
GDNF Selectively Protects Dopamine Neurons over Serotonin
Neurons Against the Neurotoxic Effects of Methamphetamine

Wayne A. Cass

Department of Anatomy and Neurobiology, University of Kentucky College of Medicine, Lexington, Kentucky 40536

Repeated methamphetamine (METH) administration to animals
can result in long-lasting decreases in striatal dopamine
(DA) and serotonin (5-HT) levels. Glial cell line-derived neuro-
trophic factor (GDNF) has pronounced effects on dopaminergic
systems in vivo, including partial neuroprotective effects
against 6-hydroxydopamine and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine -induced lesions. The present study exam-
ined the ability of GDNF to prevent METH-induced reductions
in potassium-evoked overflow of DA, and DA and 5-HT content,
in striatum. GDNF (10 mg) or vehicle was injected into the right
striatum of anesthetized rats. Twenty-four hours later, the rats
were injected four times at 2 hr intervals with METH (5 mg/kg,
s.c.) or saline. One week later, in vivo electrochemistry was
used to monitor the overflow of DA evoked by local potassium
application. Evoked overflow of DA was dramatically decreased
in the striatum of METH-treated animals. GDNF prevented the

reduction in evoked overflow of DA in the right striatum of the
METH-treated animals. After each experiment, the animals
were killed, and striatal DA and 5-HT levels determined by
HPLC. The METH treatment produced significant decreases in
both neurotransmitters. GDNF administration prevented the
reduction in striatal DA levels on the treated side of the brain,
whereas levels on the contralateral side were still decreased. In
dose–response studies, 1 mg of GDNF was as protective as 10
mg, whereas 0.1 mg was only partially protective. In contrast,
5-HT levels were only minimally protected by previous admin-
istration of GDNF. These results suggest that GDNF can selec-
tively protect DA neurons, compared with 5-HT neurons,
against the neurotoxic effects of METH.
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The repeated administration of methamphetamine (METH)
can produce regionally specific changes in brain dopamine
(DA) and serotonin (5-HT) systems. These changes include
decreases in striatal DA and 5-HT content and uptake, as well
as reductions in tyrosine hydroxylase and tryptophan hydroxy-
lase activity (Seiden and Ricaurte, 1987; Axt et al., 1994; Gibb
et al., 1994). Evidence of nerve terminal degeneration and
gliosis also are found in the striatum (Lorez, 1981; Ricaurte et
al., 1982; Bowyer et al., 1994; Pu and Vorhees, 1995). The time
course for these changes is relatively long-lasting, and there are
still decreases in striatal DA content 6 months after METH
administration in monkeys and rats (Seiden et al., 1975/76;
Bittner et al., 1981; Finnegan et al., 1982).
Glial cell line-derived neurotrophic factor (GDNF) has been

found to exert potent effects on nigrostriatal DA neurons (Lin
et al., 1993; Beck et al., 1995; Gash et al., 1995, 1996; Tomac et
al., 1995; Hou et al., 1996; Martin et al., 1996). Injection of
GDNF into the substantia nigra of rats can produce increased
nigral DA levels, sprouting of tyrosine hydroxylase positive
neurites toward the injection site, and increased DA turnover
and tyrosine hydroxylase immunoreactivity in the ipsilateral
striatum 3 weeks after a single injection (Hudson et al., 1995;
however, see Beck et al., 1996). In rats unilaterally lesioned

with 6-hydroxydopamine (6-OHDA), GDNF markedly reduced
apomorphine-induced rotational behavior and increased nigral
DA levels and tyrosine hydroxylase-positive neurons on the
lesioned side (Hoffer et al., 1994; Bowenkamp et al., 1995). In
mice, GDNF can partially reverse the effects of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) on nigrostriatal DA
neurons (Tomac et al., 1995).
GDNF also exhibits neuroprotective properties. When given 24

hr before 6-OHDA (Kearns and Gash, 1995) or soon afterward
(Sauer et al., 1995), intranigral GDNF reduces degeneration of
nigral DA neurons. GDNF administration can also reduce degen-
eration of mesencephalic DA neurons after transection of the
medial forebrain bundle (Beck et al., 1995). When given intrace-
rebrally to mice 24 hr before MPTP, GDNF reduces loss of nigral
DA neurons and attenuates decreases in nigral and striatal DA
levels (Tomac et al., 1995). Taken together, the above studies
suggest that GDNF has profound effects on both normal and
lesioned nigrostriatal DA systems. However, the effects of GDNF
on METH-induced damage to DA and 5-HT systems have not
been examined previously.
In vivo electrochemistry can be used to monitor the dynamics

