Methamphetamine

CHAPTER IT

Review of Related Literature and Research

Methamphetamine, an amphetamine derivative, is an abused psychostimulant

that produces potent effects on both central (CNS) and peripheral nervous systems

(PNS) (Nestler et al.

. 2001; Nordahl et al., 2003; Pagliaro and Marie-Pagliaro, 2004).

Other names of methamphetamine also known on the street are METH, speed, crank,

zip, go, chalk, ya-kh

ayan and yaba (Fields, 2001; Meyer and Quenzer, 2005; Sherman

et al., 2007). Methamphetamine is typically ingested, smoked, snorted, or injected

intraperitoneally, int
Marie-Pagliaro, 200

liver. Metabolites, at

urine (Meyer and Gu

Ap

ravenously or subcutaneously (Nordahl et al., 2003; Pagliaro and
4). Amphetamine and methamphetamine are metabolized by the
1d some unmetabolized drug molecules, are mainly excreted in the

enzer, 2005).
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Methamphetamine is chemically similar to amphetamine, as shown in Figure

1. In contrast to the amphetamine, methamphetamine composes of the methyl group

that is responsible

for its potent effects when compared to the related compound

amphetamine (Nordah! et al., 2003; Nestler et al., 2001). Methamphetamine has a




Jonger half life than amphetamine (13.3-15.0 hours versus 10.2-10.7 hours (Mendelson
et al., 2006)) and may be more rapidly addicting. Additionally, methamphetamine has
higher lipid solubility, thus, larger amounts of the drugs rapidly and efficiently cross

the blood-brain barrier than the amphetamine and other CNS stimulants (Cho and
Kumagai, 1994; Fielig‘s, 2001). Therefore, methamphetamine has higher potent effects
than amphetamine on the central nervous system and is favored by stimulant drug

abuser,

Effects of methamphetamine
Effects of methamphetamine can range from mild to severe toxicity or

overdosage. Low dose administration of methamphetamine produced a sense of
heightened alertnessT attentiveness, and energy. Higher dose intoxication produced

self-esteem that can approach hypomania and grandiosity (Nordah! et al., 2003;
Niesink, _1999). Reglﬁated and intermittent low dose administration of amphetamine
(Fiorino and Phiiligs, 1999a; 1999b) and methamphetamine may increase sexual
activity and pleasur% (Nordahl et al., 2003), although longer use is associated with
impaired sexual functioning (Nordahl et al., 2003). Repeated use of methamphetamine
can produce tolerance and dependence (Segal and Kuczenski 1997b; Fields, 2001;
Nordahl, 2003). Abrupt cessation of long term use produces withdrawalsyndrome
which induces symptoms of fatigue, dysphoria, irritability, agitation, abnormalities in
brain waves, proionl ed sleep, a voracious appetite, stomach cramps, and depression
(Niesink, 1999; Olsan, 2004).

Acute toxicity effects, usually begin within 20 to 60 minutes or as long as 24
hours after administration. These may be characterized by signs and symptoms such as
aggressiveness, euLhoric grandinosity, hostility, hyperactivity, hyperalertness,
hypervigilance, impaired judgment, irritability, loguacity extending to pressured
speech, mental drstraction, cardiac dysrhythmias, chest pain, hypertension,
hyperpyrexia confusion, diaphoresis, dizziness, delirium, hallucinations, irritability,
palpitations and tremor. The regular long term and short term use of large-dose
methamphetamine may produce severe toxicity which is characterized by abdominal
pain, anorexia, bl Jrr{*:(i vision, chest pain, diarrhea, dizziness, headache, urinary

retention, emotional lability, tremor, automatic jerking movement, stereotype,




repetitive behavior that may lead to toxic psychosis (Grilly, 2002; Olson, 2004;
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tern. Yet it is not clear whether neurotoxicity found following

dministration is associated with learning and memory processes.
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Hughes, 2006). Although, these studies have also provided evidence that the
abnormalities of dopaminergic transmission are implicated in the drug dependence,
while, the mechanisms of other neurotransmitters as well as glutamatergic

transmission in drug dependence have also been pointed out and determined.
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The effects of methamphetamine on neurctransmitter system

Recently, there is a growing body of evidence which was pointed to a role of
glutamate and interaction between dopamine and glutamate in neuropharmacology of
psychostimulants. | The neurotransmission abnormalities related to the

methamphetamine administration are discussed below.

The effects of methamphetamine on dopaminergic transmission

The dopamTinergic system has been indicated to play an important role in the
(Reid and Lingford-Hughes, 2006 Moore, 1997; Butcher et al.,
1988; Leyton, 2007?. It has been suggested that amphetamine is a dopamine agonist

