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Abstract
In a previous study we showed that pharmacological blockade of the neurokinin-1 receptors
attenuated the methamphetamine-induced toxicity of the striatal dopamine terminals. In the
present study we examined the role of the neurokinin-1 receptors on the methamphetamine-
induced apoptosis of some striatal neurons. To that end, we administered a single injection of
METH (30 mg/kg, i.p.) to male mice. METH induced the apoptosis (TUNEL) of approximately
20% of striatal neurons. This percentage of METH-induced apoptosis was significantly attenuated
by either a single injection of the neurokinin-1 receptor antagonist WIN-51,708 (5 mg/kg, i.p.) or
the ablation of the striatal interneurons expressing the neurokinin-1 receptors (cholinergic and
somatostatin) with the selective neurotoxin [Sar9,Met(O2)11] substance P-saporin. Next we
assessed the levels of striatal 3-nitrotyrosine (3-NT) by HPLC and immunohistochemistry. METH
increased the levels of striatal 3-NT and this increase was attenuated by pretreatment with
WIN-51,708. Our data support the hypothesis that METH-induced striatal apoptosis occurs via a
mechanism involving the neurokinin-1 receptors and the activation of nitric oxide synthesis. Our
findings are relevant for the treatment of METH abuse and may be relevant to certain neurological
disorders involving the dopaminergic circuitry of the basal ganglia.
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Methamphetamine (METH) is a widely abused drug in the United States. A recent study
shows that 7.3% of individuals between the ages of 19–30 reported the lifetime use of
METH (Johnston et al., 2007). Several studies demonstrate that METH is damaging to the
brain. For example, METH has been known to induce the depletion of dopamine in the
striatum (Seiden et al., 1975), depletion of the dopamine terminal markers tyrosine
hydroxylase and dopamine transporters (Ricaurte et al., 1980; Schmidt et al., 1985),
inactivation and oligomerization of dopamine transporters (Fleckenstein et al., 1997;
Baucum et al., 2004), activation of striatal microglia (Thomas et al., 2004, 2008),
accumulation of intracellular inclusions in some striatal neurons (Fornai et al., 2004),
degeneration of dopamine terminals (Ricaurte et al., 1982, 1984; O’Callaghan and Miller,
1994) and the loss of some striatal and cortical neurons (Pu et al., 1996; Eisch and Marshall,
1998; Deng et al., 2001; Bowyer et al., 2008). Moreover, some of these neural deficits have
also been observed in human METH users. For example, after three years abstaining from
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METH use, PET scans revealed a loss of dopamine transporters among former METH users
(Wilson et al., 1996; McCann et al., 1998; Volkow et al., 2001a,b), and MRI studies suggest
METH also induced cell death (Ernst et al., 2000). These findings suggest that METH use
poses a serious problem (Freese et al., 2002). Despite a wealth of information on the
damaging effects of METH both in laboratory animal species and humans, the mechanism
by which METH induces neural damage in the brain remains poorly understood.

Treatment with METH augments the release of glutamate in the striatum (Nash and
Yamamoto, 1992) inducing neurotoxicity in this brain region (Sonsalla et al., 1991). For
example, the N-methyl-D-aspartic acid (NMDA) receptor antagonist MK-801 decreases
METH-induced striatal dopamine overflow, attenuating damage to the dopamine terminals
(O’Dell et al., 1992). Moreover, agents that abrogate the increase of extracellular glutamate
also prevent METH-induced decreases in dopamine content (Stephans and Yamamoto,
1994). Compelling evidence suggests oxidative stress to be attributable to METH-induced
neurodegeneration (De Vito and Wagner, 1989). METH-induced dopaminergic
neurotoxicity in the striatum depends on the extracellular accumulation of dopamine (O’Dell
et al., 1993) and its auto-oxidation (Fridovich, 1986). Pharmacological inhibition of nitric
oxide synthase (NOS) and the deletion of the gene for this enzyme in mice protects the
striatum from METH suggesting a role for nitric oxide (Itzhak and Ali, 1996; Imam et al.,
2001a,b).

The neuropeptide substance P participates in neurodegeneration. For example, the release of
substance P induces glutamate release in the hippocampus of the rodent brain (Liu et al.,
1999a). Exposure to the excitotoxin kainate in wild-type mice results in the death of neurons
in the hippocampus, but mice lacking the preprotachykinin-A gene (encoding substance P)
treated with kainate do not display hippocampal cell death (Liu et al., 1999b). Our
laboratory has demonstrated that neurokinin-1 receptor (substance P receptor) antagonists
prevent METH-induced loss of neurochemical markers of toxicity such as tyrosine
hydroxylase, dopamine transporters, and tissue dopamine content in the striatum (Yu et al.,
2002, 2004). The neurokinin-1 receptor has been associated with the formation of nitric
oxide. For example, in cultured synoviocytes substance P acting via the neurokinin-1
receptor increases nitric oxide production (O’Shaughnessy et al., 2006). Moreover, in rat
skin microvasculature substance P mediates inflammation by increasing nitric oxide
(Ralevic et al., 1995). Activation of the NMDA receptor has been linked to production of
nitric oxide (Dawson and Dawson, 1996) and substance P modulates the synthesis of nitric
oxide. In this study we demonstrate the involvement of the striatal neurokinin-1 receptor in
the METH-induced apoptosis of some striatal neurons. We combined pharmacological and
lesion studies to demonstrate the role of the neurokinin-1 receptor in this phenomenon.
Moreover, we provide biochemical evidence supporting the hypothesis that the striatal
neurokinin-1 receptors affect the METH-induced production of nitric oxide in this brain
region (we measured 3-NT, an indirect index of nitric oxide synthesis).