of DA release and clearance with a high degree of temporal
and spatial resolution (Wood et al., 1992; Cass et al., 1993;
Garris and Wightman, 1994; Gratton and Wise, 1994; Cass and
Gerhardt, 1995; Suaud-Chagny et al., 1995). In the present
study, in vivo electrochemistry was used to investigate whether
GDNF can prevent METH-induced changes in evoked over-
flow of DA in rat striatum. In addition, striatal levels of DA and
5-HT were measured to determine the extent of the lesion
produced by METH and the ability of GDNF to prevent
depletion of these transmitters.
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MATERIALS AND METHODS
Animals. Male Fischer-344 rats (Harlan Sprague Dawley, Indianapolis,
IN) weighing 240–330 gm were used for all experiments. They were
housed in groups of two to four under a 12 hr light/dark cycle with food
and water available ad libitum. All animal-use procedures were in strict
accordance with National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by the Animal Care and
Use Committee at the University of Kentucky.
GDNF administration. Rats were anesthetized with sodium pentobar-

bital (50 mg/kg, i.p.) and placed into a stereotaxic frame. All surgery was
performed using sterile instruments and aseptic conditions. The skull was
exposed and a small hole drilled in the skull over the right striatum.
Human recombinant GDNF (10, 1.0, or 0.1 mg in 2 ml of vehicle solution)
or 2 ml of vehicle (10 mM citrate buffer with 150 mM NaCl, pH 5) was
injected into the right striatum (1.2 mm anterior to bregma, 2.5 mm
lateral from midline, 4.5 mm below the surface of the cortex) using a
Hamilton syringe (26 gauge blunt tapered needle). The rate of injection
was 0.2 ml/min. The needle was left in place for an additional 5 min after
the injection and then slowly withdrawn. Gelfoam was placed in the burr
hole, the incision sutured closed, and the animals returned to their home
cages for recovery.
Methamphetamine treatment. One day after GDNF or vehicle adminis-

tration, the rats were injected subcutaneously with 5 mg/kg methamphet-
amine hydrochloride (Sigma, St. Louis, MO) in saline (1 ml/kg) or saline
alone (1 ml/kg) four times in 1 d at 2 hr intervals. The first injection of the
series was given between 8:30 and 9:00 AM, and the temperature of the
room was 218C. Approximately 30% of the animals died from the METH
treatment. The GDNF administration did not improve survival rate.
In vivo electrochemistry. One week after treatment with METH or

saline, the animals were anesthetized with urethane (1.25–1.5 gm/kg, i.p.)
and placed into a stereotaxic frame. Body temperature was maintained at
378C by a heating pad coupled to a rectal thermometer. The scalp was
reflected, and the skull and dura overlying the frontal cortices were
removed bilaterally. A small hole was drilled in the skull over the
posterior cortex for placement of Ag/AgCl reference electrodes. The
reference electrodes were secured in place with dental acrylic.
Electrode/micropipette assemblies were constructed by attaching

single-barrel micropipettes to each electrode (Friedemann and Gerhardt,
1992). The tips of the micropipettes had outer diameters of 10–20 mm,
and they were positioned 280–300 mm from the tips of the electrodes.
The micropipettes were filled with a solution containing 70 mM KCl, 79
mM NaCl, and 2.5 mM CaCl2, pH 7.4. The recording electrodes each
contained a single carbon fiber sealed in a glass capillary (fiber diameter,
33 mm; exposed length, 90–150 mm). Before use, all electrodes were
coated with Nafion (6–9 times, with drying at 2008C between coats) to
increase selectivity of the electrodes for DA over ascorbic acid (Gerhardt
et al., 1984). They were then calibrated in vitro at room temperature in 0.1
M PBS, pH 7.4, containing 250 mM ascorbic acid. The response of all
electrodes used was linear when calibrated with DA up to 20 mM in
concentration (correlation coefficients ranged from 0.998 to 1.000). The
electrodes had a selectivity for DA over ascorbic acid of at least 600 to
1 and had high sensitivity for DA (15–94 nM, with a signal-to-noise
ratio of 3.0).
High-speed chronoamperometric electrochemical measurements were