process of addictio

which directly affe#s on dopaminergic system (Moore, 1997; Butcher et al., 1988).
The dopamine transJPorter, which re-uptakes extracellular dopamine into presynaptic
neurons, plays a pr%mary role in the behavioral pharmacology of psychostimulants.
Amphetamine and ; ethamphetamine can elevate dopamine signaling by interfering
with dopamine tra"{;porter function (Figure 3). Firstly, these subsﬁates block the
dopamine transporter, inhibiting re-uptake of dopamine into presynaptic nerve
terminal, thereby increase dopamine levels in the extracellular space (Fleckenstein et
al., 2000; Rothman and Baumann, 2003; Reid and Lingford-Hughes, 2006). Secondly,
they also bind to transporter proteins and subsequently transport into the cytoplasm of
the presynaptic nerve terminal which then lead to an increase of extracellular
dopamine levels through reversing the process of the transport. Finally, they also
enhance cytoplasmic concentrations of dopamine by disrupting with vesicular storage
and consequently depletion of dopamine from vesicles to cytosolic and extracellular
spaces (Rudnick apnd Clark, 1993; Nestler, 2001). However, the mechanism of
amphetamine and methamphetamine in enhancing extracellular dopamine by reversing
of the transporter process is stronger than the blockage of dopamine reuptake (Howell
and Kimmel, 2008).
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Figure 3 Schematic representation of the influence of amphetamine on

dopaminergic transmission abnormalities by disrupting with

transporter function. (Adapted from Howell and Kimmel, 2008).

A, amphetamine; DAT, dopamine transporter; VMAT2, vesicular

monoamine transporter 2; D1, D2, D3, dopamine receptor type 1,2, 3

Recent study showed that increased levels of dopamine in nucleus

accumbens (NAS) are critical in mediating rewarding effects or positive reinforcement

for all drug abuse

(Koob and Le Moal, 2001). Previous studies reported that

methamphetamine administration leads to reductions in a number of dopaminergic

axonal marker including dopamine content (O’Dell et al., 1991; Fukumura et al,,

1998), the dopamine synthesizing enzymes (tyrosine hydroxylase (TH) (Fukumura et

al., 1998; Cappon et

al., 2000), the dopamine metabolites dihydroxyphenylacetic acid

(DOPAC) and homovanillic acid (HVA) (Robinson, et al., 1990a; Robinson, et al.,
1990b) dopamine transporter (DAT) (Eisch et al., 1992; McCann et al., 1998; Volkow

et al., 2001b) and

vesicular monoamine transporters type-2 (VMAT-2) (Guilarte

2003). Morphological studies demonstrated that a loss of dopaminergic axonal
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markers is related to ?egeneraﬁon of dopaminergic nerve terminals and axons in brain
regions such as striagm (Fukumura et al., 1998; Bowyer and Schmued, 2006} and
nucleus accumbens (Broening et al., 1997). These studies provided strong evidence

that neurochemical abnormalities in the dopaminergic system are implicated in

methamphetamine dependence.

The effects of methamphetamine on serotonergic transmission

Tn addition to dopaminergic system, serotonergic system may be affected by
methamphetamine administration. Methamphetamine administration in rats has been
shown to produce lqng»tenn reduction in serotonin content (Friedman et al., 1998),
serotonin synthesizir{g enzymes such as tryptophan hydroxylase (Gibb and Hotchkiss,
1980), serotonin metabolites (5-hydroxyindoleacetic acid (5-HIAA) (Robinson et al.,
1990a) and serotonin transporter (Eisch et al., 1992). Moreover, methamphetamine has
been reported to cause serotonergic nerve terminals degeneration (Axt and Molliver,
1991). The mechanism of methamphetamine damage to serotonergic nerve terminals
is still unknown, while the release of dopamine is believed to be an intermediate step
in the cause of sero‘[J nergic degeneration (Sonsalla et al., 1986; Johnson et al,, 1987).
The relationship between dopamine release and serotonergic nerve terminals
degeneration is complex and may involve other neurotransmitter systems (Callahan et
al., 2001). There is a study that found the degeneration of serotonergic nerve terminals
in several brain rlgions. This study demonstrated that the frontal cortex and
hippocampus were affected at lower dose of methamphetamine in comparison to the

striatum and parieta] cortex (Zhou et al. 1996).

The effects of methamphetamine on glutamatergic transmission

Methamphetamine is a dopamine agonist that also direétly impact on
dopaminergic system (Moore, 1997; Butcher et al, 1988). In drug addiction, the
interaction between dopaminergic and glutamatergic systems is associated with
rewarding, reinforcing or pleasurable experiences from abused drugs as well as
stimulant drugs (Sidiropoulou et al., 2001; Reid and Hughes, 2006). The role of

glutamate in addiction has been suggested to be involved in the activity of the




16

dopaminergic system (Gorelova and Yang, 1997). However, the mechanism of
methamphetamine on glutamatergic system is unknown.

The effects of methamphetamine lead to alterations in levels of glutamate in
several brain regions such as striatum (Nash and Yamamoto, 1992; Abekawa et al.,
1994; Stephan and Yamamoto, 1994; Yamamoto et al, 1999; Mark, 2004), nucleus
accumbens (Abekawa et al., 1994), prefrontal cortex (Staphan and Yamamoto, 1995;
Shoblock, 2003) and hippocampus (Rocher and Gardier, 2001). Recent studies
demonstrated that alterations in mRNA and protein levels for AMPA, NMDA and

metabotropic giutanﬂate receptor after withdrawal from chronic amphetamine exposure
(Lu et al., 1997; Lu et al., 1999; Lu and Wolf, 1999). On the other hand, the effects of
amphetamine on the glutamate transporter have been reported that both glial (GLT-1)
and neuronal glutamate (EAAT3/EAAC1) transporter levels do not alter in rat
midbrain, nucleus accumbens, striatum and prefrontal cortex (Sidiropoulou et al,
2001).

