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Abstract

Several studies have documented the effect of methamphetamine (METH) on the toxicity of the
dopamine (DA) terminals of the striatum but only a few studies have assessed the damaging effects
of METH on striatal neurons postsynaptic to the nigrostriatal DA terminals. In the present study, we
employed histological methods to study the effect of METH on DA terminals and striatal neurons.
We also assessed the role of the striatal neurokinin-1 (NK-1) receptor on pre- and post-synaptic
METH-induced damage. Male mice were treated with METH (10 mg/kg) four times at 2-h intervals
and were sacrificed 3 days after the treatment. A number of animals received the non-peptide NK-1
receptor antagonist WIN-51,708 (10 mg/kg) 30 min before the first and fourth injections of METH.
Immunocytochemical staining for tyrosine hydroxylase (TH) showed significant deficits throughout
all aspects of the caudate-putamen in animals exposed to METH. Pretreatment with WIN-51,708
prevented the METH-induced loss of TH immunostaining. Sections from a separate set of mice were
stained with Fluoro-Jade B (FJB), a fluorochrome that binds specifically to degenerating fibers and
cell bodies of neurons. Treatment with METH shows Fluoro-Jade B positive cell bodies in the
striatum and pretreatment with WIN-51,708 abolished Fluoro-Jade B staining. Moreover, double
labeling with Fluoro-Jade B and glial fibrillary acidic protein (GFAP) shows reactive astrocytosis in
the area adjacent to the Fluoro-Jade B-positive cells but no Fluoro-Jade B staining of the astrocytes.
This observation suggests that the degenerating cells must be striatal neurons and not astrocytes. The
data demonstrate that METH induces pre- and post-synaptic damage in the striatum and the damage
can be prevented with pharmacological blockade of the NK-1 receptor. These findings represent a
new direction in the study of the mechanism of toxicity to METH and could be useful in the treatment
of some neurological disorders.
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1. Introduction

Methamphetamine (METH) causes pre-synaptic dopaminergic terminal degeneration in the
striatum as demonstrated by deficits in various neurochemical and morphological markers
[4,46]. Long-term toxic damage is evidenced by the degeneration of dopaminergic fibers in
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the neostriatum [41,47]. Despite the well-documented pre-synaptic dopamine (DA) terminal
damage induced by METH, few studies have investigated the potentially damaging effects of
METH exposure on neurons intrinsic to the striatum [7,9]. Most importantly, Cadet et al. [6]
have demonstrated that METH also induces cell death by showing the presence of TUNEL-
positive neurons in the striatum of mice treated with a neurotoxic dose of METH [9]. DA and
glutamate have long been believed to mediate METH-induced neurotoxicity by facilitating the
formation of reactive oxygen and nitrogen species as well as excitotoxic neurotransmission
[1,5,22,33,37,49,55,56]. Recent evidence also suggests the involvement of neuropeptides, such
as enkephalin and dynorphin, in the neural reactions induced by METH [13,58,59].

Tachykinin peptides and their receptors are intrinsic components of the DA system [2].
Substance P (SP) is the most abundant peptide of the tachykinin family and has the highest
natural binding affinity for the neurokinin-1 (NK-1) receptor, which is a G-protein-coupled
receptor. The basal ganglia is particularly rich in both SP neurons and NK-1 receptors [48].
The bulk of the striatal NK-1 receptors has been localized to interneurons [15,26,36]. SP/NK-1
is not only intimately involved in the modulation of neostriatal DA function [39,44,45], but
also contributes to excitotoxic neurotransmission in various regions of the central nervous
system [28,29,61]. One of the consequences of exposure to METH is elevation of the levels
of SP peptide and the messenger RNA encoding the precursor to SP (preprotachykinin-A),
within striatonigral projection neurons [3,54]. Depending on the site of its release and the dose
of the releasing agent, SP may play different roles within the basal ganglia. For example, a
study using in vivo microdialysis in the rat striatum demonstrates that local infusion of the
non-peptide NK-1 receptor antagonist CP-96345 potentiates METH-induced DA overflow.
This suggests that released SP plays a physiological role by dampening the activity of the
nigrostriatal projection under conditions of excess DA [18]. However, we have recently
reported that the pharmacological blockade of the NK-1 receptor protects against METH-
induced pre-synaptic neurochemical deficits, suggesting a crucial role for the striatal NK-1
receptor in the pathogenesis of METH-induced neurotoxicity [66].