made continuously at 5 Hz and averaged to 1 Hz using an IVEC-10
system (Medical Systems, Greenvale, NY). The applied oxidation poten-
tial was 10.55 V for 100 msec (vs the Ag/AgCl reference electrodes), and
the resting potential was 0.0 V for 100 msec. The oxidation and reduction
currents were integrated digitally during the last 80 msec of each 100
msec pulse. Electrode assemblies were initially positioned in the dorsal
striatum (1.2 mm anterior to bregma, 2.2 mm lateral from midline, 3.5
mm below the surface of the brain). The baseline electrochemical signal
was allowed to stabilize (5–10 min), and then 250–300 nl of potassium
solution was applied by pressure ejection (Picospritzer II, General Valve,
Fairfield, NJ) to evoke the release of DA. The volume of fluid injected
was monitored by determining the amount of fluid displaced from the
micropipette using a dissection microscope fitted with a reticule eyepiece
and was based on previous calculations that ;250 nl of solution is in a 1
mm segment of the micropipette (Friedemann and Gerhardt, 1992). The
volume applied was chosen because it produces a maximal overflow of
DA from saline- and METH-treated animals (Cass, 1997). After the
signal had returned to baseline, the electrode/micropipette assembly was
lowered by 0.5 mm. The new baseline was allowed to stabilize, and then
the potassium solution was applied again. The potassium applications
were repeated at 0.5 mm steps to map the striatum and nucleus accum-

bens. A single recording pass was made in both the right and left
hemispheres of each animal. The order of the passes was alternated
among animals.
Tissue collection and HPLC analysis. At the end of the experiments, the

animals were killed by decapitation while still anesthetized with urethane.
Animals used for tissue content studies that were not used for in vivo
electrochemistry experiments were anesthetized with CO2 before decap-
itation. The brains were removed rapidly and chilled in ice-cold saline. A
coronal slice of brain, ;2 mm thick and containing the striatum and
nucleus accumbens, was made with the aid of a chilled brain mold
(Rodent Brain Matrix, ASI Instruments, Warren, MI). The location of
the recording electrodes was confirmed by noting blood left in the
recording track. The striatum and accumbens were dissected from each
half of the slice as a single piece. The nucleus accumbens was cut away
from the striatum, and the striatum separated into dorsal and ventral
portions with a horizontal cut (Fig. 1A). The tissue pieces were placed in
preweighed vials, weighed, and frozen on dry ice. Samples were stored at
2808C until assayed by HPLC.
For determining monoamine content, the samples were sonicated in

Figure 1. A, Illustration of the position of the recording electrode track
for the in vivo electrochemistry experiments and the dissection of the
striatum and nucleus accumbens (NAc) for HPLC analysis of mono-
amines. This coronal section is ;1.2 mm rostral to bregma (Paxinos and
Watson, 1986). B, Representative signal showing the potassium-evoked
overflow of DA in the striatum of a control rat. Potassium (300 nl, 70 mM
K1) was applied at the arrowhead. The oxidation (Ox.) and reduction
(Red.) current responses (reduction/oxidation current ratio 5 0.52) indi-
cate that the predominate electroactive species detected is DA.
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300 ml of cold 0.1 M perchloric acid containing dihydroxybenzylamine as
an internal standard. The samples were centrifuged for 5 min at 15,000 3
g and the supernatant transferred to 0.22 mm micropure separators
(Amicon, Beverly, MA) and spun at 15,0003 g for 1 min. The filtrate was
diluted with HPLC mobile phase and 50 ml injected onto the HPLC
column.
Levels of DA and 5-HT were determined by the procedure of Hall et

al. (1989). The HPLC system consisted of a Beckman model 118 pump,
a Beckman model 507 autoinjector, and an ESA model 5200A Coulo-
chem II electrochemical detector with a model 5011 dual-detector ana-
lytical cell (detector 1 set at 1350 mV and detector 2 set at 2250 mV).
A Keystone Hypersil ODS 3 mm particle (4.6 3 100 mm) C18 column
(Keystone Scientific, Bellefonte, PA) was used for separations. Flow rate
was 1.6 ml/min, and the mobile phase was a pH 4.1, 0.17 M citrate–acetate
buffer (containing 50 mg/l EDTA, 130–150 mg/l octanesulfonic acid, and
7–12% methanol). Chromatograms were recorded from both detectors
using two dual-channel strip chart recorders. Retention times of stan-
dards were used to identify peaks, and peak heights were used to calculate
recovery of internal standard as well as amounts of DA and 5-HT.
Data analysis. The electrodes used in this study, although relatively

insensitive to ascorbic acid because of the Nafion coating, can still detect
5-HT if the levels are high enough. To confirm that the responses
detected were attributable primarily to DA, both the reduction and
oxidation currents were recorded and the ratio of the reduction current to
oxidation current calculated for each K1-induced response. The elec-
trodes used in this study exhibit reduction/oxidation current ratios $0.4
for DA and ratios of 0.0 to 0.2 for 5-HT (Luthman et al., 1993; Cass,
1997). Ascorbic acid, if detected, is not reduced at the potentials used
and, therefore, gives a reduction/oxidation current ratio of 0.0. All of the
responses included in the results had reduction/oxidation ratios of at least
0.4, indicating that DA was the predominant compound detected by the
electrodes after potassium application. For statistical analyses, signal
amplitude from the in vivo electrochemistry experiments and tissue
monoamine concentration (expressed as mg/gm wet weight of tissue) were
analyzed using two-factor ANOVA followed by Newman–Keuls post hoc
comparisons, or by paired t tests.