Glutamatergic sysépm

Glutamate Js an excitatory amino acid that acts as a major neurotransmitter in
the central nervous system (Nestler, 2001). It has a role in normal synaptic
transmission, synaptic plasticity and brain development, including learning and
memory (Bliss and Collingridge, 1993; McEntee and Crook, 1993). A typical

A typical glutamatergic transmission is represented in Figure 4. Glutamate is

glutamatergic transmission represented as Figure 4.
;;
exocytosis. After release, glutamate then acts at metabotropic or ionotropic receptors,

and is removed fro

synthesized in the jpresynaptic neuron, stored in synaptic vesicle, and released by
the synaptic cleft by diffusing away from the cleft or uptake in

neurons and glial cells. This uptake process is carried out by plasma membrane
glutamate transporter (Nestler, 2001). Glutamate which is taken up by cells may be
used for metabolic processes (protein synthesis, energy metabolism, ammonia
fixation) or be reused as transmitters that have many metabolic pathways. These

pathways occur in Tth nerve terminals and astrocytes.
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Figure 4 Schematic representation of the glutamate system (Adapted

Glutamine

from Shigeri, 2004)

gln) or a-ketogutarate is used as a major precursor of glutamate in

nerve terminals. In glutamatergic nerve terminals, glutamine is converted to glutamate

(ghat) using glutami

nase enzyme, while a-ketogutarate is transaminated into glutamate

by aminotransferase enzyme (Daikhin and Yadkoff, 2000). Additionally, aspartate

(asp) is also converted to glutamate by transaminase (Nestler, 2001). Newly

synthesized glutamate is packaged into synaptic vesicles for further release from nerve

terminals in response to nerve impulses. In astrocytes, glutamate is taken up from the

extracelular and it

s then metabolized by glutamine synthase enzyme into glutamine

or metabolized into o-ketogutarate by either glutamate oxaloacetate transaminase or

glutamate dehydrogenase (Anderson and Swanson, 2000; Meldrum et al., 2000)..Both

glutamine and o-ketogutarate are then actively transported out of astrocytes and back

into the pre-syna

ic nerve terminals for subsequent re-synthesis of glutamate

(Meldrum et al., 2000; Nestler, 2001). The brain contains large amounts of free

glutamate (~10 mM), which is almost contained intracellularly and the highest

concentration is fOInd at nerve terminals (Shupliakov et al.,, 1992; Mathisen et al.,
1

1992). In extracell

ar space, the concentration of glutamate is generally low (1-3

mM) except during impulse transmission (Clements et al., 1992; Nicholls, 1993).
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Long-lasting high le rels of glutamate at nerve terminals may produce overactivation

of glutamate receptot, resulting neuronal excitotoxicity (Choi, 1988; Regan and Choi,

1991).
J
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Glutamate receptor

Glutamate af:t on glutamate receptors that are concentrated in the postsynaptic
or presynaptic comp%lex of central synapses (Tovar and Westbrook, 2002). These
receptors have been divided into two classes including the ionotropic (iGluRs), and the
metabotropic glutam?te receptors (mGluRs). The metabotropic glutamate receptors are
coupled via G-proteins to second messenger systems. They are divided into three
groups: group I (mFaluRl, mGluRS), group II (mGluR2, mGluR3), and group III
(mGluR4, mGluR6,f mGuR7 and mGluR®). In contrast, the ionotropic glutamate
receptors are 1igand4rgated ion channels that act as postsynaptic receptors to mediate
the vast majority of,{é excitatory neurotransmission in the brain. They are subdivided
into three pharmarj[oiogicaliy distinct classes: the N-methyl-D-aspartate (NMDA)
receptors, the o-ar ino~3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
receptors and kaina%e receptors (Asztely and Gustafasson, 1996, Maren and Baudry,
1995). The ionotropic glutamate receptors are tetra-or pentameric ion channels formed
by class-specific sfubunits. Fach subunit has an extracellular N-terminal and
intracellular carboyﬁy terminus. Four hydrophobic domains (M1-M4) have been
characterized, three gof them (M1-M3) form transmembrane segments while M2 forms

a loop within the mefrmbrane (Hollmann et al., 1994).
[

I

f
The N—rne}thyl—D—aspartate receptors (NMDARs) play a central role at

excitatory synapses J[Where it has been implicated in multiple functions associated with
synaptic plasticity éWenthold et al., 2003) especially learning and memory (Harris et
al., 1984; Morris et al., 1986). NMDA receptors are heteromeric protein complexes
that form ligand-géted ion channels. They are tetra- or pentamers composed of
different subunits iiécluding NMDAR1, NMDAR? (A-D) or NMDAR3 (A-B) subunits
which presented ther[; specific binding site (Dingledine et al., 1999; Nishi et al,, 2001).
The glycine, co-aéonist, binding-site locates on NMDARI, while NMDAR2 and
NMDAR3 subunits contain glutamate-binding site (Riedel et al., 2003). Functional
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only formed by combination of at least one NMDARI subunit
of NMDAR?2 subunits (Danysz and Parsons, 1995; Dingledine et
2001).

