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ABSTRACT

THE ROLE OF STRIATAL NEUROPEPTIDES ON GLUTAMATE AND
METHAMPHETAMINE-INDUCED NEUROTOXICITY IN THE MURINE BRAIN
by

Lauriaselle Afanador

Adviser: Dr. Jesus A. Angulo

The rising worldwide epidemic in addiction to methamphetamineTi) and the well-
documented neurological detriments it causes emphasizes the imspodh elucidating the
mechanisms by which METH causes widespread and prolonged damage. MEIH'’s
pathophysiology resembles a number of neurodegenerative disedsmefoile a better
understanding of the mechanisms involved would provide more effectivpdldiatargets for

the treatment of these neurological disorders.

METH toxicity is a complex interplay of various factors howeaerumber of necessary
components have been identified such as dopamine overflow (DA), glutaigasting, and
oxidative stress. Although METH-induced DA overflow is the initigtevent, it is not the direct
cause of damage. Oxidative stress is thought to be the mediddETd toxicity and nitric

oxide (NO) as a contributor.

We have found that substance P (SP) exacerbates METH-inducekhihi@tion of SP

signaling mitigated NO synthesis and conferred protection. Gemsg the role SP is playing in



METH toxicity we wanted to investigate the role that othaatstr neuropeptides play in these

events, notably the inhibitory peptides neuropeptide Y (NPY) and somatostatin (SST

We hypothesized that SP is augmenting NMDA signaling and rtiagnifying NO
production. Whereas NPY and SST would serve as a counteractingthoicedampening
oxidative stress and conferring protection. Overall, our data deratetsthat SP does augment
NMDA signaling as inhibition of the neurokinin-1 receptor (NK-1R)rdased NMDA-induced
striatal cell loss. We found that SP was potentiating NMDA-iedudO production. Although

the predominant source of NO was the inducible form of nitric oxide synthasg.(NOS

In support of our hypothesis, NPY and SST proved to attenuate NO. tAky were
protective from METH-induced cell death although SST failed totgot DA terminals.
However, an agonist for the NPY-Y2 receptor was successfuhamtaining DA terminal
viability. Of interest is that neither NPY nor SST modulated DdMinduced NO or cell loss
suggesting that their protective mechanism does not include moduddtitamate signaling

within the striatum.
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Chapter 1  Introduction

1.1. About Methamphetamine

1.1.1. History, Pharmacology, and Addictive Properties

Methamphetamine (METH) is a member of the amphetamine ofaggmulants. It is a
longer lasting, more potent derivative with multiple forms (powdsdslet, paste) and routes of
administration. Depending upon the route of administration its méamation half-life can
range from 10.1 hours after oral consumption to 12.2 hours for intravelmyesn( 2002). First
developed in the early 1900’s, it was sold as an over-the-counterdeasalgestant and several
other licit uses until the 1970’s when it was deemed to be timitdts therapeutic potential
(United Nations Office on Drugs and Crime, 2010). After which it became eotledtsubstance
although its demand continued to grow as did its illicit use and manufacture. Synthetiards
such as METH hold an appeal to drug organizations due to severask fagth as the ease of
acquiring the base ingredients or adequate substitutes, the glodéraihigh profit margin, and

the advantages of a highly mobile operation.

According to the report from the United Nations Office on Dragd Crime, METH is
considered a rising worldwide epidemic with a growing consumekehar regions such as in
South Africa, South-East Asia and East Asia (United Natiofis€dén Drugs and Crime, 2010).
In Thailand from 2004 to 2008 there was a fourfold increase in METH relatecsasastll as a
50% increase in the seizure of its tablet form; both are indicators of imneg availability and

consumption (United Nations Office on Drugs and Crime, 2010).



METH is a psychostimulant that at first creates an inteease of euphoria, exhilaration,
increased mental alertness, and improved physical capacitar{l.2602; Krasnova and Cadet,
2009). However, its long-term usage can lead to addiction, paranoiangranxiety, lack of
concentration, and delusion (Logan, 2002; Cadet et al., 2003). An alarssogiaion with
METH usage is the incidence of violent behavior including homicideadso suicide (Logan,
2002; Cadet et al., 2003). METH exerts its effects on the caem@rabus system (CNS) through
its influence on the monoaminergic system, specifically on the dapegic and serotonergic
pathways. Its effectiveness and potency are governed by the teseenlof its chemical
structure to the endogenous transmitter dopamine (Logan, 2002; Kraamodv@adet, 2009).
Allowing it to easily enter the DA terminal, cause the redeaf excessive amounts of DA, and

prevent its subsequent uptake.

Decades of research have proven that METH is neurotoxic. In addMiBiH’s
resulting pathology in the regions of the brain it affects resembles a nofmeurodegenerative
diseases such as Parkinson and Huntington’s (Villemagne et al., 189&; & al., 2003). One
such area under intense scrutiny is the striatum; progressivefl@ggpaminergic innervation
from the nigrostriatal pathway to the striatum is the hallmark of Parkind@®ase (Block et al.,
2006; Liu, 2006). In long-term users of METH there are indicatorsatlsanilar although much
less prevalent loss may be occurring, leading to the concerrchitatic METH users may
eventually become vulnerable to developing Parkinson’s like symptbitienfagne et al.,
1998; Volkow et al., 2001a; Volkow et al., 2001c). Thus a more thorough umikngtaf the
mechanisms involved in METH neurotoxicity could prove invaluable to thelafawent of

effective treatments for these neurological disorders.



1.1.2. Striatum

The basal ganglia is a cohesive functional unit composed of a collection eif sitichted
at the base of the forebrain (Cicchetti et al., 2000). The laojdbese nuclei is the striatum,
which receives inputs from several areas of the brain amongttiererebral cortex and the
thalamus (Kawagushi et al., 1995; Tepper and Bolam, 2004). It also prmjeatd is innervated
by several of the other nuclei that form the basal gang@liacfetti et al., 2000). Multiple
functions have been attributed to the striatum such as voluntary rootwrol, learning,
motivation, habit-forming, and addictive behaviors (Kawagushi, 1997; Koob ehbhal, 1997;
Balleine et al., 2007).

Striatal neurons are classified into two broad categories, tleumespiny projection
neurons and the aspiny interneurons (Cicchetti et al., 2000). The mojaetirons are the most
abundant neuronal type, comprising greater than 90% of the neuronaltjpopatal all contain
gamma-aminobutyric acid (GABA) as their main transmitteavfgushi et al, 1995).They are
the main output of the striatum and receive the greater part sfyttaptic inputs (Kawagushi,
1997). Projection neurons are further subdivided and characterized bycdngniiment of
neuropeptides and their afferent pathway. The direct pathway dosigial projection neurons
contain the neuropeptides SP and dynorphin whereas neurons of the inmitbatay
(striatopallidal) contain enkephalin (Cicchetti et al., 2000).

The aspiny interneurons of which there are four identified subtypag, comprise a
small portion of the striatum but they have been attributed with miotyie firing pattern of
the projection neurons and thus the output of the striatum (Tepper and, BOR4). The largest

in size of this group are the cholinergic neurons, so named duee tprésence of choline



acetyltransferase (ChAT). The remaining three subtypes G&8Aergic; they are the

parvalbumin, calretinin, and the SST/NPY/neuronal NOS (nNOS) (Giceteal., 2000; Tepper
and Bolam, 2004). Throughout we will be paying particular attentiom@oSST/NPY/nNOS

interneuron since it contains many of the substrates such asptides (SST & NPY), receptors
[NK-1R & N-methyl-D-Aspartate (NMDA)], and enzyme (nNO$at play prominent roles in
our hypothesis as well as METH-toxicity.

Among the major inputs to the striatum are the dopaminergic affdileers of the
nigrostriatal tract, which originate from the substantia njgges compacta (Kawagushi et al.,
1995). In addition, there are the glutamatergic inputs (corticostriedah) the cortex (Kawagushi
et al., 1995). Mentioned previously are the major efferent pathwarysthe striatum, the direct
and indirect pathway. The direct pathway is a shorter loop in whiehptojection neurons
extend their axons to the substantia nigra/internal pallidum and thi@GAgA remove the
substantia nigra’s inhibition on the thalamus. Disinhibition of the thagamasults in stimulation
of the motor cortex via glutamate release. The indirect pathwaythea opposite effect but
through a more involved loop which goes through the external pallidus, subthalai@as, and
finally the substantia nigra/internal pallidum with the sum ¢ffgfcmaintaining the internal
pallidum’s inhibition on the thalamus. The dopaminergic and glutamategmits supply two of
the major transmitters that are necessary components of Miglirbtoxicity. Furthermore,
sustained activation of the direct pathway is considered the niwamgich the excitotoxic

levels of glutamate are released into the striatum during METH.
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eventually synapse on the internal pallidum as well. (Adapted from Kier@@n) 2



1.2. Methamphetamine-Induced Neurotoxicity

1.2.1. What Do We Know So Far: Hallmarks and Contributing Factors

Formative studies by Fibiger and McGeer (1971) unveiled the deleteeffects of
METH on the dopaminergic system and in particular the nigrtstrgathway. It was soon
followed by Hotchkiss and Gibb’s (1980) uncovering of METH’s damagirigcesf on the
serotonergic system in the hippocampus and the neostriatum. Thésentiaf studies
emphasized the urgent need to conduct more thorough investigations intarthtexie capacity
of METH and its mode of action. Decades of research into ME™Md hevealed a plethora of
global neurochemical dysfunctions primarily in the monoaminergstems including but not
limited to the prolonged decrease in the enzymes TH, tryptophanxylase (Hotchkiss and
Gibb, 1980), tissue DA and serotonin levels as well as their assbonetabolites (Fumagalli et
al.,, 1998). In addition, there is a reduction in dopamine transporters (R&fhuted to
membrane degeneration of striatal DA terminals (Villemaggmal., 1998) and evidence of cell
death in multiple regions of the brain including the striatum anddhex (Pu et al., 1996; Eisch

and Marshall, 1998; Deng et al., 2001).

These markers of METH-induced toxicity are seen in variousiespéutcluding mice
(Fumagalli et al., 1998; Zhu et al., 2005), rats (O’Dell, 1992; EischMaghall, 1998), and
nonhuman primates (Villegmane et al., 1998). In a study utilizin§ &fanning and the DAT
ligand [11C]WIN-35,428, baboons were treated with dosages of METH cabipaio those
used by human addicts (Villegmane et al., 1998). Imaging eveatiose-dependent decrease in
DAT binding, which was further confirmed in postmortem neurochemitalysis. There was a

concomitant decline in the caudate levels of DA and 5-HT axon&lemsasuch as DA, DOPAC,
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5-HT, and 5-HIAA. Work conducted in animal models and the subsequent overwdel
evidence of the toxic nature of METH has proven relevant to humamHVIEsers as

corroborated by a number of human in vivo imaging studies. For examptg,dfd colleagues
(2000) found that abstinent METH users showed signs of abnormal brainstigeaven 21

months after discontinuing drug use. 1H MRS imaging revealegtlnd in a mature neuronal
marker suggesting cell loss in the frontal lobe and the basglig@m addition to elevated levels
of metabolites associated with glia, which may indicate porese to neuronal injury (Ernst et

al., 2000).

Persistent deficits are further substantiated in PET studea®aling a significant
reduction in striatal DAT binding in detoxified METH users (Mo@Geet al., 1998; Volkow et
al., 2001a). Furthermore, the decline in DAT density was correlatddinvpaired motor and
cognitive function (Volkow et al. 2001a). Work by this same group dematedta prolonged
reduction in the metabolic levels of the striatum and the thedaas measured by glucose
utilization (Volkow et al., 2001b). Although there was an increase imbboBsm seen in the
parietal cortex, however one possible explanation is increasedtyadwia result of an
inflammatory response as seen in many animal studies and ite@licya Ernst et al. (2000). Of
note is that with protracted abstinence from METH abuse there reppgabe an increase in
striatal DAT levels (Volkow et al., 2001c) as well as recovarthalamic metabolism whereas
striatal metabolism still remained depressed (Volkow eR@04). Recovery in DAT levels may
be indicative that striatal DA terminals have remained iraftet exposure to METH and thus
the subsequent reductions in DAT may be a downregulation in expressitight of the

continual reduction in striatal metabolism (Volkow et al., 2004) and atidic of diminished



neuronal content in the striatum up to 36 months of abstinence (Erhs2€08), the increased
DAT levels as measured by radioligands binding may be due tadaptive process of the

remaining dopaminergic terminals rather than DA terminal recovery.

Although the myriad toxic effects of METH as delineated abowve Iha&en for the most
part identified, the intricate mechanisms by which METH casseh far-reaching damage are
still elusive. Thus far METH’s mode of action has been piecedHhegsufficiently to illuminate
many of the main characters in this complex interplay. At thefriamt is the excessive release of
DA into the extracellular space, which is a necessary comptoraniicity (O'Dell et al., 1992;
Yamamoto et al., 1998). It accomplishes this by disrupting vesicudaoamine transporter-2
(VMAT-2) function thus increasing the availability of DA in tlegtoplasmic compartment as
well as reversing the direction of the DAT therefore dumpimegrtow readily available DA into
the synapse (Sulzer et al., 1995; Jones et al., 1998; Fumagellil&x98; Riddle et al., 2006). In
addition to striatal DA overflow, METH is also known to cause agrfbav in glutamate, which
can be diminished with DA antagonists (Stephans and Yamamoto, 1994; dtomamad Zhu,
1998). It is postulated that the generation of reactive oxygen sp@d@S) from NMDA-
mediated excitotoxicity and oxidation of excessive cytoplasmiaizé serve as the mediator of

damage in METH neurotoxicity through oxidative stress (Yamamoto and Zhu, 1998).

1.2.2. Glutamate and METH Toxicity

Both DA and glutamate transmission are necessary componentEBH-induced
toxicity to occur (Sonsalla et al., 1989; Stephans and Yamamoto, 1994)m&iethas been

implicated in potentiating METH’s effect on striatal DA eate (O'Dell et al.,, 1992).



Pretreatment with MK-801, an NMDA receptor antagonist, decre@gedverflow and damage
to dopaminergic terminals. METH has been shown to raise thacehtidar levels of glutamate
in the striatum (Sonsalla et al., 1991; Stephans and Yamamoto, 1994). agmetuake of
glutamate release is proportional to the amount of METH-induced daexigpited. Regions of
the brain in which METH induced significant DA release but noglatamate showed marked
reduction in neuronal damage such as in the prefrontal cortex and thesnamt@mbens (Eisch
et al., 1996; Yamamoto et al., 1998). In response to increased ghiasahate signaling there
appears to be a compensatory downregulation in striatal NMDéptas within 1 week of
exposure to METH (Eisch et al., 1996). Reduced toxicity due to pharmaadlothibition of
the NMDA receptor enforces that glutamate plays an intriridee in METH-induced toxicity
(Sonsalla et al.,, 1990; O'Dell et al, 1992; Riddle et al., 2006). Alsasimiatal infusion of
NMDA augmented a subtoxic dose of METH reducing DA content byoup4% relative to

control (Sonsalla et al., 1990).

Multiple lines of research have indicated that glutamate matyibute to METH toxicity
through the generation of harmful oxidants (Yamamoto et al., 1998). Oxidppéar to serve as
mediators of damage in METH toxicity since the introduction of vanadgal scavengers prior
to METH attenuated the depletion of DA content (Yamamoto and Zhu, 1388adaki et al.,
2006). Also NMDA receptor mediated increases in intracellularwal influx has been linked
to the activation of multiple cascades whose possible end producBO&8e(Yamamoto and
Zhu, 1998). One such pathway garnering intensive scrutiny is involved isyNi@esis through
the enzyme nNOS (Dawson and Dawson, 1996). Cortical neuronal cultonesnHOS null

mice had marked resistance to NMDA-induced cell loss, whichcaapletely reversed by the



addition of NO donors (Dawson et al., 1996). In mice, the pharmacologibddition or
complete suppression of NnNOS through gene manipulation was also peotagdinst NMDA
mediated excitotoxicity in the striatum (Schulz et al., 1995;t&yt al., 1997). There were
significant reductions in striatal lesion volume as well disdeath. Excessive NO synthesis can
result in the formation of a number of toxic oxidants (Dawson angsba, 1996). Is METH

activating the NMDA/NO cascade leading to oxidative stress?

