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Glial cell line-derived neurotrophic factor (GDNF), a recently
described and cloned member of the transforming growth fac-
tor (TGF)-b superfamily, has been shown to have marked
trophic activity on several populations of central neurons.
Survival-promoting and injury protectant activity in vitro and in
vivo, using several paradigms, has been demonstrated for ven-
tral mesencephalic dopaminergic neurons and spinal cord mo-
toneurons. In view of a proposed commonality of mechanisms,
involving intracellular free radical generation, depolarization-
induced Ca21 influx, and mitochondrial respiratory enzyme
injury, between such GDNF-responsive paradigms and those of
ischemia-induced injury, we tested the effects of GDNF on the

extent of neural degeneration induced by transient middle ce-
rebral artery (MCA) occlusion. We now report that intracerebro-
ventricular and intraparenchymal administration of GDNF po-
tently protects the cerebral hemispheres from damage induced
by MCA occlusion. In addition, the increase in nitric oxide that
accompanies MCA occlusion and subsequent reperfusion is
blocked almost completely by GDNF. Thus, this protein may
play an important role in the treatment of cerebrovascular
occlusive disease.

Key words: nitric oxide; cerebral ischemia; MCA ligation;
GDNF; neuroprotection; TGF-b superfamily

Ischemia-induced brain injury is a major cause of mortality world-
wide (Brown et al., 1996; Menotti et al., 1996; Rastenyte et al.,
1996) for which there are no effective pharmacotherapies to date.
Cell injury or death after cerebral vascular occlusion has been
postulated to result from a number of interacting pathophysiolog-
ical factors, including depolarization-induced calcium entry via
NMDA receptors, intracellular free radical generation, damage to
mitochondrial respiratory enzymes, and induction of programmed
cell death, to name but a few proposed mechanisms (Hajimoham-
madreza et al., 1995; Vornov, 1995; Dalkara et al., 1996; Strijbos
et al., 1996).

Glial cell line-derived neurotrophic factor (GDNF), a recently
identified and cloned transforming growth factor (TGF)-b super-
family trophic factor for central dopaminergic neurons (Lin et al.,
1993; Hoffer et al., 1994; Beck et al., 1995; Hudson et al., 1995),
spinal cord motorneurons (Henderson et al., 1994; Yan et al.,
1995; Trok et al., 1996), and kidney (Pichel et al., 1996), has been
shown to protect dopaminergic neurons from damage induced by
neurotoxins that elevate intracellular free radicals and produce
damage to mitochondrial respiratory enzymes (Bowenkamp et al.,
1995; Tomac et al., 1995; Gash et al., 1996). This molecule has
additional nondopaminergic neuroprotective activity (Williams et
al., 1996a,b). It has been found that the expression of TGF-b1
mRNA is increased during regeneration of renal tubules after
acute ischemic injury (Basile et al., 1996). Similarly, TGF-b1
transcript expression is enhanced in the hippocampus after tran-
sient forebrain ischemia (Knuckey et al., 1996). These data sug-

gest that TGF-b superfamily molecules are actively released after
acute ischemia.

Extracellular nitric oxide (NO) is released during ischemia and
reperfusion (Malinski et al., 1993; Kumura et al., 1994; Sato et al.,
1994). Inhibition of NO synthesis reduces hypoxia or ischemia-
mediated tissue damage (Hamada et al., 1994; Kozniewska et al.,
1995; Zhang et al., 1996). Previous studies indicate that NMDA
receptors are activated during ischemia or hypoxia (Simon et al.,
1984; Benveniste et al., 1988), and NO is believed to be an
important mediator of glutamatergic neurotoxicity during brain
ischemia (Strosznajder et al., 1994). Administration of the NMDA
antagonists ketamine or MK801 reduces NOS activity (Lin et al.,
1996) and the amount of infarction (Caldwell et al., 1994; Earley
et al., 1996) induced by cerebral ischemia. Recent studies have
also indicated that TGF-b1 inhibits NO synthase (NOS) mRNA
and NO production in vascular smooth muscle during septic shock
(Perrella et al., 1996). Thus, it is possible that TGF-b1 superfamily
molecules can also attenuate cerebral NOS activity and the size of
infarction during ischemia.