RESULTS
Potassium-evoked overflow of DA
Locally applied potassium produced signals with reduction/oxida-
tion current ratios characteristic for DA at all recording depths in
the striatum and nucleus accumbens. A representative response,
recorded from the ventral striatum at a depth of 6 mm below the
surface of the cortex (see Fig. 1A), from a saline-treated control
rat is shown in Figure 1B. Based on observations of the placement
of the electrode tracts in the present study and on previous
experience with recording from the striatum and nucleus accum-
bens (Cass et al. 1992, 1993; Cass and Gerhardt 1994, 1995),
recordings at a depth of 3.5–6.0 mm below the surface of the
cortex are contained within the striatum (Fig. 1A). Recordings at
a depth of 6.5 mm are approximately at the junction of the
striatum and nucleus accumbens, whereas recordings at depths of
7.0 and 7.5 mm are within the core of the nucleus accumbens.
In vivo electrochemistry experiments were carried out on ani-

mals that received the 10 mg dose of GDNF. In the GDNF- and
METH-treated animals, the amplitudes of the potassium-evoked
signals were significantly higher on the right, GDNF-injected, side
of the dorsal striatum in the region of the trophic factor admin-
istration (Figs. 2 and 3A). Signal amplitudes from the left side of
the brain were consistently lower in amplitude and of similar
amplitude at all recording depths (Fig. 3A). In the control animals
receiving GDNF and saline, there was no difference in signal
amplitude between the right and left sides of the brain at any
specific depth, although there was a decline in amplitude at the
ventral striatal recording sites that continued into the nucleus
accumbens (Fig. 3B), as described previously (Cass, 1997). There
was an abrupt drop in signal amplitude in the GDNF- and
METH-treated animals from the 25.5 mm to the 26.0 mm

recording sites; however, the signal amplitudes from the right side
of the GDNF- and METH-treated animals were not significantly
different from those recorded from the GDNF- and saline-treated
group (mixed two-factor ANOVA: treatment F5 0.28, p5 0.609;
depth F 5 6.82, p , 0.001; interaction F 5 1.304, p 5 0.257).
Amplitudes recorded from the left hemispheres of the GDNF
animals were significantly different between the METH- and
saline-treated groups (Fig. 3A,B) (treatment F 5 11.09, p 5
0.010; depth F5 6.92, p, 0.001; interaction F5 4.08, p, 0.001).
In contrast to the effects of GDNF, injection of vehicle solution

into the right striatum 1 d before METH administration had no
effect on potassium-evoked DA signal amplitude recorded 1 week
later (Fig. 3C). Similarly, vehicle injection did not affect signal
amplitude at any depth in the saline-treated animals (Fig. 3D).

Tissue monoamine levels
In the GDNF treated animals, the METH treatment significantly
reduced DA levels in the left striatum (Table 1). The effect was
greatest in the ventral striatum; a 74% decrease compared with
the left side of the saline-treated animals. In the dorsal striatum,
the decrease was 33%. The GDNF injections significantly atten-
uated the DA-depleting effects of METH in the striatum. Com-
pared with the right side of the saline-treated animals, DA deple-
tions on the right side of the METH group were 31 and 5% for the
ventral and dorsal striatum, respectively. The 31% decrease in the
ventral striatum was not significantly different from either side of
the saline-treated group (ANOVA). GDNF administration had
no effect on DA levels on the injected side of the brain, compared
with the contralateral side, in the saline-treated group. In the
nucleus accumbens, the GDNF had no effect on DA levels in the
saline-treated animals. In the METH-treated animals, DA levels
were not significantly reduced in the left nucleus accumbens in the
overall ANOVA; however, there was a significant difference be-
tween the left and right sides of the METH group when examined
by a paired t test.
The administration of vehicle solution 24 hr before METH had

no effect on the ability of METH to reduce striatal levels of DA
(Table 1). One week after METH treatment, DA levels on both
sides of the brain were reduced by 34–39% in the dorsal striatum