MATERIALS & METHODS
Animals

Male ICR mice (Taconic, Germantown, NY) between 10 to 13 weeks of age were housed
individually on a 12-h light/dark cycle with food and water available ad libitum. The mice
were habituated for two weeks prior to commencement of intraperitoneal (i.p.) drug
administration or intrastriatal microinjection. All procedures regarding animal use were
performed in accordance with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by the Institutional Animal Care Committee at
Hunter College of the City University of New York.
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Drug Preparation and Administration
Methamphetamine (METH) (30 mg/kg of body weight) (Sigma, St. Louis, MI) was
dissolved in phosphate-buffered saline (PBS) and administered as a single i.p. injection.
METH was administered to either 10-week-old ICR mice or 13-week-old ICR mice three
weeks after their instriatal microinjections of saporin (SAP) (Advanced Targeting Systems,
San Diego, CA) and [Sar9,Met(O2)11] substance P-saporin (SSP-SAP) (Advanced Targeting
Systems, San Diego, CA). The nonpeptide neurokinin-1 receptor antagonist, WIN 51,708
(Sigma/RBI, St. Louis, MI), was dissolved in 45% 2-hydroxylpropyl-β-cyclodextrin (Sigma/
RBI, St. Louis, MI) and PBS (1:4) and administered i.p. 30 minutes prior to METH
treatment. SAP and SSP-SAP were dissolved in PBS and administered by intrastriatal
microinjections. One side received SSP-SAP and the contralateral side SAP serving as an
internal control.

After one, two, or three weeks post-intrastriatal microinjections of SAP and SSP-SAP,
animals were perfused transcardially with 30 ml of PBS with heparin followed by 30 ml of
4% paraformaldehyde in PBS. The mice were anesthetized with i.p. injections of ketamine/
acepromazine (100mg/kg, 3mg/kg of body weight) prior to transcardial perfusion. The
brains were post-fixed in 4% paraformaldehyde in PBS overnight and cryoprotected in 30%
sucrose in PBS at 4 °C. All tissues were then frozen and stored at −80 °C until use.

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 μl Hamilton microinjection
syringe was lowered into the striatum. Distance of injection sites from bregma was
determined using a mouse brain atlas (Franklin and Paxinos, 1997): anteroposterior +0.5
mm; mediolateral ±2.0 mm; dorsoventral −2.5 mm. The microinjection needle was left in
position for five minutes prior to drug injection of 1.0 μl PBS (pH 7.4), 1.0 μl 4 ng/μl SAP
(Advanced Targeting Systems, San Diego, CA), or 1.0μl 4ng/μl SSP-SAP (Advanced
Targeting Systems, San Diego, CA). Drugs were injected over a ten-minute (~0.1μl/min)
period and the needle was left in place for an additional five minutes before removal from
the striatum.

TUNEL (terminal deoxyncleotidyl transferase-mediated dUTP nick end labeling)
Histochemistry

Freshly frozen 20 μm coronal sections were taken between bregma 0.38 ± 0.1 mm and fixed
in 4% paraformaldehyde for 30 minutes. After washing with PBS, sections were immersed
in 0.4% Triton-X-100 in PBS for five to ten minutes at 70 °C. Sections were then washed
and TUNEL reactions (Roche Applied Science, Indianapolis, IN) were applied directly onto
sections and incubated for one hour in a humidified chamber. After TUNEL staining,
sections were counterstained with DAPI (TUNEL and DAPI are both nuclear stains).
Stained sections were then washed in PBS and coverslipped with Vectashield (Vector
Laboratories, Burlingame, CA). Images were taken using the Leica TCS SP2 Spectral
Confocal Microscope (Leica Microsystems).

Immunocytochemistry of somatostatin, choline acetyltransferase, Parvalbumin,
DARRP-32, neurokinin-1 receptor and 3-NT

Staining of striatal 20 μm coronal sections from one, two, and three weeks post-intrastriatal
microinjections were all processed by the free-floating method.

