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Abstract

There is a great concern in the literature for the development of
neuroprotectant drugs to treat Parkinson’s disease. Since anesthetic
drugs have hyperpolarizing properties, they can possibly act as
neuroprotectants. In the present study, we have investigated the
neuroprotective effect of a mixture of ketamine (85 mg/kg) and
xylazine (3 mg/kg) (K/X) on the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) or 6-hydroxydopamine (6-OHDA) rat
models of Parkinson’s disease. The bilateral infusion of MPTP (100
µg/side) or 6-OHDA (10 µg/side) into the substantia nigra pars com-
pacta of adult male Wistar rats under thiopental anesthesia caused a
modest (~67%) or severe (~91%) loss of tyrosine hydroxylase-immu-
nostained cells, respectively. On the other hand, an apparent neuro-
protective effect was observed when the rats were anesthetized with
K/X, infused 5 min before surgery. This treatment caused loss of only
33% of the nigral tyrosine hydroxylase-immunostained cells due to
the MPTP infusion and 51% due to the 6-OHDA infusion. This
neuroprotective effect of K/X was also suggested by a less severe
reduction of striatal dopamine levels in animals treated with these
neurotoxins. In the working memory version of the Morris water maze
task, both MPTP- and 6-OHDA-lesioned animals spent nearly 10 s
longer to find the hidden platform in the groups where the neurotoxins
were infused under thiopental anesthesia, compared to control ani-
mals. This amnestic effect was not observed in rats infused with the
neurotoxins under K/X anesthesia. These results suggest that drugs
with a pharmacological profile similar to that of K/X may be useful to
delay the progression of Parkinson’s disease.
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Introduction

Parkinson’s disease is among the neuro-
degenerative diseases for which there is no
treatment proved to be clinically effective to

halt or retard neurodegeneration (1). It re-
sults from the degeneration of dopaminergic
neurons in the substantia nigra pars com-
pacta (SNc) and, to a lesser extent, in the
retrorubral field and ventral tegmental area
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(2,3). Indeed, mesencephalic dopaminergic
cells are among the elements of the basal
ganglia most vulnerable to neurodegenera-
tion (1,3). Therefore, it is of great interest to
look for neuroprotective compounds for the
treatment of Parkinson’s disease.

6-Hydroxydopamine (6-OHDA) and 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) cause large or partial loss of dopa-
minergic cells, respectively, in the SNc of
rats. Their effects have been studied as mod-
els of the advanced or the early phase of
Parkinson’s disease (4-7). 6-OHDA induces
nigral dopaminergic lesion mainly by gener-
ating reactive oxygen species as a result of
its oxidation. This can occur spontaneously
or be induced by monoamine oxidase or iron
(1,6). MPTP is converted into 1-methyl-4-
phenyl-peridinium (MPP+) by glial mono-
amine oxidase B. MPP+ accumulates in SNc
dopaminergic cells and acts mainly by in-
hibiting mitochondrial complex I, leading to
a decrease in cellular ATP levels and cell
death (8).

Sodium thiopental and a mixture of keta-
mine/xylazine (K/X) have been used to anes-
thetize rats during surgery for intracerebral
administration of MPTP or 6-OHDA. In the
present study, we report that lesions of the
SNc (induced by MPTP or 6-OHDA) were
amnestic only when the rats were operated
under thiopental, but not under K/X anesthe-
sia. The aim of the present investigation was
to study whether the NMDA receptor an-
tagonist, ketamine, has a neuroprotective
effect on the MPTP and 6-OHDA rat models
of Parkinson’s disease.

Material and Methods

Animals

Adult male Wistar rats from our own
breeding colony weighing 270-320 g at the
beginning of the experiments were used.
The animals were maintained in a tempera-
ture-controlled room (22 ± 2ºC) on a 12/12-

h light cycle (lights on at 7:00 am) and had
free access to food and water. All efforts
were made to minimize animal suffering and
the recommendations of the Brazilian Laws
and the National Institutes of Health guide
for experimental animal care (9) were strictly
followed.