Figure 2. Representative signals for the potassium-evoked overflow of
DA from the right side (GDNF side) and left side (Control side) of the
dorsal striatum of a GDNF- and METH-treated animal. Potassium solu-
tion (250 nl) was applied at the arrowhead in each case. For clarity, only
the oxidation signals are shown.
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and 60–62% in the ventral striatum compared with saline-treated
controls. In the nucleus accumbens, DA levels were decreased by
26–31%, but this decrease did not reach statistical significance.
5-HT levels were also decreased by the METH treatment. In

the dorsal striatum, the decrease ranged from 42 to 61%, and
GDNF administration had no significant effect on this reduction
(Table 2). In the ventral striatum, the METH-induced decreases
in 5-HT ranged from 44 to 62%, and GDNF administration did
have a significant effect. 5-HT levels in the right ventral striatum
were decreased by only 24% in the GDNF- and METH-treated
group. In the nucleus accumbens, 5-HT levels were decreased by
up to 22% in the METH-treated groups. However, this decrease
was not significant, and GDNF administration had no significant
effect on these levels.
The dose of GDNF examined in the in vivo electrochemistry

experiments, 10 mg, was chosen because it has been shown to
partially protect DA neurons from 6-OHDA and MPTP toxicity

(Kearns and Gash, 1995; Tomac et al., 1995). However, in the
present study, 10 mg of GDNF afforded nearly complete protec-
tion to DA neurons against the effects of neurotoxic doses of
METH. Because of this, two lower doses of GDNF, 1.0 and 0.1
mg, were examined along with the 10 mg dose again, to determine
more comprehensively the ability of GDNF to protect against
METH-induced reductions in striatal DA and 5-HT content.
In this second series of experiments, DA levels on the left side

of the brain of the METH-treated animals were reduced by
40–43% and 46–56% in the dorsal and ventral striatum, respec-
tively (Fig. 4). DA levels on the right, GDNF-injected, side of the
dorsal and ventral striatum were not significantly different from
the control animals in the 1.0 and 10 mg groups. In the 0.1 mg
group, DA levels were significantly greater on the right side of the
brain compared with the left side, but they were also lower than in
the control animals. In the nucleus accumbens, DA levels on the
left side of the METH-treated animals were significantly reduced

Figure 3. Summary of potassium-evoked DA signal amplitude throughout the striatum and nucleus accumbens of GDNF-treated animals administered
METH (A) or saline (B) and vehicle-treated animals administered METH (C) or saline (D). GDNF or vehicle was injected into the right striatum 24 hr
before METH or saline treatment. In vivo electrochemical recordings were made 1 week after METH or saline administration. The data shown are
mean6 SEM values for six animals per group for the GDNF groups (A, B) and five animals per group for the saline groups (C,D). The data were analyzed
using two-factor ANOVA with side of brain and depth of recording as within factors. F scores for the GDNF and METH group (A): side F 5 12.33, p 5
0.025; depth F 5 3.32, p 5 0.007; interaction F 5 3.32, p 5 0.007. F scores for the GDNF and saline group (B): side F 5 0.74, p 5 0.439; depth F 5 11.46,
p , 0.001; interaction F 5 1.47, p 5 0.206. F scores for the vehicle and METH group (C): side F 5 0.45, p 5 0.540; depth F 5 4.20, p 5 0.002; interaction
F 5 0.74, p 5 0.658. F scores for the vehicle and saline group (D): side F 5 0.36, p 5 0.579; depth F 5 5.05, p , 0.001; interaction F 5 0.82, p 5 0.591.
*p , 0.05 versus left side at same depth (Newman–Keuls post hoc comparisons).
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by 25 and 32% in the 0.1 and 10 mg groups, respectively (Fig. 4C).
The decrease in DA levels on the left side of the 1.0 mg group
(23%) was not significant at the p , 0.05 level. Nucleus accum-
bens DA levels on the GDNF-injected side were greater than on
the contralateral side and not significantly lower than control
values in the 1.0 and 10 mg groups. However, in the 0.1 mg group,
the GDNF had no significant effect.
5-HT levels were decreased 43–49% in the dorsal striatum,

44–53% in the ventral striatum, and 30–38% in the nucleus
accumbens of the METH-treated rats (Fig. 5). However, GDNF
had no significant effect on 5-HT levels in any region examined at
any dose (Fig. 5).

