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Abstract

Methamphetamine (METH) is an addictive psychostimulant that induces damage to the dopamine
terminals and the apoptosis of some neurons of the striatum. Our laboratory demonstrated using either
a single bolus dose (30 mg/kg) or a binge (10 mg/kg 4x at 2-h intervals) of METH that
pharmacological blockade of the substance P receptor (neurokinin-1) attenuates METH-induced
damage to both the presynaptic dopamine terminals and the apoptosis of some neurons of the striatum.
To determine the phenotype of striatal neuron ablated by METH, we combined TUNEL (Terminal
Deoxyncleotidyl Transferase-Mediated dUTP Nick End Labeling) with immunofluorescence for
selective markers of projection and interneurons. METH induces the loss of approximately 20% of
the projection neurons. The cholinergic and y-aminobutyric acid (GABA)-parvalbumin interneurons
sustain losses of 30% and 50%, respectively. The somatostatin/neuropeptide Y (NPY)/nitric oxide
synthase (NOS) interneurons are not impacted by METH. To investigate the mechanism by which
substance P mediates METH-induced damage in this part of the brain, we ablated the striatal
interneurons that express the neurokinin-1 receptor (NK-1R) with the selective neurotoxin substance
P-SAP. Ablation of the NK-1R-expressing interneurons prevented METH-induced apoptosis in the
striatum but was without effect on depletion of dopamine terminal markers. We propose that
substance P mediates the apoptosis of some striatal neurons via the intrastriatal activation of nitric
oxide synthesis. In contrast, substance P may mediate damage of the dopamine terminals via an
extrastriatal mechanism involving the substantia nigra and cortical glutamate release.
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INTRODUCTION

Methamphetamine (METH) use is rapidly increasing in the United States posing a health
problem because this psychostimulant causes damage in the brain. Evidence of the neurotoxic
effects of METH on dopamine neurons was reported by Kogan et al.! and Seiden et al.2 METH
also causes damage to serotonergic neurons.3* Unequivocal demonstration of the neuronal
damage induced by METH came from immunocytochemical studies®:8 and the application of
the silver stain.” METH has been shown to cause inhibition of the enzyme tyrosine hydroxylase
(TH)! and inactivation® and oligomerization® of striatal dopamine transporters. In addition to
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the neurochemical and morphological damage inflicted on the dopaminergic and serotonergic
terminals, METH induces neuronal cell loss. Exposure to METH causes the loss of some
neurons in the striatum and the cortex of rodents.19-12 The damaging effects of METH in the
brain may be mediated in part by the excessive release of gluta-mate. For example, antagonists
of the NMDA (N-methyl-o-aspartate) subtype of glutamate receptor protect from METH-
induced neural damage.13 The overflow of striatal dopamine elicited by METH and required
for neural damage, can be attenuated by antagonists of the NMDA receptor.14 METH induces
the overflow of glutamate in the striatum®® and agents that abrogate this increase also decrease
METH-induced depletion of striatal dopamine content.16

The excessive overflow of dopamine induced by METH is detrimental to neurons because of
the production of reactive oxygen species. METH has been implicated in the generation of
superoxide radicals via the auto-oxidation of catecholamines.1”:18 The auto-oxidation of
dopamine is associated with increased activity of neuronal nitric oxide synthase and elevated
levels of nitric oxide.1® Pharmacological inhibition of nitric oxide synthase or deletion of the
gene for this enzyme in neurons protects the striatum from METH.2%:21 |n the striatum, the
neuronal nitric oxide synthase is co-localized with the neurokinin-1 receptor (NK-1R) in 95%
of the somatostatin interneurons.?? Because we have observed that pharmacological blockade
of the NK-1R protects the striatum of mice from METH,23:24 we investigated the role of this
receptor by ablation of the NK-1R-expressing interneurons of the striatum with the selective
neurotoxin [sar,® met(O,)11] substance p-saporin (SSP-SAP). We also report on the phenotype
of striatal neuron lost in the aftermath of METH.

MATERIALS AND METHODS

Animals

Ten-week-old male ICR mice (Taconic, Germantown, NY) were housed individually on a 12-
h light/dark cycle with food and water available ad libitum. All animals were habituated for 2
weeks prior to commencement of intraperitoneal (i.p.) drug administration or intrastriatal
microinjection. All procedures of animal use were performed according to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use Committee at Hunter College of the City University of
New York.