In order to confirm that NK-1 receptor antagonists could prevent METH-induced DA axonal
degeneration, rather than facilitate the compensatory expression of phenotypic markers by
surviving cells, we performed a histological assessment using tyrosine hydroxylase (TH)
immunohistochemistry. In addition, to test the hypothesis that pretreatment with the NK-1
receptor antagonist WIN-51,708 also prevents METH-induced striatal tissue degeneration, we
used a newly developed technique, Fluoro-Jade B staining double-labeled with
immunofluorescent glial fibrillary acidic protein (GFAP), in order to visualize neuronal
degeneration.

2. Materials and methods

2.1. Animals

Eight-week-old male ICR/CD-1 mice weighing 30-40 mg (Taconic, Germantown, NY) were
singly housed on a 12-h light/dark cycle with food and water available ad libitum. They were
habituated for 2 weeks before commencement of drug treatments. The animals were sacrificed
by decapitation on day 3 post-treatment. All animal-use procedures were performed according
to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and
were approved by the animal care committee at Hunter College of the City University of New
York.

2.2. Drug administration

METH (Sigma, St. Louis, MO) was dissolved in saline and four injections (10 mg/kg) were
intraperitoneally administered at 2-h intervals for 1 day. The highly selective NK-1 receptor
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antagonist WIN-51,708 (RBI/Sigma, Natick, MA) was dissolved in 45% 2-hydroxypropyl-f-
cyclodextrin (RBI/Sigma, Natick, MA). Vehicle and WIN-51,708 (10 mg/kg) were given
intraperitoneally 30 min prior to the 1st and 4th injections of METH or saline. WIN-51,708 is
a highly selective non-peptide NK-1 receptor antagonist displaying an 1Csq of 50 nM in rat
forebrain membranes [42].

2.3. THimmunohistochemistry

The animals were fully anesthetized with a Ketamine/Acepromazine mixture (100 mg/kg
Ketamine/1 mg/kg Acepromazine) before perfusion and fixation through the heart. Mice
perfused with 0.1M phosphate-buffered saline (PBS), pH 7.4, followed by fixation with 4%
Paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4). Brains were post-fixed overnight with 4%
PFA/0.1M PBS at 4 °C and immersed in 30% sucrose for 24 h at 4 °C. Coronal sections (40
um in thickness) were cut in the vibratome at room temperature. The floating sections were
washed 3 x 10 min in 0.1M PBS, followed by incubation with 10% Normal Sheep Serum (NSS)
at room temperature for 30 min to block nonspecific binding. Then the sections were incubated
with polyclonal rabbit anti-TH antibody (1:500, Chemicon, Temecula, CA) diluted in 2%
blocking solution (NSS) at 4 °C overnight. The next day, the sections were washed with PBS
3 x 10 min and then incubated with sheep anti-rabbit 2nd antibody conjugated with FITC
(1:1000, Chemicon) for 2 h at room temperature. Sections were washed three times with PBS
before mounted on the slide. The slides were examined using the Nikon Eclipse E400
Fluorescent Microscope.