DISCUSSION
METH is a potent psychomotor stimulant that can also act as a
dopaminergic and serotonergic neurotoxin. In the present study,
10 mg of GDNF, administered directly into the striatum 24 hr
before METH treatment, afforded nearly complete protection
against the dopaminergic toxicity of METH. Potassium-evoked
release was maintained at 100% of control values, and DA levels
in the GDNF-treated side in the striatum and nucleus accumbens
were not significantly different from levels in the saline-treated

Table 1. DA concentrations from animals treated with GDNF or vehicle
1 d before METH or saline administration

Region
GDNF 1
METH

GDNF 1
saline

Vehicle 1
METH

Vehicle 1
saline

Dorsal striatum
Right 11.7 6 1.2 12.3 6 1.3 7.8 6 1.3# 11.9 6 1.3
Left 7.8 6 1.1* 11.7 6 1.6 7.8 6 0.8# 12.8 6 1.1

Ventral striatum
Right 6.2 6 0.7 9.1 6 0.9 3.9 6 0.7# 9.6 6 0.9
Left 2.2 6 0.5* 8.7 6 1.3 3.7 6 0.4# 9.6 6 1.0

Nucleus accumbens
Right 5.4 6 0.8 5.6 6 0.9 3.6 6 0.4 5.2 6 0.7
Left 3.6 6 0.31 5.0 6 0.6 3.9 6 0.6 5.3 6 0.8

Levels are expressed as mg/g wet weight of tissue. Values are mean 6 SEM; n 5 8
or 9 for all groups.
*p , 0.05 compared with right side of brain and both sides of GDNF 1 saline group
(two-factor ANOVA with side of brain as a within factor, followed by Newman–
Keuls post hoc comparisons);
#p , 0.05 compared with both sides of vehicle 1 saline group.
1p , 0.05 compared with right side of GDNF 1 METH group (paired t test).

Table 2. 5-HT concentrations from animals treated with GDNF or
vehicle 1 d before METH or saline administration

Region
GDNF 1
METH

GDNF 1
saline

Vehicle 1
METH

Vehicle 1
saline

Dorsal striatum
Right 0.15 6 0.02* 0.28 6 0.04 0.16 6 0.02* 0.28 6 0.03
Left 0.11 6 0.02* 0.28 6 0.05 0.15 6 0.02* 0.27 6 0.02

Ventral striatum
Right 0.31 6 0.06 0.41 6 0.07 0.28 6 0.05* 0.50 6 0.05
Left 0.18 6 0.03* 0.47 6 0.11 0.26 6 0.03* 0.47 6 0.03

Nucleus accumbens
Right 0.41 6 0.07 0.43 6 0.08 0.39 6 0.04 0.52 6 0.06
Left 0.39 6 0.08 0.51 6 0.08 0.45 6 0.04 0.58 6 0.03

Levels are expressed as mg/g wet weight of tissue. Values are mean 6 SEM; n 5 8
or 9 for all groups.
*p , 0.05 compared with respective saline control group (two-factor ANOVA with
side of brain as a within factor; followed by Newman–Keuls post hoc comparisons).

Figure 4. DA levels in the striatum and nucleus accumbens of GDNF-
treated animals administered METH 24 hr after the GDNF. Doses of
GDNF (0.1, 1.0, and 10 mg) are shown on the horizontal axis. Control
animals were given intrastriatal injections of vehicle and administered
saline 24 hr later. Tissue was taken 1 week after METH or saline treat-
ment and divided into dorsal striatum (A), ventral striatum (B), and
nucleus accumbens (C), as indicated in Figure 1A. The data shown are
mean 6 SEM values for 9 or 10 animals per group. The data were
analyzed using two-factor ANOVA with side of brain as a within factor. F
scores for dorsal striatum (A): dose F 5 12.0, p , 0.001; side F 5 109.2,
p, 0.001; interaction F5 17.6, p, 0.01. F scores for ventral striatum (B):
dose F 5 8.67, p , 0.001; side F 5 202.8, p , 0.001; interaction F 5 13.6,
p , 0.001. F scores for nucleus accumbens (C): dose F 5 5.10, p 5 0.005;
side F 5 13.7, p , 0.001; interaction F 5 3.86, p 5 0.02. *p , 0.05 versus
same side of control group; 1p , 0.05 versus right side of brain at same
dose (Newman–Keuls post hoc comparisons).
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controls. This is in contrast to protection against MPTP and
6-OHDA-induced damage, in which GDNF typically affords only
partial protection. In mice given intrastriatal or intranigral GDNF
24 hr before systemic MPTP, striatal and nigral DA levels are only
partially protected (Tomac et al., 1995). When administered into
the nigral region 24 hr before 6-OHDA (Kearns and Gash, 1995),
or 7 d after 6-OHDA (Sauer et al., 1995), GDNF improved the
survival of nigral DA neurons. However, the number of surviving
neurons was still below control numbers. Similarly, striatal DA
levels were partially protected from depletion when GDNF was
administered dorsal to the substantia nigra or into the lateral
ventricle immediately before 6-OHDA (Opacka-Juffry et al.,
1995). In contrast, supranigral administration of GDNF every
other day for 4 weeks, starting on the day of an intrastriatal
6-OHDA lesion, completely prevented loss of cells in the substan-
tia nigra (Sauer et al., 1995). In addition, when GDNF was
injected into the striatum 1 and 3 d before and 1 and 4 d after
intrastriatal administration of 6-OHDA, the density of tyrosine
hydroxylase-positive fibers in the striatum was partially preserved,
and the number of tyrosine hydroxylase-positive neurons in the
substantia nigra was almost completely preserved (Shults et al.,
1996). The more extended GDNF treatment schedules in these
latter two studies appear to provide a greater degree of protection
against the effects of 6-OHDA.
The dose–response experiments in the present study indicate