Drug Preparation and Administration

METH (30 mg/kg of body weight) (Sigma, St. Louis, MO) was dissolved in phosphate-buffered
saline (PBS), pH 7.6, and administered as a single i.p. injection to 10- or 13-week-old (3 weeks
after intrastriatal microinjection) ICR mice (Taconic). The NK-1R antagonist, WIN 51,708
(Sigma/RBl, St. Louis), was dissolved in 45% 2-hydroxylpropyl-B-cyclodextrin (Sigma/RBI)
and PBS (1:4) and administered i.p. 30 min prior to METH treatment. SAP (Advance Targeting
Systems, San Diego, CA) and SSP-SAP (Advance Targeting Systems) were dissolved in PBS
and administered by intrastriatal injection. After treatment, (24 h or 3 days post-METH; 3
weeks postintrastriatal microinjection) animals were either euthanized by decapitation or were
first anesthetized with i.p. injections of ketamine/acepromazine (100 mg/kg, 3 mg/kg of body
weight) and then perfused transcardially with 30 mL of PBS with heparin followed by 30 mL
of 4% paraformaldehyde in PBS. Brains were then either dissected out and immediately placed
on dry ice or postfixed in 4% paraformaldehyde in PBS overnight and cryoprotected in 30%
sucrose in PBS at 4°C. Tissue was then frozen and stored at —80°C until use.

Autoradiographic Analysis of Dopamine Transporter

Fresh frozen 20 m coronal sections were dried in a dessicator and then incubated in 0.073 nM
[1251]RTI-121- (2200 Ci/mmol; New England Nuclear, Boston, MA) buffered solution (137
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mM NaCl, 2.7 mM KCI, 10.14 mM Na2HPO4, 1.76 mM KH2P0O4, 10 mM Nal) forlhat room
temperature. Nonspecific binding was determined using 10 uM GBR-12909 (Sigma). After
incubation, sections were washed twice with chilled buffer for 20 min and then quickly rinsed
with chilled distilled water. Slides were allowed to air-dry overnight and exposed on Hyperfilm
MP (Amersham Pharmacia, Piscataway, NJ) together with a [12°1] microscale. Binding of
[1251]RTI-121 was quantified by densitometry with use of a computer-based NIH image
analysis system.

TH Western Blot

Striatal tissue was dissected and homogenized with lysis buffer (50 mM Tris-HCL pH 7.4, 150
mM NacCl, 320 mM sucrose, 5 mM HEPES, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 1 mM
DTT, 1% Inhibitor Cocktail [1.04 mM AEBSF, 0.8 uM aprotinin, 0.02 mM leupeptin, 0.04
mM bestatin, 0.015 mM pepstatin A, 0.014 mM E-64 (Sigma)]). Homogenates were
centrifuged at 800 g for 5 min at 4°C. Supernatants were further centrifuged at 3000 g, and
supernatants were then used for Western blot analysis. After protein concentration was
determined by the Bradford assay, samples were denatured in Laemmli sample buffer
containing 20% B-mercaptoethanol for 10 min at 85°C. Samples were then subjected to 10%
SDS-PAGE gel, and proteins were transferred onto PVDF membranes. Membranes were
blocked with 5% nonfat dry milk and probed with mouse anti-TH (1:1000, Chemicon,
Temecula, CA) overnight at 4°C with gentle rocking. Membranes were washed with TBS and
incubated with HRP-conjugated goat anti-mouse (1:1000; Santa Cruz Biotech, Santa Cruz,
CA ) for 1 h at room temperature. After a wash with TBS, proteins were detected with the use
of the SuperSignal West Pico Chemilumescent Substrate (Pierce, Rockford, IL) and apposed
onto Hyperfilm ECL film (Amersham Biosciences Corporation, Piscataway, NJ). For internal
standards, membranes were stripped and reprobed with mouse anti-p-actin (1:10,000; Sigma).
Densitometry was performed using a computerized image analysis system with NIH software.
The relative density of each band was normalized against that of -actin.