In the present experiments, we studied the effects of GDNF on
a model of cerebral ischemia, induced by occlusion of the middle
cerebral artery (MCA). Previous experiments have demonstrated
that ligation of MCA activates NOS (Kader et al., 1993; Lin et al.,
1996) and induces cortical infarction (Menzies et al., 1992; Du et
al., 1996). We show that GDNF potently protects the cerebral
cortex from ischemia-induced injury and blocks the elevation of
NO that accompanies MCA occlusion and reperfusion.

MATERIALS AND METHODS
Animals. A total of 59 adult Sprague Dawley rats were used. Animals
were divided into two groups: an aged group (weight 584.8 6 16.4 gm;
n 5 46) and a relatively younger group (weight 392.2 6 11.4 gm; n 5 13).
Of the aged group, 22 were used for electrochemical studies of extracel-
lular NO levels (10 controls and 12 pretreated with GDNF) and 24 were
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used for histological experiments (11 controls without PBS pretreatment,
6 controls with PBS pretreatment, and 7 with GDNF in PBS). All animals
in the younger group (n 5 13) were used for histological studies (seven
controls with PBS pretreatment and six with GDNF in PBS). The rats
were anesthetized using either chloral hydrate (400 mg/kg, i.p., for
histological studies) or urethane (1.25 g/kg, i.p., for electrochemical
studies). Two sets of control animals were used. One set received intra-
parenchymal and intraventricular injections of PBS alone at the same
volumes, sites, and time intervals used for the GDNF injections before
arterial ligation. The other set received no GDNF or PBS injections but
only arterial occlusion.

MCA ligation. The ligation of the right MCA and bilateral common
carotids (CCAs) was performed using methods suggested by Chen et al.
(1986). The bilateral CCAs were identified and isolated through a ventral
midline cervical incision. The CCAs were ligated with nontraumatic
arterial clips. A craniotomy of ;2 3 2 mm2 was made in the right
squamosal bone. The right MCA was ligated with a 10-O suture. The
craniotomy was then covered with gelfoam. Two paradigms (40 and 90
min ligation) were used to study the protective effects of GDNF in the
aged and young rats, respectively. As reported previously, the 40 min
ligation did not cause brain infarction in the young rats. Ninety minute
ligations, however, induced maximal infarctions in the young rats (Du et
al., 1996). Our initial experiments demonstrated that 40 min ligations
were enough to produce maximal infarction in the cortex in the aged rats.
Twenty-four hours after reperfusion, animals were killed and perfused
intracardially with saline. The brain tissue was then removed, immersed
in cold saline for 5 min, and sliced into 2.0 mm sections. The brain slices
were incubated in 2% triphenyltetrazolium chloride (TTC) dissolved in
PBS for 30 min at 37°C and then transferred to 5% formaldehyde solution
for fixation (Chen et al., 1986). The volume of infarction was measured
in each slice and summed using computerized planimetry (In Situ,
LSR Ltd.)