that 1.0 mg of GDNF is as effective as 10 mg in protecting against
the DA-depleting effects of METH. In a similar manner, Shults et
al. (1996) found that with repeated intrastriatal administration of
GDNF, 1.0 mg was as effective as 10 mg in preventing the effects
of 6-OHDA on DA neurons. These results suggest that 1.0 mg of
GDNF, when administered intrastriatally, is a maximally effective
dose that likely leads to maximal activation of GDNF receptors.
Taken together with the studies discussed above, these results
indicate that the site of injection, the time course for delivery, and
the dose of GDNF are all important for determining the extent of
protection against various dopaminergic toxins.
There are a couple of possibilities to explain why a single

injection of GDNF provided such complete protection against the
DA-depleting effects of METH in the present study. One is the
fact that the GDNF was administered directly into the striatum.
This was done because the primary neurotoxic effects of METH
on DA neurons are at the terminal regions; there is little or no loss
of DA or cell bodies in the substantia nigra (Ricaurte et al., 1982;
Seiden and Ricaurte, 1987; Cass, 1997). Thus, injecting GDNF
directly into the region of the brain susceptible to METH toxicity
may have increased the protective properties of GDNF. A second
possible reason for the greater extent of protection is that the
magnitude of the DA depletion is less severe after METH admin-
istration (;60% or less); whereas with MPTP and 6-OHDA, the
magnitude of depletion is often $90%.
The protection of potassium-evoked overflow of DA in the

striatum by GDNF is similar to recent results concerning
6-OHDA lesions. Using microdialysis, Opacka-Juffry et al. (1995)
found that GDNF prevented 6-OHDA-induced decreases in basal
extracellular DA levels in the striatum and that potassium-
stimulated DA overflow was four times greater in GDNF-treated
6-OHDA lesioned striatum compared with control 6-OHDA le-
sioned striatum. In the present study, GDNF administration pre-
vented the loss in potassium-evoked overflow of DA normally
observed after METH treatment (Cass, 1997). Statistically, the
protection was 100%. However, there was more variability in the
data from the GDNF- and METH-treated animals compared with

Figure 5. 5-HT levels in the striatum and nucleus accumbens of GDNF-
treated animals administered METH 24 hr after the GDNF. Doses of
GDNF (0.1, 1.0, and 10 mg) are shown on the horizontal axis. Control
animals were given intrastriatal injections of vehicle and administered
saline 24 hr later. Tissue was taken 1 week after METH or saline treat-
ment and divided into dorsal striatum (A), ventral striatum (B), and
nucleus accumbens (C), as indicated in Figure 1A. The data shown are
mean 6 SEM values for 9 or 10 animals per group. The data were
analyzed using two-factor ANOVA with side of brain as a within factor. F
scores for dorsal striatum (A): dose F5 16.5, p, 0.001; side F5 0.08, p5
0.78; interaction F5 2.18, p5 0.11. F scores for ventral striatum (B): dose
F5 16.7, p, 0.001; side F5 0.78, p5 0.38; interaction F5 0.94, p5 0.43.
F scores for nucleus accumbens (C): dose F 5 20.4, p , 0.001; side F 5
3.14, p 5 0.09; interaction F 5 0.59, p 5 0.63. *p , 0.05 versus same side
of control group (Newman–Keuls post hoc comparisons).
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the saline-treated controls (Fig. 3). This variability was not always
attributable to differences among animals but often to large vari-
ations from site to site within animals. This made it appear that
the protection afforded by GDNF was heterogeneous rather than
uniform in nature.
The experiments in which animals were treated with saline after