2.4. Double labeling of Fluoro-Jade B and GFAP

Slide-mounted sections were completely dried and postfixed in absolute ethanol at —20 °C for
10 min. After several washes in 0.01 M PBS, sections were incubated with the protein diluent
from Vector Mouse on Mouse (M.O.M.) kit (Vector Laboratories, Burlingame, CA) for 5 min,
followed by incubation with monoclonal anti-GFAP antibody (1:30, Sigma, St. Louis, MO)
diluted in 0.3% Triton X-100 and M.O.M. protein diluent in PBS at 4 °C overnight. Sections
were then incubated with biotinylated secondary antibody at room temperature for 30 min,
followed by incubation with rhodamine avidin DCS (cell sorting grade; Vector Laboratories)
for 5 min. After being washed for 5 min in PBS and 5 min in distilled water, sections were
then placed in 0.0001% Fluoro-Jade B staining solution (Histo-Chem, Jefferson, AR) with
0.1% acetic acid at 4 °C for 1 h. After three washes in distilled water for 1 min each, sections
were dried, immersed in xylene and overlayed with a glass cover with DPX. The tissue was
examined using an epifluorescent microscope with blue (460-500 nm) and green (532-587
nm) excitation light. Fluoro-Jade B and GFAP positive cells were counted from four sections
per animal (five to seven animals per group).

2.5. Statistical analysis

Experimental result values are presented as average values with = S.E.M.. The significance of
difference between means was analyzed by Student’s t-test or by ANOVA and post hoc
analyses using the Fisher’s protected least significant difference test, with the significance level
set at P < 0.05. The degree of neuronal degeneration was assigned a rank score depending on
the average number of Fluoro-Jade B (FJB)-positive cells in the striatum per section by
counting four coronal sections per animal: 0 (—), < 1 cell/section; 1 (+): 1-50 cells/section; 2
(++): 51-100 cells/section; 3 (+++): 101-150 cells/section; 4 (++++): >150 cells/section.
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3. Results

3.1. Blockade of NK-1 receptor attenuated METH-induced loss of TH immunoreactive fibers

Deficits of TH immunohistochemical staining in the striatum, together with silver staining,
have been reproducibly correlated in various published studies with DA terminal degeneration
[43]. In the present study, we have used immunohistochemical staining of striatal TH as an
index of METH-induced DA terminal toxicity in order to determine if the deficits are either
uniformly distributed throughout the striatum or display regional selectivity. The vehicle-
saline-treated control animals showed dense TH staining throughout the striatum. The animals
treated with the NK-1 receptor antagonist WIN-51,708 alone demonstrated a pattern of TH
immunostaining indistinguishable from those in the control group (Fig. 1A and D). However,
intraperitoneal administration of 10 mg/kg METH four times at 2-h intervals for 1 day (n = 5)
caused marked reduction in the intensity of striatal TH immunoreactivity (TH-IR) 3 days after
drug treatment (Fig. 1B). Four animals of the five demonstrated extensive reduction of TH-IR
over the entire striatum, but the lateral aspect of the striatum (ICPu) consistently displayed
greater reduction of TH-IR than the medial aspect of the striatum (mCPu) (Fig. 1B). The ICPu
displays higher levels of preprotachykinin-A mRNA [64] and delta opioid receptors [31]. In
comparison with the animals treated with METH alone, pretreatment with WIN-51,708 (n =
5) at a dose of 10 mg/kg of body weight significantly prevented the decrease of TH-IR in four
out of five treated animals (Fig. 1C).

3.2. Toxic doses of METH caused post-synaptic neuronal degeneration in the striatum

There is a paucity of information on the damaging effects of METH on neurons post-synaptic
to the DA terminals of the striatum. In order to assess the deleterious effects of METH on
striatal neurons, we employed a histological method using fluorescent staining of degenerating
processes and cell bodies with Fluoro-Jade B. Fluoro-Jade B is a newly developed anionic
fluorochrome that selectively stains degenerating neurons after a variety of neurotoxic insults.
It is more sensitive, reproducible and reliable than almost all the other conventional
histochemical techniques in localizing neuronal degeneration [50,51]. In our previous work on
neurochemical assessment, we demonstrated that pretreatment with WIN-51,708 prevented
the induction of GFAP protein level in astrocytes [67]. Therefore, reactive astrocytosis,
assessed by immunofluorescence of GFAP, double-labeled with Fluoro-Jade B, was used as
the main index of METH-induced neural damage.

