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ABSTRACT

Methamphetamine (MA) is a popular drug of abuse that damages the
nigrostriatal dopamine (DA) system in both humans and animals (Seiden et
al., 1975/76; Ricaurte et al., 1980; Steranka and Sanders-Bush, 1980; Wilson
et al., 1996). This damage appears to be mediated both by drug-induced
hyperthermia and the formation of reactive oxygen species. Although long-
term changes in the DA system following MA treatment have been well
characterized, alterations in non-dopaminergic systems are less well
understood. These experiments were designed to test the hypothesis that
high-dose MA treatment alters presynaptic immunoreactivity for y-
aminobutyric acid (GABA) and glutamate, two of the major neurotransmitter
systems associated with basal ganglia function. These studies also tested
the hypothesis that immunocytochemical changes are only found in animals
with severe DA loss (i.e. > 80%), and that they are not the result of prolonged
hyperthermia alone.

Sprague Dawley rats were treated with either saline or 15 mg/kg MA
every 6 hrs for a total of 4 doses. To examine the role of hyperthermia in
nigrostriatal damage, rats were randomly assigned to 1 of 4 treatment
groups. Animals in the SAL and HOT groups were both given normal saline,
but the HOT group was exposed to hyperthermia similar to that seen
following MA treatment. Animals in the METH and COLD groups were both
given MA, but rats in the COLD group were prevented from becoming
hyperthermic so that their body temperature did not differ from the SAL
group. Animals were killed after 1 or 4 weeks, and examined for alterations

in GABA and glutamate presynaptic Immunoreactivity and morphology.

1



Dynamic changes in the density of presynaptic GABA labeling were
seen in both the caudate (CD) and globus pallidus (GP) of rats in the METH
group. GABA immunoreactivity was decreased after 1 week and increased
after 4 weeks. Although the initial decrease was present in both the
dorsolateral and ventrolateral regions of the CD (DLCD and VLCD), the
delayed increase was present only in the VLCD. Terminal area was also
increased after 4 weeks within the VLCD. In glutamate immunolabeled
tissue, there was a significant increase in the percent of asymmetrical
synapses with perforated post synaptic densities in the METH group 4 weeks
after MA treatment. This morphological change, found in both the DLCD and
VLCD, was not associated with altered immunoreactivity or terminal size.
No changes in GABA or glutamate immunoreactivity or terminal size were
found in the HOT or COLD groups.

To determine if immunocytochemical changes were correlated with the
degree of MA-induced toxicity, striatal DA content was determined in
additional animals. MA administration resulted in a severe (>80%) and long-
lasting decrease in striatal DA content in the METH treatment group.
Cooling was protective in that DA loss in the COLD group was less extensive
(35-65% loss), while hyperthermia alone in the HOT group did not deplete DA.
In addition, rats in the METH treatment group had a 4-5 fold increase in the
ratio of dihydroxyphenyl Acetic Acid (DOPAC) to DA, reflecting an increase in
DA metabolism. Thus, changes in presynaptic GABA immunoreactivity
appear to occur only following a severe loss of DA, but not following a partial
DA lesion. These results agree with previous 6-hydroxydopamine (6-OHDA)

studies, and provide further evidence that a majority of DA must be lost



before compensatory changes in both dopaminergic and non-dopaminergic
systems occur.

Aloss of DA input to the striatum should result in the disinhibition of
the striatopallidal output pathway. The decrease in GABA immunoreactivity
found in the current study may reflect depleted stores due to increased
activity of these striatal output neurons. Similarly, the augmented GABA
immunolabeling found after 4 weeks could reflect a delayed increase in the
synthesis and content of GABA that is known to occur following DA loss
induced by 6-OHDA. These studies provide the first evidence that high-dose
MA treatment can result in long-lasting alterations in GABAergic systems.
The changes seen in the current study resemble those found in animals
following 6-OHDA-induced DA loss (Ingham et al., 1997; Meshul et al., 1997)
and in patients with Parkinson's disease (Perry et al., 1983; Tossman et al.,
1986; Segovia and Garcia-Munoz, 1987). It is not known if early MA abuse is
a risk factor in Parkinson's disease, but it is possible that such damage to the
nigrostriatal DA system could result in an earlier onset of symptoms in
individuals predisposed to develop Parkinson's. Thus, further analysis of
MA-induced alterations in the extrapyramidal motor circuit may have

important clinical implications.



INTRODUCTION

A. Background and Significance

Methamphetamine (MA), is a potent psychostimulant that has
recently reemerged as a popular drug of abuse (Derlet and Heischober, 1990;
Sato et al., 1992). Chronic use of MA can lead to a form of psychosis which is
virtually indistinguishable from schizophrenia (Sato et al., 1992) Psychosis
is not solely attributed to the acute psychogenic action of MA since symptoms
can last up to a month after drug use has ended, and reoccurrence has been
reported without substance abuse (Sato et al., 1983; Sato, 1992). Undefined
neuronal damage produced gradually during chronic MA use is assumed to be
the cause of psychostimulant-psychosis and the apparent long-lasting
sensitization to the actions of the drug (Sato, 1992).