Channe! Blockers Antagonists
@ ftemantine ;AIW .
Mez 2/57
AH, @ Mg" @ lenprodi
Y oz
Modulators

3 Polyasimings
7

Agonlsts
Ciutarmat
O oA
Coagonists

] Glycing

® Phosphorylation sites D-sering

c representation of NVMIDA receptors organization (Adapted

from Danysz and Parsons, 1998)

The NMD/

resting membrane p
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2003; Saal and Mal

\ channel is permeable to cations including K', Na', and Ca®". At
otential, the NMDA receptors are inactivated by blocking of Mg**
. Activation of the NMDA receptor requires glutamate released
uron and depolarization of the postsynaptic membrane to relieve
jon pore of the channel. This activation results in opening of the
the flow of Na* and Ca’" into the neuron and K" out of the neuron.
yugh NMDA receptor is a critical role in synaptic plasticity and
for learning and memory (Danysz and Parsons, 1998; Riedel et al.,
enka, 2005).
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The subuni‘ts of NMDA receptor have different physiological and
pharmacological pro#erties, and different distribution throughout the central nervous
system. The highest levels of NMDAR1 mRNA in the adult rat and mouse CNS are
found in the olfactofy bulb, and the lowest levels are expressed in the spinal cord. .
Intermediate levels ére discovered in frontal cortex, hippocampus, cerebellum, and
whole brain (Benk% et al., 1995). The expression of NMDAR2A, NMDARZB,
NMDAR2C, and NMDAR2D mRNA is found predominantly in hippocampus,
forebrain, cerebellum, and brainstem, respectively (Monyer et al., 1992; McBain and
Mayer, 1994). The dlstrlbunon of NMDARZ2A subunit is predominant in spinal cord,
brainstem, hypothaﬂamus thalamus, hlppocampus, and amygdala (Ciabarra and
Stevarino, 1997).
FExcessive stimulation of NMDA receptors, also known as glutamate
excitotoxicity, can lead to neuronal cell death and may be a common final pathway in
several pathological

Olney, 1987; Choi, 1

conditions including stroke, head injury, epilepsy (Rothman and
988; Choi and Rothman, 1990) and in neurodegenerative diseases

such as Huntington’

Cotman, 1997). Re

addiction. Accumul
suggest that NMDA
(Hu and Ticku, 1995; Krystal et al,

Previous study als
functionally decreas

whereas the glutam

s disease (Young et al., 1988) and Alzheimer’s disease (Ulas and
cent studies also indicated a role for NMDA receptors in drug
ating data from experimental models and human brain studies

receptor function upregulates after chronic ethanol administration

o demonstrated that the activity of the glutamate system is

ed in the hippocampus of the methamphetamine sensitization rats,

ate system in the striatum of methamphetamine sensitization rats

shows adaptive and functional changes in the NMDA receptors (NMDARI,

NMDAR2A and N
(Yamamoto et al.,

NMDA receptors,

MDARZB) in response to an increase of the glutamate release
1999). NMDAR2A mutant mice has exhibited a malfunction of
as evidenced by a reduction of [3H]MK-801 binding in an

autoradiographic receptor binding assay. NMDARZA receptor mutant mice showed an

attenuation of sensitization by repeated treatment with phencyclidine (PCP) and

methamphetamine-induced hyperlocomotion (Reynolds et al., 1998). Moreover, the

[

development of morphine induced analgesic tolerance and naloxone precipitated

morphine withdrawal symptoms are also attenuated (Miyamoto et al.,

2004).

2003a; Reid and Lingford-Hughes, 2006). .. -
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Furthermore, withdrawal from repeated amphetamine administration reduces

NMDARI expressio
prefrontal cortex (L.u

n in the rat substantia nigra, nucleus accumbens and medial

1 et al., 1999). However, the cellular and molecular mechanisms

underlying methamphetamine dependence are not fully understood.

Glutamate transpox

fer

Large amounts of glutamate are presented in the brain tissue where this

neurotransmiiter acts

of extracellular giut

leading to neuronal
1996; Hartley et al

metabholize the exira

: as the principle excitatory neurotransmitter. Excessive amounts
amate can induce overactivation of glutamate/NMDA receptor,
damage or neuronal death (Grant et al., 1997; Grimwood et al,,
, 1993; Hyrc et al, 1997). Although there are no enzymes to

cellular glutamate, while the simple diffusion of glutamate only

occurs at synapse with small diameters. Thus, the clearance of glutamate from the

synaptic cleft major
transporters are belis
and non-toxic conc
1997), and help to
Otis et al., 1997). A
for glutamate in ¢
Glutamate transport

glutamate transporie

y depends on glutamate transporters (Danbolt, 2001). Glutamate
-ved to prevent excitotoxicity of glutamate by maintenance of low
entrations of glutamate (Rothstein et al,, 1996., Tanaka et al,
terminate the excitatory signal (Mennerick and Zorumski, 1994.,
dditionally, glutamate transporters can also supply the precursors
entral nervous system (Palacin et al., 1998; ﬁanbolt, 2001).

er can be classified into two types as the vesicular membrane

rs and the plasma membrane glutamate transporters according to

their electrochemical gradient and site of action (Figure 6). In glutamatergic nerve

terminals, vesicular

VGLUT3 collect g
cleft. The vesicular
hydrolysing adenos
plasma membrane g

cells and neurons.