No positive Fluoro-Jade B staining was observed in either control animals (Fig. 2) or in the
group receiving WIN-51,708 alone (data not shown). However, four injections of 10 mg/kg
METH resulted in prominent staining of Fluoro-Jade B positive cells in the striatum of five
out of seven treated animals (n = 7; Fig. 2). Fluoro-Jade B positive cells were seen throughout
the striatum of two animals, relatively concentrated at the ventral lateral striatum of the other
two animals, and at the lateral striatum in one animal. METH exposure caused a substantial
increase in the number of astrocytes with larger cell bodies and longer processes. The reactive
astrocytes were present in proximity to the degenerating neurons as well as in regions
surrounding the degenerating area. No doubly labeled cells were observed, suggesting that the
Fluoro-Jade B positive cells represent some striatal neurons. The degenerating bodies (neurons)
appear small (indicated by arrows in Fig. 2 METH group) because they may represent the
remnant of the cell body or perhaps just the nucleus.

3.3. NK-1 receptor antagonist attenuated METH-induced striatal neuronal degeneration

In order to assess the role of the striatal NK-1 receptor on METH-induced neuronal
degeneration, a group of animals was pretreated with the NK-1 receptor antagonist and then
injected with METH (the animals were sacrificed 3 days after the treatment). In contrast to
animals treated with METH alone, no Fluoro-Jade B positive cells were seen in four out of six
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animals pretreated with the NK-1 receptor antagonist WIN-51,708 (n = 6; Fig. 2), while the
other two showed Fluoro-Jade B staining either in the ventral lateral region or throughout the
striatum. The degree of neuronal degeneration was assigned an arbitrary rank score depending
on the average number of Fluoro-Jade B positive cells in the striatum per section by counting
four sections per animal (Fig. 3a). Pretreatment of WIN-51,708 caused a quantitative decrease
in the average rank score (Fig. 3b) as well as in the number of astrocytes (Fig. 3¢c) compared
to the group treated with METH alone.

4. Discussion

The histological results presented here support previous neurochemical studies from our
laboratory [66]. The histological studies on TH immunohistochemistry and Fluoro-Jade B
staining double-labeled with GFAP immunofluorescence demonstrate that the
pharmacological blockade of the NK-1 receptor attenuates METH-induced neurodegeneration
in the striatum of the mouse brain. In addition to presynaptic DA terminal damage, our data
also provide direct histological evidence that METH exposure can cause degenerative damage
to the post-synaptic striatal neurons. As demonstrated in the METH-treated group, acute
treatment with multiple injections of METH has greater impact on the pre-synaptic terminals
than it does on the post-synaptic neurons, implying that pre-synaptic terminals are subjected
to more damaging influences or that they themselves are more vulnerable to toxic injury.

The protective effects afforded by the NK-1 receptor antagonist WIN-51,708 on both pre-
synaptic DA terminal damage and post-synaptic neuronal degeneration suggest that the NK-1
receptor participates in an initial step (upstream) in the cascade leading to long-term neural
degeneration in the striatum. These results also suggest the possibility that there may be links
between the mechanisms causing DA terminal degeneration and those giving rise to intrinsic
neuronal damage in the striatum. Some published work suggests a causal link between post-
and pre-synaptic mechanisms of METH-induced neural damage. For example, it has been
shown that excitotoxic destruction of post-synaptic striatal neurons protect against METH-
induced DA depletion [40], and the administration of toxic doses of METH, are associated
with increased p53-like immunoreactivity [20], as well as prolonged activation of AP-1 in
striatal cell bodies [52]. More experiments are needed in order to elucidate the mechanism by
which WIN-51,708 protects the striatum from METH. For example, the WIN-51,708
compound may hinder the accumulation of METH in brain tissue. This possibility appears to
be remote since WIN-51,708 does not prevent METH-induced hyperthermia [66]. Moreover,
the non-peptide NK-1 receptor antagonist L-733,060 also protects DA terminal markers from
METH [66].

