, no upregulation of cortical BDNF mRNA
was observed.

at 6 hr in the cortex (Fig. 9C). Thus, our results show that cortical
neurons upregulate BDNF expression in the absence of either
retrograde transport or in the absence of striatal neurons.

DISCUSSION

Here we demonstrate that striatal damage or blockade of retro-
grade transport in corticostriatal neurons results in an upregula-
tion of BDNF mRNA and protein in the cerebral cortex. More-
over, protection of the neostriatal neurons with exogenous BDNF
prevented the upregulation of cortical BDNF induced by EAA.
These results suggest that cortical BDNF upregulation may be an
endogenous protective response to striatal damage.

Although QUIN and KA act through two different types of
glutamate receptors, NMDA and non-NMDA, respectively, in-
trastriatal injection of either agonist at excitotoxic doses induced
the same morphological pattern of cortical BDNF upregulation.
The expression of BDNF was also increased in the cerebral
cortex after intrastriatal injection of another neurotoxin, the
3-NPA (Beal et al., 1993; Miller and Zaborszky, 1997). Although
the involvement of glutamate in the mechanism of neuronal death
induced by 3-NPA remains controversial (Behrens et al., 1995;
Pang and Geddes, 1997; Lee et al., 2000), this neurotoxin has no
effect on the extracellular glutamate levels (Erecinska and Nel-
son, 1994). Moreover, here we observed that injection of NMDA
or non-NMDA antagonists simultaneously with 3-NPA neither
prevented striatal cell death nor blocked the upregulation of
cortical BDNF mRNA. Furthermore, intrastriatal injection of
KCl, at doses that increases synaptic activity in the striatum
(Samuel et al., 1996; Kantor et al., 1999), did not modify BDNF
mRNA levels in the cerebral cortex. Although it has been widely
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demonstrated that synaptic activity regulates neurotrophin ex-
pression (Thoenen, 1995; McAllister et al., 1999), it has been
suggested that neuronal activity alone is not a sufficient stimulus
for the induction of BDNF mRNA after seizures (Dugich-
Djordjevic et al., 1992). In previous studies, we have shown that
intrastriatal injection of glutamate receptor agonists induced a
differential regulation of the expression of neurotrophins and
their receptors (Canals et al., 1998, 1999; Checa et al., 2000).
These results could be related to a direct activation of specific
glutamate receptors, although injury-induced changes in neuro-
trophin expression cannot be ruled out. However, the present
results demonstrate that both QUIN and KA induce an increase
in cortical BDNF depending on the severity of striatal excitotoxic
injury. These findings together with the induction of cortical
BDNF by 3-NPA and the lack of effect of KCI after intrastriatal
injection indicate that BDNF expression in the cerebral cortex is
upregulated by striatal damage.

We next examined whether axonal communication is involved
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Figure 9. BDNF mRNA is upregulated in the cerebral cortex 6 hr after
disruption of corticostriatal transport. A, B, Photomicrographs comparing
the retrograde transport of Fluorogold to the cortical layer V after
injection of KA or colchicine, respectively. No labeling in the cerebral
cortex was observed in colchicine-injected animals. Scale bars, 100 um. C,
Histogram represents cortical BDNF mRNA levels after intrastriatal
injection of colchicine alone or in combination with QUIN or KA. Values
are the mean = SEM of four different animals for each condition,
normalized to those obtained from PBS-injected animals (*p < 0.05).

in the regulation of endogenous cortical BDNF mRNA levels.
Intrastriatal injection of colchicine alone or in combination with
QUIN or KA produced a large increase in cortical BDNF mRNA
levels, reinforcing the idea that transneuronal BDNF expression
is stimulated by the lack of the target area. These results suggest
the existence of a constitutive factor released by striatal neurons
that is retrogradely transported and regulates the cortical BDNF
expression. In agreement with this hypothesis, it has been re-
ported recently the existence of a neuron-restrictive silencer
element that constitutively inhibits specific gene expression within
the nervous system (Pathak et al., 1994; Bessis et al., 1997,
Kallunki et al., 1998), including the bdnf transgene expression
(Timmusk et al., 1999). Thus, the mechanism by which BDNF
upregulation could take place may involve the blockade or down-
regulation of the BDNF silencer element after striatal damage or
blockade of retrograde transport.