1.2.3. Oxidative Stress

METH promotes a pro-oxidant state as seen by the in vitro and/onincreases in
indicators of ROS formation (Yamamoto and Zhu, 1998). The contribution offB@ftion to
METH-induced toxicity has been implied in a study utilizing tranggenice that overexpress
the antioxidant copper-zinc superoxide dismutase (CuZnSOD) (Cadkt £#994; Hirata et al.,
1996). Homozygous mice, with enzyme expression levels 5.7-fold relativédtype, only had
a 2% reduction in DAT compared to 48% in the wildtype (Hiratalet1996). Furthermore,
auto-oxidation of excessive cytosolic DA produces superoxide radindldias been suggested
as causing METH-induced DA terminal degradation (Yamamoto and12®8). This is further
substantiated in mice that have compromised vesicular packagimspqeeently possessing
elevated levels of cytoplasmic DA. Mice heterozygous for VIMAshowed increased levels of
METH toxicity to striatal DA terminals (Fumagelli et d.999). In addition, the diffusible
signaling molecule NO can also react with DA’s oxidative products to fqgotemt toxin (Cadet

and Brannon, 1998).
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During pathophysiological conditions NO can function in a neurotapaaty (Dawson
and Dawson, 1996). One manner is through its formation of the oxidaxtypérite, which can
serve as both a reactive nitrogen and oxygen species (Beckman, 199&0BdjeBruckdorfer,
2005). During a pathological state such as excitotoxicity, an abunelait of NO can be
manufactured to successfully outcompete the endogenous antioxidant QuZn&Oreacting
with superoxide anion to form peroxynitrite (Beckman, 1996; Dawson, 1996). yRéri is
known to cause lipid peroxidation, damage DNA, irreversibly inhibieteetron complex chain,
and nitrate proteins (Almeida et al., 1998; Boje, 2004; Bruckdorfer, 20051 pgroxidation
could lead to cell membrane destabilization and eventually cytitpXBoje, 2004). Whereas
DNA damage can activate the DNA repair enzyme poly(ADP-Ribpsgmerase (PARP),
which can undergo nitrosylation. Nitrosylation enhances PARP’s wgctexacerbating the
already critical condition of the cells energy supply due to itibibiof respiration (Almeida et
al., 1998; Cadet & Brannock, 1998; Boje, 2004). Mitochondrial dysfunction and thegsieins
depletion of cellular energy stores can be especially lethaétirons as they are highly active

cells and voracious consumers of energy (Chang and Reynolds, 2006).

NO is synthesized by three different isoforms of the enzyinie nkide synthase (NOS),
each one is a product of separate genes (Boje, 2004; Bruckdorfer, 2ZB8%)are nNOS (Type
), immunological NOS (iNOS/Type Il), and endothelial NOS (eN@$e Ill). nNOS and
eNOS are activated via a calcium-dependent mechanism prirttaolygh the NMDA receptor
whereas INOS is mobilized as part of an immune response (Datvsbn 1998; Desaiah et al.,
2000). nNOS has become the focal point of METH neurotoxicity researtie primary source

of NO in the toxic cascade set-off by METH. This is supportedebent data that suggests that
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NNOS expression can be dynamically regulated by toxic insehsding METH (Dawson et al.,
1998; Deng and Cadet, 1999; Desaiah et al., 2000). Treatment with MEfBdsaed the number
of striatal neurons staining positive for nNOS in mice 1 and 24shafter METH administration
(Deng and Cadet, 1999). METH-induced elevation in NO formation has proveaguey to
striatal DA terminals since pharmacological inhibition of nN@&ulted in significant
attenuation of DA terminal toxicity (Itzhak and Ali, 1996; Itzhak 2D00; Desaiah et al., 2000).
Also nNOS knockout (-/-) mice were protected from the toxic &ffe€E METH on the striatum
(Itzhak et al., 2000; Desaiah et al., 2000). Agents that prevent NO signdoafer significant
protection from METH-induced death of mesencephalic neurons in vitae{@ad Brannock,

1998).

Previous work in our lab corroborates excessive NO formation gmgla role in
METH toxicity. METH treatment increased the levels of 3atitrosine (3-NT) in the striatum
seven-fold; 3-NT is an indirect measure of NO/peroxynitrite priboligSchulz et al., 1995;
Ayata et al.,, 1997; Wang et al., 2008). 3-NT is formed when NOgewmith the superoxide
anion to produce peroxynitrite, which goes on to nitrate the amino aosirtg thus forming 3-
NT (Bruckdorfer, 2005). We also observed that pretreatment with thé&nenneurokinin-1
receptor (NK-1R) antagonist WIN-51,708 resulted in significant realuen 3-NT levels. In the
striatum the NK-1R is located on the cholinergic and somatoMatinopeptide Y/nNOS
(SST/NPY/nNOS) interneuron (Kawagushi, 1997), exposure to METH edsuit robust
internalization of NK-1R’s on the nNOS producing interneuron; inteaai@n of the receptor is
indicative of SP binding and signaling (Wang et al., 2008; Wang and Angulo, )2QLbf

which suggest that signaling through the NK-1R is connected to N@afmm in response to
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METH and consequently to toxicity. As demonstrated by pretreatmémt/VIN-51,708, which
decreased METH-induced striatal cell loss (Yu et al., 2004; Warad,,e2008). Substance P
(SP), an excitatory striatal neuropeptide is the endogenous ligahd NK-1R (Saria, 1999). Is

SP signaling through the NK-1R mediating METH-induced NO formation and thugy8xic

1.3. Neurotoxic Role of Substance P During METH-Induced Toxicity

METH has been shown to increase striatal levels of various neiage including SP
(Frankel et al., 2007). In the striatum SP is synthesized soyebné subtype of the medium
spiny projection neurons; projection neurons comprise approximately 908beoheuronal
population and are the primary output of the striatum (Kawagushi a08b). Its receptor (NK-
1) is localized on the cholinergic and SST/NPY/NnNOS interneuronscasirmed by
immunohistochemical studies (Kaneko et al., 1993; Li et al., 2001).|&kaxon collaterals
interact with SST/NPY/nNOS interneurons (Kawagushi et al., 199t lal., 2000; Li et al.,
2001). Furthermore, ultrastructure imaging reveals that SSTINNOY® interneurons also
establish synaptic contact with SP projection neurons (Morello.,e1397). SP’s location as
well as the location of its receptor places it in a positmave a pivotal role in the events

following METH.

In the murine brain, SP has been implicated in glutamate-teddexcitotoxicity since
SP release subsequently stimulates glutamate releasehipploeampus (Liu et al., 1999a). SP
signaling through the NK-1R can augment NMDA receptor agtivit the spinal cord,
hippocampus, and in primary sensory neurons (Lieberman and Mody, 1998; aVu2€04).

Therefore SP is providing the signal and amplifying the recepésonse to said signal, both
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actions are creating the necessary conditions for excitatpxAalditionally, knockout mice that
lack the gene required for SP synthesis were resistantriat&anediated hippocampal cell loss

compared to wildtype (Liu et al., 1999b).

Our laboratory has shown that SP plays a pro-toxic role in Migdbced toxicity.
Suppression of SP signaling through the NK-1R afforded protection from METHeddticatal
injury (Yu et al., 2004; Zhu et al., 2006a). Neurochemical assessm@&#Totdensity and TH
levels showed drastic attenuation of toxicity in groups pretleaith the NK-1R antagonist
WIN-51,708. Inhibition of the NK-1R and ablation of striatal interneurons ssprg the NK-1R
demonstrated a significant reduction in striatal apoptotic cell ®ius €t al., 2006a). However, it
did not diminish the damage of dopaminergic striatal terminals,afdgthat SP’s contribution
to DA terminal damage is through an indirect mechanism perteippagh manipulation of
corticostriatal glutamatergic transmission or a polysynagticastriatal pathway. Whereas its
involvement in striatal cell loss is an intrastriatal mectranimediated through the NK-1R
located therein. This seems more plausible when one considerssplagitgliin appearance of
striatal injury markers. Striatal cell loss reachespigsk at 24 hours whereas DA terminal
markers of degeneration reach their peak in an additional 24 hdwmsefZal., 2005). Our
observations as to striatal cell loss pertain to apoptotic asl &s we have yet to explore

necrotic cell death.

Histological verification of SP receptor activation in the nN@®rneuron as well as the
reduction in 3-NT level with WIN51,708 pretreatment implies thatisSBirectly involved in
METH-induced NO formation (Wang et al. 2008). SP can contribute tdHMiBEduced NO

synthesis though its modulation of glutamatergic transmission laat directly through
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mobilization of intracellular calcium. The NK-1R is a G-pratebupled receptor (GPCR) that
activates a number of second messenger pathways (Saria, 199%a<0ade liberates calcium
from the endoplasmic reticulum thus increasing intracellular wal@oncentration (Wu et al.,
2004). It is through this pathway (DAG/IP3) that it is specdl&@P is able to potentiate NMDA
receptor activity (Wu et al, 2004;). Thus providing two means by w8Rhcan influence NO
formation within the nNOS interneuron. First, by directly incregugimiracellular calcium, this is
necessary for nNOS activation and NO synthesis. Second, indirectly increalsingn influx by
maintaining the NMDA receptor open longer (Lieberman and Mody, 1998ei\al., 2004).

Overall, SP is participating in pushing the system towards a pro-oxidanasththus toxicity.

1.4. NPY and Somatostatin as Agents of Neuroprotection

Sufficient evidence has implicated SP as being involved in METH-awldoxicity.
Bringing to the fore the question that if SP, an excitatory netige can be pro-toxicity then
can any of the inhibitory neuropeptides synthesized in the striaturprdiective? In all
organisms there exist mechanisms to maintain homeostasitkesafallostatic counterbalance
must exist, the inhibitory neuropeptides NPY and SST are priméidzstes. Foremost, in the
striatum they are both synthesized and packaged in the SST/NPS/mt&Pneuron (Kawagushi
et al., 1995; Thiriet et al., 2005). Their neuroanatomical location throughewstriatum, their
long axons, and their synaptic contact with the dendrites of SP fiwoj@eurons place them in
a prime position to modulate striatal activity and in partic@& signaling (Westwood and

Hanson, 1999; Galarraga et al., 2007).
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In spite of substantial decrements in other striatal cgledydue METH exposure,
SST/NPY/nNOS interneurons are relatively resistant (Horned.e2006; Zhu et al., 2006b);
they exhibit the same resistance in other pathological conditiohaffeat the striatum such as
Huntington’s (Forloni et al., 1997; Silva 2005). Therefore their functtoonat compromised
during METH. Their survival from NO-induced oxidative stress idiglly attributed to their
elevated expression of the mitochondrial radical scavenger anasg superoxide dismutase
(MnSOD) (Gonzalez-Zulueta et al., 1998). MnSOD would isolate the axigeranion at its
source before it is able to interact with NO within the interae thus preventing the formation
of peroxynitrite and circumventing a destructive cascade (GonZaleeta et al., 1998).

Although this leaves NO free to passively diffuse to other neurons and exdieats

NPY is abundantly expressed throughout the murine CNS (Westwood arsbriia
1999). In the brain it acts upon three GPCRs: Y1, Y2, and Y5 (Thirial.eR005). It is
attributed with modifying neuronal excitability through the regalatof calcium signaling
pathways both pre- and postsynaptic (Silva et al., 2003; Silva et al., Zififgequently it can
modulate the release of a number of neurotransmitters and neudepeptcluding depression
of glutamate and stimulation of somatostatin release (Sihal.,eR005). There have been a
number of studies that suggest that NPY may act as a neuroptegent in excitotoxicity and
METH toxicity. During excitotoxicity NPY receptor and peptidepression has been shown to
increase within the affected region (Silva et al., 2003; Silval.et2005). In hippocampal
organotypic cultures, pharmacological manipulation of NPY receptonsiderably reduced

AMPA and kainite-induced degeneration (Silva et al., 2003).
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METH stimulates the release of NPY in the paraventriculatensc(Yoshihara et al.,
1996). Within the striatum, METH increases the expression of NPYNAnReurons
commencing 3 hours post-METH and remaining up 7 days (Thiriet 20815; Horner et al.,
2006). Westwood and Hanson (1999) found that 18 hours after METH administheierwias
a 54% decrease in striatal NPY immunoreactivity. They hypabédhat reduced levels were
either indicative of depressed synthesis or increase in relBased on previous findings of
elevated mMRNA expression 24 hours post-METH the latter interjoretaéems more feasible
(Thiriet et al., 2005). Especially, since use of a D1 agonistsgas to cause a reduction in
striatal NPY tissue content (Westwood and Hanson, 2005) where rasreapment with a D1
antagonist negates the METH-induced increase in NPY mRNA ssipre(Horner et al., 2006).
Intracerebroventricular (ICV) infusion of NPY significantly reéd METH-induced apoptosis
in the striatum (Thiriet et al., 2005). However, NPY knockout mice weesn more susceptible

to neuronal cell loss than wildtype.

SST is also expressed throughout the mammalian CNS and shyoaigh five GPCRs:
SST1-5 (Forloni et al., 1997; Kumar, 2008). In the striatum the recepbiypes SSI SST,
SST,, and SST are primarily expressed (Santis et al, 2009, Rajput et al, 2&R&jput et al,
2011b). Striatal projection neurons appear to express @Hén et al., 2003; Galarraga et al.,
2007) and in the nucleus accumbens SIS Epeculated to function as an autoreceptor (Thermos
et al., 2006). Functionally, SST is attributed with regulating tHease of a number of
transmitters, including GABA, glutamate, and DA (Hathway ef &999; Momiyama and
Zaborszky, 2006; Thermos et al., 2006). Like NPY, SST is thought to indukecmembrane

potential of a neuron by manipulating voltage-gated calcium and Kranelsmat multiple sites
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(Rodriguez-Sanchez et al., 1997). A study of the basal forebrain deatedshat exogenous
application of SST to brain slices caused presynaptic inhibitigtutdmate release in a calcium
dependent way (Momiyama and Zaborszky, 2006). SST modulates thepfititegn of striatal
projection neurons through SST2 and therefore the functional output of gterst(Allen et al.,
2003; Galarraga et al., 2007). Shifting the firing rate from actpattern to a stuttering pattern

with interspike intervals (Galarraga et al., 2007).

SST is considered a neuroprotectant in pathologies attributed tangtetanduced
excitotoxicity (Forloni et al., 1997; Cervia et al., 2008). Cortaadl striatal neuronal cultures
secrete SST in response to NMDA receptor activation (Forladi,e1997). In addition, NMDA
or quinolinic acid mediated toxicity elevates SST mMRNA expoas@Kumar, 2008). In an in
vitro model of ischemia in the mouse retina, the addition of SST ahdaB&8ogues decreased
cell death and glutamate release (Cervia et al., 2008). Howappécation of an SSTreceptor
antagonist negated the protective effect. In rats the, 3&3eptor ligand octreotide (OCT)
diminishes seizure activity caused by kainite and quisqualic(Reidca et al., 1999). Following
middle cerebral artery occlusion, ICV infusion of SST or OCT redlurtfarct volume (Rauca et
al., 1999). In rat cortical cells, SST curtailed NMDA mediatetbtoyicity through cyclic
guanosine monophosphdt&sMP) perhaps via alteration of NMDA receptor function (Forloni et
al., 1997). SST is hypothesized to serve as a key element imrtheat of SST/NPY/nNOS
neurons during excitotoxicity since elimination of SST through angsensmmunoabsorption
enhanced cell death including the once refractory SST/NPY/nNO$Sentens (Kumar, 2008).

Of interest to METH-toxicity is that DA has been shown tonstate a transient increase in
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striatal SST receptor binding and SST peptide immunoreactivithina24 hours all parameters

return to control levels (Rodriguez-Sanchez et al., 1997).

Both NPY and SST appear to exert an inhibitory influence on gluéagiatrelease and
transmission in addition to intracellular calcium influx, which haeen attributed as the means
by which these peptides protect from excitotoxic insults (Forkanal., 1997; Thiriet et al.,
2005). NPY has been shown to depress the concentration of cytosolicrcédciup to an hour
after its removal (Silva et al, 2005). Whereas activation of &8&ptors have been known to
inhibit the NMDA receptor (Kumar, 2008). SST/NPY/nNOS interneuronsivec direct
glutamatergic input from the corticostriatal pathway (Kawagethal., 1995). Said pathway is
the source of excessive glutamate released into the striatuto METH (Eisch and Marshall,

1998).

There are then at least two means by which these peptidesssouélin a protective
capacity in METH neurotoxicity. First, they could depress praptic glutamate release from
the corticostriatal neurons thus reducing NMDA mediated N@®dtion. Second, in the striatum
itself they could inhibit calcium influx in projection neurons ultinhateducing the excitability
of the neuron. This could serve three purposes: through the dirbetayait would prevent
thalamic neurons from exciting corticostriatal neurons, which selglutamate into the striatum.
Also attenuating SP release and thus its downstream effect® doridation. Finally, excessive
calcium influx into striatal neurons can contribute to the overpramuof superoxide anion thus
creating the environment needed for NO to form peroxynitriteetbex diminishing available
calcium reduces the probability of oxidant synthesis (Almeidalget 1998). In addition,

excessive intracellular calcium has been implicated in theedigles disruption of mitochondrial
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function eventually leading to cell death (Chang and Reynolds, 2006). SSthehadditional
ability to depress NMDA receptor function thus affecting icafc influx into the

SST/NPY/nNOS interneuron, which would lessen NO formation (Kumar, 2008).