In vivo NO measurement. In vivo chronoamperometric measure-
ments of extracellular NO concentration were performed with a
microcomputer-controlled apparatus (IVEC-10, Medical Systems, Green-
vale, NY) as described previously (Lin et al., 1996). The recordings were
taken within the cerebral cortex (2.2 mm posterior to the bregma, 5.0–5.5
mm lateral to the midline, 0.9 mm below the cortical surface) 30 min
before MCA ligation and lasted for 1–2 hr, depending on the duration of
ligation (40 or 90 min ligations, respectively). Remote from this site,
miniature Ag/AgCl reference electrodes were inserted into the brain and
cemented in place with dental acrylic. The working electrodes were made
of two carbon fiber filaments (30 mm in diameter; Textron, Lowell, MA).
The sensor was first coated with Nafion (5% solution; Aldrich Chemical,
Milwaukee, WI) at 65°C to decrease any interference from extracellular
ascorbic acid (Gerhardt et al., 1984). The electrodes were then coated
with 2 mM Ni Mesotetra (N-methyl-4- pyridyl) porphine tetratosylate
(TMPP-Ni) in 0.1 M NaOH, at 0.9 V for 30 min. Each electrode was
tested for sensitivity and selectivity to NO in vitro. Calibration of NO was
made using 10 mM S-nitroso-N-acetyl-DL-penicillamine (SNAP) in 0.1 mM
phosphate buffer, pH 7.4 (Feelisch, 1991). Only electrodes showing
selectivity for NO, compared with ascorbate, of .100,000 in vitro were
used in the in vivo recordings. The NO current generated by application
of an oxidation potential of 10.9 V, relative to a Ag/AgCl reference
electrode, was recorded in vivo continuously at a rate of 1 Hz. All in vivo
signals were expressed as nanomolar changes in NO using the in vitro
calibration factors.

Drug administration. Human recombinant GDNF, obtained from Syn-
ergen, was used in this study. GDNF, dissolved in PBS, was applied
locally through a Hamilton syringe for histological experiments. GDNF
was injected initially into the left lateral cerebral ventricle at a dose of 4
mg (0.4 mg/ml 3 10 ml). Thirty minutes after intracerebroventricular
GDNF injection, the squamosal bone (about 2 3 2 mm2) overlying the
right frontal and temporal cortex was removed. Three injections of
GDNF (0 4 mg/ml 3 5 ml 3 3 sites) were made directly into the cortex
through a Hamilton syringe adjacent to the MCA. Five minutes after
intracerebral GDNF injection, the left MCA and bilateral CCAs were
ligated for 40 or 90 min in the aged and young animals, respectively. The
animals were killed 24 hr later for TTC staining.

GDNF, dissolved in PBS, was also applied locally through micropi-
pettes for electrochemical studies. The NO sensor and the micropipette
were mounted together with sticky wax (Kerr Inc.); tips were separated by
100–150 mm. Local application of GDNF (0.4 mg/ml 3 5 ml) from the
micropipettes was performed by pressure ejection using a pneumatic
pump (PPM-2, Medical Systems). The ejection volume was monitored by

recording the change in the fluid meniscus in the pipette, before and after
ejection, with a dissection microscope. GDNF (0.4 mg/ml 3 10 ml) was
also injected intracerebroventricularly into the left ventricle in these
experiments.

RESULTS
Previous experiments have demonstrated that ligation of MCA
induces cortical infarction in rats (Chen et al., 1986; Du et al.,
1996), similar to the level of infarction we saw in the control group
(see below). We found that pretreatment with GDNF diminished
the volume of cortical infarction in aged rats, induced by 40 min
of MCA ligation, as measured by TTC staining (Figs. 1, 2). In all
the control animals studied (n 5 11), MCA ligation and reperfu-
sion resulted in clear-cut infarction of the cortex. Both the inci-
dence and volume of infarction were not altered by PBS pretreat-
ment as compared with the noninjected animals (Fig. 2A,B). In
contrast, only two of seven rats that received GDNF pretreatment
(doses given as one intracerebroventricular and three local injec-
tions) showed mild infarction after MCA ligation. The incidence
( p , 0.05; x2 test) and the volume (120.8 6 28.8 mm3 vs 26.5 6
18.5 mm3; p , 0.05; one-way ANOVA 1 Dunn’s test) of infarc-
tions were reduced significantly by GDNF pretreatment (Fig. 2).
Furthermore, the number of infarcted slices in each rat was
reduced significantly (Fig. 2C) from 5.4 6 0.7 slice/rat in non-PBS
treated rats or 5.3 6 0.8 slice/rat in PBS-treated rats to 1.1 6 0.7
slice/rat in the GDNF-treated rats ( p , 0.05; one-way ANOVA 1
Dunn’s test). These data suggest that the GDNF diminished not
only the volume but also the extent of infarction in the ischemic
brain.