In staining for choline acetyltransferase (ChAT), non-specific binding sites were blocked
with 5% normal rabbit serum in 0.2% Triton-X-100 in PBS for one hour. Sections were
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washed in PBS and incubated with goat anti-ChAT (1:500, Chemicon, Temecula, CA) with
2% normal rabbit serum in 0.2% Triton-X-100 overnight. After PBS wash, sections are
incubated with Cy3-conjugated rabbit anti-goat (1:1000, Chemicon, Temecula, CA) with 1%
normal rabbit serum in 0.2% Triton-X-100 in PBS for one hour and washed with PBS.

In staining for somatostatin (SST), dopamine and cAMP regulated phosophoprotein 32 kDa
(DARPP-32), and the neurokinin-1 receptor, non-specific binding sites are blocked with 5%
normal goat serum (Vector Laboratories, Burlingame, CA) in 0.2% Triton X-100 in PBS for
1 hour. Sections were then incubated with rabbit anti-SST (1:500, Chemicon, Temecula,
CA), rabbit anti-DARPP-32 (1:250, Cell Signaling Technology, Beverly, MA), or rabbit
anti-neurokinin-1 receptor (1:1000, Chemicon, Temecula, CA) with 2% normal goat serum
in 0.1% Triton X-100 in PBS overnight at 4°C. After PBS wash, sections are incubated with
Cy3-conjugated goat anti-rabbit (1:1000, Chemicon, Temecula, CA) or FITC-conjugated
goat anti-rabbit (1:1000, Chemicon, Temecula, CA) in 1% normal goat serum in 0.2%
Triton X-100 in PBS for one hour and washed with PBS.

In staining for parvalbumin, nonspecific binding sites were blocked with M.O.M. ® Mouse
Ig Blocking Reagent (Vector Laboratories, Burlingame, CA) for one hour. Sections were
washed and incubated with M.O.M. ® diluent for 15 minutes. Sections were then incubated
mouse anti-parvalbumin (1:2000, Chemicon, Temecula, CA) in M.O.M.® diluent with 0.1%
Triton X-100 in PBS overnight at 4 °C. Sections were next washed in PBS and blocked
again with 5% normal goat serum in 0.1% Triton X-100 in PBS for 30 minutes. After
washing with PBS, sections were incubated with Cy3-conjugated goat anti-mouse (1:1000,
Chemicon, Temecula, CA) with 1% normal goat serum in 0.1% Triton X-100 in PBS for
one hour and then washed again with PBS. Sections were then mounted on glass slides and
overlaid with a coverslip using Vectashield (Vector Laboratories, Burlingame, CA). A set of
sections was incubated with an antibody against 3-NT (1:500, SCBT, CA) followed with a
biotinylated secondary antibody and color development with a DAB Substrate Kit (Vector
Laboratories, CA).

No staining was observed when primary antibody was left out or when primary antibody
was pre-absorbed with either SST or ChAT. All incubations and washes were performed at
25 °C unless otherwise stated. Sections were viewed and photographed with a Leica TCS
SP2 Spectral Confocal Microscope.

Double-labeling: Immunocytochemistry of neurokinin-1 receptors and TUNEL staining
Dual staining of the neurokinin-1 receptor and TUNEL staining were processed on striatal
20 μm coronal sections from three weeks post-intrastriatal surgery. Sections were rinsed in
PBS and then immersed in heated 0.4% Triton-X-100 in PBS for five minutes and
immediately washed in PBS. Staining of neurokinin-1 receptors and TUNEL-labeling were
then processed as described above. Sections were viewed and photographed with a Leica
TCS SP2 Spectral Confocal Microscope (Leica Microsystems).

HPLC-EC detection of 3-NT and tyrosine concentration
Determination of 3-NT and tyrosine in mouse striatum was performed by HPLC-Coularry
electrochemical detection method (Imam and Ali, 2001). Briefly, one striatum (alternating
between left and right at Bregma 0.38 +/−0.2 mm) was completely dissected out from a 1.0
mm thick coronal section and sonicated in 400 μl of 10 mM sodium acetate NaOAc, pH 6.5.
A 25 μl aliquot of the homogenate was used to determine protein concentration (BCA
method). The remaining homogenate was centrifuged at 14,000 rpm (Eppendorf 5403
centrifuge) for 10 minutes at 4°C. The supernatant was removed and treated with 100 ml of
1 mg/ml pronase for 18 hours at 50°C. Enzymatic digests were then treated with 0.5 ml of
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10% TCA and centrifuged at 14,000 rpm for 10 minutes at 4°C. Supernatants were then
passed through a 0.2 μm PVDF filter before injection onto the HPLC instrument. Samples
were analyzed on an ESA (Cambridge, MA, USA) CoulArray HPLC equipped with 8
electrochemical channels using platinum electrodes arranged in line and set to increasing
specified potentials [channel (potential): 1 (320 mV); 2 (450 mV) ; 3 (490 mV) ;4 (610
mV) ; 5(670 mV) ; 6( 870 mV) ; 7( 900 mV) ; 8( 930mV)]. The analytical column was a
Luna C18 column (3 micron, 2.1× 150mm, Phenomenex Co., Torrance, CA). The mobile
phase was 50 mM NaAc, 5% (v/v) methanol, pH 4.8. HPLC was performed under isocratic
conditions. 3-NT and tyrosine were quantified relative to known standards. 3-NT values
were represented as 3-NT per 100 tyrosines. We divided 3-NT values in all groups by
tyrosine to normalize the data (Imam and Ali, 2001).