Surgery and drug treatments

The animals were divided into the fol-
lowing groups: 1) control, N = 10; 2) thio-
pental MPTP, N = 15; 3) thiopental 6-OHDA,
N = 15; 4) K/X MPTP, N = 15, and 5) K/X 6-
OHDA, N = 15. Group 2 and 3 animals were
anesthetized with 40 mg/kg sodium thiopen-
tal, ip, while group 4 and 5 animals were
anesthetized with 85 mg/kg ketamine, ip,
and 3 mg/kg xylazine, ip. MPTP-HCl (100
µg in 1 µL saline; Sigma, St. Louis, MO,
USA) or 6-OHDA (Sigma; 6 µg in 2 µL
artificial cerebrospinal fluid consisting of
8.66 g NaCl, 0.205 mg KCl, 0.176 g CaCl2 

.
2H2O, and 0.173 g MgCl2 

. 6H2O in 1 liter of
water, plus 0.2% ascorbic acid) was infused
into the SNc through a 30-gauge stainless
steel needle at a rate of 0.33 µL/min, at the
following coordinates: anteroposterior -5.0
mm from the bregma, mediolateral ±2.1 mm
from the midline, and dorsoventral -7.7 mm
from the skull. During the first 5 postopera-
tive days the animals were fed a pasty diet
consisting of a mixture of crumbled ration
and water. After that time, the animals were
no longer aphagic or adipsic, and presented
no gross motor deficit that could affect their
performance during the memory tasks. Two
additional groups were submitted to surgery
in which artificial cerebrospinal fluid was
infused under thiopental or K/X anesthesia.
These treatments did not significantly affect
cell death, as shown in the Results section by
the striatal levels of dopamine and 3,4-dihy-
droxyphenylacetic acid (DOPAC) when
compared to the non-operated group (Figure
3). These data were pooled and referred to as
the control group in the Results section.
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Water maze test

Three weeks after surgery, the animals
were submitted to a working memory ver-
sion of the Morris water maze task (6). The
animals were submitted to 4 consecutive
trials per day over 5 training days. The es-
cape platform remained in the same place
during the trials conducted on the same day,
but was moved to another quadrant of the
tank, day by day, thus forcing the animals to
use their working memory to find it. The
tank was videotaped and the scores for la-
tency to reach the escape platform and the
swimming speed were later computed with
an image analyzer (CEFET, Curitiba, PR,
Brazil). Escape latencies for all training days
in the water maze were averaged by trial.

Tyrosine hydroxylase immunohistochemistry
and tyrosine hydroxylase-immunoreactive
cell count

Fifty-five days after surgery, the animals
were sacrificed and the midbrains were
placed in 4% formalin for 1 week and then in
20% sucrose formalin for 48 h before sec-
tioning. The brainstems were frozen and
series of 30-µm thick sections were cut with
a sliding microtome on the frontal plane.
One series of sections was immunostained
for tyrosine hydroxylase (TH) with a mono-
clonal anti-TH antibody raised in mice
(Incstar Corp., Stillwater, MN, USA) at a
1:5000 dilution. The primary antiserum was
located by applying a variation of the avidin-
biotin complex system using a commercially
available kit (ABC Elite kit, Vector Labora-
tories, Burlingame, CA, USA) as described
in a previous study (6). The number of TH-
immunoreactive neurons was determined
using a 10X objective of a Nikon Eclipse
E600 microscope equipped with a camera
lucida by counting these neurons on both
sides of the SNc and ventral tegmental area
in 8 series of coronal sections located 360
µm apart, and the estimated counts were

extrapolated using the method of Abercrom-
bie (10). The borders defining the SNc and
ventral tegmental area were determined from
adjacent Nissl-stained sections that served
as a reference for cytoarchitectural purposes.

Determination of striatal monoamine levels

The striata of the two hemispheres were
dissected from the anterior part of the same
brains. The endogenous levels of dopamine
and DOPAC were assayed by reverse-phase
high-performance liquid chromatography
with electrochemical detection as described
elsewhere (6). The reverse-phase high-per-
formance liquid chromatography with elec-
trochemical detection system consisted of a
C18 reverse-phase column (Shim-pack,
CLC-ODS, 250 x 4.6 mm; Shimadzu, Co-
lumbia, MD, USA), an amperometric elec-
trochemical detector (Decade, VT-03 flow
cell; Antec Leyden, Zoeterwoude, The Neth-
erlands), and a liquid chromatography work-
station (CLASS-VP 5032, Shimadzu). The
oxidation potential was +0.85 V versus an in
situ Ag/AgCl reference electrode (Antec
Leyden). The peak areas of external stan-
dards were used to quantitate the peaks.

Statistical analysis

Differences between groups were ana-
lyzed by one-way (cell counts and mono-
amine levels) or two-way (memory scores)
analysis of variance (ANOVA) with repeated
measures (trials), followed by the Newman-
Keuls test, with the level of significance set
at P < 0.05.