Administration of psychostimulants to both rodents and non-human
primates can produce long lasting effects on the central nervous system. Of
particular interest is the finding that MA induces long lasting depletions of
the catecholamine dopamine (DA) specifically within the striatum. This
neurotransmitter system has been implicated in several human disorders,
including schizophrenia, Huntington's disease, and Parkinson's disease
(Seiden et al., 1975/76; Lucot et al., 1980; Ricaurte et al., 1980). Damage to
the nigrostriatal DA system is known to effect differentially the GABAergic
striatal output pathways. Such studies have focused upon the 6-
hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) lesion models of Parkinson's disease, and little is
known about the consequences of MA-induced DA loss with respect to it's

impact on the rest of the extrapyramidal motor circuit.
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Unlike 6-OHDA and MPTP, MA is generally believed to be an soma-
sparing neurotoxin in that damage is usually restricted to the DA-containing
boutons in the striatum (Ricaurte et al., 1980; Ryan et al., 1990; Di Monte et
al., 1996). There is also evidence for recovery of DA synthesis and content in
the months following MA administration (Fields et al., 1991; Melega et al.,
1997b). In addition, 6-OHDA and MPTP are usually administered centrally
and induce a unilateral lesion of the nigrostriatal pathway, while DA loss
following systemic MA administration results in bilateral damage. Together,
this evidence suggests that MA-induced toxicity may not have the same
consequences as DA loss mediated by a 6-OHDA or MPTP lesion. Since MA
is an abused drug, it is important to know if there are long-lasting
consequences of MA usage. The primary focus of this work is to describe
morphological and immunocytochemical changes within specific areas of the
basal ganglia following MA-induced nigrostriatal damage, and to relate these

changes to disorders associated with basal ganglia dysfunction.

B. Effects and Mechanisms of MA Toxicity

Neurotoxic Effects of MA Administration

MA is the N-methyl substituted derivative of amphetamine. Both
compounds have similar effects on neurochemistry and behavior, although
MA is more potent, has greater efficacy in the central nervous system, and
has fewer peripheral actions (Lake and Quirk, 1984: Nichols, 1984; Hoffman
and Lefkowitz, 1990). Although amphetamine is primarily a DA neurotoxin,
MA has the ability to damage both dopaminergic and serotonergic nerve
terminals (Hotchkiss et al., 1979; Ricaurte et al., 1980). The effects of high-

dose MA administration on the nigrostriatal DA system include a long-
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lasting depletion in DA content (Seiden et al., 1975/76; Lucot et al., 1980),
decreased tyrosine hydroxylase activity (Fibiger and McGeer, 1971; Hotchkiss
and Gibb, 1980; Pu and Vorhees, 1993), and a loss of DA uptake sites
(Steranka and Sanders-Bush, 1980; Wagner et al., 1980). Similar to studies
examining dopaminergic damage in animals (Table I), postmortem analysis
of tissue taken from humans who died following chronic MA use (daily to
monthly for 1 to 23 years) found a 50-55% reduction of DA, and a 30-50%
reduction in DA transporter number in the striatum (Wilson et al., 1996).

In rats, high doses of MA have been shown to induce terminal
degeneration, seen with reduced silver staining techniques (Ricaurte et al.,
1982). In addition, continuous administration of amphetamine for 3-5 days,
or repeated injections of MA (4 doses of 6 mg/kg given every 2 hrs) has been
reported to induce degeneration of axons and presynaptic terminals within
the striatum of rats (Ryan et al., 1990; Ellison and Switzer, 1993). In
contrast, MA does not appear to damage DA cell bodies in the midbrain
(Ricaurte et al., 1980; Jonsson and Nwanze, 1982; Woolverton et al., 1989;
Ryan et al., 1990; Di Monte et al., 1996). However, Sonsalla et al. (1996) have
found neuronal loss in the substantia nigra pars compacta of mice whose
striatal DA depletion exceeded 90%, indicating that MA can damage
dopaminergic cell bodies. In addition, MA induces cell death when
administered in vitro to ventral midbrain DA neurons (Kontur et al., 1987;
Cubells et al., 1994). Nevertheless, since cell body loss has not been found to
occur in rats, it is generally accepted that MA-induced damage to the
nigrostriatal DA system in these animals is limited to the loss of functional

dopaminergic terminals in the striatum.
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Mechanisms of Toxicity: Oxidative Stress and Hyperthermia

The formation of striatal 6-OHDA following neurotoxic regimens of MA
(Seiden and Vosmer, 1984; Marek et al., 1990) has lead to the proposal that
MA-induced damage is mediated by the endogenous formation of reactive
oxygen species. In addition, recent studies have found that high-dose MA
treatment induces hydroxyl radical formation and lipid peroxidation in the
striatum (Wallace et al., 1997; Yamamoto and Zhu, 1997). Pretreatment with
DA synthesis inhibitors, antioxidants, or spin trapping agents have been
found to decrease the formation of 6-OHDA or hydroxyl radicals that occur
following MA treatment, and also to protect against MA-mediated DA loss
(Schmidt et al., 1985; De Vito and Wagner, 1989; Cappon et al., 1995; Wallace
et al., 1997). In addition, drugs which increase the formation of 6-OHDA or
hydroxyl radicals enhance MA-induced DA loss (De Vito and Wagner,

1989; Marek et al., 1990). These studies suggest that DA loss induced by
6-OHDA and MA may share similar underlying mechanisms, and that long-
lasting DA depletion observed following MA may result in similar
morphological and neurochemical changes.

One obvious difference between MA and 6-OHDA is the role that
hyperthermia plays in mediating the effects of MA-induced lethality and
neurotoxicity (Zalis et al., 1967; Craig and Kupferberg, 1972; Singer and
Armstrong, 1976; Callaway and Clark, 1994). Bowyer et al. (1992), have
shown that the degree of DA depletion induced by MA can be altered by
manipulation of the ehvironmental temperature. For example, placing an
animal in a cold environment (4°C) during drug administration was
protective, whereas increasing the ambient temperature (28°C) enhanced DA

depletion (Bowyer et al., 1993; Bowyer et al., 1994). Hyperthermia alone,
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caused by warm ambient temperatures, does not produce DA depletion in
animals with a peak body temperature of 40.0-41.5°C (Bowyer et al., 1994).
However, core body temperatures over 41.6°C can result in ischemic damage
to striatal neurons (Knochel, 1989; Kao et al., 1994; Lin et al., 1995), and MA
overdose in humans is often associated with seizures, transient ischemia, and
cardiovascular collapse that have been attributed to severe hyperthermia
(41.5-43.0 C°) (Callaway and Clark, 1994; Yen et al., 1994). In addition, MA-
induced hyperthermia does result in the induction of a heat shock protein
(HSP-72) whose expression is found only in metabolically stressed cells
(Kuperman et al., 1997). Thereforé, it is quite possible that some of the long-
lasting damage resulting from high-dose MA exposure could be attributed to
prolonged hyperpyrexia.