Cell Counts and Quantification
Coronal sections of 20 μm thickness were taken from bregma 0.38 ± 0.1 mm. TUNEL-
positive cells were quantified in areas of 0.26 mm2 for the dorsal-medial [DM], dorsal-
lateral [DL], ventral-medial [VM], and ventral-lateral [VL]) regions of the CPu (See inset
for Fig. 1).

Neurons were labeled with NeuN (immunofluorescence) and average neuronal cell counts
were done as previously described (Zhu et al., 2006) from six control animals as a baseline
for quantification of the percentage of TUNEL-positive neurons in experimental animals.
TUNEL cell counts were averaged from five 20 μm serial sections per animal.

Body Temperature
Core body temperature was determined using a BAT-12 thermometer coupled to RET-3
mouse rectal probe (Physitemp Instruments, Clifton, NJ). Ambient room temperature was
maintained at 20–22 °C.

Statistical Analysis
Analysis was performed from mean ± SEM. The differences between groups were analyzed
first by two-way ANOVA and then followed by post hoc comparison using Fisher’s
protected least significance test. The significance criterion was set at p ≥0.05.

RESULTS
Attenuation of METH-induced Apoptosis

We assessed METH-induced apoptosis by TUNEL in the dorsal-medial (DM), dorsal-lateral
(DL), ventral-lateral (VL) and ventral-medial (VM) aspects of the striatum as depicted in
schematic form in the inset of Figure 1. Although the DM region of the striatum exhibited a
trend of less TUNEL-positive neurons after METH exposure, no significant difference was
found between regions (data not shown). METH was injected at a dose of 30 mg/kg (i.p.) of
body weight because we had determined in a previous study that this dose induces
significant levels of apoptosis and dopamine terminal toxicity (Zhu et al., 2005). In this
previous study we also observed that the peak of apoptosis occurs 24 hours after METH
administration. In a different study, we also determined that METH induces apoptosis in
neurons but not glial cells (Zhu et al., 2006). METH induced TUNEL staining in 19.8+/
−6.2% of striatal neurons (Figure 1). Pretreatment with the neurokinin-1 receptor antagonist
WIN-51,708, 30 minutes before METH treatment, significantly attenuated the METH-
induced apoptosis in the striatum. With 2.5 mg/kg of the drug prior to METH it attenuated
50+/−25% of the METH-induced TUNEL-positive neurons (9.9+/−5% of striatal neurons
were TUNEL-positive) and with 5 and 10 mg/kg, it attenuated 87+/−10% (f (17,17)=9.381,
p<0.0001) and 80+/−14% (f (17,14)=6.426, p<0.0001) of METH-induced TUNEL-positive
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neurons, respectively (2.6+/−2% and 4+/−2.7% of striatal neurons were TUNEL-positive).
The F values are low but this may be due to the large interanimal variability in TUNEL
staining. T-tests, ANOVA and posthoc ANOVA demonstrated significance. At higher doses
of WIN-51,708, the drug became less or no longer protective (Figure 1). With 20 and 30 mg/
kg of the drug prior to METH, 13.5+/−5.8% and 20.3+/−7.6%, respectively, of striatal
neurons were TUNEL-positive.

The amount of apoptosis induced by a single injection of METH displays a high degree of
inter-animal variability with some animals displaying as much as 70% TUNEL staining.
However, pretreatment with WIN-51,708 consistently diminished METH-induced apoptosis
in all animals tested (data not shown). Pretreatment with WIN-51,708 did not inhibit the
METH-induced hyperthermia (data not shown).

Selective Ablation of Striatal Neurokinin-1 Receptor-Expressing Interneurons
As a complement to finding that a neurokinin-1 receptor antagonist attenuates METH-
induced apoptosis in some striatal neurons, we investigated the effect of removal of cells
expressing the striatal neurokinin-1 receptor (namely, cholinergic and somatostatin/NPY/
NOS interneurons) on the METH-induced striatal apoptosis. To that end, a selective
neurokinin-1 receptor agonist, [Sar9,Met(O2)11] substance P, conjugated to a ribosomal-
inactivating toxin, saporin, (SSP-SAP) was employed (Wiley and Lappi, 1999). We first
ensured that this neurotoxin was effective and selective in eliminating neurokinin-1
receptor-bearing neurons by immunohistochemical methods. SSP-SAP was injected into the
ipsilateral striatum and saporin (SAP) into the contralateral striatum as control. In a separate
experiment, we ascertained that intrastriatal injection of SAP did not affect neurokinin-1
receptor immunoreactivity in the striatum (data not shown).