Similarly, we found that GDNF diminished the incidence of
infarction in the young rats (393.2 6 11.4 gm; n 5 13) after a 90
min MCA ligation and 24 hr reperfusion (Fig. 3). In all the
PBS-pretreated rats, MCA ligation induced brain infarction (n 5
7). On the other hand, only two of the six rats pretreated with
GDNF developed mild infarction (Fig. 3A) ( p , 0.05; Fisher’s
Exact test). In these young rats, GDNF significantly diminished
the volume (Fig. 3B) of cortical infarction (95.5 6 17.5 mm3 vs
34.0 6 26.3 mm3; p , 0.05; Mann–Whitney Rank Sum test) and
the area of infarction (Fig. 3D) in the most severely infarcted slice
(14.1 6 1.4 mm2 vs 3.7 6 2.4 mm2; p , 0.05; t test).

We have demonstrated previously that MCA ligation can in-
duce cortical NO release (Lin et al., 1996). In the present study,
we found that NO can be released from the cortex during both the
ischemic and reperfusion periods. MCA ligation for 40 min grad-
ually increased extracellular NO concentration to 20 nM, which
then declined (Fig. 4). After removal of the arterial ligature, NO
concentration again increased to 2 nM (Fig. 4). Intraparenchymal
application of GDNF alone (0.4 mg /ml 3 5 ml), or in conjunction
with intraventricular administration of GDNF (0.4 mg /ml 3 10
ml), significantly reduced the peak, rise time, and decay of NO
production during ischemia and reperfusion (Fig. 4; Tables 1 and
2; p , 0.05; t test), suggesting that the production of NO was
attenuated by GDNF pretreatment.

DISCUSSION
It has been shown that no infarction is present 1 d after short-term
MCA occlusion (e.g., 30 min) in Long–Evans rats. On the other
hand, maximal infarction (;150 mm3) is found 1 d after 90 min of
MCA occlusion in young (300–350 gm) rats in this strain (Du et
al., 1996). Previous experiments have demonstrated that body
weight and /or age may play an important role in the degree of
ischemia-induced infarction (Menzies et al., 1992). In the present
study, we found that 40 min of ischemia is sufficient to induce
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Figure 1. Pretreatment with GDNF markedly reduces cortical infarction induced by middle cerebral arterial ligation in aged rats. A, The right MCA was
ligated for 40 min after bilateral common carotid arterial ligation in a control rat without PBS pretreatment. The brain tissue was removed 24 hr later
and sliced coronally at 2 mm thickness for TTC staining. In this animal, an infarcted (white) zone in the right cerebral cortex was found in almost all the
slices. B, A similar extent of cortical infarction was seen in another animal receiving MCA ligation and PBS pretreatment (10 ml, i.c.v.) and three local
injections (5 ml 3 3 sites). C, In a third, similarly anesthetized rat, GDNF was injected initially into the left lateral cerebral ventricle at a dose of 4 mg
(0.4 mg /ml 3 10 ml). An additional three injections of GDNF (0.4 mg /ml 3 5 ml 3 3 sites) were made directly into the cortex close to the MCA 30 min
after removal of the squamosal bone. The TTC staining showed almost no cortical infarction in this animal after 40 min MCA ligation and 24 hr
reperfusion.
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maximal infarction (;140 mm3) in relatively old Sprague Dawley
rats (584.8 6 16.4 gm), but 90 min is required in younger animals.
Our results thus also suggest that weight (age) and the strain of
the rat may interact with duration of ischemia to determine the
degree of infarction.

In this study, we injected GDNF locally and intraventricularly
shortly before MCA ligation. The MCA supplies blood to a wide
cortical area. Local GDNF (5 ml 3 3 sites) may protect a limited
area in the cortex. The combination of local and intracerebroven-
tricular injection of GDNF could increase GDNF concentrations

locally but also over a wider area more congruent with the area of
MCA perfusion. We have reported previously that NO is released
shortly after ligation of the MCA (Lin et al., 1996). The time
interval in this study was chosen to match the onset and duration
of NO release that we found previously during ischemia.