Results

Tyrosine hydroxylase count

The results shown in Figures 1 and 2 are
suggestive of a neuroprotective effect of K/
X. Perinigral infusion of MPTP or 6-OHDA
caused a significant reduction in the number
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Figure 1. Bright-field photomicro-
graphs illustrating representative
tyrosine hydroxylase-immuno-
stained cell sections from the fol-
lowing experimental groups: A,
animals anesthetized with thio-
pental receiving 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (T
MPTP) or B, 6-hydroxydopamine
(T 6-OHDA), and C, animals
anesthetized with ketamine and
xylazine (K/X) receiving MPTP
(K/X MPTP), or D, 6-OHDA (K/X
6-OHDA), and E, a control ani-
mal. Note that a smaller number
of tyrosine hydroxylase-immuno-
stained neurons was lost in the
SNc of the animals anesthetized
with K/X (C, D) compared to
those anesthetized with thiopen-
tal (A, B). VTA = ventral tegmen-
tal area; SNc = substantia nigra
pars compacta; SNr = substan-
tia nigra pars reticulata. Scale
bars = 200 µm.

of the TH-immunoreactive neuron cells
mainly in the SNc (F(4,25) = 22.93, P <
0.001, one-way ANOVA), spreading more
modestly to the ventral tegmental area
(F(4,25) = 5.57, P < 0.001, one-way
ANOVA). 6-OHDA caused a significantly
greater cell loss in the SNc compared to
MPTP (P < 0.05, Newman-Keuls test) when
the animals were anesthetized with thiopen-
tal. A smaller loss of TH-immunostained
neurons in the SNc was observed when the
animals were anesthetized with K/X prior to
the infusion of 6-OHDA (P < 0.01, New-
man-Keuls test) or MPTP (P < 0.05, New-

man-Keuls test) compared to animals anes-
thetized with thiopental.

Dopamine depletion

Analysis of striatal dopamine loss also
suggests a neuroprotective effect of K/X. As
shown in Figure 3, MPTP and 6-OHDA
treatments also caused a significant reduc-
tion in the striatal levels of dopamine (F(4,48)
= 83.15, P < 0.001, one-way ANOVA; P <
0.001, Newman-Keuls test) and DOPAC
(F(4,48) = 12.48, P < 0.001, one-way
ANOVA; P < 0.001, Newman-Keuls test).
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6-OHDA was more effective than MPTP in
reducing dopamine levels in animals anes-
thetized with thiopental (P < 0.05, Newman-
Keuls test), but no significant difference was
observed between these groups when the
animals were anesthetized with K/X (P =
0.21, Newman-Keuls test). A significantly
higher depletion of striatal dopamine was
observed in the 6-OHDA thiopental group
compared to the 6-OHDA K/X group (P <

0.05, Newman-Keuls test). However, the
level of DOPAC in the 6-OHDA K/X group
did not differ significantly from that of the 6-
OHDA thiopental group (P = 0.09, New-
man-Keuls test). A neuroprotective effect of
K/X was observed for MPTP-lesioned rats
in relation to DOPAC (P < 0.05, Newman-
Keuls test), but not in relation to dopamine
(P = 0.33, Newman-Keuls test).

Figure 2. Unilateral counts of the number of tyrosine hydroxylase (TH)-immunoreactive neurons in complete series of sections through the substantia
nigra pars compacta (SNc; A) and ventral tegmental area (VTA; B). Graphs show the corrected mean ± SEM for each experimental group with 6
animals (Ref. 9). *P ≤ 0.05 compared to the control group; #P ≤ 0.05 compared to the thiopental 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (T MPTP)
group; +P ≤ 0.05 compared to the thiopental 6-hydroxydopamine (T 6-OHDA) group (ANOVA followed by the Newman-Keuls test). K/X = ketamine/
xylazine anesthesia.

Figure 3. Striatal dopamine (DA)
(A) and 3,4-dihydroxyphenyla-
cetic acid (DOPAC) (B) concen-
trations after 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)
or 6-hydroxydopamine (6-OHDA)
administration into the rat sub-
stantia nigra pars compacta un-
der thiopental (T) or ketamine/
xylazine (K/X) anesthesia. Two
sham-operated groups are
shown for comparison with the
control groups. T MPTP: N = 9;
T 6-OHDA: N = 9; K/X MPTP: N
= 7; K/X 6-OHDA: N = 7; sham
groups: N = 6, and control
groups: N = 6. Bars represent
the mean ± SEM. *P ≤ 0.05 com-
pared to the control group; #P ≤
0.05 compared to the T 6-OHDA
group; +P ≤ 0.05 compared to
the K/X 6-OHDA group (one-
way ANOVA followed by the
Newman-Keuls test).
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Water maze test