Significance: A large body of evidence shows that METH cassstained damage to the
brain in animal models and human METH users. The exact mechantexiaify still remains
undefined. Although, there is a general consensus that the followindenpstsent for toxicity
to occur: DA overflow and glutamate release. Compiling dataitatels oxidative stress as the
causative agent of METH toxicity and NO as a major contributd®@8&. We have found that
METH-induced excessive signaling of SP may participate in pgghe system to a pro-oxidant
pathological state through excessive NO synthesis. Pharmacolomicgdition of SP
significantly reduced injury to the striatum including cell lolssading us to consider whether
other neuromodulators may serve as an allostatic counterbalanbe asuthe inhibitory
neuropeptides NPY and SST. Their influence on striatal signalnlgrowing evidence of
neuroprotection in several excitotoxic models make them compelling cteslida further
investigation in METH-toxicity. Also a deeper understandinthefrole these peptides play in a
pathological state and their molecular mechanisms may provide tiwrapeutic targets not

only in drug addiction but also in neurodegenerative diseases that affect theystanes.
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Chapter 2  Central Hypothesis and Research Design

2.1. Central Hypothesis

It is our working hypothesis that METH-induced SP signaling pusihestriatum into a pro-
oxidant state trough intra- and extrastriatal upregulation chwmplate signaling. Activation of the
NK-1R localized on the SST/NPY/nNOS interneuron will result in midéon of NMDA

activation of neuronal nitric oxide synthase (nNOS) and exces$vprbduced. However, NPY
and SST will serve as opposing protective forces, through theirssegreaction on calcium

influx and glutamate signaling.

2.2.  Research Design

2.2.1 Specific Aim 1: Does the Neuropeptide Substance P Mudate Glutamate-Induced

Striatal Lesions?

a) To test the hypothesis that a NK-1R antagonist attenuates the NMD Aedhstui@tal injury as

measured by apoptosis.

b) To test the hypothesis that pharmacological blockade of th@é Rlidttenuates the NMDA-

induced production of striatal NO.

c) To test the hypothesis that NMDA-induced production of strid@ involves nNOS and

INOS.

Hypothesis:

SP contributes to METH toxicity through the potentiation of NMDA mediated NO praaucti
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2.2.2. Specific Aim 2: Do Striatal Neuropeptides Modulate in &lomeostatic Fashion the

Neurotoxic Effects of METH and Glutamate in the Striatum?

a) To test the hypothesis that a NPY agonist ameliorateM&EH- and NMDA-induced

damage to the striatum.

b) To test the hypothesis that the neuropeptide SST attenuate&ire- Mnd NMDA-induced

injury to the striatum.

Hypothesis:

SP augmentation of METH toxicity through NO formation is counterid by the inhibitory

neuropeptides SST and NPY through modulation of glutamatergic transmission.
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Chapter 3  Materials and Methods

3.1. Animals, Drugs, and Systemic Drug Administration

Ten-week old male ICR mice (Taconic, Germantown, NY) warglys housed on a 12
hour light/dark cycle. Food and water is availadaidibitum. They are habituated for two weeks
SO as to acclimate to their environment prior to all procedurdstreaatments. All animal-use
procedures were performed according toNlgonal 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 Ngark. The Hunter College animal
facility is certified by the American Association for Aeditation of Laboratory Animal Care

(AAALAC).

Systemic Drug Treatment: (+)-Methamphetamine hydrochloride (Sigma, St. Louis, MO) was
dissolved in 0.9% physiological saline and administered as a bolapearitoneal (i.p.) injection
(30 mg/kg). The NK-1R antagonist WIN-51,708 (Sigma, St. Louis, M@3 solubilized in
vehicle [45% (w/v) 2-hydroxypropyi-cyclodextrin, Sigma, St. Louis, MO]. Control animals
received an equivalent volume of the vehicle. Vehicle or WIN-51,308d/kg) were injected
i.p. 30 minutes prior to intrastriatal infusion of NMDA (20 nM, Sigi84, Louis, MO), which
was dissolved in artificial cerebrospinal fluid (aCSF). TheOSN\antagonist 7-nitroindazole (7-
NI, Sigma, St. Louis, MO) was dissolved in a 1:3:6 mixture of digdetblfoxide, propylene
glycol, and distilled water. It was administered as a sihBleinjection (25 mg/kg) 30 minutes

prior to NMDA infusion.
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Microinjected Drugs: The iINOS antagonist 1400W (Tocris Biosciences, Ellisville, M@}
solubilized in aCSknd injected (100 uM) simultaneously with NMDA. The NPY-Y1R agonist
(Leu3l, Pro34) NPY (20 uM, Bachem, Torrance, CA), NPY-Y2R agdiist (3-36) (20 uM,
Bachem, Torrance, CA) and SST analogue octreotide (10 nM, Bacleerande, CA) were all
dissolved in aCSF. In addition, they were either injected togettiar N\WIDA or 15 minutes

prior to METH treatment.

Animals used for western blot analysis of tyrosine hydrorylagels were sacrificed 72
hours after treatment by decapitation. Their brains were theeatisl, frozen on dry ice, and
stored in -80°C until use. Animals used for 3-NT immunofluorescenckiord=Jade C staining
were sacrificed either 6 hours or 24 hours post-treatment viaandiacperfusion. They were
anesthetized by an i.p. injection of ketamine (100mg/kg) and acapnmoen(3 mg/kg), perfused
intracardially with 20 ml of phosphate buffered saline (PBS), falwy 20 ml 4%
paraformaldehyde in PBS. Brains were removed and post-fixed ghernn 4%
paraformaldehyde at 4°C. Brains were then cryo-protected in 2@¥pse in 0.1M PBS until

they sank in the solution and then stored at -80°C until use.

3.2. Intrastriatal Infusion of NMDA and Peptides (Adapted from Ayata etal., 1997)

Mice were anesthetized with inhaled isoflurane (2.5% for induction, 2f6fo
maintenance). Their heads were immobilized in a stereotaaitef(Model 5000; David Kopf
Instruments, Tujnga, CA) and a burr hole was drilled into the skthieafollowing coordinates:
+0.5 mm rostral-caudal; +/- 2.0 mm medial-lateral from bregi2& mm dorsal-ventral from

dura (Franklin and Paxinos, 1997). A 2 uL microinjection needle (25 gajltda, Reno, NV)
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was lowered into the striatum and allowed to remain in position forifutes. NMDA or
peptides were injected into the striatum using the quintessstaraotaxic injector (Stoelting,
Wheat Lane, IL) at a rate of QUIminute and the needle remained in place for an additional 5
minutes before its removal. The wound was closed with VetBond (n-bydiyloacrylate, 3M)

tissue adhesive and the animal was allowed to recover.

The NPY-Y1R agonist [(Leu31, Pro34) NPY], NPY-Y2R agonist [NBY36)], and SST
analogue (octreotide) were all injected at the same coordiaatessing the same procedure as
described above for microinjection of NMDA. They were all dissblveaCSF and a 1.0 pL
volume was injected into the striatum at a rate of 0.1 pL/minubeveder for the NMDA-

induced lesion, the agonists and NMDA were infused concomitantly.

3.3.  3-Nitrotyrosine Fluorescent Immunohistochemistry

Sectioning and staining was carried out by the free-floatiethod. Striatal 30 um
coronal sections were cut on a cryostat at -20°C. The sectiopscolected serially between
Bregma 0.02 and 1.4 mm, with each tissue sample separated frono¢keding sample in the
series by 180 puM. Thus each sample well represents an @nititem. They were then stored in
a solution of 30% glycerin, 30% ethylene glycol, 40% PBS at -20°C ws#d. The sections
were then rinsed in PBS and incubated 3X for 10 minutes in 10 mM adid at 65°C. Washed
with PBS 3X for 5 minutes each; followed by incubation in the M.@Mduse on mouse) kit
blocking reagent (Vector Laboratories, Burlingame, CA) for 1 hous@nhrtemperature. Rinsed
with PBS 3X for 5 minutes each and then incubated for 10 mintitesom temperature in

M.O.M kit diluent solution. Proceeded by incubation overnight at 4°C in nrooseclonal anti-
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3-NT (1:200, Santa Cruz Biotech, Santa Cruz, CA) in M.O.M diluent bufffex.next day they
were washed with PBS 3X for 5 minutes each. Sections weubdted in a solution of 5% goat
serum in 0.2% triton PBS for 1 hour at room temperature. Then anbtheur at room

temperature in Cy3 goat anti-mouse (1:500, Millipore, Temecula, iI€CAPo goat serum and
0.2% triton PBS. They were then washed an additional 3X with PBS$ fainutes each.
Mounted and coverslipped using Vectashield fluorescent hardset™ mounédmim with

DAPI (Vector Laboratories, Burlingame, CA). The slides weraged with a Leica TCS SP2
scanning confocal microscope (Leica Microsystems, Germany)jaatified using the Leica

imaging software.

3.4. Measurement of Staining Intensity 3-Nitrotyrosine(Adapted from Gazzaley et al.,

1996)

From each slide at least 4 out of 6 tissues were selémtachaging with the Leica
scanning confocal (Leica Microsystems, Germany). All tissedected must have a visible
needle tract to ensure that the effect observed is due to theethgolution. Per tissue, 4 areas
were chosen within each hemisphere. The regions chosen werenad@aach side of the
needle tip but avoiding the visible needle damage. They were then daaipence to prevent
guenching, which would affect the results. The images were afined at 63X with preset
parameters that give the most resolved image in the baselingi@on8aid parameters were set
per individual study to account for slight variations that may odcuing the staining process
from one individual study to another. All tissue for a study wadiseed and processed
simultaneously. Hardware and software settings were maintdiveedsame for all images

scanned thereafter. The overall settings were as follows:sa@nned was 56889.33 Mirfine

26



average of 1, zoom factor of 1.00, and a scan speed of 400 Hz. The digi#agedis 512x512

pixels and an 8 bit grey resolution with a range in intensity of 0-255. Thegseftir the pinhole,

frame average, gain, and offset were adjusted per study ¢eonawmdate for expected minor
staining differences. The image includes both the cells as asethe neuropil. Analysis of
intensity was done using the Leica confocal software. Backgrpumduced by nonspecific
binding was removed using the baseline correction feature (elimanddduorescence) in the
image process option. Then using the histogram feature under the qteintifyy were able to
get the mean energy of each image, which represents thengtaitensity of the image. The

average of the mean energy of the animal was obtained and then statistaigited.
3.5.  Tyrosine Hydroxylase Western Blot

Using a brain blocker on ice a 2 mm thick coronal section of ttedistriwas removed at
the site of the injection. The samples were homogenized in apptekmia0 i of lysis buffer
(40 mM Tris-HCL, 274 mM NaCL, 2.0 mM EGTA, 20% glycerol, 1 mM Na3/AQ mM
PMSF, 1 mM [3-glycerophosphate, 2.5 Na4P207, 50 mM NaF, 1% NP40, and prohézss
cocktail: 1.0 mM AEBSF, 0.8M aprotinin, 0.02 mM leupeptin, 0.04 mM bestatin, 0.015 mM
pepstatin A, and 0.014 mM E-64) with a QSonica Sonicator 3000 cup horn ateg oy@30
seconds of sonication and 60 seconds of cooling. Centrifuged at 4°Ct f880@& rpm for 5
minutes and then the supernatant is centrifuged at 5000 rpm for 5 miftwtesupernatant was
removed once more and centrifuged for one final cycle of 6000 rp@Dfarinutes. The protein
content was assayed by the Bradford method (Bio-Rad, Hercules,TEA)1g of protein were
loaded on a 10% Tris-HCL (Invitrogen, Carlsbad, CA) SDS-PAGE anfierred to an iBlot

stack membrane (Invitrogen, Carlsbad, CA). After blocking noripdxnding using Odyssey
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blocking buffer (Li-Cor Biosciences, Lincoln, NE) for 1 hour at roomgerature, membranes
were probed overnight with polyclonal rabbit anti-TH (1:5000, Milliporem&eula, CA)
antibody and monoclonal mouse apHactin antibody (1:20,000, Sigma, St. Louis, MO) in
Odyssey blocking buffer (Li-Cor Biosciences, Lincoln, NE) with 0.B%en 20 at 4C. The
next day the membranes were rinsed with 0.1% tween 20 PBS followed by 3 wdshaaates
each. They were then incubated in a mixture of Odyssey’s IRBge@ndary antibodies donkey
anti-rabbit 800CW (1:15,000) and donkey anti-mouse 680LT (1:30,000) within Qty/sse
blocking buffer for 1 hour at room temperature. After an additional ®i@gaat 5 minutes each
with 0.1% tween 20 PBS as well as a final 15 minute wash with @&, the proteins bands
were then detected via the Odyssey infrared imager. Baads quantified using the Odyssey

Imager analysis software and normalized agdiresttin.

3.6. Fluoro-Jade-C Stain

Tissue was collected and stored as described in section 3.3iffdirst the tissue was
rinsed with dHO then mounted on Superfrost® Plus slides (VWR, West Chester, PAgfatul
air dry. Once dried a border was drawn around the tissue usingraBdge™ pen (Vector
Laboratories, Burlingame, CA). The tissue then went through washethanol. First for 3
minutes in 100% percent ethanol followed by a 2 minute wash in 70%mpethanol finally a 2
minute wash with dbD. The slides were then exposed to 0.06% potassium permanganate for 10
minutes, the mixture was then removed and the slides allowed tryawvernight at room
temperature. The next day the slides were rinsed 2X wig®©ddr 2 minutes per wash. The
tissue was then immersed in 0.00005% Fluoro-Jade C (Millipore, Team&2A) in 0.1% acetic

acid for 10 minutes. They were then washed 3X withQiifor 1 minute per wash. The slides
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were then air dried at room temperature and the ImmEdge ™emasved using xylene. The
slides were then coverslipped using Vectashield fluorescent hardseunting medium with

DAPI (Vector Laboratories, Burlingame, CA) and no. 1.5 coverslips.

3.7. Fluoro-Jade C Cell Counts

Cell counts were performed by two individuals that were blind toetkgerimental
conditions using the AxioVision Rel. 4.8 (Imaging Associates Ltd, Zarts Group, Jena,
Germany) unbiased stereology software for PC. Hardware comparfahe AxioVision system
included a Zeiss microscope (Carl Zeiss Group, Germany) attéacteemechanical stage 75x50
mot; CAN (D) (Carl Zeiss Group, Germany), a high resolutiomo®&am MRm Rev. 3 (Carl
Zeiss Group, Germany), and a PC computeoftware parameters were set before the
commencement of all counts and included a sampling frame a2878f904 pf the frame
moved in steps automatically set at (x-step =900 pum, y-step=75678000 purf). A grid size
was chosen so that an average of 10 or more probes per secticoumdsd. Twenty-five
micrometers was defined as the z-dimension in which cells wewated, giving a 2.5um
window for error on the top and bottom surface of the tissue. Thisnaga@xcluded to account
for the damage incurred by the tissue during the sectioningtaming process, which can lead
to counting false positives. For all groups, AxioVison Rel. 4.8 Gundergefiicient of error
was less than or equal to 0.1. We counted four sections per aaanhlsection had to have a
visible needle tract so that the affect seen was due to the respectivemteatm

In brief, a cross section of the striatum from one hemisphergigsue sample was
outlined in 10X magnification to derive an estimate of the strucfline. estimated striatal

volume was automatically calculated by the software. The ohate area around the needle
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tract was removed from the outline ensuring that the resultinggiamaused by the needle’s
entry is not included in the data. Actual cell counts were dod®@X magnification using the
dissector probe in AxioVison Rel. 4.8 with the optical fractionator.Fhloro-Jade C positive
cells displaying the morphological features of an apoptoticheel to be within the boundaries
of the inclusion lines without touching the exclusion lines to be countelts Bad to fulfill
specific morphological criteria to be classified as strieéls undergoing apoptosis, said criteria
was established during the design stage and was strictly edioeire the course of all counts.
Criteria used were as follow: only cell bodies were counted tdude degenerating DA
terminals. In addition, the soma had to completely display a byeajluw-green color (Schmued
et al., 1997); cell bodies that were only partially stained orthigastain was localized within the
dendrites were excluded. Cells with a disrupted cell membrane were cometedysng neurons
do not solely display a rounded shape but can have what is referrediéblaleng (interspersed
bulging) of the membrane due to cytoskeletal decoupling as svetleanbrane disintegration in
the final stages (Kroemer et al., 2009). Finally, cells witleasdly stained nucleus were also
counted since it indicates the degradation of the genetic mateni@ined therein as expected in
a cell undergoing apoptosis (Kroemer et al., 2009). Once countcwrapete and the software
automatically generated the results, the data was compiled aydexhbl a separate individual

that did not participate in the cell counts.