membrane glutamate transporters: VGLUT1, VGLUT2, and

lutamate into synaptic vesicles for further release into synaptic

uptake is dependent of a proton gradient which is created by

ine triphosphate (ATP), and/or the membrane potential. The

lutamate transporters present in the plasma membrane of both giial

In contrast to vesicular membrane glutamate transporters, the

plasma membrane glutamate transporters are dependent on electrochemical gradient of

sodium ion (Massor
Plasma me

amino acid transpo

1 et al., 1999; Danbolt, 2001).
mbrane glutamate transporters (also known as EAATS; excitatory

rters) are responsible for the high-affinity uptake of glutamate by
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s at the level of their plasma membrane. These membrane-bound

endent on the Nat intracellular/extracellular gradient for their

activity. Five m alian EAATs isoforms have been cloned and characterized
electrophysiologically and pharmacologically: EAATI (GLAST) (Arriza et al., 1994;
Kawakami et al., 1994), EAAT2 (GLT-1) (Arriza et al,, 1994), EAAT3 (EAACT)
(Kanai and Hediger, 1992; Arriza et al., 1994), EAAT4 (Fairman et al., 1995) and
EAATS (Arriza et jl., 1997). EAAT family members displéy ~50-55% amino acid
sequence identity ar%d almost identical hydrophobicity pattern, suggesting that each
transporter exhibits fits functional properties on the basis of similar characteristics.

They each contain }0 hydrophobi'c domains, with both the N-and C-termini in the

cytoplasmic side (W

e and Stoffel, 1996).

Glutamate transporter EAAT1 (glutamate and aspartate transporter, GLAST,

in rodents) is expres
cerebellar cortex (St
well as in the heart,
1992). EAAT2 (glut
and highly expresse
acid carrier 1, EAA
most widely distrib
nucleus, substantia
(intestine, kidney, i
EAAT3 is found in
pyramidal cells in

Purkinje cells in cet
is neuronal glutama
5; Gegelashvili and Schousboe, 1997; Tanaka, 2000), and EAATS
rily in the retina (Gegelashvili and Schousboe, 1997; Arriza et

(Fairman et al., 199
is expressed primat
al.,1994, 1997), hov
the brain, heart, and

sed in astrocytes and found mainly in the molecular layer of the
orck et al., 1992; Chaudhry et al., 1995; Schmitt et al., 1997) as
skeletal muscle, and placenta (Schmitt et al., 1997; Storck et al.,

amate transporter 1, GLT-1, in rodents) is expressed in astrocytes

d in the forebrain (Pines et al., 1992). EAAT3 (excitatory amino

C1, in rodents) is the neuronal glutamate transporter that 1s the

uted in brain including the hippocampus, cerebral cortex, red
nigra, and striatum, and is also presented in the peripheral tissue

ver, and heart) (Kanai and Hediger, 1992; Rothstein et al., 1994).

both glutamatergic (such as granule cells in the dentate gyrus and
the hippocampus and cerebral cortex) and GABAergic (such as
ebellum and medium spiny neurons in striatum) system. EAAT4

te transporter that is heavily enriched in cerebellar Purkinje cells

vever, very low level of EAATS expression has been observed in

muscle (Arriza et al., 1997).
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Cysting

- xUF ?

> representation of the glutamate transporters at

rgic synapses. (Adapted from Danbolt, 2001)

transporters, EAAT2 (GLT-1) EAATI (GLAST) and EAAT3
I'4, are Jocated on the plasma membranes of neurons and/ or glial
central nervous system. These transporters play functions as both
ts and a glutamate-gated chloride channels (Eskandari et al., 2000;
ATs transport glutamate across the membrane using translocation
oton (H") and one negative charge of glutamate ion into the cells
inge of one K to the exterior (Gegelashvili and Schousboe, 1997;
litionally, some of glutamate transporters, EAAT3 (EAAC1) and
ated with CI' channel activity. Activation of these transporters

nductance which is occurred independently with the transport

process of glutamate (Danbolt, 2001). The glutamate transporter in glutamatergic

nerve terminals has

the transporter cycle

still not been molecularly identified and the exact stoichiometry of

is not known.
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ansporters are regulated in various pathological states, many of
involve excitotoxicity and oxidative stress. For example, studies
n tissue showed that mRNA levels of EAAT3 are reduced in the
ing the dentate gyrus, subiculum and CAl subfield of the

ese results suggest that changes in striatal glutamate transporter
e restricted to neuronal EAATSs and extend the body of evidence
1 glutamate neurotransmission in schizophrenia. On the other

EAATS3 is increased in the hippocampus of epileptic patients

(Mathern et al, 1999) and rat with kindling-induced epileptogenesis (Ghijsen et al,

1999; Miller et al.,

1997). However, no evidence has been demonstrated whether

methamphetamine administration affect the expression of neuronal glutamate

transporter (EAAT3/
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a1 data have provided evidences that learning and memory are
n synaptic plasticity. Synaptic plasticity involves long-lasting
acy or strength of synaptic transmission at excitatory synapses.
ion (LTP) and iong—terz:n depression (LTD), forms of synaptic
used as models of synaptic plasticity, and have been implicated in
al forms of learning and memory. The mechanisms of LTP and

activation of glutamate receptor that flux ions into the celis,

1d NMDA receptors (Riedel et al., 2003; Wolf et al., 2004; Saal

, as depicted in figure 6. Calcium entering the postsynaptic cell
eptors can induce LTP and LTD, and the different amount of

different intracellular second messenger systems which in tumn

D synaptic strength (Figure 7). A large amount of calcium ions
tic neuron via NMDA receptors leading to activation of protein
phosphate groups to AMPA receptor and consequently insertion of
sceptors at the synaptic plasma membrane. This process leads to
rength also known as LTP. In contrast to LTP, LTD requires a

caleium ions than those of LTP for removal of AMPA receptors
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esults of decreased calcium levels activate protein phosphatase

phate groups from AMPA receptor leading to decrease synaptic

strength (Malenka and Nicoll, 1999; Yang Lu et al, 2001; Malinow and Malenka,
2002; Malenka and Bear, 2004).