There was a loss of neurokinin-1 receptor immunoreactivity in the ipsilateral striatum that
received the SSP-SAP, but no loss of neurokinin-1 receptor staining in the contralateral
striatum that was injected with SAP alone (Figure 2). There was complete loss of
neurokinin-1 receptor staining in the ipsilateral striatum three weeks after intrastriatal
injection with SSP-SAP (Figure 2). For this reason, we chose the three-week time point for
all subsequent experiments. To emphasize that only the neurokinin-1 receptor-expressing
interneurons were ablated in the core of the lesion, we showed that immnunostaining for
selective markers of these interneurons, somatostatin (Figure 3a–d) and choline
acetyltransferase (Figure 3e–h), were absent on the side receiving the injection of SSP-SAP.
In sharp contrast, after a similar SSP-SAP injection, GABA-parvalbumin interneurons and
the projection neurons (stained with DARPP-32 and representing approximately 90% of all
striatal neurons) were spared (Figure 4a–d and e–h, respectively). After extensive
microscopic examination and cell counts, we could not find any evidence supporting loss
DARPP-32-positive projection neurons after SSP-saporin.

Ablation of Striatal Neurokinin-1 Receptor-Expressing Interneurons Prevents Apoptosis
To assess the role of the striatal neurokinin-1 receptors on METH-induced apoptosis, we
gave a cohort of mice intrastriatal injection of SSP-SAP and SAP. Three weeks later, the
mice were given METH (30 mg/kg, i.p.) and were sacrificed 24 hours after METH and used
to assess apoptosis by TUNEL. The peak of METH-induced apoptosis occurs 24 hours after
METH treatment (Zhu et al., 2005).

As shown in Figure 5, SSP-SAP effectively eliminated the neurokinin-1 receptor
immunostaining in the striatum. More importantly, in the absence of neurokinin-1 receptor-
positive immunostaining, there was no detectable METH-induced apoptosis. In contrast, on
the contralateral side injected with SAP, while there was little loss of neurokinin-1 receptor
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immunostaining there was considerable apoptosis (Figure 5). These findings indicate that
the removal of neurokinin-1 receptors of the striatum provides protection against METH-
induced apoptosis. These results demonstrate the involvement of the striatal neurokinin-1
receptors in the METH-induced apoptosis of some striatal neurons.

The Striatal Neurokinin-1 Receptor Modulates the Formation of 3-NT
In order to assess the effect of METH on nitric oxide formation we measured the levels of
striatal 3-NT (an indirect index of nitric oxide formation) by HPLC in homogenates of tissue
from one striatum. The mice (n=8) were injected with METH (30 mg/kg, i.p.) and were
sacrificed at 1, 2, 8, 16 and 32 hours after METH. The striatal levels of 3-NT rose steadily
between 1–16 hours in the METH treated groups. In the groups receiving METH and
WIN-51,708 (5 mg/kg, i.p. 30 minutes before METH), the levels of striatal 3-NT were
significantly lower compared to control (Figure 6). Saline or WIN-51,708 injections alone
failed to alter the levels of striatal 3-NT at any time point (Figure 6). Pretreatment with
WIN-51,708 caused the greatest inhibition of the METH-induced formation of 3-NT at two
(p=0.0021, f=17) and eight (p=0.0128, f=8.5) hours after METH (Figure 6).

We also assessed the effect of WIN-51,708 on the METH-induced increase of striatal 3-NT
formation by immunohistochemistry using an antibody against 3-NT coupled to
diaminobenzidine staining. The mice (n=8) received an injection of METH (30 mg/kg, i.p.)
and were sacrificed four hours after the injection. Cells staining positive for 3-NT were
visible in the striatum four hours after METH. In contrast, the mice receiving METH and
WIN-51,708 (5 mg/kg, i.p. 30 minutes before METH) failed to display 3-NT positive cells
(Figure 7). No staining was observed in the METH group when the antibody was left out or
with the addition of 3-NT (data not shown). We did not observe 3-NT-positive cells in the
absence of METH suggesting that the levels of 3-NT in normal brain are below the level of
detection of our histological assay. Taken together, the biochemical and histological data
support the hypothesis that the METH-induced increase of striatal 3-NT can be modulated
by the neurokinin-1 receptor.