Intrastriatal Microinjections

Mice were anesthetized with inhaled isoflurane (2.5% for induction, 2% for maintenance) and
their heads were placed in a stererotaxic frame (Model 5000; David Kopf Instruments, Tujunga,
CA). A hole was drilled on the skull and a 25 gauge 2 uL Hamilton microinjection syringe was
lowered into the striatum. Distance of injection sites from bregma was determined using a
mouse brain atlas?®: anteroposterior +0.5 mm; mediolateral +2.0 mm; dorsventral —2.5 mm.
The microinjection needle was left in position for 5 min prior to drug injection of 1.0 uL PBS
(pH 7.4), 1.0 puL (4 ng/uL) of SAP (Advance Targeting Systems), or 1.0 uL (4 ng/uL) SSP-
SAP (Advance Targeting Systems). Drugs were injected over a 10-min (~0.1uL/min) period
and the needle was left in place for an additional 5 min before removal from the striatum.

TUNEL Histochemistry

The method is as previously described.28 In brief, fresh frozen 20 um coronal sections were
taken between bregma 0.38 mm = 0.1 mm and fixed in 4% paraformaldehyd (PFA) for 30 min.
After PBS wash, sections were immersed in 0.4% Triton-X-100 in PBS for 5-10 min at 70°C.
Sections were washed and TUNEL (Terminal Deoxyncleotidyl Transferase-Mediated dUTP
Nick End Labeling) reactions (Roche Applied Science, Indianapolis, IN) were applied directly
onto sections and incubated for 1 h in a humidified chamber. After TUNEL staining, sections
were counterstained with DAPI. Stained sections were washed in PBS and coverslipped with
Vectashield (Vector Laboratories, Burlingame, CA). Images were taken using Molecular
Dynamics CLSM Multiprobe 2001 scanning confocal system.
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Double-Labeling: Immunocytochemistry of NK-1R and TH

Dual staining of the NK-1R and TH was processed on striatal 20 m coronal sections from 3
weeks postintrastriatal surgery. Nonspecific-binding sites are blocked with a combination of
5% normal goat serum (Vector Laboratories) and 5% normal donkey serum (Chemicon) in
0.2% Triton X-100 in PBS for 1 h. Sections were then incubated with a mixture of rabbit anti-
NK-1R (1:1000; Chemicon) with 2% normal goat serum and mouse anti-TH (1:200;
Chemicon) with 2% normal donkey serum in 0.2% Triton-X-100 in PBS overnight at 4°C.
After washing with PBS, sections are incubated with a mixture of fluorescein isothiocyanate
(FITC)-conjugated donkey anti-rabbit (1:1000; Chemicon) with 2% normal goat serum and
Cy3-conjugated goat anti-mouse (1:1000; Chemicon) with 2% normal donkey serum in 0.2%
Triton-X-100 in PBS for 1 h. After washing with PBS, sections are mounted on glass slides
and overlaid with a coverslip using Vectashield (Vector Laboratories). Sections were viewed
with the Nikon Eclipse E400 epifluorescent microscope (Melville, NY) and photographed with
a Hamamatsu digital camera C4742-95 (Bridgewater, NJ).

Double-Labeling: Immunocytochemistry of NK-1R and TUNEL Staining

Dual staining of the NK-1R and TUNEL staining were processed on striatal 20 m coronal
sections from 3 weeks postintrastriatal surgery. Sections were rinsed in PBS and then immersed
in heated 0.4% Triton-X-100 in PBS for 5 min and immediately washed in PBS. Staining of
NK-1R and TUNEL labeling were then processed as described above. Sections were viewed
with the Nikon Eclipse E400 epifluorescent microscope and photographed with a Hamamatsu
digital camera C4742-95.

Cell Counts and Quantification

Coronal sections were taken from bregma 0.38 £ 0.1 mm. TUNEL-positive cells were
quantified from 20-um-thick coronal sections in an area of 0.26 mm? for each region of interest
in the caudate-putamen (CPu) (dorsal-medial [DM], dorsal-lateral [DL], ventral-medial [VM],
and ventral-lateral [VL]).28

Statistical Analysis

Analysis was performed from mean + SEM. Differences between groups were analyzed by
ANOVA followed by post hoc comparison using Fisher's protected least significance test. The
significance criterion is set at P < 0.05.