Figure 7 Schematic representation of mechanisms of LTP and LTD (Adapted

{from Saal

long-term

and Malenka, 2005). LTP, long-term potentiation; LTD,
depression; AMPAR, alpha-amino-3-hydroxy-5-methyi-4-

isoxazole propionic acid receptor; NMDAR, N-methyl-D-aspartate

receptor; Ca*'; calcium ion; CaMKII, calcinm/calmodulin-dependent

protein ki

nase type II; PP1, protein phosphatase 1; PP2B, protein

phosphatase 2B; P, phosphate groups

Excitotoxicity
Excitotoxic

certain condition su

epilepticus, excessiy

damage and death (&

ity refers to the toxic action of glutamate on neurons. Under
ch as duration time of trauma, ischemia, hypoglycemia and status
e amounts of glutamate are released and this can trigger neuronal

Snider and Choi, 2002). NMDA-R activation results in Ca™ -influx

in postsynaptic regions at times of glutamate release. The neurotoxic effects of

glutamate may dej

ive from an increased formation of hydroxyl radicals from

excessive activation of the NMDA receptors and downstream enzymes such as nitric
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) and phospholipase As (PLA;) (Lancelot et al., 1998) (Figure 8).
the NMDA-R is related to activation of NOS (Schulz et al., 1995;
d PLA; (Ueda et al, 2007) followed by generation of nitric oxide
n, respectively. Reactions between nitric oxide and superoxide
he formation of peroxynitrite anion, which produces hydroxyl
1 et al., 1993). Hydroxyl radicals abstract hydrogen from neural

turated lipid acid and initiates lipid peroxidation leading to
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e processes in the central nervous system occur through necrosis
nkey et al., 1996; Vermes and Haanen, 1994). Necrosis often
s and in early membrane damage, cellular swelling, spilling of
and inflammatory responses to damage. In contrast to necrosis,

caused by mild to moderate toxic injuries, participates in the

ssue regulation and results in DNA fragmentation, clumping of

tkage and vacuolar formation, but no inflammatory changes in

oth apoptosis and necrosis can be caused by the same agents
es used (Bonfoco et al., 1995).

s generally a feature of programmed cell death. Using terminal
ansferase (TdT)-mediated dNTP nick end labeling (TUNEL)

histochemistry, it was found that methamphetamine exposure can cause DNA strand

breaks, chromatin ¢
(Deng et al., 2001). "
involved in the inf]
mediate by the ac
methamphetamine 1

protein (Hirata and ¢

.

ondensation and nuclear fragmentation in several brain regions
This finding implicates apoptosis as one of molecular mechanisms
luence of methamphetamine. Cell death has been indicated to

tivation of a number of genes. It has been reported that

nduces an increase of p53 mRNA (Tsao et al., 1998) and p53

adet, 1997). In p53 knockout mice the methamphetamine-induced

neurotoxicity in striz

tal dopaminergic terminals was reduced (Hirata and cadet, 1997).

In addiontion to p53 gene, reactive species (Oz, HyOp, OH and NO) have “been

proposed in the neurotoxicity induced by methamphetamine (Figure 9) (Tsao et al.,

1998; Frost and Ca

¢, 2000).
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rain regions related with methamphetamine dependence

been many studies indicating the abnormalities of several brain
hetamine dependence. Although mechanisms of drug dependence
o involve many regions such as frontal cortex, limbic system, and
¢ of these brain regions such as frontal cortex, hippocampal
atum have also been reported to play an important role in
> dependence, as depicted in Figure 2 (Tzschentke and Schmidt,
Saal and Malenka, 2005; Reid, 2006), and in circuits involved in

memory and drug dependence (Kelley, 2004). Moreover, several studies showed that

neurotoxicity of methamphetamine induced nerve terminal damage or apoptosis in

frontal cortex (Ryan
and Bowyer, 1997;

et al., 1990; Deng et al., 2001), hippocampal formation (Schmued
Eisch et al, 1998; Deng, 2001), and striatum (Broening et al.,

1997; Fukumura et al., 1998; Deng et al., 2001; Xu et al., 2005; Bowyer and Schmued,

2006). These studie:

s have led to the hypothesis that neurotoxic methamphetamine may
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lemory impairments. Thus, this section points out to the specific
slarly hippocampal formation, frontal cortex, and striatum in

pendence.

ampal formation

mpal formation has long been recognized to play a critical role in
ry which is associated with synaptic plasticity. Many studies
= of hippocampal formation in drug addiction (Tzschentke and
ey, 2004; Saal and Malenka, 2005; Reid, 2006). Mechanisms of

ral learning and memory processes are comimon in that

glutamatergic transmission and neuronal plasticity are involved (Wolf, 2002; Kelley,
2004; Robinson anfi Kolb, 2004; Wolf et al., 2004; Saal and Malenka, 2005).