An alternative hypothesis is that METH-induced post-synaptic degeneration has no causal
relationship to pre-synaptic terminal damage. For example, we did not observe Fluoro-Jade B
staining at 5 mg/kg of METH (personal observation), a dose that has been shown to induce
loss of DA transporter sites and TH in the striatum of rats [11]. A similar dose of METH
produced Fluoro-Jade B staining of neurons in the parietal cortex but not in the striatum [12],
suggesting that cortical neurons are more sensitive to METH than striatal neurons. In order to
resolve these discrepancies, more systematic studies are needed at various doses of METH and
temporal assessment, especially a comparison of early with late events in the neurotoxic
cascade induced by METH.

The intracellular mechanism by which METH induces toxicity and neural damage may be
activated from more than one direction. For example, METH administration resulted in the
induction of immediate early gene (IEG) expression [9,52]. It has also been demonstrated that
DA/glutamate interactions occur not only at the circuit level but also at the level of intracellular
signaling within individual striatal neurons, which requires functional NMDA receptor and
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Ca? * to regulate the expression of IEGs [23]. Therefore, in addition to the synergistic actions
of DA and glutamate on the formation of reactive oxygen and nitrogen species causing acute
damage, the molecular events involving the activation or inhibition of cell-death-related genes
may also be responsible for METH-induced long-term degeneration.

Ladenheim et al. [24] have recently demonstrated that METH-induced terminal degeneration
and apoptotic cell death were attenuated in interleukin-6 knockout mice, suggesting the
involvement of cytokines in the pathogenic process of METH neurotoxicity. Converging
evidence reveals that neuroglial cells, including astrocytes and microglia, contain nitric oxide
synthase, and that cytokines can mediate nitric oxide production as well as activation of
apoptotic pathways in various neurodegenerative diseases including Parkinson’s Disease [8,
21,63]. One possibility is that the reactive gliosis, as a phenomenon secondary to the primary
insults, may cause necrosis or apoptosis in the neighboring areas via the increased production
of nitric oxide or cytokines [14,25,62]. It is worth noting that reactive astrocytes and microglia
express SP receptors [27,30,32,57] and SP has been shown to stimulate the secretion of various
cytokines, such as interleukin-1, interleukin-6 and tumor necrosis factor-a from neuroglial cells
inanumber of central nervous system disorders [16,30,34,39]. Furthermore, non-peptide NK-1
receptor antagonists selectively blocked SP-induced production of interleukin-6 in astrocytoma
cell lines [10].

A neurodegenerative function may be associated with the NK-1 receptor in the hippocampus
of the rodent brain. It has been demonstrated by several laboratories that excessive levels of
excitatory amino acids, namely glutamate, induce excitotoxicity and cell death in several brain
regions [53]. In the hippocampus, the neuropeptide SP is known to induce the release of
glutamate [29]. Moreover, kainate induces cell death in the hippocampus of wild type mice
but not in the hippocampus of a mouse lacking the preprotachykinin-A gene encoding the
neuropeptide SP [28]. These observations lend support to our hypothesis that METH-induced
neural damage in the striatum is initiated by signaling through the NK-1 receptor. These
observations assume that METH induces the release of SP. A recent study utilizing in vivo
microdialysis in freely behaving rats reported that a high dose of METH failed to evoke
detectable levels of SP [19]. It is conceivable that very low levels of SP are released, below
the level of detection by microdialysis. An alternative interpretation is that SP is degraded very
quickly having sufficient time to signal through the NK-1 receptor but never accumulating at
levels high enough to be picked up by the microdialysis probe [35]. More work is needed using
an alternative method to demonstrate the release of SP and the activation of the NK-1 receptor
by METH.