3.8.  Statistical Analysis

Statistical analysis of the data was conducted using GraphPad(@iaphPad Software,
Inc., La Jolla, CA) statistical analysis software. Theeddhces between groups were determined

utilizing one way ANOVA meanzSEM. The analysis was followgdTukey’s post-hoc test.
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Differences between two groups were analyzed by Studetd®. All statistical analysis were

conducted with a significance criterion value set at p<0.05.
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Chapter 4 Role of Substance P in Glutamate-Induced Sttal Lesions and Nitric

Oxide Production

METH causes pronounced and sustained toxic effects in theustri@ur lab has
provided substantial evidence implicating SP as pro-toxic; blockmgNK-1R results in marked
protection from striatal injury. However, we have only startedléam the possible mechanism
by which SP contributes to METH toxicity. Histological evidericom our lab has implied that
METH causes activation of the NK-1R on the SST/NPY/nNOS inteame as well as
contributes to NO synthesis (Wang et al., 2008; Wang and Angulo, 20Xray #d Angulo,
2011b). It is the purpose of specific aim 1 to provide a stronger foondati a causative link
between SP signaling and potentiation of the NMDA/nNOS casGad#o so first we wanted to
demonstrate that blocking SP signaling through the NK-1R could modiMi2A-induced
striatal injury as measured by striatal cell loss. Followed lintewhether SP signaling can also
modulate NMDA-induced NO synthesis. Finally, attempt to ehteidhe source of NO via
teasing out whether the bulk of the glutamate-induced NO beinggaddsi coming from iINOS
or nNOS; or perhaps a combination of both as there are sourcesclforfoemd within the

striatum.

4.1. Role of Substance P in Glutamate-Induced Striatal Lesions

Glutamate excitotoxicity has been established as integral tdHWEduced striatal
injury. It was our hypothesis that SP signaling through the NK-IRpodentiate glutamate-
mediated excitotoxicity. There has been evidence in other strsi@nderegions of the CNS that

glutamate and SP can work in a synergistic fashion. It haadglteeen shown in the cortex that
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glutamate signaling particularly through the NMDA subtype pmecan increase SP release
(Beal et al., 1991; Garside and Mazurek, 1997) as well as in the spidgLiu et al., 1997). In
addition, signaling via NMDA receptors located on dorsal horn neuronsacese SP receptor
activation (Liu et al., 1997); SP can in turn modulate glutamatefasion of SP within the
substantia nigra was seen to increase the release of gletatiain the striatum (Reid et al.,
1990). SP can also modulate glutamatergic signaling. For insitahas been demonstrated in
the hippocampus (Lierberman and Mody, 1998) and spinal cord (Wu et al., 2@043R
signaling via the NK-1R enhanced NMDA receptor function. As | aertl above it was our
intention to further substantiate a link within the striatum betw&Rrand glutamate signaling,
specifically in regards to their contribution to METH-induced tdyicHowever, in order to
explicate this plausible synergistic relationship we remove@xh@neous complexities inherent
in utilizing METH by narrowing our focus solely on glutamaignaling via the NMDA
receptor. Therefore, inhibition of the NK-1R using the selective mawsintagonist WIN-51,708

should in essence attenuate NMDA-induced cytotoxicity.

To test our hypothesis we treated two groups (6-7/per conditioahiofals. The first
group (control) received an i.p. injection of vehicle; the second groumtagamist WIN-51,708
(5 mg/kg). The dosage was previously established in our lab as timaaiy effective dose.
Within thirty minutes both groups are given an intrastriatal iofusif 1l of NMDA (20 nM) at
a rate of 0.1ul per minute to one hemisphere. In the contralateral hemisphere amalequi
infusion of aCSF. The procedure for microinjection was adapted frgastefet al., (1997) and is
more thoroughly described in the Methods section 3.2. The animalstheresacrificed 24

hours after injection via perfusion, the brains were then dissectetharnsue processed for
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Fluoro-Jade C staining. Conditions (NMDA dosage & time point) had peeviously optimized
to translate to our METH paradigm in regards to parametessiafal injury (unpublished data).
So as to assess striatal injury we utilized Fluoro-Jad®@i@irsg and stereological cell counts as
described in section 3.6-7. Fluoro-Jade C was chosen as an apoptaic foaits ability to
exclusively label neurons undergoing degeneration and eventually apof8ckmued et al.,
1997; Eisch and Marchall, 1998; Poirier et al., 2000). To exclude degegedapamine
terminals, strict exclusion parameters were establishedtprtbe commencement of cell counts
as outlined in the methods section 3.7. In brief, only cell bodies that pesitive for Fluoro-

Jade C were counted and they had to conform to the morphology of cells undergoing sipoptosi

As demonstrated in the data (Figure 4-1) below, infusion of NMXA the striatum
resulted in a remarkable increase in Fluoro-Jade C positive Eldlvever, the addition of the
NK1-R antagonist significantly attenuated the NMDA-induced neuroak loss within the

striatum. WIN-51,708 by itself was equivalent to baseline control levels.

34



(A)

(B)

Fluoro-Jade C Positive Cells

(percent to control)

WIN+NMDA

404

*kk

304

20+

104

S
o o
1 1

)
(=)

L
(o ‘o
'b(, Q@Q x‘\@o
&
Treatment Condition

Figure 4-1

35

{\\\“



Figure 4-1: WIN-51,708 attenuation of NMDA-mediated cell los Pretreatment with the neurokinin-1
receptor antagonist WIN-51,708 caused a significant reduction INNti2A-induced striatal cell loss as
measured by Fluoro-Jade C staining. The mice (n=7) receaimethjection of WIN-51,708 (WIN, 5
mg/kg, i.p.) 30 minutes prior to intrastriatal infusion of NMDA (20 nM); aadsrwere sacrificed 24 hours
post-NMDA treatment. Fluoro-Jade C positive cells were @aliosing an unbiased stereology system.
(A) Upright fluorescent images taken at 63X magnificatiithin the striatum. (B) Quantification of
Fluoro-Jade C positive cells in the striatum. Inhibition of sarxst P signaling through the neurokinin-1
receptor significantly attenuated the substantial increaBkioro-Jade C (neuronal degeneration marker)
positive striatal cells. The data were analyzed by ANOVAtaDwere normalized to control group

(vehicle & aCSF). **p<0.001 (as compared to the aCSF grog)).05 (as compared to the NMDA

group).

4.2, NK-1R Potentiation of NMDA-Induced Nitric Oxide Production

We postulated that SP signaling though the NK-1R on the SST/NPY/nNOS intermeur
able to augment NMDA activation of nNOS resulting in the foromatof NO to
supraphysiological levels. There is experimental evidence in suplpibiis hypothesis; we have
shown that treatment with a systemic bolus injection of METH (3kg) can result in
internalization of the NK-1R on the SST/NPY/nNOS within minutesredtment (Wang and
Angulo, 2011b). Also there is a substantial increase in 3-NT asumesh by HPLC and
immunohistochemistry, however pretreatment with the selectivel Rikentagonist WIN-51,708
resulted in significant attenuation of the METH-induced NO produ¢#bu et al., 2009; Wang

and Angulo, 2011a). More so, intrastriatal microinjection of the se¢e&P agonist GR-73632
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in absence of METH, resulted in a significant increase of FiblWever systemic administration
of either WIN-51,708 or 7-NI (selective inhibitor of nNOS) reduckd SP-induced 3-NT
production (Wang and Angulo, 2011a). Thus in theory, application of the NKni&yanist

should reduce the striatal levels of 3-NT produced by NMDA.

Before we investigate the effect of SP on NO production hatugnate signaling we first
had to determine the peak of NO production after NMDA infusion byoparhg a time course.
Animals underwent intrastriatal infusion of NMDA (20 nM) as ddsatiin Methods (3.2). The
mice were then sacrificed via perfusion at the following tpoents: 6, 12, and 24 hours (6-7
mice/time point). These time points were chosen based on Ayala (@997) and work done
previously in our lab that demonstrated that peak NO production aftéHM&an early event
that occurs within the first 24 hours (Zhu et al., 2009). Furthermatteg issumption is that NO
mediated oxidative stress is in large part responsible fblossl than the bulk of NO synthesis
should occur by the peak of striatal cell death, which occurs at 24 (ihuset al., 2005).
Therefore to capture this window we focused our efforts withintitmstframe. The brains were
then collected and processed for 3-NT immunohistochemistry (s&c8pnThe tissue was then
guantified using a Leica scanning confocal and its associated sotovmneasure 3-NT staining

intensity as described in section 3.4.

As shown below (Figure 4-2) 3-NT staining increased over timehoAdh the most
significant increase in staining was at the 24 hour time poin¢dfter all NMDA experiments

will be performed utilizing this time point.
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Figure 4-2: NMDA-mediated striatal NO synthesis time cotse. Infusion of NMDA into the striatum
resulted in a time-dependent increase in striatal 3-nitrotyggaioduction. Mice (n=7) were treated with
an intrastriatal infusion of NMDA (20 nM); then sacrificat 6, 12, and 24 hours after NMDA. 3-NT
levels were measured using a Leica scanning confocal mig@snd Leica imaging software. NMDA
receptor agonist caused a significant augmentation inatf&aNT (indirect index of nitric oxide

synthesis) production at 24 hours (***p<0.001 as compared to 6 and 12 hours).

Upon determination of an effective time point then an additional gataaf were treated
with the NK-1R antagonist WIN-51,708 (5 mg/kg, i.p.) followed within 30 n@auby
intrastriatal infusion in one hemisphere with NMDA (20 nM) and ©6E& in the contralateral
hemisphere. The mice were sacrificed at 24 hours after NM[RAtnrent as previously
determined. The collected tissue was prepared and quantified ianieensanner. As previously
shown there was a significant and obvious increase in 3-NT stdoritige NMDA group which
was significantly decreased in the antagonist plus NMDA group.ahbegonist by itself had a

slight although not statically significant increase in staining (Fige@g
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Figure 4-3: WIN-51,708 attenuation of NMDA-induced NO.Pretreatment with the neurokinin-1
receptor antagonist WIN-51,708 attenuated the NMDA-induced incadastiatal 3-nitrotyrosine (3-

NT). The mice (n=7) received an injection of WIN-51,708 (WIN, Skggi.p.) 30 minutes prior to

NMDA microinjection (20 nM) and the animals were sacrifi@ddhours post-NMDA. 3-NT levels were
determined measuring intensity of 3-NT immunohistochemistrycerdocal microscopy and associated
imaging software. (A) Upright fluorescent images (63X) repn¢ative of each group of 3-NT
immunoreactivity within the striatum (B) Quantification ofN3- intensity. Note that the neurokinin-1
receptor antagonist significantly attenuated the NMDA-inducedea@se in striatal 3-NT synthesis.
Statistical analysis performed using a One-way ANOVA andeyisk multiple comparison test of
significant differences (*p<0.05, ***p<0.001 as compared to th8RGroup;*p<0.001 as compared to

the NMDA group).

4.3.  Contribution of nNOS and iNOS to NMDA-Induced NO Synthesis

Microglia and astrocytes are activated in response to aitguiy (Almeida et al., 1998).
Over activation can be harmful since glia can release n@ang substances including ROS
(Krasnova and Cadet, 2009). Only activated glia express INOS anablreo release NO
(Dawson et al., 1996; Almeida, 1998; Boje, 2004). Although there is grogwitgnce that
NNOS is the predominant source of NO in excitotoxicity thestilisa deficit in knowledge as to
the possible contribution of INOS to NO synthesis. Furthermore, gliarbave been shown to
express NK-1 receptor and therefore may present an altersativee of NO production that is
also downstream of SP release (Rasley et al.,, 2002). Hereesterl whether this isoform

contributes to NMDA-induced NO synthesis.
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To determine the contribution of NNOS the mice (7 per condition) weatetl with a
systemic injection of the nNOS antagonist 7-NI (25 mg/kg). Thisgmsvas obtained from
Itzhak et al. (2000) because it adequately blocks nNOS activity (~®a#gut the confounding
effects on core body temperature. Control animals received anakmuivdosage of saline
instead, ensuring that the antagonist itself was nontoxic or exhiaitg other confounding
affects when comparing the aCSF treated hemispheres in both em¢atonditions. Thirty
minutes after injection of 7-NlI, all the groups underwent intiesirinfusion of NMDA (20 nM)
as well as aCSF as described in the Methods section (3.2). Aniveet sacrificed at 24 hours
post NMDA treatment and the samples collected, prepared, and @daimtithe same manner as
in section 4.2. Figure 4-4 shows that intrastriatal infusion of NMDA caused &icaghincrease
in NO synthesis that almost reached 40% in comparison to thénkasendition (aCSF). A
systemic injection of 7-NI prior to NMDA resulted in a minohaligh statistically insignificant
decrement in the NO levels produced by NMDA injection. Treatmaetyswith the inhibitor
and an intrastriatal microinjection of aCSF produced 3-NT lewaisparable to baseline levels

(intrastriatal aCSF, i.p. saline).
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Figure 4-4: Source of NMDA-induced NO: nNOS?Pretreatment with the selective neuronal nitric
oxide synthase inhibitor (nNOS) 7-nitroindazole (7-NI) has naistgnt effect on NMDA-induced
synthesis of striatal 3-nitrotyrosine. A group of mice (nw@re injected with 7-NI (28ng/kg, i.p.) 30
minutes prior to intrastriatal infusion of NMDA (20 nM) and thearg&ed 24 hours post-NMDA. 3-NT
immunoreactivity was measured using confocal microscopy. Adimatian of 7-NI did not significantly

reduce the NMDA-induced striatal production of 3-NT (*p<0.05, **p<0.Qfs compared to aCSF

group).

For iINOS animals were treated with a simultaneous intrgatirg#usion of the selective
antagonist 1400W (100 pM) with NMDA (20 nM) in one hemisphere wheneathe
contralateral hemisphere they only received the antagonist. Anivalks sacrificed and the
tissue processed and quantified in the same manner as nNOS aiinastriatal infusion of
NMDA caused a significant and expected increase in NO syastlaasicompared to control.
However, co-infusion of an iINOS inhibitor completely eliminated MMDA-induced NO.

Infusion of the inhibitor by itself had no discernible effect on NO synthesiar@#;5).
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Figure 4-5: Source of NMDA-induced NO: iINOS? Simultaneous administration of the selective
inducible nitric oxide synthase inhibitor (INOS) 1400W and NMDAuhesin abrogation of the NMDA-
induced synthesis of striatal 3-nitrotyrosine. Male ICR nfice6) were treated with an intrastriatal co-
infusion of 1400W(100 uM) and NMDA (20 nM) and then sacrificed 24 hours afterainigction. 3-
NT immunoreactivity was measured using confocal microscopy. Admanen of 1400W reduced the
NMDA-induced striatal production of 3-NT to basal levels (**p<0.Gl emmpared to aCSF group,

"p<0.01 as compared to NMDA group).
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4.4, Discussion

There is a body of evidence that substantiates SP as plagirexacerbating role in
METH-induced toxicity. As previously mentioned, pharmacological itioibi of signaling
through its receptor resulted in impressive levels of protectiom fdopamine terminal
degeneration as well as striatal cell loss (Yu et al., 2004; ethal., 2006). Furthermore,
complete elimination of all striatal NK-1Rs resulted in protecfrom striatal cell loss (Zhu et
al., 2009). However, our understanding of the mechanisms by which SP could aatoxic
capacity is still nascent. There is however compelling emyrial evidence from our lab that
implies SP’s mode of action as being pro-oxidant through an influsmé¢O synthesis within
the nNOS containing interneuron. Especially in light of the fadt &ftis receptor (NK-1R) is

located on the SST/NPY/nNOS interneuron (Kaneko et al., 1993).

We have recently shown that immediately after treatmetit METH there is robust
trafficking (indicative of receptor activation) of the SP p@oe in the SST/NPY/nNOS
interneuron (Wang and Angulo, 2008; Wang and Angulo, 2011b). Also, use of timta§Brast
WIN-51,708 resulted in a significant reduction in 3-NT immunostaifig et al., 2009; Wang
and Angulo, 2011a). SP may in some fashion contribute or have a modulatrgnrahe
overproduction of NO, which is considered one of the effector's of Mibdeed toxicity
through its contribution to oxidative stress. A conceivable speculation since itdmasuggested
that SP has a modulatory influence on NO in other regions of tte @sddhakrishnan and
Henry, 1995; Radhakrishnan et al., 1995; Jeon et al., 1999). SP’s role mayobghthr

potentiation of the NMDA/nNOS signaling cascade within the SST/NPY/nN@gheiron.
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Glutamate release and signaling is a necessary comparetuxicity to occur after
METH, as demonstrated by many studies in which pharmacologiodllation of glutamate
signaling via the NMDA receptor resulted in a proportional eftectthe severity of METH
toxicity (Sonsalla et al., 1990; O’'Dell et al, 1992; Stephans and iatoa 1994). Of particular
relevance is the presence of the NMDA receptor on the SSTHAWNEX3 interneuron
(Kawagushi, 1997). An ionotropic subtype of glutamate receptors, NMDA recepgdsgeally
known to modulate the entrance of extracellular calcium into neurdmshvis a necessary
component for nNOS activation and thus the subsequent production of NOo&S#tjal., 1996;
Almeida et al., 1998). The NK-1R, also located on this interneurorGRGR (Saria, 1999) that
has been implicated in the potentiation of the NMDA receptor thraug of its intracellular
signaling pathways (Wu et al., 2004). In the spinal cord and othetigies in the CNS, there
exist a relationship between glutamate signaling via the NM&eptor and SP transmission
(Beal et al., 1991; Garside and Mazurek, 1997). In dorsal horn neurons pfrthlecerd, it has

been shown that NMDA receptor activation resulted in the release of SR ALiu1®97).