However, the detail d mechanisms of those processes remain to be elucidated.

The hippocampal formation, a part of the brain located under the temporal
lobe, consists of three components including dentate gyrus, hippocampus (ammon’s
horn: field CA1-3) and subiculum (Figure 10) (Nester, 2001; Witter, 2003). The
hippocampal formation connects to different bran regions such as unimodal and
polymodal associatifn area (frontal, temporal and parietal lobes), parahippocampal,
perirhinal, and entorrhinal cortices (Witter, 2003). The major cortical input to
subfields of the hippfocampa} formation arises from the entorhinal cortex, whereas the
major output structures, subiculum and CAl subfield of hippocampus, send a dense
direct projection to prefrontal cortex and/or send reciprocal projection to entorhinal
cortex which then send information back to hippocampal formation. Within
hippocampal formation, there are intrahippocampal connections form a trisynaptic
loop, which is involved in long-term potentiation induced memory. First, the perforant

pathway, which project from the entorhinal cortex to granaule cells of the dentate

gyrus. Second, the
cells of the dentate
hippocampus. This

non-NMDA recepty

pathway which con

pyramidal cells in

mossy fiber pathway, which consists of the axons of the granule
gyrus and projects to the pyramidal cells in CA3 subfield of the
terminal fibers release glutamate, which binds to both NMDA and
ors on the target pyramidal cells. Third, the Schaffer collateral

tains the axonal pyramidal cells in the CA3 and terminates on the

the CAl region. These fiber terminals also use glutamate as
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transmitter alike the mossy fiber, but LTP produced by Schaffer collateral pathway
requires only activation of the NMDA receptor, as represented in Figure 11 (Nester,
2001; Witter, 2003).

Figure 10 Schematic representation of hippocamal formation. A three-

dimensional organisation of the septo-hippocampal system in the rat

brain (A) and the trisynaptic loop of the hippocampus (B), the filled
triangles represent the pyramidal cell layer (CA1 and CA3) and the
filled circles represent the granular cell layer of the dentate gyrus
(Adapted from Amaral and Witter 1995). Fx, fornix; fi, fimbria; HC,
hippocampus; MS, medial septum; EC, entorhinal cortex; DG, dentate
gyrus; pp, perforant pathway; mf, mossy fibers; s¢, Schaffer
collaterals; ff, fimbria fornix

Since, it isiwell known that hippocampal formation plays an important role in
learning and memory functions. Abnormalities in this region may lead to impairments
of learning and memory functions. Behavioral studies have been demonstrated that
hippocampal excitatoxic lesion in the rat causes learning and memory impairments
(Moser et al., 19951 Ferbinteanu et al., 2003; Zhang, 2004). Recently, clinical studies
suggested that chronic use of methamphetamine induces long-term learning and
memory impairments (Simon et al., 2002; Kamei et al., 2005). Similarly, recent
reports demonstrated that animal exposed to methamphetamine show impaired

behavioral task which is involved in learning and memory (Bisagno et al., 2002;
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). However, less is known about methamphetamine used on
ory functions, eventhough few studies have found that
duced neuronal cell death widely throughout the brain including
et al., 1998; Deng, 2001) and hippocampal remnants (Schmued
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cortex
lobes represent a large area of the brain. The function of the

modulate and control motor function, emotion, attention and

cognitive activity,

Rodriguez, 2004). 1

of the brain. The
hippocampus (Jay

receptor-dependent

massive projections

1996; Witter, 2003

including learning and memory (Witter, 2003; Poldrack and
"he frontal cortex has numerous interconnections with other parts
rat prefrontal cortex (PFC) receives a direct projection from
et al., 1989). The CAl, which exhibits a long-lasting NMDA
form of LTP, and the subiculum have been reported to give a
to PFC neurons (Figure 12) (Jay and Witter, 1991; Jay et al,,

). These lead to a suggestion that the connection between the
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hippocampus and prefrontal cortex play a crucial role in learning and memory (Witter,
2003).
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ic representation of connection between hippocampus and

prefrontal cortex (Adapted from Witter, 2003)

The alterati

to underlie abnorms

frontal cortex may
Moreover, a recent

dysfunction in the

cognitive deficits {

methamphetamine ¢

that abnormalities

cognitive impairmer

Severals s
involved in depex
learning (Cardinal &
of glutamate in a d
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study on rats, me

extracellular glutan

ons in the structure and function in the frontal cortex were known
/| behaviors. The brain-imaging studies have been indicated that
also be involved in human memory formation (Buckner, 1999).
study with functional magnetic resonance imaging showed that
prefrontal cortex of methamphetamine abusers is related to
Paulus et al., 2002). However, the mechanism underlying of
xposure in frontal cortex remains unclear but there is a suggestion
in frontal cortex could be related to psychostimulant-induced
1ts (Crombag et al., 2005).

udies established a key role for the PFC in neuronal circuits that is
Jent behaviors (Jantseh and Taylor, 1999) and reward-related
t al., 2002). Furthermore, more recent studies pointed out to arole
rug dependence pathway (Wolf, 2002; Tzschentke and Schmidt,
Wolf et al., 2004; Saal and Malenka, 2005). In vivo microdialysis
thamphetamine has been reported to produce an elevation of

hate concentrations in prefrontal cortex (Shoblock et al., 2003).