DISCUSSION
In the present study we demonstrate that pharmacological blockade of the neurokinin-1
receptor with a selective antagonist that enters the brain, WIN-51,708, significantly
attenuated the apoptosis of some striatal neurons induced by METH. In addition, we
demonstrate that ablation of the striatal interneurons that express the neurokinin-1 receptors
(cholinergic and somatostatin/NPY/NOS) with the selective neurotoxin SSP-SAP prevented
the METH-induced apoptosis of some striatal neurons. Because a plethora of studies link the
METH-induced neural damage with nitric oxide, we assessed the levels of striatal 3-NT (an
indirect index of nitric oxide formation). METH induced a steady increase of striatal 3-NT
from 1–16 hours. Interestingly, pretreatment with WIN-51,708 attenuated the METH-
induced augmentation of striatal 3-NT. Taken together with previous work from our
laboratory demonstrating that the same neurokinin-1 receptor antagonist attenuated METH-
induced depletion of striatal tyrosine hydroxylase, dopamine transporters, dopamine tissue
content, and the induction of glial fibrillary acidic protein in astrocytes (Yu et al., 2002,
2004), we propose the hypothesis that the striatal neuropeptide substance P (the natural
ligand of the neurokinin-1 receptor) plays a role in the METH-induced neural damage at
both pre- and post-synaptic sites.

Two immediate consequences of METH on the striatal dopamine terminals are the release of
vesicular dopamine stores and the reversal of the plasmalemmal dopamine transporters. The
latter event is responsible for the excessively high levels of extracellular dopamine in the
presence of METH (Fischer and Cho, 1979; Sulzer et al., 1995; Jones et al., 1998).
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Dopamine receptor antagonists lessen the METH-induced depletions of dopamine terminal
markers (Sonsalla et al., 1986) and the apoptosis of some striatal neurons (Xu et al., 2005),
linking dopamine receptor signaling with neural damage. This property of METH has a
direct impact on the striatal neurons, most of which express more than one neuropeptide
(Hokfelt et al., 2000). There is significant evidence demonstrating that pharmacological
agonists or antagonists of the dopamine receptors modulate the levels of expression of
striatal neuropeptides (For review see Angulo and McEwen, 1994). For example, high doses
of METH increase striatal substance P (Hanson et al., 1986) and preprotachykinin-A mRNA
levels (Adams et al., 2001). Substance P has been found to contribute to the rewarding
effects of opiates (Ripley et al., 2002; Gadd et al., 2003). Moreover, antagonists of the
substance P receptor display anti-depressant activity (Kramer et al., 1998; Rupniak et al.,
2001), and modulation of behavior induced by activation of the striatal dopamine D1
receptor (Krolewski et al., 2005). Recently, we postulated that increased signaling by
substance P through the neurokinin-1 receptor of the striatum constitutes one mechanism
contributing to the METH-induced toxicity of the dopamine terminals (Yu et al., 2002,
2004). Here we demonstrate that pharmacological blockade of the neurokinin-1 receptor
with WIN-51,708, or ablation of the striatal interneurons bearing the neurokinin-1 receptor
with the selective neurotoxin SSP-SAP, attenuates METH-induced apoptosis of some striatal
neurons. We propose that the excessively high levels of extracellular dopamine induced by
METH causes excessive release of the neuropeptide substance P, which in turn causes
excessive production of the diffusible second messenger nitric oxide. METH-induced
dopamine overflow may be the primary causative agent because dopamine overflow occurs
minutes after METH whereas glutamate overflow occurs after the third injection of METH
in a schedule involving four injections at two-hour intervals (Nash and Yamamoto, 1992). In
support of this model, we rely on the observation that exposure to METH causes the
preferential internalization of the substance P/neurokinin-1 receptor complex in striatal
somatostatin/NPY/NOS interneurons. Moreover, this METH-induced internalization of the
peptide/receptor complex can be attenuated with selective antagonists of the dopamine D1
or D2 receptors (Wang and Angulo, 2009). Taken together, these results suggest that there is
a causal relationship between METH and the somatostatin/NPY/NOS interneuron of the
striatum via substance P and the neuroknin-1 receptor.

In the present study we have found that ablation of the striatal neurokinin-1 receptor-
expressing interneurons with the selective neurotoxin SSP-SAP prevented the METH-
induced apoptosis of some striatal neurons, suggesting that the participation of this receptor
is required for cell death. The neurokinin-1 receptor is expressed by two populations of
striatal interneurons: the cholinergic and the somatostatin/NPY/NOS (Kawaguchi et al.,
1995). Based on our results, we hypothesize that of these two populations of interneurons,
the somatostatin/NPY/NOS interneuron plays a predominant role in METH-induced
apoptosis through the production of the diffusible second messenger nitric oxide. In a
separate study, we observed that 30 minutes after a single systemic injection of METH (30
mg/kg), the substance P/neurokinin-1 receptor complex was internalized into endosomes
primarily in the somatostatin/NPY/NOS interneurons (Wang and Angulo, 2009). Moreover,
we also found that METH kills significant numbers of striatal projection neurons,
cholinergic and GABA-parvalbumin interneurons, but spares the somatostatin/NPY/NOS
interneurons (Zhu et al., 2006). These observations, taken together with the finding that
ablation of the neurokinin-1 receptor-expressing interneurons prevented METH-induced
apoptosis, suggest that the striatal neurokinin-1 receptors play a role in the cell death
induced by METH in this brain region.