The source of psychostimulant-induced hyperthermia is not known, but
has been postulated to be mediated by several factors, including increased
locomotor activity, peripheral vasoconstriction, and by the central release of
DA. Both D1 and D2 receptors are believed to play a role in thermoregulation.
Although administration of either D1 or D2 receptor agonists alone does not
greatly affect core temperature, co-administration of both D1 and D2 receptor
agonists results in a 3-4°C increase in body temperature (Nagashima et al.,
1992; Verma and Kulkarni, 1993). This effect can be blocked by prior
administration of either a D1 or D2 receptor antagonist, further
demonstrating the synergistic nature of D1/D2 receptor interactions
(Nagashima et al., 1992). Similarly, pretreatment with either a D1 or D2
receptor antagonist decreases both MA-induced hyperthermia and protects

against DA loss (Sonsalla et al., 1986; Marshall et al., 1993; Staal et al.,



1996). Together, this evidence indicates that combined D1 and D2 receptor
stimulation could account for at least part of the hyperthermic effects of MA.
It is likely that hyperthermia contributes to MA toxicity by increasing
the overall state of metabolic stress, and enhancing both the formation and
damaging effects of DA-mediated free-radical production. Evidence for this
action comes from studies demonstrating that prevention of MA-
hyperthermia, by treating animals in a cold environment, attenuates both
oxygen radical production and the toxic effects of the drug (Fleckenstein et al.,
1996). Furthermore, drugs which protect against MA toxicity invariably do so
by alleviating oxidative stress (antioxidants, free-radical scavengers, nitric
oxide synthase inhibitors, or spin trapping agents) and/or by inducing
hypothermia (MK-801, haloperidol) (Farfel and Seiden, 1995; Itzhak and AL,
1996; Staal et al., 1996). However, hyperthermia may contribute to MA
toxicity by directly enhancing DA release. Bowyer et al. (1992) have reported
that administration of MA in a cold environment (4°C) does attenuate DA
overflow compared to rats treated at room temperature (23°C). Together, this
evidence suggests that MA induced hyperthermia may exacerbate MA-
induced damage by directly enhancing DA overflow and/or by indirectly

increasing metabolic stress within the striatum.

C. Effects of DA Deafferentation on Basal Ganglia Function

Damage to the nigrostriatal DA system results in altered synaptic
morphology and neurochemistry within several of the nuclei and
neurotransmitter systems associated with the extrapyramidal motor loop

(Figure 1A). Therefore, the basic organization and neurochemistry of the
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Figure 1. Diagram of the extrapyramidal motor loop showing A. basal
conditions, and the B. hypothetical consequencés of nigrostriatal DA loss. The
thickness of the arrows is proportional to the amount of activity in that
pathway (i.e., thicker arrows = increased activity, thinner arrows = decreased
activity). This figure was adapted from Meshul ez al. (1992) and includes
information from several additional sources (Fallon and Moore, 1978;
Nakanishi et al., 1987; Alexander and Crutcher, 1990; Kawaguchi et al., 1990;
Smith and Bolam, 1990; Gerfen, 1992). Abbreviations: CD, caudate; DYN,
dynorphin; ENK, enkephalin; EPN, entopeduncular nucleus; GP, globus
pallidus; SNc, substantia nigra pars compacta; SN, substantia nigra pars

reticulata; SP, substance P; STN, subthalamic nucleus.
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basal ganglia will be reviewed, followed by an overview of dysfunction caused

by DA deafferentation.

rganization of the B nglia: An rview

The basal ganglia is a collection of diverse nuclei which function to
control the planning and generation of voluntary movement (Graybiel, 1990).
Dysfunction within this pathway plays an important role in the generation of
symptoms in several human disorders, including Parkinson's disease,
Huntington's disease, and the tardive diskinesia seen following neuroleptic
treatment. Regulation of this extrapyramidal motor loop occurs via two
striatal output systems, the direct and indirect pathways, which act in
parallel to control the excitatory thalamocortical input to the striatum
(Figure 1A). The direct pathway consists of striatal output neurons which
send projections to both the substantia nigra pars reticulata and
entopeduncular nucleus. In contrast, the indirect output pathway consists of a
separate circuit with neurons projecting, in turn, to the globus pallidus (GP),
subthalamic nucleus, and substantia nigra pars reticulata. Neurons in the
entopeduncular nucleus and substantia nigra pars reticulata then send
afferents to the thalamus and brainstem.

Under resting conditions striatal neurons are quiescent while the
output stations (GP, substantia nigra pars reticulata and entopeduncular
nucleus) are tonically active and inhibit the thalamus and brainstem. Thus,
the overall output signal of the basal ganglia is inhibitory during rest.
Immediately preceding movement, DA release in the striatum results in the
activation of the direct pathway and inhibition of the indirect pathway, with
the overall effect being the disinhibition of the thalamus and brainstem,

12



leading to the initiation of movement (Chevalier and Deniau, 1990; Gerfen,
1992). Overactivity of the striatopallidal pathway under resting conditions,
resulting in decreased thalamocortical feedback (Figure 1B), may interfere
with the generation of movement and underlie parkinsonian symptoms
(Miller and DeLong, 1987; Albin et al., 1989; Klockgether and Turski, 1989;
Mitchell et al., 1989).