GDNF administration were designed to control for the possibility
that GDNF may upregulate DA systems in the normal brain and
appear to offset the DA-depleting effects of METH. However, this
does not appear to be the case. In the saline-treated animals,
GDNF did not augment either potassium-evoked overflow of DA
or tissue content of DA in the striatum. Similarly, other investi-
gators have reported that striatal DA levels are not increased at 1
or 3 weeks after intracerebral injection of GDNF in adult rats
(Hudson et al., 1995; Beck et al., 1996). These data indicate that
the GDNF treatment does not in itself increase striatal DA
overflow or content 1 week later. Thus, the present results are
attributable to GDNF protecting against the DA-depleting ac-
tions of METH and are not attributable to a unilateral upregula-
tion of the nigrostriatal system on the injected side that simply
offsets the effects of METH.
Along with its effects on DA terminals, METH can also affect

5-HT systems (Gibb et al., 1994). The decreases in 5-HT levels in
the striatum of the METH-treated animals are in agreement with
this. However, GDNF did not significantly protect against METH-
induced reductions of 5-HT in the dorsal striatum or nucleus
accumbens. In the ventral striatum, 5-HT levels were only par-
tially protected in the first series of experiments and not protected
at all in the dose–response experiments. Other investigators have
reported that the effects of GDNF on 5-HT systems are less
extensive compared with DA systems (Lin et al., 1993; Hoffer et
al., 1994; Gash et al., 1995; Hudson et al., 1995; Tomac et al.,
1995), so the present results are not without precedents. However,
the relative lack of effects on 5-HT systems, whereas DA systems
are extensively protected, indicates that the protective effects of
GDNF are directed toward DA neurons and are not a generalized
phenomenon.
Although the mechanisms for GDNF-induced protection

against dopaminergic toxins are not presently known, there are
indications that the neuroprotective effects of other neurotrophic
factors may include activation or upregulation of antioxidant
enzymes (Spina et al., 1992; Mattson et al., 1993). In addition,
injection of the protein synthesis inhibitor cycloheximide into the
nigra 1 hr before GDNF prevents the neuroprotective effects of
GDNF against 6-OHDA-induced reductions in nigral DA cell
number (C.M. Kearns, personal communication). This suggests
that protein synthesis is necessary for the neuroprotective effects
of GDNF. Thus, for instance, if excessive generation of free
radicals is necessary for the neurotoxic effects of METH on DA
and 5-HT systems (Cadet et al., 1994; Giovanni et al., 1995; Hirata
et al., 1995), and if GDNF is protecting DA neurons by upregu-
lating enzymatic systems that scavenge these radicals, then the
upregulated systems appear to be localized primarily to DA neu-
rons. One possible explanation for this preferential effect of
GDNF on DA neurons over 5-HT neurons concerns the recently
identified receptor for GDNF (Durbec et al., 1996; Jing et al.,
1996; Treanor et al., 1996; Trupp et al., 1996). The receptor
system is a multicomponent complex, the components of which
are expressed by midbrain DA neurons (Treanor et al., 1996;
Trupp et al., 1996). If one of these necessary components is not
expressed in adult 5-HT neurons or is expressed in substantially

lower amounts, this could explain the relative lack of effects of
GDNF on these neurons.
METH neurotoxicity is also used as a model for Parkinson’s

disease (Walsh and Wagner, 1992; Zeevalk et al., 1994; Dawson et
al., 1995). The loss of DA in the striatum is a hallmark of this
progressive, debilitating disorder (Hornykiewicz, 1993). Behavior-
ally, animals treated with neurotoxic doses of METH display few
changes in motor performance (Walsh and Wagner, 1992; Ricau-
rte et al., 1994). However, at least one of the changes they do
show, increased footslips on a balance beam, is improved by
systemically administered L-dopa (Walsh and Wagner, 1992). The
lack of overt behavioral changes is not surprising considering that
METH-induced depletion of striatal DA is,80%. Thus, although
the lesion produced by METH is not as severe as with some other
toxins, such as 6-OHDA and MPTP, the METH model may
represent a good model for early, or preclinical, stages of Parkin-
son’s disease. The neuroprotective ability of GDNF against
METH-induced changes in striatal DA release and content pro-
vides additional evidence that this neurotrophic factor may have
potential use for the treatment of Parkinson’s disease or to help
halt its progression.
In summary, the intrastriatal application of GDNF 1 d before

METH treatment prevented METH-induced reductions in stria-
tal DA release and content. In contrast, GDNF provided little, if
any, protection against METH-induced depletions of 5-HT. These
results provide the first evidence that GDNF is protective against
the dopaminergic toxicity of METH and provide additional evi-
dence that GDNF has potent neuroprotective properties in gen-
eral against dopaminergic toxins.
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