It has been shown previously that, after colchicine treatment,
BDNF immunoreactivity is increased in cell bodies of cortical
neurons, which send afferents to the striatum (Altar et al., 1997),
suggesting that this neurotrophin is anterogradely transported.
Thus, it has been proposed that cortical neurons provide an
afferent supply of BDNF to target neurons in the striatum (Altar
et al., 1997; Kokaia et al., 1998). Our findings are consistent with
this hypothesis, because enhancement of BDNF mRNA was
observed in neurons of cortical layers II/III, V, and VI, which
project to the striatum (Gerfen, 1992). In addition, the results
observed after administration of exogenous BDNF to the stria-
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tum provide further evidence for an anterograde protective role
of cortical BDNF. We have reported previously that grafting of a
BDN F-secreting cell line protects striatal neurons against excito-
toxicity (Pérez-Navarro et al., 1999, 2000b), and we now show that
intrastriatal grafting of this cell line prevented the increase in
cortical BDNF mRNA by striatal lesion. Thus, induction of
cortical BDNF after damage of the striatum could be a compen-
satory response to the loss of target neurons, which, in turn, may
provide trophic support to striatal neurons. In keeping with this
view, changes in BDNF protein after focal ischemia have been
postulated to play a role in promoting the survival and plasticity
of cortical and striatal neurons (Kokaia et al., 1998).

Although our results are consistent with a long-distance effect
of BDNF, we cannot rule out the possibility of a local action of
BDNF in the cortex. Cortical BDNF upregulation could also
constitute part of an autocrine—paracrine trophic response to
protect cortical neurons from the loss of its target, the striatum.
The study with Fluorogold also showed that retrograde transport
is not affected in corticostriatal neurons by the lack of target
neurons, raising the possibility of a potential role of BDNF in the
maintenance of the cortical neurons. In fact, Giehl et al. (1998)
demonstrated that endogenous cortical BDNF is involved in
providing a trophic support to corticospinal neurons after axo-
tomy. Furthermore, a BDNF receptor, TrkB, has been shown
recently to be essential for the survival of pyramidal neurons of
layers II/IIT and V in the adult brain (Xu et al., 2000), confirming
the requirement of TrkB ligands for the cerebral cortex.

Analyses of neurotrophin expression in animal models of neu-
rodegenerative diseases may help advance future understanding
of the mechanism responsible for brain disease and development
of neuroprotective treatments. We have shown previously that
activation of glutamate receptors located on striatal neurons
results in a specific pattern of neurotrophin expression during the
development (Checa et al., 2000) and in adult excitotoxic models
of Huntington’s disease (Canals et al., 1998). Combined, all these
results indicate that changes in neurotrophin expression may be
involved in the selective vulnerability of striatal populations ob-
served in Huntington’s disease (Ferrante et al., 1985; Reiner et
al., 1988; Richfield et al., 1995). Moreover, the present new data
suggest that the regulation of BDNF in the cerebral cortex by
striatal neurons is required to provide trophic support to striatal
and/or cortical neurons in physiological and pathological
conditions.

In conclusion, our results show that striatal damage or blockade
of retrograde transport in the corticostriatal pathway increases
the levels of cortical BDNF, suggesting that this upregulation may
constitute an adaptive mechanism against the progression of
striatal and/or cortical neurodegeneration. Thus, stimulation of
endogenous production of BDNF or administration of exogenous
trophic factor may be a good therapeutic approach to prevent the
progression of Huntington’s disease.
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