Neurochemistry of the Striatal Qutput Pathways

Most neurons in the striatum (90-95%) are glutamate decarboxylase
(GAD)-positive medium spiny neurons (Wilson and Groves, 1980; Penny et al.,
1986; Gerfen, 1992), while the remaining cells are aspiny somatostatin or
cholinergic interneurons (Gerfen, 1984; Gerfen et al., 1987). These medium
spiny neurons receive synaptic inputs from both local and extrastriatal
neurons containing a variety of neurotransmitters (Figure 2). Of importance
are the inhibitory y-aminobutyric acid (GABA) synapses that arise from other
medium spiny neurons, primarily as collaterals from the striatal projection
cells and/or local interneurons (Somogyi et al., 1981; Smith and Bolam, 1990).
These inhibitory afferents form symmetrical synapses with the cell bodies
and dendritic shafts of medium spiny neurons (Smith and Bolam, 1990) and
play an important role in mediating striatal output.

The primary striatal output pathways (direct and indirect) are
comprised of separate but equal numbers of GAD-positive medium spiny
neurons (Gerfen, 1992) that can be distinguished from each other on the basis
of neuropeptide content and DA receptor populations (Izzo et al., 1987).
Output neurons projecting to the GP via the indirect pathway are enkephalin

(ENK) rich and are inhibited by dopaminergic input via D2 receptor
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Figure 2. Synaptic organization of inputs to striatal medium spiny neurons.
Note that GABA inputs synapse upon the soma and dendritic shafts while
cortical inputs synapse exclusively upon spines. This figure was modified
from Figure 3 in Smith and Bolam (1990). Abbreviations: DYN, dynorphin;
ENK, enkephalin; EPN, entopeduncular nucleus; GP‘, globus pallidus; SN,

substantia nigra pars compacta; SNr, substantia nigra pars reticulata: SP,

substance P.
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stimulation (Figure 1). In contrast, output neurons projecting to the
entopeduncular nucleus and substantia nigra pars reticulata via the direct
pathway are dynorphin and substance P rich, and are excited by dopaminergic
input via D1 receptor stimulation (Alheid and Heimer, 1988; Gerfen and
Young, 1988; Gerfen et al., 1990). In addition to DA-mediated release, the
synthesis of the GABA co-localized peptides is also under the influence of
dopaminergic activity. DA inhibits ENK synthesis but stimulates both
substance P and dynorphin synthesis (Gerfen et al., 1990; Gerfen et al., 1991;
Nisenbaum et al., 1994). Similarly, when DA is removed ENK synthesis
increases while substance P and dynorphin synthesis is inhibited (Young et
al., 1986; Gerfen, 1992).

Postmortem studies of tissue taken from patients with Parkinson's
disease have found increased GAD activity in the substantia nigra pars
reticulata (Javoy-Agid et al., 1981) and increased GABA content in the
putamen (Perry et al., 1983). In addition, there is evidence for increased
GABA release in GP in Parkinson's disease (Tossman et al., 1986; Segovia
and Garcia-Munoz, 1987). Together, this evidence points to a basic
dysfunction of the GABAergic striatal output system following a loss of DA
neurons. Therefore, much emphasis has been placed on identifying GABA
dysfunction in the chronic DA-depletion animal models of Parkinson's disease
(le., 6-OHDA and MPTP). Because the GABAergic striatal output pathways |
can be distinguished on the basis of neuropeptide content, studies examining
ENK, dynorphin and substance P content and function have led to important
insights into the complex changes that occur in the functional circuitry of the

basal ganglia following DA deafferentation.
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Effects of DA Deafferentation On GABAergi m

Similar to changes seen in Parkinson's disease, GABA content,
synthesis, and stimulated release are enhanced in both the striatal and GP
output neurons following 6-OHDA treatment (Segovia and Garcia-Munoz,
1987: Lindefors et al., 1989; Gerfen et al., 1991; Kincaid et al., 1992). In
addition, metabolic and electrophysiological evidence indicates increased
activity in striatopallidal neurons following DA removal (Schultz and
Ungerstedt, 1978; Wooten and Collins, 1981; Pan and Walters, 1988;
Mitchell et al., 1989). These changes are generally found 3-4 weeks following
destruction of the nigrostriatal tract and may be very long-lasting (Table II).
Although increased GABA activity has been found both within the
caudate/putamen (CD) and GP (i.e., the indirect pathway), altered GAD levels
in the substantia nigra (i.e., the direct pathway) are not always seen (Vincent
et al., 1978; Segovia and Garcia-Munoz, 1987). In fact, GAD activity within
the other target of the direct pathway, the entopeduncular nucleus, is actually
decreased by 38% one month following DA loss (Segovia and Garcia-Munoz,
1987). This evidence supports the proposed differential effect that DA loss
would have on the striatal output pathways in that 6-OHDA-induced lesions
appear to increase GABA output to the GP and decrease GABA output to the
substantia nigra pars reticulata and entopeduncular nucleus, resulting in an
overall decrease in thalamocortical activity (Figure 1B) (Greenamyre, 1993).

Several studies have found that the neuropeptides within the direct
and indirect pathways are also differentially regulated following DA
deafferentation (Table III). Such alterations are confined to the medium spiny
neurons since peptide markers of aspiny interneurons remain unaffected by

DA loss (Thal et al., 1983). As would be predicted by the
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inhibitory influence DA has on ENK production, increases in GABA levels
following DA removal are paralleled by increases in ENK synthesis and
content (Vernier et al., 1988). 6-OHDA-induced lesions result in a more than
doubling of striatal ENK levels starting 2 weeks after destruction of DA

" neurons and lasting at least 2 months. Although some evidence suggests that
GABAergic function does eventually return to basal levels, increased ENK
activity can last out to a year following DA loss (Schultz and Ungerstedt,
1978; Thal et al., 1983; Voorn et al., 1987; Vernier et al., 1988).