In our study we sought to further demonstrate that SP maydmeating glutamate
signaling within the striatum thus contributing to METH-induceddibyxi As expected, infusion
of NMDA into the striatum caused a substantial amount of damagesasured by striatal cell
loss. Automated stereological cell counts of Fluoro-Jade Ciymsiells showed that NMDA
alone resulted in approximately 27% increase as compared to shknbacondition (aCSF).
However, pretreatment with WIN-51,708 30 minutes prior to NMDA infusion hrbtigat
number back down close to control levels. The antagonist by itself heffiecband was close to

baseline levels in Fluoro-Jade C positive cells. The results prawitdher corroboratiothat SP
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signaling through the NK-1R may in some fashion modulate glutasigrtaling via the NMDA
receptor during exposure to METH and thus contribute to its neurotfbeicts. Furthermore,

that SP’s pro-toxic influence is mediated through the potentiation of NO synthesis

As we sought to demonstrate in the proceeding study in whichtevepded to clarify the
influence of SP on NMDA-induced NO synthesis. Although when empldvilegiH we already
have an optimal temporal range for NO production, in this study we @y utilizing NMDA
to mimic METH damage and translate the results to a METHdogn. In particular, to
highlight the involvement of glutamate and SP’s modulation thereof dMEHH. As a result

we had to find the optimal time point for NMDA-induced 3-NT synthesis.

As such we tested three different times, which were 6, 12, and 24 hours post-NMDA. The

resulting time point with a statistically significant lew#I3-NT was 24 hours. However, as can

be seen in figure 4-2 there was a visible trend over time aitlear increase commencing at
least at 12 hours (15%). By 24 hours there is an approximate thraed@dse in 3-NT staining

as compared to 12 hours. Thereafter we utilized the 24 hour time peioictdate SP’s role in
NMDA-mediated striatal NO synthesis. An additional set of afsnwere treated with WIN-
51,708 prior to NMDA, however this time we measured 3-NT immunoreactivity at tegobimt
previously determined. Whereas NMDA alone caused a 42% perceaasec{compared to
aCSF) in NO as measured by 3-NT. Application of WIN-51,308 befuitesion of NMDA
dropped that level to 18% as compared to baseline. The antagonistimlor@ demonstrate a

significant increase in 3-NT.
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Attenuation of NMDA mediated 3-NT staining due to inhibition of SPa&ligg hints at
the possible mechanism by which SP is contributing to METH-tgxiceénding support to our
working hypothesis that METH-induced DA overflow will initiate teecessive release of SP.
SP will in turn signal through the NK-1R localized on SST/NPY/nN@8& as a result potentiate
NMDA mediated activation of nNOS and thus superfluous synthesis @f 8P could
accomplish this through three mechanisms. The first is througincaease in corticostriatal
glutamate release, as demonstrated by Marti et al. (2005aishduce secondary glutamate
release in the striatunThe second is through indirect manipulation of the NMDA receptor
(Lieberman and Mody, 1998; Wu et al., 2004), which maintains the receptofarpefonger
period of time thus amplifying intracellular calcium influx. Th@rd is by activating the
DAG/IP3 pathway (Wu et al., 2004), which mobilizes calcium fromagsllular stores within
the endoplasmic reticulum. All three mechanisms either directly or itigithcough modulation
of glutamatergic activity elevate the levels of intraceliutalcium thus increasing the catalytic

activity of the calcium-dependent nNOS enzyme.

Although we have observed and documented that METH causes theiexgesduction
of NO within the striatum, follow up studies demonstrated thatg mot through an increase in
the expression of nNOS (Wang and Angulo, 2011a). Leading to the conclbhaiothé NO
being produced was a not through manipulation of protein expression but ttathegh an
increase in the enzymatic activity of nNOS already preserthe striatum. This observation
coincides with the above proposed mechanisms of SP’s action,chsweald provide the
necessary components needed for the excessive activation of nNCghuRgant and sustained

influx of calcium will increase the availability of the actif@m of calmodulin (CaM), which
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binds with nNOS acting like a molecular switch that allows lfer production of NO (Duncan

and Heales, 2005; Chang and Reynolds, 2006). Moreatemn we infused the SP agonist GR-
73632 directly into the striatum there was a visible and significenease in the density of 3-

NT staining around the injection (Wang and Angulo, 2011a). However, simultaneous injection of
the SP agonist with a selective inhibitor of CaM (calmidazolicintoride) resulted in a
significant attenuation in the observed 3-NT staining, providing furéwidence that SP’s

contribution to METH-induced NO synthesis is via a calcium dependent mechanism.

Although there exist three isoforms of NOS the enzyme resporfsibldO synthesis,
most of the evidence links NNOS as the primary source of NO dpatiwlogical conditions
(Dawson and Dawson, 1996). A study by Deng and Cadet (1999) showedBT&t iNcreased
the expression of striatal nNOS positive neurons but they did neinga®OS positive neurons
in any of the brain areas analyzed. However, in mice lackingy¢he for iINOS there was a
reduction in METH'’s effect on dopaminergic striatal markers (ltzhak ,e1299). The protective
affect was attributed to the accompanying decrease in MBd@ticed hyperthermia. Thermal
deregulation is another element of METH-toxicity and has beebuwt#dd with playing some

undefined role in its damaging effects (Eisch and Marshall, 1998; Riddle et al., 2006)

In the brain INOS is expressed in large quantities primayilgdiivated glia as part of an
immunological response (Boje, 2004; Duncan and Heales, 2005). Furthern@@& aitivation
unlike nNOS is calcium-independent and relies on transcriptionab#ot (Lecanu et al., 1998;
Duncan and Heales, 2005) thus it is considered a more sustainedsisy@ing subsequent
release of NO. Glutamate can activate microglia throughNiA receptor (Thomas and

Kuhn, 2005). Reactive gliosis is an element of METH; however whetl®riresponse to the
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associated neuronal damage or a contributing factor to the patholstgl/uscertain (Krasnova
and Cadet, 2009). There is however data that supports the latenptieos, LaVoie et al. (2004)
demonstrated that there were activated microglia in mang begions where there was METH
toxicity and most importantly in the striatum microgliosis pdszke DA terminal degeneration.
Furthermore, activation was most pronounced in the striatal sabseghat presented the
greatest depletion in DAT binding and TH levels. Using an NMBeéeptor antagonist, Thomas
and Kuhn (2005) blocked microglial activation and showed protection M&fH-induced
toxicity to DA terminals. Also microglia have been shown toaséea number of harmful
substances including oxidants and NO, which would exacerbate toftidgle et al., 2006;
Block et al., 2007; Krasnova and Cadet, 2009). Current research has pomted d@ctivation of
microglia as playing a central role in the pathology of neurexegtive diseases such as

Parkinson’s (Liu, 2006; Block et al., 2007).

In this study we sought to determine the NOS isomer contributnthe NMDA-
mediated NO. We utilized 7-NI to inhibit nNOS and 1400W for INOS;measured NO at the
previously determined time point (24 hours post-NMDA). Inhibiting nNOS sumgty did not
significantly reduce NO synthesis1(1%); however inhibition of INOS via 1400W completely
abrogated the NMDA-mediated increase in 3-NT. The result casoh&dered unexpected in
light of the evidence | have been presenting thus far, however theréwar important
considerations to keep in mind when interpreting this data. Firgd, that up to this point
evidence in support of our working hypothesis has been gathered in stsitigsVIETH as the
agent of toxicity. Whereas in the preceding studies discussamhiyaised NMDA in order to

isolate the involvement of glutamate within a METH paradigm kuhately the translation will
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not be an exact one. For instance one glaring difference isrteetiurse for NO production and
the resulting levels. When employing METH and measuring 3-Kddyction via HPLC,
significant levels of 3-NT were detected as early as 1 hourNdBSH and continued to be
present past 24 hours at which point it was 6 fold greater than th®lc@itiu et al., 2009).
Measuring via 3-NT immunoreactivity, there was a substainiiaéase as compared to baseline
as early as 4 hours (Wang and Angulo, 2011a). However, when only treatinMDA we
begin to see a significant increase only at 24 hours. Said difEseme going to be present since
METH causes the sustained and excessive release of manyaesmotters and neuropeptides,
such as DA, glutamate, GABA, SP as well as other factors asidtyperthermia and reactive
gliosis that can compound NO synthesis (Yoshihara et al., 1996; Riddle 2006; Frankel et

al., 2007; Krasnova and Cadet, 2009).

There is however one factor that could explain the divergenaeraogsult in our NMDA
model with all the data we have provided thus far from our METH essuaind that is the time
course of microglial activation. Regarding NMDA and micralglieactivity there are a very
limited set of comparable studies however they seem to implyrtizadglial activation would
most likely precede the time point for our studies (24 hours). In & s8idg a mix culture of rat
spinal cord neurons and glia, microglia activation was seemroag 4 hours after NMDA
treatment (Tikka and Koistanaho, 200More relevant is amn vivo rat excitotoxicity model in
which treatment was similar to our own, NMDA (50 nM) was dlyestfused into the cortex
and microglial activation was measured at several time pa@ifier treatment (Acarin et al.,
1996). Investigators observed a pronounced microglial activation comménd¢murs after

cortical infusion of NMDA and remain active for several dpgst-NMDA.. If that is so, then we
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could expect that for our particular time point the NO being preduvould be from a glial

source and thus from iINOS as seen in the data.

On the other hand, in all of our METH studies we saw an early induitiN® synthesis
that began within 2 hours and remained past 32 hours (Zhu et al., 2009). Baséehgyoral
analysis of microglia activation, there was significamiatdl activation starting at 24 hours
reaching a peak 48 hours after METH (LaVoie et al., 2004). Thisexphin why Deng and
Cadet (1999) did not see any iINOS immunoreactivity since theiy sinly extended to 24
hours. Therefore if INOS is indeed primarily expressed byatet glia then it is possible that
their study preceded the timeframe of expression. Importahtdlythe 3-NT immunoreactivity
present in our METH studies was most likely attributed to nN@8ation thus coinciding with
Deng and Cadet (1999). Additionally, since peak apoptosis is at 24 dwdinharkers of DA
terminal damage appear to reach their peak at least an additional 24 hourdlatgrdlz, 2005),
then INOS mediated NO formation may instead play a role indddibal injury as well as be a

large contributor to the NO present after 24 hours.
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Chapter 5 Homeostatic Role of Striatal Neuropeptides Dung METH-Induced

Toxicity
5.1. Neuropeptide Y

Thus far we have presented evidence to the effect that thalsteatopeptide SP plays a
role in METH-induced toxicity. More specifically that SP readjng through the NK-1R is
potentiating the effects of METH on the striatum thus enhantsndeistructive capacity within
this structure (Zhu et al., 2009). Furthermore, that it may dy mbancing glutamate signaling
(section 4.1.) and its subsequent activation of NO producing enzymes ¢hustipg an oxidant
state (section 4.2.). In light of the importance of striatal neurasepin modulating the function
of the striatum as well as the presence and apparent releaseeral peptides after METH
treatment (Yoshihara et al., 1996; Frankel et al., 2007) we questidreter any of these could
then serve as a counterbalance to SP. Based on a plethora afrétetassifying NPY and SST
as protective in glutamate-mediated toxicity, they seemedalilegjuate candidates of further
investigation. Especially since it is widely known that glutamaxcitotoxicity is an integral
element to METH neurotoxicity. Therefore in the proceeding seclimiispresent the results of

the studies conducted on NPY and SST and their role in METH-induced toxicity.
5.1.1. NPY-Y1R & NPY-Y2R METH Tyrosine Hydroxylase and Fluoro-Jade C

In severalin vitro and in vivo studies of excitotoxicity, NPY has acted in a
neuroprotective capacity. Using primary mouse hippocampal and comgcabnal cultures
Smialowska et al. (2009) demonstrated that administration of NPYaqpedteells from kainite-

induced cell death even when administered hours after the toxic insadtdition, application in

52



rats of an NPY-Y2R agonist 30 minutes after treatment with t@in@sulted in a potent
reduction in the size of the lesion as compared to kainate alome.i\lsrganotypic cultures of

rat hippocampal slices, Silva et al. (2003) found that agonist f@ralesubtypes of the NPY
receptors conferred significant protection from AMPA and kainatduced neuronal
degeneration. NPY’s neuroprotective role appears to extend to @ 3,4-
methylenedioxymethamphetamine toxicity (MDMA), the recreatidnag commonly as ecstasy
(Alvaro et al., 2008) and METH-induced toxicity as well (Thirtal., 2005). However the
mechanism by which it mediates this affect has been hintdditatequires more thorough
investigation. It is primarily thought to do so through modulation of glatargic transmission

via depression of neuronal excitability (Silva et al., 2005; Wang, 2005; Alvaitq 2008).

We intended to surmise whether NPY’s neuroprotective action asighrthe indirect
attenuation of the NMDA/NO cascade thus serving as a counter to SP’s iefliretive striatum
NPY is synthesized within the SST/NPY/nNOS interneuron, whichpatsduces NO (Partridge
et al., 2009). Said interneuron has been shown to synapse wittosuidtal terminals and the
dendrites of striatal projection neuron (Kawagushi et al., 1995; TepgkeBolam, 2004). Both
factors lend credence to the hypothesis that NPY can playteaiceole in the mitigation of
excessive NO production whether in an autocrine or paracrine fashiork in our lab has
provided proof to that effect as it has shown both NPY receptor ag@NiBlY-Y1R and NPY-
Y2R) to attenuate 3-NT levels in a dose-dependent manner (unpublighgditdis from these
studies that we have derived the optimal dose (20 uM) so as to cdhduoext series of
experimentsForemost, can NPY protect from METH-induced injury to the striatulddition

to reducing NO formation? Does that protection extend to dopantimengds in addition to
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striatal cells? Then, if NPY can protect, does it do so through mibaiulof glutamate signaling
via the NMDA subtype receptor? The next series of experimsmight to answer these

guestions.

To investigate this we used a nonpeptide selective agonist for RBeYd and Y2
receptor since literature indicates that NPY exerts itseptioe effects within the striatum
through these subtypes (Thiriet et al., 2005). We administered RiYeYNR agonist (Letf,
Pro34) neuropeptide Y (20 uM) or the NPY-Y2R agonist neuropeptide36)320 uM) via
microinjection directly into the striatum whereas aCSF wasciaf into the contralateral
hemisphere as described in Methods section 3.2. The dosage weasimed through a dose
response curve (unpublished results) using 3-NT production as an assesEstriatal injury.
Fifteen minutes after injection the mice were given a systdéwolus toxic injection of METH
(30 mg/kg); another set of animals were given an i.p. injectionalafiesand served as the
baseline. Animals used to measure TH to determine dopamine teunainility were sacrificed
72 hours after METH treatment by decapitation, their brains soapn and stored in -80°C
until ready for analysis. TH protein levels were determinedmaatern blot analysis (Methods
section 3.5). Seventy-hours were chosen based on Zhu et al (2005), whichtsabwsi
depletion has reached its peak at this point. Damage to neurons intoirtbie striatum was
determined by counting cells positive for Fluoro-Jade C stainingesrmed in section 4.1
(Methods section 3.7). In brief, animals used for that purpose werificegic24 hours after
treatment via perfusion. The brains were post-fixed, placed in 30%ssugentil they dropped in
the solution, then stored into -80°C until processed for Fluoro-Jadeingtais described in

Methods section 3.6.
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Figure 5-1A demonstrates that as expected METH caused &icsighidecrease in the
striatal protein levels of TH. However, intrastriatal infusion tbe NPY-Y1R agonist
(Leu31,Pro34)-NPYoefore METH treatment. TH levels remained the same as EiEHValone
group thus NPY signaling via the NPY-Y1 receptor does not confer piostean dopamine
terminals. The agonist alone did not have a detrimental effeclevels remained equivalent to
baseline levels. Like the NPY-Y2R agonist, the NPY-Y2 receptoniag(Neuropeptide Y 13-
36) also leaves TH levels unchanged and comparable to baseline (Eiglire 5-1B).
Conversely, pretreatment with the NPY-Y2 receptor agonishudted the METH-induced

reduction in TH levels thus implying that dopamine terminals were protected.
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Figure 5-1: Effect of NPY agonists on striatal TH levels &r METH. NPY-Y1R ([Leu31,Pro34]-
Neuropeptide Y) and NPY-Y2R (Neuropeptide Y 13-36) agonists effethe METH-induced reduction
in the striatal levels of tyrosine hydroxylase (TH). Mice=§) received intrastriatal infusions of aCSF
(right striatum) or NPY receptor agonist (left striaturfgllowed 15 minutes later by an injection of
METH (30 mg/kg, i.p.) or saline. Animals were sacrificed 2hdurs after METH treatment. TH protein
levels were measured via western blot analysis.Treatment with atNPY-Y1 receptor agonist had no
effect on the METH-induced drop in striatal TH levéB) However, microinjection of a selective NPY-
Y2 receptor agonist attenuated the METH-induced significant reduict striatal TH levels (* p<0.05,

**p<0.01 as compared to the aCSF grolifp<0.001 as compared to the METH group).

In regards to striatal neurons (Figure 5-2), NPY signaling tiroboth receptors
conferred protection that was equivalent to baseline levels. Asterpéeatment with METH

alone caused a significant amount of cell loss; said loss wasxappately 35-40%. Treatment
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with either NPY agonist on its own did not result in a signifigacrease of apoptosis relative to

baseline levels (aCSF intrastriatal and saline i.p.).
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Figure 5-2: NPY agonists protect striatal cells from METH Pretreatment with agonists for the NPY-
Y1 and Y2 receptor had a significant protective effect oiTM#nduced striatal cell loss as measured by

Fluoro-Jade C staining. Mice (n=6) received intrastriat@isions of an NPY receptor agonist; followed
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15 minutes later by an injection of METH (30 mg/kg, i.p.) omgaliAnimals were sacrificed at 24 hours
after METH treatment. Striatal cell loss was measuredguautomated stereological cell coun&)
Treatment with anNPY-Y1 receptor agonist protected from METH-induced cell .I¢89 As did
microinjection of a selective NPY-Y2 receptor agonist (* 080 **p<0.01 as compared to the aCSF

group,’p<0.05 as compared to the METH group).