The neurotoxic cascade activated by nitric oxide has been implicated in the degeneration of
various brain regions (Dawson and Dawson, 1996). For example, pharmacological inhibition
of neuronal nitric oxide synthase by 7-nitroindazole attenuated striatal lesions produced by
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intrastriatal injection of NMDA (Schulz et al., 1995). Furthermore, the striatum of mice
lacking the neuronal nitric oxide synthase gene was significantly more resistant to the
excitotoxic lesions produced by intrastriatal injections of NMDA than wild-type mice
(Ayata et al., 1997). In the present study we have observed that METH increases the levels
of striatal 3-NT up to 32 hours after a bolus injection of METH. Moreover, these increases
are attenuated by pre-treatment with the selective neurokinin-1 receptor antagonist
WIN-51,708 (see Figures 6 & 7). The neurokinin-1 receptor antagonist did not completely
abolish the production and accumulation of striatal 3-NT suggesting that other mechanisms
are involved. However, it is interesting to note that attenuation of 3-NT (indirect index of
nitric oxide production) suffices to protect the striatum from the apoptosis induced by
METH. The magnitude of protection afforded by the neurokinin-1 receptor antagonist
WIN-51,708 is dependent on the dose of the compound used (see Figure 1). At higher doses
(20 and 30 mg/kg) this compound may display agonist properties at the neurokinin-1
receptor (Quartara and Maggi, 1997).

In parallel with the activation of nitric oxide synthesis via the neurokinin-1 receptor,
glutamate can also increase striatal nitric oxide synthesis. For example, in cultured neurons
the stimulation of NMDA receptors leads to the activation of neuronal nitric oxide synthase
and production of nitric oxide (Dawson et al., 1998; Yun et al., 1998). Moreover, several
studies connect the neurotransmitter glutamate with both METH-induced toxicity and
damage in the striatum (Sonsalla et al., 1991; O’Dell et al., 1992). METH treatment releases
glutamate in the striatum (Nash and Yamamoto, 1992). It has also been established that
neurotoxic regimens of METH induce sustained release of glutamate and oxidative stress
(Yamamoto et al., 1998; Yamamoto and Zhu, 1998). Thus, it is conceivable that the
pharmacological blockade of the neurokinin-1 receptors may attenuate the METH-induced
overflow of striatal glutamate that in turn would attenuate the production of 3-NT. This
possibility is supported by the observation that the striatal overflow of glutamate induced by
infusion of NMDA is dependent on endogenous striatal substance P and dopamine (Marti et
al., 2005).