RESULTS

Pharmacological Blockade of the NK-1R Protects from METH

A bolus dose of METH (30 mg/kg, i.p.) induces significant loss of dopamine terminal markers:
dopamine transporters (Fig. 1, receptor autoradiography) and TH (Fig. 2, Western blots) 3 days
after the injection. To assess the role of the NK-1Rs in these depletions, we treated the mice
30 min before the METH bolus with a systemic injection of the nonpeptide NK-1R antagonist
WIN-51,708 (5 mg/kg, i.p.). Pretreatment with WIN-51,708 dramatically attenuated METH-
induced depletions of both striatal dopamine transporters and TH (Figs. 1 and 2, respectively)
and also inhibited the induction of glial fibrillary acidic protein by METH in the striatal
astrocytes (data not shown). These results demonstrate that blocking the NK-1R attenuates the
METH-induced toxicity of the dopamine terminals of the striatum.

We have assessed METH-induced striatal apoptosis by the TUNEL assay. Unlike toxicity of
the dopamine terminals that reaches a peak at day 3 post-METH, striatal apoptosis reaches a
peak at 24 h after a bolus injection of METH (30 mg/kg).26 METH induces TUNEL staining
in approximately 25% of the striatal neurons (Fig. 3). Treatment with WIN-51,708 (5 mg/kg)
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30 min before METH attenuated this striatal apoptosis (Fig. 3). We have found that 5 mg/kg
of WIN-51,708 is the most effective dose to attenuate both METH-induced apoptosis and
dopamine terminal toxicity (data not shown). To estimate the number of striatal neurons
undergoing apoptosis, we combined TUNEL and NeuN (a neuronal specific marker)
immunofluorescence. An overlay of the two chromophores demonstrates that nearly all
TUNEL-positive cells are also positive for NeuN, indicating that METH induces apoptosis
principally in the striatal neurons (Neuroscience, submitted). These results indicate that in
addition to preventing dopamine terminal loss, blocking NK-1Rs significantly attenuates the
apoptosis of some striatal neurons.

Because the striatum is composed of various kinds of neurons, to determine the phenotype of
the neurons undergoing apoptosis, we combined TUNEL with immunofluorescence for
DARPP-32 (dopamine- and cAMP-regulated phosphoprotein, of apparent Mr 32000)
(projection neurons), choline acetyltransferase (cholinergic interneurons), somatostatin
(somatostatin/ neuropeptide Y (NPY)/nitric oxide synthase (NOS) interneurons), and
parvalbumin (y-aminobutyric acid [GABA]-parvalbumin interneurons). We found that
approximately 20% of the projection neurons are ablated by METH. Of the interneurons, 30%
of the cholinergic and 50% of the GABA-parvalbumin is lost. Interestingly, the somatostatin/
NPY/NQOS interneurons are refractory to METH (Table 1).

Ablation of Striatal NK-1R-Expressing Interneurons with SSP-SAP

We asked if removal of the cells that express the NK-1Rs would have any effect on METH-
induced striatal neuron apoptosis. For this study, a neurotoxin, SSP-SAP, which selectively
eliminates NK-1R-bearing neurons was used. We first ensured that this neurotoxin was
effective and selective by immunohistochemical methods. Figure 4 shows that there is a loss
of NK-1R immunoreactivity in the side of the striatum that received the toxin, but no loss of
NK-1R staining in the contralateral side, injected with SAP alone. To emphasize that all
NK-1R-expressing interneurons are ablated in the core of the lesion, we showed that
immunostaining for selective markers of these neurons, choline acetyltransferase and
somatostatin, is absent on the side receiving the injection of SSP-SAP. In sharp contrast, after
a similar SSP-SAP injection, the majority of the projection neurons (stained with DARPP-32
and representing approximately 90% of all striatal neurons) and GABA interneurons (GABA-
parvalbumin) are spared (Neuroscience, submitted).

Next we administered a high dose of METH (30 mg/kg) to mice 3 weeks after they had received
SSP-SAP. After 24 h they were euthanized and alternate serial sections were processed for
TUNEL and for NK-1R immunostaining (on the same section). Figure 4 indicates that SSP-
SAP had effectively eliminated NK-1R immunoreactivity. Importantly, in the absence of
NK-1R-positive immunostaining, there was no detectable METH-induced apoptosis. In
contrast, on the contralateral control side injected with SAP, there was little loss of NK-1R
immunostaining but there was considerable apoptosis (Fig. 4).