5.1.2. NPY-Y1R & NPY-Y2R NMDA 3-Nitrotyrosine and Fluoro-Jade C

As mentioned in section 5.1.1., many of the studies that demonstrateds NPY’
neuroprotective capacity have primarily been done utilizing modeigutdmate excitotoxicity
(Silva et al., 2003Smialowska et al., 2009). This is because one of NPY’s functioniseis t
modulation of neurotransmitter release (Sun et al., 2001; Adewale 2007), included on that
list is the modulation of glutamatergic transmission (Lynclalet 1989; Van den Pol, 1996;
Alvaro et al., 2008). NPY is thought to perform its function through the daimpef calcium
channel influx either at the dendrite/somatic targets or atxtwe &rminal (Chen and Van den
Pol, 1996; Quian et al., 1997; Rhim et al., 1997). Like SP, NPY’s resepterGPCRs that can
in addition to modulating voltage-gated ion channels have been ingplicatnodulating ligand-

gated channels, specifically glutamatergic receptors (van den &ql E296).

Therefore it is reasonable to consider that NPY could senz aminteragent to SP’s
influence on the NMDA/NO cascade through its inhibitory eftecexcitatory signaling. In the
next series of experiments we sought to parse out whethexr tihrough glutamatergic
transmission that NPY was able to a) reduce the levels ofHMBduced NO and b) serve as a

neuroprotectant during METH. Thus if it this were its mode oioacthen it should have an
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equivalent effect on NMDA-induced 3-NT production as well as tréms$taa protective effect

on NMDA-induced striatal cell loss.

We will have two sets of animals, in the control condition we wniflise the NPY-Y1R
agonist (Led, Pro34) NPY (20 pM) or the NPY-Y2R agonist NPY (3-36) (20 pM) via
microinjection directly into the left hemisphere and aCSF intaitiie hemisphere as described
in Methods section 3.2. For the experimental condition, a mixtuteeaidonist and NMDA will
be injected into the right hemisphere. NMDA (20 nM) will be infusgditself into the left
hemisphere. For both 3-NT and Fluoro-Jade C staining the anireada@ificed 24 hours after
treatment via perfusion. The brains are dissected, post-fixedratgeped, and stored (-80°C) in
the same manner. Procedures for both stains and the method of quantificatioh medacther

discussed in Methods sections 3.3-3.4 (3-NT) and sections 3.6-3.7 (Fluoro-Jade C).

Figure 5-3 shows that as expected NMDA alone caused a substantial produbl®asf
compared to baseline. Surprisingly, treatment with either arrXPor Y2 receptor agonist had
no effect on NMDA-induced striatal NO synthesis. Neither ag@ite caused any significant

production of 3-NT.
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Figure 5-3: Assessment of NPY agonists’ modulation of NM&induced NO. Both the NPY-Y1 and
Y2 receptor agonists had no effect on the NMDA-induced incregasgenitrotyrosine (3-NT) striatal
levels. Mice (n=6) received co-infusion of an NPY receptgonist and NMDA. Animals were then
sacrificed at 24 hours after NMDA treatment. 3-NT immunore#gtivas measured using a Leica
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scanning confocal microscope and the accompanying Leica imagitvgasaf(A) Treatment with an
NPY-Y1 receptor agonist had no effect on the NMDA-induced as@én 3-NT striatal leve(B) Neither

did infusion of an NPY-Y2 receptor agonist. (* p<0.05, **p<0.01 as compared to thegaQSF).

In regards to striatal neurons (Figure 5-4), NPY signahngugh both receptors did not
protect striatal injury caused by NMDA treatment, cell legs comparable to NMDA levels
(approximately 30%-40%). Treatment with either NPY agonist omwis did not result in a

significant increase of apoptosis relative to baseline levels (aCSstiiattal and saline i.p.).
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Figure 5-4: NPY and excitotoxicity in the striatum. Intrastriatal infusion of either NPY receptor
agonist with NMDA had no effect on the NMDA-induced striatall death. Mice (n=6) received
intrastriatal infusions of aCSF (right striatum) or an NP¥epor agonist (left striatum). Animals were
sacrificed at 24 hours after NMDA treatment. TH proteirelewere measured via western blot analysis.
(A) Treatment with alNPY-Y1 receptor agonist had no effect on the METH-induced dratriatal TH
levels. (B) However, microinjection of a selective NPY-Y2 receptor agopisvented the significant

reduction in striatal TH levels (***p<0.001 as compared to the aCSF group).

5.2. Somatostatin

SST like NPY has been shown to serve a neuroprotective functghatéamate-mediated
excitotoxicity. However, there seems to be a dearth oatitee as to its role in METH-induced
toxicity. Studies indicate that SST’'s modulatory action is akiNRY, in that it exerts control
over voltage-gated calcium channels primarily in an inhibitory fasthoough activation of

GPCR-mediated intracellular pathways (Forloni et al., 1997; Rodri§aachez et al., 1997).
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We postulated that SST would indirectly attenuate activation dIMMBA/NO pathway through

the SSTreceptor as well as minimize METH- and NMDA-induced striatal injury.

5.2.1. SST METH 3-Nitrotyrosine

If SST is serving as a counterbalance to the pro-oxidant nmdéuef SP than it stands to
reason that it would do so by counteracting the METH-induced inciea® synthesis. In
doing so it would pull the system back in a homeostatic fashion fierpush that results from
SP signaling. Furthermore, as stated previously, SST is produdled uery same interneuron
that has the NK-1 and NMDA receptor as well as nNOS (Kanekb, et993; Kawagushi et al.,
1995; Kumar, 2008), so it is in a downstream position to become actiieaae an interceptive
role during the ongoing cascade that leads to toxicity. Therefoie our hypothesis that
introduction of an SST analogue during METH treatment will modulsiO synthesis,

particularly to reduce its production.

To accomplish this we treated the animals with an intradtiatasion of the SST
analogue OCT, 15 minutes before a bolus i.p. injection of METH (30 ghgsk saline.
Octreotide has the highest affinity for the $S8¥ceptor followed by the SgTeceptor (Cervia et
al., 2008), which in the striatum is primarily localized on the ptmacneurons (Allen et al.,
2003). It has been confirmed that SST signaling through the &fEptor found on the
projection neurons can adjust the firing rate of these neurons and canbetheeoutput of the
striatum (Galarraga et al., 2007) therefore it would have the higinebability of having a
protective influence. In addition, in many of models in which SST been found to be

protective it is through SST receptors subtype 2 and 5 (Rauca &99r; Cervia et al., 2008;
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Kiagiadaki and Thermos, 2008; Kiagiadaki et al., 2010). Since we didnwé an established
dose for our particular model of toxicity we chose three diffed®sages to test (0.1 nM, 1.0
nM, and 10 nM) based on Rauca et al. (1997). They tested the very sagesdiosa model of

excitotoxicity. For the agonist alone condition we tested both 0.1 nM and the 10 nM dosage.

The SST analogue octreotide was chosen on a number of critesiathét it has the
highest affinity for the SSTR which is the most abundant in the striatum as current
experimental data implicates it is located on the striatajection neurons (Galarraga et al.,
2007). Therefore it would be the most plausible receptor to have antiop&ETH-induced
toxicity. Second, that it demonstrated neuroprotection in other modeé&age within the CNS
such as ischaemia (Cervia et al., 2008). Especially modelsvtrat testing glutamate based
neurotoxicity. The mice were then perfused 6 hours after ME&atment. The time point was
based on previous work in our lab that determined the time course for@dduiction after
METH treatment (Zhu et al., 2009). The tissue was then prepar@&INadrfluorescent staining

and quantification.

As seen in the data graph (Figure 5-5), METH caused a patérdignificant increase in
3-NT staining. However, the addition of OCT resulted in a sicgnifi dose dependent decrease
in the METH-induced 3-NT staining, specifically the 1.0 nM and theNM@osages. The 10 nM
dosage was the most effective and was chosen as the dosa@iprocedding SST studies. The
agonist alone condition matched aCSF in staining intensity. Anathef animals were used to
test the 10 nM OCT dosage by itself, which did not have significenéase on 3-NT staining

compared to the baseline condition (data not shown).
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Figure 5-5: SST analogue (octreotide) modulation of METH-iduced 3-NT. Pretreatment with the
SST analogue octreotide (OCT) caused a dose dependentisgedre METH-induced striatal 3-
nitrotyrosine levels (3-NT). Mice (n=6) received intraghl infusions of aCSF (right striatum) or OCT
(left striatum); followed 15 minutes later by an injectionMETH (30 mg/kg, i.p.) or saline. Animals
were sacrificed 6 hours after METH treatment. 3-NT levweksre determined utilizing confocal
microscopy and Leica imaging software. Treatment witls&m analogue attenuated METH-induced NO
synthesis as measured by 3-NT immunohistochemistry (***p<0.001 as oednpa the aCSF group;

*p<0.05,"p<0.01 as compared to the METH group).

5.2.2. SST METH Tyrosine Hydroxylase and Fluoro-Jade C

Will the significant decrease in 3-NT staining transltdea visible and significant
protective effect as measured by well-established paranefeMETH toxicity? Namely

dopamine terminal damage and striatal cell loss. It is the purpbgbe following two
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experiments to determine that very question. Here we weresteerin examining whether SST
could confer protection on the METH-induced toxicity on dopamine termemlmeasured by
striatal TH protein levels and from the apoptosis of neurons natithee tstriatum (Fluoro-Jade

C)

To determine the answer to our query, animals were treatedgimilar fashion as in
5.2.1. In brief, both the control and experimental condition were treatéd imtrastriatal
infusions of the SST analogue OCT (10 nM) in one hemisphere and aC8te iother
hemisphere. Fifteen minutes after the surgery the control grouppvagected with saline and
the experimental condition with METH (30 mg/kg). Animals used fét dnalysis were
sacrificed 72 hours later via decapitation. Their brains were sozgnfand then stored in -80°C
until used for western blot analysis and quantification (Methodsgse8t5). Animals used for
Fluoro-Jade C analysis were intracardially perfused and f&&edours after treatment and

processed for Fluoro-Jade staining and cell counts (Methods sections 3.6-3.7).

As seen in the figure (Figure 5-6) below, animals treatett METH showed the
expected and significant reduction in TH levels. Animals prigdeavith OCT did not
demonstrated protection of dopamine terminals, as seen below TH lerehined almost
equivalent to METH levels. Although the OCT alone group’s TH levadsewcomparable to

baseline levels.
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Figure 5-6: Effect of octreotide of striatal TH levels post METH Pretreatment with the SST analogue
octreotide (OCT) did not protect from the METH-induced reduction e diniatal levels of tyrosine
hydroxylase (TH). Mice (n=6) received intrastriatal infusionsa@SF (right striatum) or OCT (left
striatum); followed 15 minutes later by an injection of MET3® mg/kg, i.p.) or saline. Animals were
sacrificed at 72 hours after METH treatment. TH proteinltevwere assessed by western blot analysis.
Treatment with arSST analogue did not protect from METH-induced dopamine terminaditjox*

p<0.05, *p<0.01 as compared to the aCSF group).

However, in regards to cell loss, pretreatment with OCT shovsgghdicant protection
that almost reached control baseline levels. The agonist &y sisowed no effect whereas

METH as expected had a substantial and significant increase in céFigsee 5-7).
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Figure 5-7: Protection from METH-induced cell death by SST analoguePretreatment with an SST
analogue (OCT) had a significant protective effect on METdticed striatal cell loss as measured by
Fluoro-Jade C staining. Mice (n=6) received intrastriatalsioihs the SST analogue OCT; followed 15
minutes later by an injection of METH (30 mg/kg, i.p.) or salifseimals were sacrificed at 24 hours
after METH treatment. Striatal cell loss was measuraedguautomated stereological cell counts of
Fluoro-Jade C positive cell$reatment with OCT protected from METH-induced cell loss. (**p<@61

compared to the aCSF grolifp<0.01 as compared to the METH group).

5.2.3. SST NMDA 3-Nitrotyrosine and Fluoro-Jade C

As with NPY, one of the main reasons for investigating SSa @asuroprotectant agent
during METH neurotoxicity is that it has been observed to semick rele in glutamatergic-
induced toxicity (Forloni et al., 1997; Kumar, 2008). SST's endogenousidaras a modulator
of glutamate transmission has been often cited as the meanhitly it can protect from

excitotoxicity (Momiyama and Zaborszky, 2006; Tallent and Qiu, 208&hough in our
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analysis SST may have failed to protect dopamine terminath¢d ihave a strong protective
effect in regards to striatal cell loss (5.3.2.). In additiondemmonstrated that it had a mitigating
influence on NO synthesis thus reducing the oxidant state caydd&bH (5.3.1.). Glutamate
is an important and intrinsic component of METH-induced toxicity and @ oduction.
Activation of the ionotropic NMDA receptor located on SST/NPY/r8\idterneuron allows for
the entrance of extracellular calcium, which is a necessgrgdient for the activation of nNNOS
and thus the synthesis of NO. Therefore, testing SST's modulatigrfiutfmate signaling
appears as a reasonable and logical first step in tryingicaate the mechanism by which SST
was able to modulate 3-NT immunoreactivity and confer protection @tastneurons from

METH-induced apoptosis.

We will have two sets of animals, in the control condition we adininister OCT (10
nM) via microinjection directly into the left hemisphere and a@8& the right hemisphere as
described in Methods (section 3-2). For the experimental condition, N@2DAM) was infused
into one hemisphere whereas OCT together with NMDA was infusidtihe contralateral
hemisphere. The animals were sacrificed 24 hours later. Sintentheoint is equivalent for 3-
NT as it is for Fluoro-Jade C in regards to NMDA, then tissuma the same brain could be used

for the different analysis and quantification.

Treatment with the SST analogue did not have any effect on AlMBuced NO

production. The agonist by itself matched baseline levels in 3-NT immuneigadtigure 5-8).
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Figure 5-8: SST and NMDA-induced striatal NO production Co-infusion of NMDA with OCT (SST
analogue) had no effect on the NMDA-induced increase in 3-nibgitye (3-NT) striatal levels. Mice
(n=6) received an intrastriatal microinjection of a mixtafeOCT and NMDA. Animals were then
sacrificed at 24 hours after NMDA treatment. 3-NT immunore#gtivas measured using a Leica
scanning confocal microscope and the accompanying Leica imagimgesaffTreatment with OCT had
no effect on the NMDA-induced increase in 3-NT striatal lev¢ p<0.05, **p<0.01 as compared to the

aCSF group).

Treatment with OCT did not have any significant effect on NMiDduced apoptosis.

The agonist by itself matched baseline levels of Fluoro-Jade C positivéiglise 5-9)
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Figure 5-9: SST and NMDA-mediated striatal injury. SST does not confer protection to striatal cells
from the NMDA-induced striatal cell death. Twelve-week widle ICR mice (n=6) received co-infusion
of an SST receptor agonist (OCT) and NMDA. Animals were tlaenifced 24 hours after NMDA
treatment. Cell death was measured via unbiased stereologlicabunts of Fluoro-Jade C positive cells.
Treatment with OCT had no effect on the NMDA-induced strizgdldeath whereas OCT on its own did

not cause any significant increase in cell loss (***p<0.001 as compariee &CSF group).
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5.3. Discussion

In chapter 4 we provided compelling experimental evidence as weablfarences to a
body of literature that substantiates the striatal neuropepidef Seing functionally capable of
exacerbating METH toxicity. Specifically through potentiatadrNMDA signaling and in effect
of NO synthesis therefore contributing to the excessive oxidstiiess that serves as the effector
of the toxic cascade triggered by METH. However, SP is nosdleeneuropeptide synthesized
within the striatum and studies have indicated that in the wak#EGiH there are a number of
neuropeptides that are released in the striatum including SP,aENSST (Rodriguez-Sanchez
et al.,, 1997; Thiriet et al., 2005; Horner et al., 2006; Frankel et al., .2R@dyopeptides have a
central role in modulating the function and output of the striatum leading to the thoughetka
must be an endogenous balance present to counteract SP’s influeviandN8ST may serve as
an opposing protective force that can counteract SP’s detrimdfgelseon the striatum. As
modulators of striatal activity and many of its transmitrmarily through inhibition, SST and

NPY have the capability to play a pivotal role in the events following METH.