The differences of working memory be-
tween thiopental and K/X anesthetized ani-
mals also suggest a neuroprotective effect of
the latter anesthetic. The data in Figure 4A
and B are shown in different graphics, in
order to facilitate comparison of the neuro-
protective effects of the anesthetics, but the
data of all groups were analyzed together.
As can be seen, MPTP- and 6-OHDA-le-
sioned animals presented worse scores in the
water maze task compared to control ani-
mals only after being operated under thio-
pental anesthesia (F(4,71) = 5.13, P ≤ 0.001,
two-way ANOVA, treatment factor; P ≤ 0.05
Newman-Keuls test). The MPTP- and 6-
OHDA-lesioned animals operated under thio-
pental anesthesia also traveled longer dis-
tances to find the hidden platform in the
water maze (data not shown; F(4,71) = 5.13,
P ≤ 0.001, two-way ANOVA, treatment fac-
tor; P ≤ 0.05, Newman-Keuls test). The av-
erage swimming speed of all groups tested
was equivalent (F(4,71) = 0.07, P > 0.2,
ANOVA).

Discussion

The present results suggest that anesthe-
sia with K/X protected the SNc against le-
sions induced by 6-OHDA and MPTP. This
neuroprotective effect was observed at the
level of nigral TH-immunoreactive neurons,
striatal dopamine and DOPAC tissue con-
centration, and for behavioral performance

of the animals in a test sensitive to changes
in the nigrostriatal pathway. One exception
was observed regarding striatal dopamine
depletion when the lesion was induced with
MPTP. Since MPTP caused a more modest
depletion of dopamine compared to 6-
OHDA, it is possible that the neuroprotec-
tive effect of K/X was more evident in the
latter case.

The blockade of NMDA receptors by
ketamine is a possible mechanism whereby
the K/X mixture protected SNc neurons
against the MPTP insult since neuroprotec-
tion of SNc cells against the MPTP or MPP+

insult by NMDA receptor antagonists has
been reported (11-14). However, the non-
competitive NMDA receptor antagonist,
MK-801, failed to protect rats against MPP+

and mice against MPTP neurotoxicity (15-
17). The observed neuroprotective effect of
ketamine may also be mediated by its dopa-
mine D2 receptor agonist action, as is the
case for other agonists such as pramipexole
reported to be neuroprotective against MPTP
and 6-OHDA lesions (18).

Alternatively, ketamine has been reported
to act as an inhibitor of 6-OHDA uptake and
as a scavenger of free radicals in dopaminer-
gic neurons. Datla and co-workers (19) have
shown that higher doses of 6-OHDA (10 µg)
were necessary to provoke significant de-
pletion of SNc TH-immunostained cells and
dopaminergic depletion in the rat.

The neuroprotective effect of K/X was
sufficient to prevent working memory im-
pairment caused by both MPTP and 6-OHDA

Figure 4. Effect of ketamine/
xylazine (K/X) anesthesia with
administration of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP) or 6-hydroxydop-
amine (6-OHDA) into the rat sub-
stantia nigra pars compacta on
the working memory version of
the Morris water maze task. Data
of 5 training days were averaged
for each of 4 consecutive trials
and reported as mean ± SEM
latency to find the platform. Thio-
pental MPTP: N = 14; thiopental
6-OHDA: N = 10; K/X MPTP: N =
13; K/X 6-OHDA: N = 9, and con-
trol groups: N = 14. *P ≤ 0.05
compared to control group; +P ≤
0.05 compared to K/X group
(two-way ANOVA, followed by
the Newman-Keuls test).
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lesions. This result probably was not due to
a motor impairment since, at the time of this
test, the animals swam normally and the
latency to find the platform in the first trial of
the first training day (F(4,71) = 0.10, P > 0.2,
ANOVA) and the mean swimming speed
(F(4,71) = 0.07, P > 0.2, ANOVA) did not
differ significantly between groups (20).

The percentages of loss of TH-immuno-
stained cells and striatal dopamine in the
same animals were not similar. It is possible
that the surviving SNc cells increased the
synthesis and/or release of dopamine in the
striatum. During the early stages of the dis-
ease, the remaining cells maintain nigrostri-
atal function at normal physiological levels.

 For this reason, Parkinson’s disease pa-
tients start to develop motor symptoms only
when almost 75% of their dopaminergic ni-

grostriatal neurons have died.
Cognitive deficits have been reported in

rat models (4,6,7,20,21) and in the early
stages of Parkinson’s disease, even before
the onset of motor symptoms (22). Since
MPTP- and 6-OHDA-lesioned rats model
the early and advanced phases of Parkinson’s
disease, respectively, the present results en-
courage future studies to test whether the
observed neuroprotective effect of K/X
would delay neurodegeneration in both
phases of this disease.
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