Ingham et al. (1991) found that the area of striatal ENK-
Immunopositive presynaptic boutons was increased by greater than 50% four
weeks following a 6-OHDA-induced lesion. In addition, the length of the
active zone, which may be correlated with an increased probability of
neurotransmitter release, was larger in ENK-immunopositive profiles. ENK
immunoreactive boutons were also larger and more numerous within the GP
of DA denervated rats (Ingham et al., 1997). Together with the neurochemical
evidence of enhanced ENK content and synthesis, these morphological
changes suggest that more neurotransmitter may be released per nerve
terminal following DA deafferentation. These effects appear to occur
specifically within the striatopallidal projection neurons. In contrast, the
biosynthesis and striatal levels of substance P and dynorphin are decreased
or unchanged in the CD and substantia nigra pars reticulata following DA
depletion (Pettibone and Wurtman, 1980; Voorn et al., 1987; Lindefors et al.,
1989; Graybiel, 1990). Additional evidence suggests that stimulated release
of substance P is also decreased in striatonigral neurons (Lindefors et al.,
1989). These 6-OHDA-induced changes in ENK and substance P are in

agreement with the opposing influence that nigrostriatal dopaminergic
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afferents have on striatal output pathways. DA loss induced by 6-OHDA or
MPTP decreases the firing rate of the D1 receptor/substance P mediated
direct pathway (Miller and DeLong, 1987; Mitchell et al., 1989) and increases
the firing rate of the D2 receptor/ENK mediated pathway (Pan and Walters,
1988; Mitchell et al., 1989). The overall result is overactivation of the
subthalamic nucleus and inhibition of the thalamus and brainstem (Figure
1B), possibly leading to tremor and rigidity characteristic of Parkinson's
disease (Gerfen, 1992; Gerlach and Riederer, 1996).

DA Deafferentation Alters Glutamatergic Systems

In contrast to the clear-cut changes in GABA systems seen following 6-
OHDA, the effects of DA loss on excitatory glutamate pathways are somewhat
contradictory in nature (Table IV). Loss of the nigrostriatal DA input to the
CD would theoretically result in the disinhibition (i.e., increased activity) of
the indirect pathway, and decreased excitation (i.e., decreased activity) of the
direct pathway, leading to increased GABA release within the motor
thalamus (Figure 1). Although acute GABA release within the thalamus
would be expected to decrease activation of the corticostriatal pathway,
chronic administration of GABA within the motor thalamus has been shown
to increase basal levels of extracellular glutamate within the CD (Meshul et
al., 1996), suggesting that long-term increases in GABA input to the
thalamus may actually lead to an enhancement of corticostriatal activity. In
fact, basal glutamate levels within the CD, measured by in vivo microdialysis,
are enhanced one month following 6-OHDA administration (Calabresi et al.,
1993; Meshul et al., 1997). In addition, there is an increase in the percent of

asymmetrical synapses containing a perforated postsynaptic density
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(Meshul et al., 1997), an increase in the length of the active zones associated
with asymmetrical synapses (Ingham et al., 1991), and a small but significant
decrease (5-10%) in [3H]glutamate binding to N-methyl-D-aspartate (NMDA)
receptors (Weihmuller et al., 1993). This evidence indicates that an increase
in the activity of excitatory synapses within the CD can vbe found 1 month
following DA deafferentation.

Not all studies agree with the hypothesis that DA loss increases
corticostriatal activity. Binding of [H3]glutamate or [H3]MK-801 to NMDA
receptors two or more months following 6-OHDA treatment has been reported
to either increase or decrease relative to unlesioned control animals (Porter et
al., 1994; Wiillner et al., 1994a). In addition, Meshul et al. (1997) have
reported a complete reversal of extracellular glutamate levels (from increased
to decreased) and a shift in the density of presynaptic glutamate
immunoreactivity (from decreased to increased) that occurs between 1-3
months following 6-OHDA-induced lesion. Other studies suggest that there
may be a loss of corticostriatal glutamatergic input 1 month following DA
deafferentation. Medium spiny neurons within the CD show an overall
decrease in the number of dendritic spines within the neuropil and a
concurrent decrease in the number of spines per length of dendritic shaft
(Ingham et al., 1993). Although increases in the length of active zones of
asymmetrical synapses have been reported, these asymmetrical terminals do
not show increased size following a 6-OHDA-induced lesion (Ingham et al.,
1991; Meshul et al., 1997). Itis possible that although some synaptic
reorganization occurs, remaining glutamatergic terminals show higher levels
of activity. Such studies, however, suggest that the effects of DA loss on

glutamate activity are both complicated and dynamic. Initial compensatory
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increases in corticostriatal activity may be responsible for the fast behavioral
recovery (i.e., reversal of anorexia, adipsia, and akinesia) that occurs within
the first 2 weeks post-lesion in rodents, while longer term decreases in

glutamate activity parallel changes seen in Parkinson's disease.

Effects of Amphetamine and MA on GABAergic and Glutamatergi m

Studies of MA toxicity have concentrated on the source of DA loss, as
opposed to the lasting effects that such damage can incur. As such, there are
few reports describing MA's effects on GABA or glutamate systems. There is,
however, evidence that MA may initially damage non-dopaminergic profiles.
Ryan et al. (1990) reported that chronic administration of high doses of
amphetamine (20-60 mg/kg/day for 3 days) induced the degeneration of glial,
terminal, and axonal profiles in the CD, somatosensory cortex, and motor
cortex of rats. The degenerating nerve terminals were associated with both
symmetrical and asymmetrical synapses, indicating that destruction of non-
catecholaminergic transmitter systems may have occurred.