In conclusion, the present study demonstrates the role of the striatal neurokinin-1 receptor in
METH-induced apoptosis. Our data suggest that an intrastriatal mechanism participates in
the METH-induced apoptosis of some striatal neurons involving the modulation of nitric
oxide production by the neurokinin-1 receptor on the somatostatin/NPY/NOS interneurons.
Work in progress in this laboratory is investigating the mechanism by which the striatal
neurokinin-1 receptors contribute to the apoptosis induced by METH.
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TUNEL terminal deoxyncleotidyl transferase-mediated dUTP nick end labeling
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WIN-51,708 17-ϐ-Hydroxy-17-a-ethynyl-5-a-androstano[3,2-ϐ]pyrimido[1,2-
a]benzimidazole
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Figure 1.
Pretreatment with the neurokinin-1 receptor antagonist, WIN 51,708, attenuates METH-
induced cell death in the mouse striatum. Mice (10–12 per group) received a single
intraperitoneal (i.p.) injection of the neurokinin-1 receptor antagonist, WIN 51, 708 (2.5, 5,
10, 20 or 30 mg/kg of body weight), 30 minutes prior to METH treatment (30 mg/kg of
body weight, i.p.). Cell death was detected on striatal tissue sections by TUNEL 24 hours
post-METH treatment. *p<0.05 compared to V + S. #p<0.05 compared to V + M.
Antagonist alone did not induce TUNEL staining. N=12–18 animals per group. Vehicle (V),
saline (S), METH (M), WIN-51,708 (W). Inset: Schematic of the striatum indicating the
four regions of the CPu (caudate-putamen) where cell counts were conducted. Dorsal-medial
(DM), ventral-medial (VM), dorsal-lateral (DL), and ventral-lateral (VL) regions of the CPu.
Black boxes indicate the 0.26 mm2 area where TUNEL-positive cell counts were conducted
within each region.
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Figure 2.
Ablation of striatal neurokinin-1 receptor-expressing neurons using SSP-SAP. Animals were
intrastriatally injected with SSP-SAP [4ng, 1 ul volume] (b, d and f) or saporin (SAP) [4ng,
1 ul volume] ) on the contralateral side (a, c and e). Animals were sacrificed at 1, 2 or 3
weeks after the intrastriatal injections and sections of striatal tissue were immunostained
with an antibody against the neurokinin-1 receptor. Microinjection of SAP alone had no
effect on neurokinin-1 receptor immunostaining in the striatum. Note the lack of
immunostaining for the neurokinin-1 receptor at 3 weeks after the injection with SSP-SAP
(f). White dotted circle indicates the region lacking neurons that express the neurokinin-1
receptors. White arrows indicate immunostaining of representative neurokinin-1 receptor-
bearing interneurons. Magnification bar is 200 μm.
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Figure 3.
Striatal somatostatin (SST) and cholinergic (ChAT, choline acetyltransferase) interneurons
were selectively ablated using SSP-SAP. Animals were intrastriatally injected with SSP-
SAP [4ng, 1 ul volume] (b,d,f,h) and saporin (SAP) [4ng, 1 ul volume] on the contralateral
side (a,c,e,g). Three weeks after microinjections, coronal sections of striatal tissue were
immunostained with antibodies against SST or ChAT. White arrows indicate representative
somatostatin (a–c) or ChAT staining (e–g). Note the absence of immunostaining for SST or
ChAT interneurons on the side injected with SSP-SAP (d,h). Magnification bars indicate
250 μm for low magnification images (a,b,e,f) and 50 μm for high magnification images
(c,d,g,h).
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Figure 4.
Parvalbumin-containing GABAergic interneurons and DARPP-32-containing projection
neurons remained intact in the striatum after exposure to SSP-SAP. Animals were
intrastriatally injected with SSP-SAP [4ng, 1 ul volume] (b,d,f,h) and saporin (SAP) [4ng, 1
ul volume] on the contralateral side (a,c,e,g). Coronal tissue sections were immunostained
with antibodies against parvalbumin or dopamine and cyclic-AMP-regulated
phosphoprotein, 32 kDa (DARPP-32) three weeks after microinjections. White arrows
indicate representative parvalbumin (a–d) or DARPP-32 staining (e–h). Magnification bar
indicates 250 μm for low magnification images (a,b,e,f) and 50 μm for high magnification
images (c,d,g,h).
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Figure 5.
Ablation of striatal neurokinin-1 receptor-expressing interneurons prevented
methamphetamine-induced cell death in the striatum. Animals received intrastriatal
injections of SSP-SAP [4ng, 1 ul volume] into one striatum (B, D & F) and saporin (SAP)
[4ng, 1 ul volume] into the contralateral side (A, C & E). Three weeks after the injections,
the animals received a single intraperitoneal injection of METH (30 mg/kg). The animals
were then sacrificed one day after METH treatment. Striatal sections were processed for
immunofluorescence using TUNEL and an antibody against the neurokinin-1 receptor.
White square indicates region devoid of neurokinin-1 receptor immunofluorescence. Local
ablation of striatal neurokinin-1 receptor-expressing interneurons conferred protection from
METH-induced cell death on the ipsilateral side (B, D and F). No protection was observed
on the contralateral side receiving only SAP (A, C and E). White arrows show representative
TUNEL-positive cells. Magnification bars are 250 μm (A & B) and 50 μm (C, D, E & F). cc
= corpus collasum.
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Figure 6.
Pretreatment with the neurokinin-1 receptor antagonist WIN-51,708 attenuated the METH-
induced increase of striatal 3-nitrotyrosine (3-NT). The mice (n=8) received an injection of
WIN-51,708 (WIN, 5 mg/kg, i.p.) 30 minutes prior to METH (30 mg/kg, i.p.) and the
animals were sacrificed at the times indicated under the x-axis. 3-NT levels were determined
by HPLC from one striatum. Note that the neurokinin-1 receptor antagonist WIN-51,708
significantly attenuated the METH-induced augmentation of striatal 3-NT (an indirect index
of nitric oxide synthesis) at all time points. TYR, tyrosine. The data were analyzed by 2-way
ANOVA. *p<0.01, **p<0.001, !p<0.0001.
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Figure 7.
Histological evidence demonstrating that pharmacological blockade of the neurokinin-1
receptor with WIN-51,708 (WIN) attenuates the METH-induced augmentation of striatal 3-
NT, an indirect index of nitric oxide production. A, vehicle/saline; B, WIN-/saline; C,
vehicle/METH; D, WIN/METH. 3-NT was detected by immunohistochemistry using
diaminobenzidine staining in the dorsal-medial aspect of the striatum (see inset of Figure 1,
DM). The mice (n=8) were pre-treated with WIN-51,708 (5 mg/kg, i.p.) 30 minutes prior to
METH (30 mg/kg, i.p.) and were sacrificed four hours after the METH injection. Arrows in
C indicate the position of 3-NT-positive cells from an animal treated with METH. Scale bar
= 100μm.
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