In the light of these results, we hypothesized that ablation of the NK-1R-expressing
interneurons would protect the dopamine terminals from METH. To test this hypothesis, we
administered METH (30 mg/kg) to mice 3 weeks after the intrastriatal injection of SSP-SAP.
After 3 days, the mice were sacrificed and serial sections through the striatum were processed
for NK-1R and TH immunostaining. The SSP-SAP injection eliminated NK-1R
immunostaining without affecting immunostaining for TH (Fig. 5). However, in sharp contrast
to the apoptosis, removal of the NK-1R-expressing interneurons failed to preserve
immunostaining for TH in the group receiving METH (Fig. 5).
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DISCUSSION

The data demonstrate that substance P signaling through the striatal NK-1R triggers the
activation of a neurodegenerative cascade in the presence of METH. The apoptosis of some
striatal neurons induced by METH requires the NK-1R-expressing interneurons because
ablation of these neurons with SSP-SAP prevents the apoptosis. However, the toxicity of the
dopamine terminals induced by METH can be attenuated by pretreatment with NK-1R
antagonists,23 but interestingly, does not require the presence of the NK-1R-bearing
interneurons. This observation suggests that substance P may affect the METH-induced
glutamate overflow in the striatum.

In the striatum, various lines of evidence point toward a connection between substance P and
glutamate transmission. First, our results show that substance P signals METH-induced damage
of both the striatal dopamine terminals and some striatal neurons. Second, pharmacological
studies demonstrate that blockade of the NMDA subtype of glutamate receptor protects the
striatum from METH.13:27 Third, the activity of the striatal-nigral-cortical loop regulates
METH-induced glutamate release in the striatum and dopamine toxicity.?8 Finally,
preprotachykinin-A knockout mice (lacking substance P) show resistance to kainic-acid-
induced cell death in the hippocampus.2® We hypothesize that pharmacological blockade of
the NK-1R will attenuate NMDA-induced cell death and dopamine terminal toxicity in the
striatum because an NK-1R antagonist protects both pre- and postsynaptic sites from METH-
induced damage. Substance P may have a dual role in signaling degeneration in the striatum
in the presence of METH. For example, on the one hand, substance P may activate nitric oxide
formation via an intrastriatal mechanism while, on the other hand, substance P may activate
striatal glutamate release via an extrastriatal mechanism through the substantia nigra.

Identifying the phenotype of the striatal neurons killed by METH is very important because
subpopulations of striatal neurons affect differently the output of the basal ganglia. Our data
suggest that approximately half of the GABA-parvalbumin interneurons of the dorsal striatum
are killed by METH. These interneurons have a high content of GABA30 and receive
glutamatergic excitation from the cortex.3 Thus, in the aftermath of cortical transmission these
interneurons exert inhibition on striatal neurons via GABA, and it is noteworthy that METH
ablates nearly half of this population of interneuron in the dorsal striatum. We demonstrate
here that another population of striatal interneuron impacted by METH is the cholinergic
interneuron. These interneurons affect the output of the projection neurons. For example,
cholinergic transmission augments striatal dopamine release32 and increases the responses of
the medium spiny projection neurons to glutamate.33 Because the GABA-parvalbumin
interneurons mediate inhibition and the cholinergic interneurons facilitate excitation, and
because both populations show deficits in the aftermath of METH, it would appear that the
two effects cancel each other out. However, the post-METH striatum has the interneuron
balance skewed in favor of transmission by the somatostatin/NPY/NOS interneurons because
the latter population is refractory to METH. The nitric oxide made by these interneurons is
known to increase the release of glutamate and dopamine in the striatum.34

In addition to the loss of some interneurons, METH also induces the loss of some projection
neurons. The substantia nigra and the globus pallidum are targets of striatal projection neurons
that exert inhibition via GABA, receptors.3> Moreover, the recurrent collaterals within the
striatum of the GABAergic medium spiny neurons provide the substrate for the mutual
inhibition between these neurons.36:37 Thus, the ablation of some projection neurons in the
aftermath of METH could be interpreted to result in attenuation of inhibition within the striatum
and in the targets of the projection neurons. More work is needed to describe the functional
state of striatal neurons in the aftermath of METH.
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conclusion, our results demonstrate a role for the striatal neuropeptide substance P and its

receptor in the neurodegenerative cascade induced by METH affecting the striatal dopamine
terminals and some striatal neurons. More work in needed to describe the mechanism by which

Su

bstance P signals METH-induced striatal injury, the functional state of the striatum in the

aftermath of METH, and recovery from METH.
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FIGURE 1.