MA and amphetamine activate both the GABAergic output pathways
and the excitatory corticostriatal loop, indicating that the entire
extrapyramidal motor circuit may be involved in psychostimulant-induced
activation and toxicity. As such, administration of MA or amphetamine
enhances extracellular striatal levels of both GABA (Porras and Mora, 1993)
and glutamate (Nash and Yamamoto, 1992) as measured by in vivo
microdialysis. Administration of MA increases the immunoreactivity for
peptides associated with GABA synapses, also indicating activation of
GABAergic striatal neurons. Although MA induces increased expression of
preproenkephalin mRNA only within the CD (Wang and McGinty, 1996), both
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substance P and dynorphin immunoreactivity are enhanced in the substantia
nigra, entopeduncular nucleus, and CD 18 hrs after MA treatment (10-15
mg/kg every 6 hrs for 4-6 doses) (Ritter et al., 1984; Hanson et al., 1987). We
have found that 12 hours following MA administration (5 mg/kg every 2 hrs
for 4 doses), presynaptic immunogold labeling of glutamate in the
ventrolateral caudate (VLCD) and motor cortex is transiently decreased
(Burrows and Meshul, 1997). Eisch et al. (1996) reported that this same dose
of drug resulted in a loss of NMDA binding sites only within the ventral and
lateral regions of the CD. These changes were present 1 week, but not 1
month, following MA treatment and were attributed to regulatory responses
that occur following augmented glutamate release.

These changes in GABA and glutamate functions support the
hypothesis that MA treatment leads to an overall activation of the
extrapyramidal motor circuitry, but it is not known how long these changes
last or how these changes correlate with DA loss. Evidence indicates that MA
treatment resulting in approximately a 50% loss of striatal DA content alters
corticostriatal function for at least 1 week. In contrast, administration of MA
at a dose known to induce DA loss (15 mg/kg every 6 hrs for 5 doses) does not
alter striatal GAD activity in tissue where tyrosine hydroxylase activity is
decreased by 50% (Hotchkiss et al., 1979). Daily injections of 5.4 mg/kg
amphetamine for 45 days does increase GAD activity within the substantia

nigra, but the effect of this dose on DA levels is not known (Perez-de la Mora
et al., 1990).
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Effects of a Partial or Severe Lesion on DA Function

Compensatory presynaptic changes within the nigrostriatal DA system
that are known to occur following 6-OHDA treatment include increased
synthesis, metabolism, and fractional release of DA in remaining terminals
(Agid et al., 1973; Hefti et al., 1980; Altar et al., 1987). In general, it is
believed that the loss of the majority of DA terminals is required for these
compensatory changes to occur. For example, Robinson et al. (1990) reported
that MA or 6-OHDA treatment resulting in less than 80% loss of DA content
had no effect on basal extracellular levels of DA or on DA release that
occurred in response to a MA challenge. Similarly, increases in DA synthesis
following 6-OHDA do not occur unless DA loss exceeds 60% (Hefti et al., 1980),
and MA-treated animals with only 30-50% loss of striatal DA content do not
have altered DA metabolism (Ricaurte et al., 1982; Nash and Yamamoto,
1992; Nash and Yamamoto, 1993). Compensatory increases in DA turnover
(ratic of dihydroxyphenyl Acetic Acid (DOPAC) to DA) and upregulation of D2
receptors following amphetamine or MA have both been reported in animals
with larger DA depletions (Ritter et al., 1984; Fields et al., 1991; Bowyer et al.,
1993). If changes in non-dopaminergic pathways are part of the array of
compensatory changes that occur following DA loss, then long-term
alterations in GABAergic and glutamatergic systems may not occur in MA-
treated animals with only a partial DA loss. However, changes in morphology
and immunocytochemistry have only been examined in animals presumed to
have severe DA depletions. It is not known what alterations, if any, occur
following a partial lesion.

In addition to induction of a partial (=50%) lesion within the
nigrostriatal DA system, there is evidence for recovery from MA-induced DA
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loss (Table I). As an example, Melega et al. (1997b) reported the gradual
recovery of fluoro-DOPA uptake (a measure of DA synthesis) following MA
administration in monkeys. DA synthesis was decreased by 70% after 1
month, 45% after 6 months, 20% after 12 months, and had control levels of
fluoro-DOPA uptake 24 months following MA exposure. Coupled with the
lack of midbrain DA cell loss usually reported (Ricaurte et al., 1980; Seiden
and Ricaurte, 1987; Di Monte et al., 1996), this evidence suggests that DA
terminals lose their catecholamine phenotype at least temporarily. The loss
of terminal function may result in compensatory changes that differ from the
effects of the physical loss of DA terminals and cell bodies. In addition,
recovery of presynaptic DA content may preclude any compensatory changes

that may occur following long-term DA loss.

D. Rationale: Approaches for Identifying MA-Induced Alterations

Use of pre-embedding immunocytochemistry has demonstrated that 6-

OHDA lesions result in a qualitative increase in ENK immunoreactivity at
the light microscopic level, and altered morphology of ENK immunoreactive
boutons at the electron microscopic level Ingham et al., 1991; Ingham et al.,
1993; Ingham et al., 1997). Although pre-embedding immunocytochemical
analyses can provide qualitative information regarding where neurochemical
alterations occur, and can indicate the direction of these modifications, the
degree to which these changes occur cannot be accurately assessed. A
quantitative technique employing post-embedding colloidal-gold
immunocytochemistry allows for the detection of subtle changes in the density
of neurotransmitter immunoreactivity within presynapﬁc terminals. Using

these methods, primary antibodies raised against the amino acid
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neurotransmitters glutamate and GABA can be used to quantify changes in
presynaptic immunoreactivity following drug treatment. Ji et al. (1991) found
that gold particles are enriched over synaptic vesicles, and reported a strong
correlation between particle density and synaptic vesicle density within
immuno-labeled nerve terminals. Similarly, we have generally found that
gold-particles not associated with synaptic vesicles account for less than 10%
of terminal immunoreactivity Meshul et al., 1997; Burrows, unpublished
observation). For these reasons, changes in presynaptic immunoreactivity are
believed to reflect changes in the vesicular neurotransmitter pool, as opposed
to the cytosolic (or metabolic) pools of amino acids.