33

Histological and ultrastructural studies demonstrated that amphetamine causes
neuronal degeneration in rat frontal cortex (Ryan et al., 1990). Moreover, terminal
deoxynucleotidyl transferase (TdT)-mediated dNTP nick end labeling (TUNEL) study
in methamphetamine treated-rat has found neuronal death in frontal cortex (Deng et
al., 2001).

The striatum
The striatum, a major part of the basal ganglia system (Figure 13), is a
subcortical region of the brain including the ventral (nucleus accumbens) and dorsal

(caudate and putarmnen) striatum. The striatum is important for initiation, production

and sequencing behavior. The major neuronal type is the GABAergic medium spiny
neuron which received the major synaptic input both glutamatergic and dopaminergic
pathways from several parts of brain, as depicted in Figure 13. Firstly, glutamatergic
fibers arise from limbic and cortical regions, such as prefrontal cortex, hippocampus,
and amygdala to ventral striatum, while, dopaminergic inpuf to these regions arise
primarily from veniral tegmental area. Secondly, medium spiny neurons in dorsal
striatum are innerv#ed by glutmatergic projections which are originated in cortex and
thalamus, and dopaminergic projections which are derived from substantia nigra pars
compacta. The outpnt of striatum are inhibitory signals which project to pallidum and
substantia nigra pars reticulata and in turn to be the major output from the basal
ganglia and end to cerebral cortex (Alexander et al., 1990; Smith et al, 1998;
Swanson, 2000).

The striathm has been studied extensively in animal models of drug
dependence. Many jstudies have reported that striatum is an important regions that is
involved in the neuronal circuitry of drug dependence (Wolf, 2002; Tzschentke and
Schmidt, 2003; Kelley, 2004; Wolf et al., 2004; Saal and Malenka, 2005). Moreover,
striatum seem to be indicated as a target area of drug of abuse responsible for the
expression of behavioral sensitization (Tzschentke and Schmidt, 2003).

Adaptations in glutamate system after methamphetamine exposure have also
been studied in striatum. More recent studies demonstrated that methamphetamine
administration canlinduce an elevation of the extracellular glutamate concentration in

striatum (Deng and Cadet, 2000; Deng et al,, 2001; Xu et al,, 2005; Zhu, 2006). A
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reduction in presynaptic glutamate immunoreactivity has been observed within motor

cortex and striatum
Burrows et al., 1997

following methamphetamine treatment (Bowyer et al, 1993;
. In addition, a loss of NMDA receptors has been found after one

week of discontinuous administration of methamphetamine (Eisch et al., 1996).

Yamamoto and colleagues (1999) demonstrated a reduction in NMDARI 2A and 2B

protein levels in the striatum. Chronic amphetamine treatment has been shown to

increase in the expression mGluR1 in striatum, but decrease in expression mGluR1

(Mao and Wang, 2001). Moreover, an elevation of vesicular glutamate transporter 1

(VGIuT1) levels (Mark et al., 2007) and the plasma membrane glutamate transporter 2

(EAAT2) (Shiri et

al., 1996) have been reported in the striatum  after repeated

methamphetamine administration. These observations suggeste that methamphetamine

may disturb glutamatergic transmission in the striatum. However, mechanism of

methamphetamine on glutamatergjc transmission is still unknown,
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2000). ’ﬂhe different color line is indicated in specific neurotransmitter

imrmivejt
glutama

in their pathway. The white, gray and black lines represent
e (Glu), dopamine (DA) and GABA, respectively
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Burrows ld Yamamoto (2000) presented the idea of increase striatal
glutamate release indirectly via activation of the basal ganglia output pathways. They
found a correlation between an in crease of extracellular glutamate levels in cerebral
cortex and an eleva}tion of glutamate levels in striatum. These alterations can be
speculated that activation of the corticostriatal pathway may result from a disinhibition
of thalamocortical | pathway. This is consistent with the observation that
methamphetamine |increases dopamine receptor (D1)-mediated striatonigral
GABAergic transmission which in turn activates GABA-A receptor in substantia
nigra, leading to a decrease in GABAergic nigrothalamic activity and subsequent
increase in corticostriatal glutamate release and thereby long-term depleting of striatal
dopamine (Mark et al., 2004) (Figure 14).
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Figure 14 Diagrammatic representation of hypothetical model of MET H-induced
striatal glutamate release (Adapted from Mark et al., 2004)

Increased extracellular glutamate levels following methamphetamine
exposure have been found to mediate excitotoxicity, as discussed above, in several

brain regions as well as the striatum. Recent studies showed that methamphetamine
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administration leads ito long-lasting reductions in nerve terminal markers in striatum
(Robinson, et al., 1990a; Robinson, et al., 1990b; Eisch et al., 1992; Cappon et al.,
2000; Guilarte 2003). Furthermore, morphological studies have found a loss of nerve
terminal markers associated which are ith destruction of axons and axon terminals in
striatum (Broening et al., 1997; Fukumura et al., 1998; Bowyer and Schmued, 2006).
Using the terminal | deoxynucleotidyl transferase (TdT)-mediated dNTP nick end
labeling (TUNEL), Deng et al. (2001) found neuronal cell death in the striatum after
single high dose of methamphetamine treatment. Moreover, it has also been reported
that methamphetamine induces both striatal apoptosis and DA-terminal damage
related to a depletion of DA-terminal markers (Xu et al., 2005).