Our data show a profound protective action of GDNF on
ischemic-induced cerebral cortical injury. In this respect, it is of
interest that fetal and neonatal brain tissue, which is more resis-
tant to ischemia than adult CNS (Olson et al., 1984; Bickler,
1996), manifest much higher levels of GDNF mRNA expression

Figure 2. Pretreatment with GDNF attenuates cortical infarction induced by MCA ligation for 40 min in aged rats. A, Bar graphs illustrate the incidence
of infarction (number of animals with infarction /number of animals studied) in aged rats after 40 min MCA ligation and 24 hr reperfusion. The area of
infarction was calculated after TTC staining. Cortical infarction was found in 11 of 11 control rats without PBS injection (2PBS) and six of six control
rats with PBS pretreatment (1PBS). In contrast, only two of seven rats pretreated with GDNF (hatched bar) developed infarction. (*p , 0.05; x 2 test).
B, Volume of infarction was reduced significantly by pretreatment with GDNF as compared with controls ( p , 0.05; one-way ANOVA 1 Dunn’s test).
The volume of infarction 5 2 mm (thickness of the slice) 3 [sum of the infarction area in all brain slices (mm2)]. The infarction volumes for the
GDNF-treated animals were averaged from all the GDNF-treated rats in this and the succeeding figure. C, The number of infarcted slices /rat was
attenuated by GDNF ( p , 0.05; one-way ANOVA 1 Dunn’s test). D, The area of the largest infarction in a slice from a given rat was not altered
significantly by GDNF ( p . 0.05; one-way ANOVA).
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(Stromberg et al., 1993; Springer et al., 1994). Moreover, the
expression of GDNF mRNA in adult telencephalic structures can
be upregulated by strong depolarizing inputs that activate recep-
tors for excitatory amino acids. Recent studies have indicated that
neuronal excitation may induce the expression of GDNF mRNA
(Ho et al., 1995). The mRNA for GDNF in hippocampus or
dentate can be upregulated in the adult rats after systemic injec-
tions of kainate (Humpel et al., 1994) or pilocarpine (Schmidt-
Kastner et al., 1994). Pretreatment with high doses of dizocilpine
maleate (MK801) blocks the kainate-induced seizures and the
expression of GDNF mRNA (Humpel et al., 1994), suggesting
that excitatory amino acids may be involved in this modulatory

Table 1. NO release during MCA ligation

Control GDNF (local)
GDNF (local 1
intracerebroventricular)

NO (nM) 17.7 6 2.4 4.6 6 2.1* 1.4 6 0.7*
Rise time (sec) 397.1 6 125.1 418.6 6 240.3 115.4 6 58.5*
T1/2 (sec) 784.7 6 167.0 574.3 6 332.9 232.4 6 112.9*
N 10 7 5

*Significantly different from control, one-way ANOVA, and Newman-Keuls test
( p , 0.05). Data are expressed as mean 6 SEM. N, Number of animals.

Figure 3. Pretreatment with GDNF attenuates cortical infarction induced by 90 min of MCA occlusion in young rats. A, The incidence of infarction
(number of animals with infarction /number of animals studied) in young rats after 90 min MCA ligation and 24 hr reperfusion was reduced significantly
by GDNF pretreatment (hatched bar). Cortical infarction was found in seven of seven control rats pretreated with PBS. In contrast, only two of six rats
pretreated with GDNF developed infarction (*p , 0.05; Fisher’s Exact test). B, Volume of infarction was reduced significantly by pretreatment with
GDNF as compared with the controls ( p , 0.05; Mann–Whitney Rank Sum test). C, The number of infarcted slices /rat was not altered by GDNF ( p .
0.05; t test). D, The area of the largest infarction in a slice from a given rat was attenuated significantly by GDNF ( p , 0.05; t test).
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Figure 4. GDNF markedly reduces NO release from the cortex during cerebral ischemia and reperfusion in aged rats. A1, Ischemia was induced by MCA
ligation (arrow) for 40 min in this urethane-anesthetized rat. Extracellular NO concentration gradually increased to 20 nM and then declined. A2, Forty
minutes after the cerebral ischemia, the arterial ligature was removed (arrow, reperfusion). NO concentration increased to 2.1 nM in this animal.
B1, The production of NO during ischemia was reduced by GDNF (0.4 mg /ml 3 5 ml) locally applied by microejection (Figure legend continues)
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response. Taken together, these considerations suggest that
GDNF may be part of an endogenous neuroprotective mechanism
that could limit the extent of infarction after ischemia.