Both are synthesized and stored in the very same interneuron thatl@&s (Thiriet et
al., 2005; Rajput et al., 2011a). The SST/NPY/nNOS may only compnsriscule percentage
(~0.8%-2%) of the neurons that compose the striatum (Ciccheatti @000; Tepper and Bolam,
2004) but they are neuroanatomically poised to have a critical malleei modulation of the
structure since they are localized throughoutstnatum (Allen et al., 2003). SST/NPY/nNOS
interneurons are characterized as the second largest in sike sfriatal neurons as well as
having long axons that extend throughout the structure (Kawagushj #9@5). They synapse

with projection neurons and with the terminals of glutamate siglganeurons from the cortex
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(Hathway et al., 2001; Galarraga et al., 2007), both are neuronal popsiigtat are important
players in the events following METH. Finally, said interneurans refractory to METH-

induced toxicity and have proven to also survive during the course of gsogre
neurodegenerative diseases that affect the basal ganglia suthintngton’s (Forloni et al.,

1997; Silva 2005; Horner et al., 2006; Zhu et al., 2006b; Rajput et al., 201 2a)rddistance to

METH and excitotoxicity has been attributed to several factioss their elevated levels of the
mitochondrial radical scavenger MNnSOD (Gonzalez-Zulueta et al.)).1968ond, the presence
of the neuropeptides NPY (Thiriet et al., 2005) and SST (Kumar, 2@0@) teen shown to be
intrinsic elements to the nNOS'’s interneuron survival. Thiriealef{2005) demonstrated that
animals engineered not to express NPY were much more susceptiblETH-induced cell

death than the wildtype mice. Using an antisense oligonucleotidealkK(2008) was able to
block SST in cultured rat striatal neurons after which the SSY/NOS interneurons were no
longer resistant to glutamate excitotoxicity (NMDA and quimocli acid mediated). The
preceding provide two important considerations 1) SST/NPY/nNOSheiesns are present
throughout METH exposure and thus able to exert their influence througbefiieles they

package and 2) SST and NPY are critical elements to the suo¥itrair interneuron despite its
production of pathological quantities of NO during a toxicological induius already one can

imply their capacity to serve as neuroprotectants.

NPY has already been shown to protect from excitotoxic insuliset CNS especially in
vulnerable areas like the hippocampus (Silva et al., 26@8lowska et al., 200F¥mialowska
et al., 2009). In botln vitro as well asn vivo models of excitotoxicity, NPY has been able to

mitigate the cell loss of structures exposed to toxic leskelfutamate (Silva et al., 2005Df
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particular clinical relevance, is NPY’s ability to protecinpary neuronal cultures when applied
hours after the insulSfmialowska et al., 2009) Also, exogenous application of NPY 30 minutes
post kainate infusion resulted in a significant reduction in the hippgueddesion volume of rats
(Smialowska et al., 2003). NPY has also been protective from toxicalogisults such as from
MDMA a recreational drug from the amphetamine family. Usingi®ged rat retinal neuronal
culture, Alvaro et al. (2008) was able to substantially mitidébaVA-induced cell death both
necrotic and apoptotic through the administration of exogenous NPY.rLiKETH-toxicity it

is thought that one of the significant factors to MDMA-induced neurdegkneration is the
production oxygen- and nitrogen-derived species (Alvaro et al., 2008)lbasithe involvement

of glutamate.

Therefore, it is not surprising that NPY’s protective role atsiended to METH-induced
toxicity in the striatum of am vivo rodent model (Thiriet et al., 2005). Of particular interest is
the observation that in the wake of various types of insults to the bueh as METH
administration (Horner et al., 2006), excitotoxic lesions (Silval.et2805), or seizure like
activity (Patrylo et al., 1999); NPY immunoreactivity increaseluding the number of neurons
expressing NPY mRNA and even altered NPY receptor expressiemawe observed a similar
phenomenon after treatment with a toxic dose of METH (30 mg/kg), employirldRT'we saw
a significant elevation in striatal NPY mRNA (16 hours postIMIEindicative of an attempt to
replenish a depleted supply of NPY after release (unpublished)r€ugrall these observations
implicate that the brain is mobilizing an endogenously existing greéeor counter response to
a particular type of insult. Moreover, that said insult typycalvolves an element of

excitotoxicity and oxidative stress. We have also seen thmasinatal application of agonists for
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the NPY-Y1 and Y2 receptor results in the dose-dependent decreasmessive NO production
thus dampening the formation of oxidants, inversely application of aorYY2 antagonist
abolished the attenuation (unpublished results). NPY’s influence orleMgls after METH
treatment corroborates the above mentioned studies, which indicat®RNafunctions as a
neuroprotectant during excitotoxicity and METH-induced toxicity. ide&r, in regards to
METH, work done so far has only focused on METH-induced apoptosis oaktigls (Thiriet

et al., 2005) it would be novel to test whether that protection extended to the DA terminals

We sought to determine whether NPY could confer protection to dopammmedés via
the Y1 and Y2 receptor. Utilizing the selective NPY-Y1 recemgonist ([Leu3l,Pro34]-
Neuropeptide Y) we microinjected said agonist directly into thatem 15 minutes prior to a
systemic bolus toxic injection of METH. Treatment with the Y leptor agonist failed to protect
dopamine terminals from METH as measured by TH protein le@gisthe other hand, similar
treatment with a Y2 receptor (Neuropeptide Y 13-36) agonist didecqbtection since TH

levels remained close to baseline levels in spite of treatment with METH.

The differing result can be attributed to the relationship thpéars to exist between DA
and NPY within the striatum (Aoki and Pickel, 1989; Adewale et al., 2P0&wale et al.,
2007). Studies in several regions and models have shown that the endogkramesaeNPY
may be DA receptor mediated (Bina and Cincotta, 2000; Gruber e0aR; Cao et al., 2007).
This includes a study measuring NPY release in the ratalesitiatum after application of d-
amphetamine, which concluded NPY efflux was mediated by both slagsBA receptors
(Gruber et al., 2002). This may also extend to NPY biosynthesis; @&idaCincotta (2000)

showed that application of a;/D, agonist depressed elevated levels of NPY mRNA in the
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mouse hypothalamud-orner et al. (2006) found that post-METH application there was an
elevation in NPY mRNA-expressing striatal neurons via,arézeptor-mediated mechanism.
Reciprocally, NPY can modulate the synthesis of DA depending updWRereceptor it binds

to (Aoki and Pickel, 1989; Adewale et al., 2005). The Y1 receptor thaadhe located on the
soma of the DA producing neuron appears to attenuate DA synthesmsawlibe Y2 receptor
may be present on the terminal of said neuron and can induce syf#ttesigle et al., 2005).
TH is the rate-limiting enzyme necessary for the productionatéctiolamines such as DA
(Fibiger and McGeer, 1971; Adewale et al., 2007). The presence iof fhid striatum is used as

an indicator of DA terminal viability.

Perhaps in addition to upregulating DA production in the aftermath ofHiBjury it
may also exert an additional protective affect during METH wmading through the Y2
receptor. During METH exposure the DA terminal is a highlyicdomilieu that includes
excessive levels of cytosolic DA, the harmful products of DAadation, NO, ROS, and RNS
(Krasnova and Cadet, 2009). Through its well characterized modetioh asc dampening
calcium influx, NPY may reduce the excessive calcium influa gircumstance that is already
perilous for the survival of the DA terminal. In addition, there is evidence thétiRthe Y1 or
Y2 receptor is capable of activating extracellular signgitieted kinase 1 (ERK1) and ERK2,
which have been shown to protect from neuronal death (Thirieét, @085). It is hypothesized
that ERKs may confer protection via stabilization of mitochondrialtfangThiriet et al., 2005).
As | have mentioned previously disruption of mitochondrial function can bemeetal to

neuronal survival since it can lead to several harmful consequences suchatd thsruption of
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the cells energetics, unbalancing the delicate homeostatic cohtndtacellular calcium levels,

and oxidative species production (Chang and Reynolds, 2006).

In concordance with Thiriet et al. (2005), we also found NPY to semeuroprotective
function in regards to METH-induced cell death. Despite differeimcesir model that included
dosing and treatment regimen as well as time point (we did 24,hbessdid 72 hours) our
results were similar in nature, both agonists conferred substgmagdction from METH-
induced striatal cell death. Although they found the Y2R agonist todoe potent, we however
saw an equivalent protective effect from both agonists. Both agarestseffective in protecting

striatal cells from injury.

It has been theorized that the mechanism by which NPY confetecpon is by
dampening neuronal hyperexcitability through the modulation of calsigmaling pathways
both pre- and postsynaptic (Aoki and Pickel, 1989; Alvaro et al., 2008). Ehevidence that it
is a G-protein-coupled mechanism in which NPY receptors asethyi coupled to calcium
channels thus inhibiting calcium influx (Van den Pol et al., 1996; Sual.et2001, said
mechanism can apparently be abrogated by protein kinase C ¢5é&la 2005; Wang, 2005).
Consequently NPY can mediate the release, usually in an inhiloitanyner, of a number of
neurotransmitters and neuropeptides as well as their transmisgitn the target neuron
(Lynch et al., 1989; Aoki and Pickel, 1989; Wang, 2005). Highlighted ofteats isffect on
glutamatergic transmission, which would indeed serve as aniedfeoeans to protect from

excitotoxicity.
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Van den Pol et al. (1996) observed that in neuronal cultures derroed the
suprachiasmatic nucleus of rats; exogenously applied NPY caustikiagsdepression of
glutamate-evoked rises in cytosolic calcium. Furthermore, thaY-Mediated depression of
cytosolic calcium was dependent on the concomitant application aihggie; in the absence of
glutamate NPY had no effect on calcium. Leading to the conclusibmNid was modulating
the postsynaptic response to glutamate signaling. An additional pugbdbés aim was to
conduct an initial investigation into the mechanisms underlying Bpwotective role by testing
whether NPY can protect from NMDA-mediated striatal injurypdgsally in light of all the
studies that showed NPY was protective in various excitotoxic madedddition to our own
observation in which NPY reduced METH-induced NO production. We postulségerhaps
NPY is able to mediate this in an autocrine manner as it &ddwn the same interneuron that
possesses NNOS; by exerting an inhibiting influence on the NMRAptors located therein. In
doing so, it would modulate NO synthesis and counteract SP’s signddi the NK-1R and its

subsequent augmentation of the NMDA receptor.

As expected intrastriatal infusion of NMDA resulted in a sigaiit elevation of 3-NT
immunoreactivity. However, simultaneous administration of either &-XP or Y2 receptor
agonist with NMDA did not have an effect on the NMDA-induced increase on 3-Natdition,
neither NPY receptor agonist afforded any protection from NMDAliated striatal injury (cell

death).

So then what alternative mechanisms could be utilized by NPYihiaid explain the
data? Thus far NPY has attenuated METH-induced NO synthesis alkieprotecting striatal

cells from METH-induced apoptosis, which can be attributed to an Bingha toxic oxidative
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state. There are at least three different mechanismshimhwWPY could serve in a protective

fashion that would also result in modulation of NO synthesis.

The first possibility is a monosynaptic paracrine mechanism ichwKPY would inhibit
glutamate release from corticostriatal terminals. The SST/NRY¥8Nas been shown to synapse
with corticostriatal neurons (Hathway et al., 2001) and therdft?®¥ can interact with the
terminals as a retrograde messenger since NPY is @ gn the soma (Silva et al., 2005).
NPY has been shown to depress glutamate release presynapticallytiple regions of the
brain within rodent models (Bacci et al., 2002; Silva et al., 2003; @&iva., 2005). Wang
(2005) demonstrated that NPY acting through the Y1 receptor wasoablaliit the release of
glutamate from cerebrocortical terminals via calcium chadegression. Van den Pol et al.
(1996) found that long-term depression of postsynaptic glutamatetebdigcitatory activity
depended on an NPY-dependent inhibition of presynaptic glutamate relahgstion of
glutamate release from corticostriatal neurons onto the SSTANYS would reduce the influx

of calcium and thus minimize the activation of nNOS subsequently NO production.

A second additional paracrine mechanism manner would be within theistriNPY has
been shown to modulate the release of GABA and its subsequent tiaaeniidhen and Van
den Pol, 1996; Bacci et al., 2002; Wang, 2005). Although primarily attributéepi@ss GABA
release through a calcium dependent presynaptic mechanism, 8u(601) demonstrated that
in the rat thalamus NPY can utilize both a presynaptic and aypagitic mechanism to suppress
GABA release. By modulating potassium “JKcurrent via G-protein-activated inwardly
rectifying K (GIRK) channels, NPY was able to reduce the membrane exitjtabil the

postsynaptic neuron and thus inhibit GABA release. In the stria@8T/NPY/nNOS
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interneurons have been shown to synapse with projection neurons (Westwood and Hanson, 1999;
Partridge et al., 2009). In addition, employing immunohistochemistrigave observed that all

striatal cell types expressed both NPY-Y1 and Y2 receptors (unpublishedl. result

Projection neurons as their name implies project outside of thaustras components of
an extrastriatal polysynaptic loop in which striatal proggctheurons synapse onto neurons in
the substantia nigra pars reticulata in the direct pathwayseTheurons in the substantia nigra
extend to the thalamus and maintain a tonic inhibition on thalamic neymhenting them
from exciting corticostriatal neurons that release glutanmatethe striatum. Therefore, when
striatal projection neurons release GABA they neutralize thévitidn of thalamic neurons
resulting in the release of glutamate back into the striatume. [dop then continues in a
feedforward manner, however reducing the release of GABA ftaatad projection neurons
synapsing onto the substantia nigra neurons will maintain the inhibitibralamic neurons thus
mitigating the dumping of glutamate from the cortex. In esseN®Y would indirectly reduce
the continual introduction of glutamate into the striatum via a polygynaxtrastriatal

mechanism by attenuating the postsynaptic release of GABA fronakpiajection neurons.

Lastly, in an autocrine intrastriatal mechanism through modulaifothe glutamate
AMPA receptor subtype. The AMPA receptor like the NMDA reoejs an ionotropic channel
capable of allowing the influx of calcium (Chen et al. 1996)hédigh there were some
histological studies indicating that AMPA receptors were nosgreon the SST/NPY/nNOS
interneuron (Chen et al, 1996; Bernard et al., 1997), Partridge et al. (2808Jad excitatory
activity on this interneuron in response to AMPA stimulation. Thegmes of AMPA receptors

would provide an additional means to elevate intracellular calcingh saibsequently nNOS

80



catalytic activity.NPY has been shown to modulate glutamate signaling via thigtoectn fact,
the NPY-mediated depression of calcium demonstrated by Van deertRal. (1996) was
concluded to be an effect of a reduction in sensitivity to glutasigbtaling in the target neuron.
It had already been previously shown that glutamate transmissitblese neurons was through
all glutamate ionotropic subtype receptors including AMPA. Batale(2002) showed that
NPY has a depressive effect on AMPA mediated glutamate trssismalthough they could not

conclude definitively whether it was a pre- or postsynaptic mechanism.

SST was chosen for investigation for many of the same reasoN®Y since they share
several characteristics and modes of action that make thestleexacandidates as endogenous
agents of neuroprotection during pathological states. SST is found througbamammalian
CNS and its receptors as well; in the striatum it is coipedlwith NPY and nNOS (Rajput et
al., 2011a). SST like NPY has been shown in multiple studies to seev@@goprotectant in
several paradigms of excitotoxicity, this has been attribugeits tability to dampen neuronal
hyperexcitability (Allen et al., 2003; Mastrodimou et al., 2008). Sofmdese models include
middle cerebral artery occlusion (Rauca et al., 1999), retinahésoia (Cervia et al., 2008;
Kigiadaki and Thermos, 2008; Kigiadaki et al., 2010), and epilepsy (faed Qiu, 2008).
Intravitreal administration of either an SS¥ an SST receptor analogue dramatically reduced
AMPA-mediated cell death within the rat retina (Kigiadaki dime¢rmos, 2008; Kigiadaki et al.,

2010).