Recent evidence gained using this immunocytochemical technique
suggest that the density of presynaptic glutamate and GABA
immunoreactivity are differentially regulated within the striatum one and
three months following a 6-OHDA-induced lesion (Meshul et al., 1997). These
data correlate with biochemical studies and indicate that the enhancement of
GABA function may be related to increased presynaptic neurotransmitter
levels as suggested by an increase in nerve terminal immunoreactivity. In
addition, these data have added to the evidence suggesting changes in
corticostriatal excitatory activity may be due to alterations in the morphology
and neurotransmitter content of presynaptic boutons (Meshul ez al., 1997), as
well as to a decrease in the number of available postsynaptic targets Ingham
et al., 1993).

It is likely that long-lasting regulatory changes in striatal GABA and
glutamate following MA or amphetamine treatment have not been reported
because of the relative intactness of the DA system (i.e., = 50% of DA content

remaining). By selectively examining the density of presynaptic GABA and
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glutamate immunoreactivity using ultrastructural immunocytochemistry, we
were able to detect subtle changes in nerve terminal amino acid content that
may not be measurable in gross tissue homogenates or by examination of the
tissue at the light microscopic level. Such shifts in neuronal transmitter
deﬁsity may be involved in compensatory activities that allow for the
maintenance of function. In addition, the technique allows for morphological
analysis of boutons with identified neurotransmitter content. Nerve terminal
changes that can be measured using this technique include altered terminal
area, and the size and type of synaptic contact. Identification of
morphological alterations can provide important insights into understanding
how biochemical modifications may affect synaptic structure and function, as
can be seen in recent studies characterizing such ultrastructural changes
following DA deafferentation (Ingham et al., 1991; Ingham et al., 1993; Ingham
et al., 1997; Meshul et al., 1997).

As discussed above, 6-OHDA-induced lesions of the nigrostriatal
pathway result in biochemical, histochemical and morphological alterations
in non-dopaminergic profiles. Although long-term changes in the
dopaminergic system following MA treatment have been well characterized,
alterations in non-dopaminergic systems are less well understood. These
experiments were designed to test the hypothesis that high-dose MA
treatment, known to deplete striatal DA content, results in altered
presynaptic immunoreactivity of two of the major neurotransmitter systems
associated with basal ganglia function. Furthermore, these studies tested the
hypothesis that neurochemical changes are only found in animals with severe
DA loss, and that they are not the result of prolonged hyperthermia alone. In

particular, the GABAergic and glutamatergic systems were studied since
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these are known to be altered by DA deafferentation. The specific aims of this
study were to 1) quantify characterize the effects of MA administration on the
synaptic morphology and the density of nerve terminal immunoreactivity for
the excitatory neurotransmitter glutamate, and the inhibitory
neurotransmitter GABA, within three regions of the basal ganglia, 2)
determine if these neurochemical and morphological changes are transient or

long-lasting, and 3) investigate the role of hyperthermia in MA toxicity.

MATERIALS AND METHODS

A. General Methods

To insure that MA administration resulted in a severe DA depletion
lasting at least one month, a high dose of MA (15 mg/kg) was given repeatedly
over a 24 hour period (every six hours for four doses). This dose regimen
induces the most dramatic decreases in DA content (Table I) and tyrosine
hydroxylase activity (Morgan and Gibb, 1980; Ritter et al., 1984; Robinson et
al., 1990; Johnson et al., 1994), and had a much lower mortality rate
compared to other doses examined (25 or 50 mg/kg every 12 hrs) in which
almost all animals died following 1-3 injections (Burrows, unpublished
observation).

The severity of MA-toxicity is also dependent upon the age of the
animal: neonatal and 1 month old rats show no toxicity, 2 month old rats
show moderate toxicity, and 3 month old rats show severe toxicity (Lucot et
al., 1982; Taraska and Finnegan, 1995). Animals older than 6 months do
show severe toxicity, but also have very high mortality rates (60-100%
mortality following 5-16 mg/kg MA every 2 hrs for 4 doses; Lucot et al., 1982;
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Taraska and Finnegan, 1995; Burrows and Meshul, 1996). To maximize DA
depletion while minimizing the lethal effects of MA, all rats used in these
studies were between 3 and 4 months of age.

Most measures of MA toxicity (i.e., DA levels, tyrosine hydroxylase
immunohistochemistry, etc.) cannot be measured in the same animals
examined for electron microscopy because of the manner in which the tissue is
processed for ultrastructural examination. MA-induced hyperthermia
correlates with DA depletion (Bowyer et al., 1992; Bowyer et al., 1994) and can
be used as an independent measure of toxicity. Therefore, animals used in
the immunocytochemical and morphological analyses had their core body
temperature monitored throughout MA administration. In order to
demonstrate conclusively that the dose and schedule of MA administration
used in these studies did induce neurotoxicity, catecholamine content was
assessed in an identically treated group of rats. In addition, these animals

also had their core body temperatures monitored in order to have a measure

that could be directly compared across groups.

B. Subjects and Drug Administration
Male Sprague-Dawley rats (Harlan, 350-400 g, age 3 months) were

housed, 2 animals per cage, in clear plastic shoe boxes with corncob bedding.
Animals were maintained on a 12 hr light/dark cycle (lights on at 6:00 am)
with food and water available ad libitum throughout the experiments. Room
temperature was 22 + 1°C for all experiments. MA was dissolved in 0.9%
saline at a concentration of 15 mg/ml. All animals received 4 injections (each
6 hours apart) of either MA (15 mg/kg s.c.) in normal saline or an equivalent

volume of vehicle. Rectal temperatures were measured every 30 min for 5 hrs
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following each injection using an RET-2 copper-constantan (type T)
thermocouple rectal probe (Physitemp Instruments, Inc.) and a TH-8
thermalert thermometer (Sensortek, Inc.).