We and others have reported previously that porphyrine-coated
electrodes have a high sensitivity for exogenously applied NO
donors, such as SNAP or nitroprosside in vivo and in vitro (Ma-
linski et al., 1993; Lin et al., 1996). We have also reported that the
release of NO, as measured by chronoamperometric procedures
at 0.9 V, during MCA ligation can be antagonized by the NOS
inhibitor L-NAME (Lin et al., 1996). It has been found that
catecholamines can be detected by nonporphyrine electrodes at
0.55 V (Gerhardt et al., 1984) after local injections of low doses of
KCl in catecholamine-enriched areas, such as striatum, substantia
nigra, or locus coeruleus. Application of KCl to the cortex did not
induce electrochemical signals in this area. Taken together, these
data indicate that the levels of dopamine or norepinephrine in the
cortex are too low for chronoamperometric detection. In this
study, the NO electrode was placed in the cortex (0.9 mm below
the pial surface), which therefore would sense little or no signals
from the catecholamines.

We found that NO release peaks at 397.1 6 125.1 sec after
MCA ligation and lasts for 20–30 min. This time course is con-
sistent with the activity of NOS, which is increased sharply from
baseline 10 min after MCA occlusion and then declines in 50 min
(Kader et al., 1993).

Three NOS isoforms have been cloned and sequenced: two
calcium-dependent constitutive isoforms, which are present in the
endothelium and neurons, and one calcium-independent induc-
ible isoform found mainly in activated immune cells and vascular
smooth muscle. Animals treated with 7-nitroindazole, a selective
inhibitor of neuronal NOS, showed a significant reduction in focal
infarction after MCA occlusion (Yoshida et al., 1994). Infarct
volumes of mice deficient in neuronal NOS activity were de-
creased significantly compared with those in normal mice after
MCA occlusion. After inhibition of endothelial NO synthesis,
however, the infarct size in the mutants became larger (Huang et
al., 1994). Taken together, these data suggest that neuronal NO
production may exacerbate acute ischemic injury, whereas endo-
thelial NO may protect nerve cells after MCA occlusion.

It has been reported that NO generated in response to activa-
tion of NMDA receptors in vivo is neuronally derived and not
caused by vascular production (Faraci and Breese, 1993). We

found recently that local application of NMDA induces NO
release in neuronal-enriched cortical cultures but not in the glial-
enriched cultures. Furthermore, inhibition of synthesis of the R1
subunit of the NMDA receptors by treatment with antisense
oligonucleotides prevents the neurotoxicity elicited by NMDA
and reduces the volume of focal ischemic infarction produced by
occlusion of the MCA (Wahlestedt et al., 1993). These data
suggest that blocking NMDA receptors may limit injury during or
after ischemic insults possibly via inhibition of neuronal NO
production. Because NO release during the acute ischemic phase
of MCA ligation is sensitive to NMDA antagonists (Lin et al.,
1996) and GDNF, it is possible that GDNF inhibits NO release
and infarction through inhibition of neuronal NOS activity during
ischemia.

In conclusion, our data indicate that GDNF is a neuropro-
tectant not only for ventral mesencephalic DA neurons and for
spinal motorneurons but also for cerebral cortex after ischemia.
These findings open up a new pharmacotherapeutic approach to
the treatment of stroke and other disorders of the cerebral
vasculature.
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