It is possible that the neuropeptide SP mediates some of the neurotoxic effects of METH in the
striatum via glutamate by a mechanism similar to the one described above for the hippocampus
[28,29]. A role for glutamate in METH-induced neurotoxicity in the striatum has been
suggested by some studies. For example, the non-competitive NMDA receptor antagonist
MK-801 protects dopaminergic and serotonergic terminals from METH in the striatum [41].
Moreover, pretreatment with MK-801 significantly reduced METH-induced dopamine
overflow in the striatum of the rat brain [60]. In the light of the results presented here and in
other published work from this laboratory [66,67], it is reasonable to speculate that the NK-1
receptor may be located upstream of the glutamate receptors in the neurotoxic cascade induced
by METH in the striatum. This mechanism necessitates the release of SP by METH. A recent
study using in vivo microdialysis in rats failed to detect augmented SP overflow in the presence
of METH [19]. However, the rate of decomposition of SP in striatal tissue is extremely high
[35]. We have observed that METH induces the internalization of the NK-1 receptor in striatal
tissue suggesting that in the presence of METH, SP is released and signals through the NK-1
receptor (unpublished results).
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Some studies suggest that SP released by METH in striatal tissue serves to dampen the activity
of the nigrostriatal pathway. For example, administration of the NK-1 receptor antagonist
CP-96345 enhances METH-induced dopamine overflow in the striatum [18]. However, this
was observed using a very low dose of METH (0.5 mg/kg). Similarly, effects of NK-1 receptor
blockade on METH-induced behavior and neuropeptide mRNA expression [17] may not
correlate with models of toxicity where high doses of METH are used. This study employs
acute METH (2.5 mg/kg) and assesses behavior immediately after METH and neuropeptide
mMRNA expression 3 h later [17]. Early events at low doses of METH may not correlate with
changes that appear days after the exposure to a high dose of METH.

In summary, blockade of the striatal NK-1 receptor with a non-peptide antagonist prevents the
loss of DA transporter sites, tissue DA content, TH and blocks the induction of GFAP by METH
in the striatum [66]. Here we demonstrate that METH induces the degeneration of neuronal
elements and cells post-synaptic to DA in the striatum. Moreover, METH-induced
degeneration in the striatum can be prevented by pretreatment with an NK-1 receptor
antagonist. Work in progress will determine the cell type undergoing degeneration and possibly
cell death in the striatum of mice exposed to a neurotoxic dose of METH.
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Fig. 1.

Effects of METH and WIN-51,708 (WIN) on TH immunoreactivity in the striatum.
Administration of 10 mg/kg METH resulted in a decrease in the intensity of TH
immunoreactivity in four out of five animals 3 days after treatment. Pretreatment with 10 mg/
kg WIN-51,708 prevented the METH-induced depletion of TH staining. Note that METH
induces greater deficits of TH in the ICPu relative to the mCPu. Scale bar, 100 um. CPu,
caudate-putamen; ICPu and mCPu refer to lateral and medial aspects of the caudate-putamen,
respectively; Cx, cortex.
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A NK-1 receptor antagonist prevents reactive astrocytosis and degeneration in the striatum.
Multiple exposure to METH (10 mg/kg) led to the staining of degenerating Fluoro-Jade B
(FJB) positive neurons (green) in the striatum, and the reactive astrocytes (red GFAP;
hypertrophic cell body and increased number) adjacent to FJB positive neurons; pretreatment
with WIN-51,708 (10 mg/kg; WIN) afforded protection from METH as evidenced by the lack
of astrocytosis and FJB staining. Arrows refer to degenerating cell bodies or a fragment of the
latter such as the nucleus of the cell. DOUBLE refers to the overlay of FIB and GFAP images.
Scale bar 20 pm.
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Fig. 3.

Analysis of the effect of WIN-51,708 on degeneration and reactive astrocysotsis in the striatum.
(@) Number of animals showing FJB positive cells in each arbitrary rank score (0 [-], < 1 cell/
section; 1 [+]: 1 — 50 cells/section; 2 [++]: 51— 100 cells/section; 3 [+++]: 101- 150 cells/
section; 4 [++++]: >150 cells/section); (b) average rank score in METH-treated mice with or
without WIN-51,708 pretreatment; and (c) pretreatment of WIN-51,708 also caused
quantitative decrease in the number of astrocytes. *p < 0.05 and 'p < 0.01 as compared to
METH-treated animals, **p < 0.001 compared to control.
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