Rats (n = 150) were randomly assigned to 1 of 4 treatment groups.
Rats in the SAL group (n = 24) were given normal saline at room temperature
(22°C). The METH group (n = 65) was given MA at room temperature (22°C)
and allowed to become hyperthermic. Bowyer et al. (1994) has reported that
cooling animals whose body temperature exceeds 41.3°C results in a
significant decrease in mortality rates without preventing DA loss. Therefore,
if core body temperature exceeded 41.3°C, animals were cooled by placing
them in an empty shoe box seated over wet ice for 20-30 min. This usually
resulted in a 2-3°C drop in core body temperature. Animals in the HOT group
{n = 31) were given normal saline and had their cages placed on a heating pad
in an incubator (ambient temperature 28-30°C). The heating pad was turned
on/off to manipulate body temperature in order to match the levels of
hyperthermia experienced by the animals in the METH group (range of
bedding temperature was 26-50°C, mean = 34.8°C). When rectal
temperature exceeded 41.3°C, rats in the HOT group were cooled exactly like
the METH group. Rats in the COLD group (n = 30) were given MA at room
temperature (22°C) but prevented from becoming hyperthermic. If rectal
temperature exceeded 38.5°C, animals were cooled by being placed in an
empty shoe box seated over wet ice for 20-30 min.

Severe depletion of striatal DA is known to induce anorexia and
adipsia (Singer and Armstrong, 1976; Jicha and Salamone, 1991). In
previous studies it was noted that some drug treated animals remained

severely dehydrated and died 2-3 days post-MA. Therefore, body weight was
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monitored daily for 4 days following drug treatment, then once each week
until killed. If animals appeared lean and/or dehydrated they were treated
with 4 ml normal saline with 5% dextrose i.p. and/or 2-3 ml Ensure brand diet
supplement by gavage tche daily for 2-4 days. In addition, these animals
were offered fruit-flavored gelatin and wet cat food in order to encourage

eating.

C. Ultrastructural Immunocytochemistry

One or four weeks after drug treatment, animals were anesthetized
with 1 ml/kg rat cocktail (5% ketamine, 2% xylazine, 1% acepromazine) and
perfused intracardially with fixative (2.5% glutaraldehyde, 0.5%
paraformaldehyde, and 0.1% picric acid in 0.1 M HEPES pH 7.3). This
process rapidly fixes the brain by cross-linking proteins and was necessary in
order to ensure excellent preservation of the tissue. Additionally, since the
primary antibodies were raised against glutaraldehyde-glutamate (or GABA)
conjugates, a high glutaraldehyde content was required for optimal
immunolabeling. Following perfusion, brains were removed and placed in cold
fixative overnight (12-17 hrs). Tissue was prepared according to the procedure
of Meshul et al. (1994). Brains were washed three times for 30 min each in
HEPES buffer. Brain slices (400 mm) were cut using a vibratome. Pieces of
tissue, approximately 1 mm square, from the DLCD, VLCD, and GP (Figure
3) were dissected and washed in cold HEPES buffer. Sections were placed
into a 1% osmium tetroxide solution with 1.5% potassium ferricyanide for 30-
60 min at room temperature. Tissue was washed 4 times in deionized
filtered water and placed into 0.5% aqueous uranyl acetate for 30 min at room

temperature. Tissue was dehydrated through an increasing series of
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Figure 3. Diagram illustrating the regions excised for immvunocytochemical
analysis. Tissue (approximately Imm?2) was taken from the DLCD (1), VLCD
(2), and GP (3). Adapted from the atlas by Paxinos and Watson (1986), plates
12 (AP +1.60 mm from bregma), 15 (AP +0.70 mm from bregma), and 22 (AP
-0.92 mm from bregma).
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ethanols, cleared in propylene oxide, and polymerized in Embed 812/Spurr for
no longer than 24 hrs at 60°C.

Post-embedding immuno-gold electron microscopy was performed
according to a modification of the method by Phend et al.(1992). Thin sections
(approximately 90-100 nm, light gold interference color) were cut and placed
on 200 mesh nickel grids coated with a solution from a Coat-Quik "G" pen
(Kiyota International; Elk Grove Village, IL). The sections were allowed to air
dry for 3-5 hrs and washed in TBST, pH 7.6 (0.05 M Tris, with 0.9% NaCl and
0.1% Triton X-100). Grids were then transferred to the primary antibody
solution (rabbit polyclonal glutamate Ab 1:250,000 with 1.0 mM aspartate,
or rabbit polyclonal GABA Ab 1:7000) and incubated overnight in a moist
chamber at room temperature. Both antibodies have been previously
characterized (Hepler et al., 1988). Grids were washed 3 times (2 X 5 min,
then 30 min) in TBST, pH 7.6 and then washed for 5 min in TBST, pH 8.2.
Sections were incubated for 1.5 hrs in the secondary antibody (goat anti-
rabbit IgG conjugated to 10 nm gold; diluted 1:50 in TBST, pH 8.2). Grids
were washed twice in TBST, pH 7.6, followed by deionized water. Sections
were allowed to dry overnight at 60°C. The sections were then counterstained
with uranyl acetate followed by lead citrate on an Ultrastainer (Leica Inc.,
Foster City CA). Pre-absorption controls demonstrating the specificity of
immunolabeling using these antibodies have been previously described
(Meshul et al., 1994).

Ten photomicrographs (initial magniﬁcation X25,000), taken randomly
throughout the neuropil were analyzed for each animal. GABA-
immunolabeled presynaptic terminals contained round or pleomorphic

vesicles and formed symmetrical synaptic contacts with dendritic shafts or
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cell bodies (Smith and Bolam, 1990). Glutamate-immunolabeled boutons
contained multiple small clear round vesicles and formed asymmetrical
synaptic contacts. In the rat, glutamate afferents of corticostriatal origin
synapse exclusively with dendritic spines, while those of thalamostriatal
origin syn<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>