The NK-1R antagonist WIN-51,708 (WIN) prevents METH-induced reduction of striatal
dopamine transporter sites at day 3 post- METH (autoradiographic study). The mice (n = 6)
received one injection of METH (30 mg/kg, i.p.). A separate group received WIN (5 mg/kg,
i.p.) 30 min prior to METH. Binding of [12°I]RTI-121 to striatal dopamine transporter sites
was quantitated by image analysis of X ray autoradiograms. VEH, vehicle; SEM, standard
error of the mean values. *P < 0.05 (ANOVA).
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FIGURE 2.

Pharmacological blockade of the NK-1Rs with WIN-51,708 (WIN, 5 mg/kg) prevents METH-
induced reduction of TH in the striatum at day 3 post-METH (Western blot analysis). The mice
were treated as described in the legend to Figure 1. SEM, standard error of the mean values.
*P < 0.05 (ANOVA).
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FIGURE 3.

Pretreatment with WIN-51,708 (5 mg/kg, i.p.) attenuates METH-induced apoptosis in the
striatum. METH was injected i.p. at a dose of 30 mg/kg. Apoptosis was assessed at 24 h post-
METH by TUNEL. SEM, standard error of the mean values. *P < 0.05 compared to METH.
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FIGURE 4.

Intrastriatal injection of SSP-SAP (B) depletes immunostaining for the NK-1Rs (D) rendering
the striatal tissue resistant to METH-induced apoptosis (TUNEL, F). The contralateral side
that received SAP (A), retains NK-1R immunoreactivity (C) and remains vulnerable to METH
(E). The mice (n = 6) received one intrastriatal injection of SSP-SAP or just SAP in the
contralateral striatum. The animals received METH (30 mg/kg, i.p.) 3 weeks after the
intrastriatal injection of SSP-SAP and were sacrificed 24 h after METH. NK-1Rs were
visualized by immunofluorescence with an antibody conjugated to Cy3.
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FIGURE 5.

Ablation of striatal NK-1R-expressing interneurons does not prevent METH-induced depletion
of TH. The mice (n = 6) received an intrastriatal injection of SSP-SAP into one side and SAP
into the contralateral side. Then, 3 weeks later, the mice received a single injection of METH
(30 mg/kg, i.p.) and were sacrificed 3 days after METH. Striatal sections were processed for
NK-1R and TH immunofluorescence in the same section. Note that SSP-SAP abolishes NK-1R
staining without affecting staining for TH (b and d). NK-1Rs were visualized with an antibody
conjugated to FITC (a, b, e & f) and TH with Cy3 (c, d, g & h).
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TABLE 1
Phenotype of striatal neurons killed by METH?
Type of Neuron % of total Marker % ablated
Striatonigral/striatopallidal 902 DARPP-32 20
Cholinergic <«b  ChAT 30
GABA-parvalbumin 3-5C  Parvalbumin 50
Somatostatin/NOS/NPY 1-2d  Somatostatin 0

aThe mice received one injection of METH (30 mg/kg, i.p.) and were sacrificed 24 h after the injection. Serial sections of striatal tissue from controls
and METH-treated animals were stained with antibodies against choline acetyltransferase, somatostatin, parvalbumin, and DARPP-32. The number
of cells positive for any of these markers was counted in both groups. The amount of cell death is expressed as percent of the total number of neurons
in a given population.

Note: DARPP-32, dopamine- and cAMP-regulated phosphoprotein, of apparent Mr 32000; ChAT, choline acetyltransferase
aWilson and Kawaguchi38

bBolam etal. 39

cKita etal. 40

dKawaguchi etal.34
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