A neurochemical analysis of SSTR 1 and 5 knockout mice revealedhtya shared
many similarities to a transgenic Huntington’s murine modejp{iRaet al., 2011a). One such

similarity was the critical loss of a large percentagestfatal projection neurons thus
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implicating SST signaling as playing a central role in risgulation of neurodegeneration. In
fact, one neurochemical index of an Alzheimer’s brain is the depletion cfal®®T (Forloni et
al., 1997). The selective loss of SST containing neurons is alsolmaatialof an epileptic
hippocampus in rodents as well as in humans suffering from temporapdbpsy (Tallent and
Qiu, 2008). All of the above mentioned neurological diseases sharen c@nidarities, one of
which is aberrant glutamatergic transmission as eithelinaapy or secondary factor in their
pathology. Additionally, excessive NO synthesis whether by aucaldependent pathway or as
part of a hyperactive inflammatory response has also been atgalias contributing to disease

progression (Boje, 2004; Duncan and Heales, 2005).

A number of studies have suggested that a link exist between SNCarferiego et al.
(2005) showed that induction of NO production in response to endotoxin adatiarstesulted
in a definite increase in SST MRNA expression in the hypothesaim addition, NO can also
stimulate SST release (Priego et al., 2005). Overall, mulii@e of study indicate that SST has
a biphasic relationship with NO that is most likely mediateceiblyer different subtypes of its
receptors or perhaps in a tissue specific manner (Vasilaii.,e2004). In a model of retinal
ischaemia, Mastrodimou et al. (2008) found that an,S8deptor agonist was protective via a
cGMP mediated pathway that may involve NO release. This sty avfollow up from
previous work in a rat retinal explant model that showed an ireiaasNOS produced NO as

well as cGMP levels after SST administration (Mastrodimou et al., 2006).

Whereas research investigating tumoral angiogenesis imatro model using Chinese
hamster ovary (CHO) cells, showed that SST inhibited NO synth&siseveral intracellular

pathways (Arena et al., 2005). Of particular interest, was that theeggptors 2 and 3 mediated
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the inhibition of NnNOS activation primarily through the depressionntfcellular calcium
mobilization. Lastly, it was theorized that in certain circianses such as in the retina, SST's
regulation of NO levels may be an indirect function of its modchiadf glutamatergic activity
(Vasilaki and Thermos, 2009). Note, that regardless whether i&$dased or decreased NO
production, in all of the listed models its application served a gire¢efunction.We were
interested in exploring whether SST like NPY, could attenuate tB&Hvinduced excessive
synthesis of NO and further along whether it could also serve ecpwat function during the

course of METH toxicity.

In our study we utilized the SST analogue OCT, which has the higffesty for the

SST receptors 2 and 5 because in multiple lines of excitotpxesearch in murine models most
of SST’s protective effects are observed to be a function of ther8&3ptor (Rauca et al., 1999;
Cervia et al., 2008; Mastrodimou et al., 2008). In addition several recexpoession studies
imply that SST or perhaps SSTare the predominant subtype expressed within the rodent
striatum (Allen et al., 2003; Galarraga et al., 2007; Rajput eR@lla; Rajput et al, 2011b).
Akin to our studies with NPY, OCT was infused directly into $stigatum prior to the systemic
administration of a toxic dosage of METH. NO synthesis was sasde via 3-NT
immunoreactivity. As demonstrated in previous studies treatmert METH caused a
significantly high production of striatal NO that was at tefmurfold from baseline levels.
However, pretreatment with an SST agonist resulted in a dose-@gperduction in METH-
induced 3-NT staining, with the more potent dosage (10 nM) causing addf}¥ The data
suggested that SST had the potential to play a neuroprotective role in METityt&CT alone

was equivalent to the baseline in 3-NT immunoreactivity.
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Does SST's modulation of NO synthesis result in protection fronTiNiEBduced DA
terminal injury as well as striatal cell loss? In of litsewould be quite novel as there doesn'’t
seem to be any studies related to the role of SST in METHityaxXThe above studies provide a
substantial foundation for considering SST as being neuroprotectivetli®roxic effects of
METH on the striatum. Utilizing western blot we measured tiwel$¢eof striatal TH as a
determinant of DA terminal viability. Direct infusion of the S@halogue, OCT by itself
followed by an i.p. injection of saline had no effect on TH levaisiii@lent to baseline levels).
As expected, the METH (30 mg/kg, i.p.) alone condition had a visiblelatmthental effect on
TH showing an almost 50% drop from baseline. Infusion of OCT followeMBYH did not

confer protection on DA terminals, TH levels remained equivalent to the METH gioup.

However, when investigating striatal cell loss there wagar @nd astounding protective
effect. Once again, the agonist alone group saw no clear difeefeora the control condition.
METH however had a significant and clear rise in cell ldeBtetreatment with OCT however
almost completely abolished the METH-induced cell death. Our ownestidive implicated
that DA terminal degeneration is a separate and distinct misamarom those underlying
striatal cell loss (Zhu et al., 2006a) which is further stitegrged when one considers that their
time course differs as well. Peak cell loss is reached 24 tadtes METH administration
whereas DA terminal degeneration reaches its peak atdea#iter 24 hours later (Zhu et al.,
2005) implying that either an additional set of events must occur for tregiontof DA terminal
degeneration or cell loss must precede terminal degeneration. ldherdeen some indicators
that SST receptors can become rapidly downregulated in respoaiséogenous SST (Vasilaki

et al., 2004; Tallent and Qiu, 2008). Additionally, they may also becosensi¢éized to SST
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agonists whether through internalization or uncoupling of the cell ceurfaceptor to the
intracellular machinery necessary second messenger sig(@knga et al., 2008). It is possible
that SST’s protective influence is better suited for théyearents following METH and thus

why it was ineffective in protecting from DA terminal damage.

To further dissect the underlying mechanisms of SST's proteettéi®ns we were
interested in exploring whether it retains its protectivecefie NMDA-mediated striatal injury.
In its function as a neuromodulator, SST has been shown to play an intrinsic roleciedise of
several key neurotransmitters (Hathway et al., 1999; Lopeztddaeml., 2008) thus ultimately
controlling the overall output and thus function of several structuresasutie hippocampus
(Tallent and Qiu, 2008) and striatum (Galarraga et al., 2007; Santd.,e2009). Mice
genetically engineered to express an inactivated form ofS&iB receptor showed severely
compromised fine motor control (Allen et al., 2003). Furthermoresraégtudies have indicated
that there is a relationship between glutamate and SST withisttiatum, in murine striatal
neuronal cultures application of NMDA caused the release of S&Tofiet al., 1997; Kumar,
2008). In anin vivo model, the infusion of either AMPA or NMDA resulted in smiaSST
release in rats (Hathway et al., 2001). In an animal model ofsab&iutamatergic transmission
such as in a kindling rodent model of epilepsy, the investigators fouigther lbaseline level of
SST released in the hippocampus than in the naive animals @ait, 2000). Generally, in
these models of hyperexcitability an altered biosynthesiSoft&as been found and is theorized
as a compensatory mechanism attempting to establish homebatatice in the affected region

(Tallent and Qiu, 2008).
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As | delineated above there are multiple studies that demoniteagdficacy of SST in
protecting from excessive glutamate transmission, would the Balti¢rue within the striatum?
As discussed throughout, glutamate excitotoxicity is an intggnalof METH toxicity, thus the
aim was to try to tease out whether it is modulation of glatargic transmission that underlies
SST’s protection of METH-induced striatal cell loss. FirstS8T was a homeostatic opposing
force to SP’s influence then could it negate the augmentatiotM@ANsignaling by dropping
NMDA-mediated NO synthesis? If it is serving its proteetfunction by modulation of
glutamatergic transmission then it should also mitigate NMB#atal injury. However, like
NPY co-infusion of the SST analogue with NMDA failed to have eiifigct on NO synthesis or
cell death. The NMDA alone condition showed an expected and signifitengase in NO
synthesis that was about 30% above baseline. Infusion of OCT withANINID no effect on the
NMDA-mediated NO. Comparably, NMDA alone also caused a signifiamount of striatal

cell loss whereas addition of OCT did not mitigate the cell loss.

The above data indicates that SST’s protective actions do nodénchodulation of
striatal NMDA receptor signaling. However, that does not prechmeanhibitory action on
glutamate; akin to NPY it can depress the cortical relebghitamate into the striatum. There is
experimental evidence indicating that there are,38deptors present on the terminal of murine
corticostriatal neurons (Hathway et al., 2001). There are sttithésndicate that SST has the
ability to modulate presynaptic calcium currents (Selmel.e2@00). SST’s ability to influence
calcium current influx suggests that it is functioning in anhitbry manner on transmitter
release. It is thought that one of its actions in protecting gwaitotoxicity is through inhibition

on glutamate release from its terminal (Tallent and Qiu, 2088)e is corroborating data that
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shows a decrease in glutamate release after application Dit@tbe retina of mice (Cervia et
al., 2008). Momiyama and Zaborszky (2006) showed that exogenous applafefisi to slices
of the basal forebrain of rats reduced glutamate release dalcicum dependent manner.
Moreover, its inhibitory action could serve as a means to steneto@dary or rather continual
loop of glutamate release that occurs with METH thus reduaitigation of the NMDA/nNOS

cascade.

One additional possibility is an autocrine mechanism in which S®fesges nNOS
catalytic activity through intracellular second messengeradilgg. As | mentioned previously
there have been several studies indicating that SST has angtgh to NO synthesis. Said
relationship has been demonstrated to be both facilitating and inhilitmafure (Lopez et al.,
2001; Vasilaki et al., 2004; Arena et al., 2005; Cordelier et al., 200&)differences have been
attributed to SST receptor subtype as well as cellular straghor tissue differences, which
would provide different intracellular substrates for second messang®aling (Arena et al.,
2005). However, in two independent groups utilizing the same cell litd®+CL) expressing
rat SST receptors they found that SST analogues were able tedepl®S catalytic activity
through the activation of second messenger pathways (Arena2&iQi;, Cordelier et al., 2006).
Cordelier et al. (2006) demonstrated that an analogue foy I®8dptor depressed NO synthesis
by inactivation of nNOS via phosphorylation. Whereas Arena et(28l05) showed that
activation of SS7;3receptors blocked intracellular signaling for the mobilization tfigan from

intracellular stores (endoplasmic reticulum).

Although the exact receptor subtype expressed by individual munagalsheuronal

populations is still uncertain, the overall consensus is that thustrexpresses a heterogeneous
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mixture and individual neurons as well (Selmer et al., 2000). In a histal@palysis, Rajput et
al. (2011b) showed that markers for all SST receptor subtypes lkzdocaith a marker for rat
striatal projection neurons. In addition, Allen et al. (2003) found th#ieérmouse striatum the
SST, receptor was localized on cholinergic interneurons and on projection nébabnelease
SP. Therefore it is quite feasible that the SST/NPY/nNOSnetgon may possess the SST
receptor necessary to activate the above discussed autocrinanmetwh and depress nNOS

catalytic activity in a more direct fashion.
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Chapter 6: Conclusion

Past work in our lab as well as current results lend strengthet hypothesis that SP
signaling in the striatum is exacerbating METH-induced neurctgxiMoreover, that SP is
doing so by contributing to the harmful oxidative environment creatddbyH. SP may either
act in a parallel or serial pathway that ultimately stieagé glutamate signaling. We conducted
a series of experiments to further explore the link betweesigaling via the striatal NK-1R,
NMDA signaling, and NO synthesis. We had speculated that duringHViEEP can augment or
supplement NMDA mediated glutamate transmission and thus catiependent NO
production. To dissect this possible relationship we eliminated MEfidH rearrowed in on
NMDA transmission in a model that can be applied to METH toxiéityimmunohistochemical
assessment of striatal cell loss showed that inhibition ci@faling resulted in a decrease in the
NMDA-mediated cell death, suggesting that SP can potentiatéotxgcity. In addition, an
analysis of NMDA-mediated NO synthesis demonstrated thaiddRliig was contributing to

NO production.

However, in this particular model, NO was being produced from the calcium-inaepend
INOS. Our result could be attributed to idiosyncrasies of our modél asi the time course of
NMDA-mediated microglial activation and the time point we chiwseneasure NO. SP could
very well contribute to INOS mediated NO synthesis as ibeas shown that microglia express
functional NK-1R'’s that can activate iNOS transcription (Raslegl., 2002; Block et al., 2006).
Our result does not invalidate our working hypothesis but rather adds devel to consider,
one that implies that INOS can contribute NO most likely to thents taking place 24 hours

after METH. At which point the longer lasting NOS isomer can suppbrolonged production
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of NO. Previous experimental evidence from our lab provides com@gilhoof that SP can also
activate the catalytic activity of the calcium-dependent nN@&d on the SST/NPY/nNOS
interneuron. Histological observation showed that the NK-1R is adliestdy on after METH
administration (Wang and Angulo, 2011b). Moreover, that infusion of an Sisagnto the
striatum results in 3-NT immunoreactivity whereas coinfusiormdfaM inhibitor caused a
substantial reduction in 3-NT (Wang and Angulo, 2011a). All of whertd$ credence to the
postulation that during the early events following METH, SP augm&iDA-mediated
activation of the calcium-dependent nNOS. Once microglia beconve attcan also participate

in a parallel pathway that contributes to activating INOS.

Thus far we had seen one striatal neuropeptide that was potepntNMDA signaling in
a pro-toxic capacity. As a result we were interested inoexyg whether NPY or SST could
serve as counterbalances by functioning as inhibitory forces 'togsBmentation. Both NPY
and SST had proven protective in several lines of research utilewgdotoxic models.
Therefore we sought to test whether 1) SST could depress Niesinand 2) could they both
protect from METH-induced striatal injury. We had already obsettvatdutilizing an agonist for
the NPY-Y1 and Y2 receptor had attenuated METH-induced NO in adégpedent manner.
Using a similar paradigm we tried an SST analogue and found treeeffant. Measurement of
two parameters of METH striatal injury demonstrated that MRY SST could serve as potent
neuroprotectants of cell death. Whereas only NPY via the Y2 recept®rable to confer
significant protection of DA terminals as measured by TH prdéxels. This is most likely due

to its presence on the DA terminal and its ability to abrogait@um influx. The DA terminal is
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already a highly unstable environment during METH, the addition ofuralions would add an

additional element that could push matters further into a more toxic range.

The final sets of experiments were meant as a preliminagstigation into the possible
mechanisms underlying NPY and SST’s protective actions during MBHded on several
studies on the neuroprotective capacity of NPY and SST, it segmolkdble that their mode of
action was through an influence on glutamate signaling. It ighisrreason that we utilized
NMDA to induce striatal injury so as to elucidate whether NP &ST could still remain
protective. Interestingly, neither NPY nor SST had any effecNBIDA-induced NO or cell
death. As shown in the diagram below (A), it seems more probabl&Batand SST could
have enacted their protective effects by modulation of glutaned@@se from corticostriatal
neurons via a monosynaptic presynaptic mechanism. An additional pos¢)ijiare separate
autocrine mechanisms that involve second messenger signaling withiSST/NPY/nNOS
interneuron. NPY could depress signaling through the glutamate AMieAptor on the
SST/NPY/nNOS interneuron. As to SST, there are indicatorsttbahidirectly depress nNOS’
catalytic activity either through phosphorylation or by preventingréiease of intracellular
calcium. Finally (C), as part of its function as a neuromodulator NPY cantitinggpostsynaptic
release of the transmitter GABA. All projection neurons in thiatsm utilize GABA as their
main transmitter. Depression of GABA release in the direttwst (striatonigral) can maintain
the inhibition of the substantia nigra on the thalamus thus preventingtexcof corticostriatal

neurons and their subsequent release of glutamate into the striatum.

91



Direct Pathway

¥ |
| S
oA L
\ 17 &

Tinnwi ame
I NE I iU

- ss
Interneuron
S

Figure 6-1: Schematic of hypothesized protective mechanisms BPY and SS1. METH-induced DA
overflow stimulates the release of SP and glutanGlutamatereleased from corticostriatal neurons \
promote the influx of calciufNMDA & AMPA) into the SST/NPY/nNOS interneuron wherea: (NK-
1R) will augment NMDA receptor functic. Causing excessive NO synthesis by activathe calcium-
dependent nNOS. HoweveNPY and SST can act as balancing forces in theovidhlg possible
mechanisms. (A) Paracrine: both can presynaptidaliibit the release of glutamate from corticos#d
axon collaterals. (BRAutocrine: NPY can depress AMPA function thus attgtinga source of calciun
SST can depress nNOS activation by phosphorylairopreventing calcium release from intracellt
stores. (C) Paracrine: NPY can suppress activatidhe direct pathway by attenuating GABA rele:
This prevents the disinhibitionf dhe thalamus and its subsequent excitation oficadr glutamate

neurons.
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As neuromodulators, neuropeptides exert significant influence on theoiunuitithe
areas of the brain they govern. Understanding the role striaiebpeptides may play during
METH toxicity could illuminate new pathways and mechanisms taat be used in the
development of novel therapeutic agents. Especially in light of tbetfat METH affects

similar areas and pathways as several neurodegenerative diseases¢ndiy lack any cure.
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