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Recovery from methamphetamine induced long-term nigrostriatal
dopaminergic deficits without substantia nigra cell loss
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Abstract

After administration of methamphetamine (METH) (232 mg/kg, 6 h apart) to vervet monkeys, long term but reversible dopaminergic
deficits were observed in both in vivo and post-mortem studies. Longitudinal studies using positron emission tomography (PET) with the

11dopamine transporter (DAT)-binding ligand, [ C]WIN 35,428 (WIN), were used to show decreases in striatal WIN binding of 80% at 1
week and only 10% at 1.5 years. A post-mortem characterization of other METH subjects at 1 month showed extensive decreases in
immunoreactivity (IR) profiles of tyrosine hydroxylase (TH), DAT and vesicular monoamine transporter-2 (VMAT) in the striatum,
medial forebrain bundle and the ventral midbrain dopamine (VMD) cell region. These IR deficits were not associated with a loss of VMD
cell number when assessed at 1.5 years by stereological methods. Further, at 1.5 years, IR profiles of METH subjects throughout the
nigrostriatal dopamine system appeared similar to controls although some regional deficits persisted. Collectively, the magnitude and
extent of the dopaminergic deficits, and the subsequent recovery were not suggestive of extensive axonal degeneration followed by
regeneration. Alternatively, this apparent reversibility of the METH-induced neuroadaptations may be related primarily to long-term
decreases in expression of VMD-related proteins that recover over time.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction not provided direct evidence for the loss of nerve terminals
and/or their corresponding substantia nigra cell bodies.

The neurotoxic effects of methamphetamine (METH) on Moreover, studies that have included determination of cell
the striatal dopamine system are often characterized by loss after neurotoxic METH exposure have not unequivo-
long-term reductions in tyrosine hydroxylase (TH), the cally established the correlate between substantia nigra cell
dopamine transporter (DAT), vesicular monoamine loss and long-term METH-induced deficits. For example,
transporter-2 (VMAT) and dopamine (DA) levels decreases in substantia nigra cell number have been shown
[4,19,27,46,47,55,69]. These deficits persist from weeks in in the mouse [26,57] and not the rat [55] but neither study
rodents to several years in humans [32] and non-human used unbiased stereological methods that are considered
primates [71] and, accordingly, have been attributed to essential for obtaining accurate cell number estimates
neurodegeneration. However, those results generally have [41,68]. Nonetheless, long-term striatal dopaminergic defi-

cits have generally been attributed to degeneration of
striatal axonal terminals with an apparent sparing of cell
bodies [47,53,59]. In this instance, the implicit supposition
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[34–37], we showed that acute METH administration 2.2. METH administration
protocols (2 doses of 2 mg/kg; 4 h apart) produced striatal
dopamine deficits similar to those previously characterized Doses were calculated as methamphetamine HCl (40
as long-term METH neurotoxicity in both rodents and mg/ml) dissolved in 0.9% saline and filter-sterilized [37].
non-human primates [37,51,52,58,61,65]. However, further The animals were singly housed during the METH ad-
characterization of those long-term METH effects with ministration periods. Subjects (n55) were administered

186-[ F]fluoro-L-DOPA (FDOPA)-PET showed that an es- METH i.m., 232 mg/kg, 6 h apart. After 2 days, the
sentially complete recovery of DA synthesis capacity animals were returned to their outdoor enclosures for the
occurred over 8 months. Recently, an analogous recovery duration of the study.
phenomenon for the striatal dopamine system has also
been reported in rodents given neurotoxic doses of METH 2.3. Sacrifice and perfusion
[6,18]. Generally, this recovery pattern has been attributed
to degeneration / regeneration of striatal nerve terminals METH subjects were sacrificed at 1 month (n52) and
and/or compensatory collateral sprouting from residual 1.5 years (n53; range 1.3–1.6 years) post-METH for
terminals. By inference, the reversibility of the METH- immunohistochemical analysis. The animals were initially
induced changes was necessarily contingent on the pre- anesthetized with ketamine (10 mg/kg, i.m.) and then
servation of residual nigrostriatal axons and ventral mid- deeply anesthetized with pentobarbital (50–75 mg/kg,
brain dopamine (VMD) cell body integrity. i.v.). After Heparin Sodium (2000 units i.v.) was injected,

In the present study, we obtained further evidence for the animals were transcardially perfused with 0.1 M
this phenomenon of reversible METH-induced dopa- phosphate-buffered saline (PBS), pH 7.3, followed by a
minergic deficits. In longitudinal PET studies on individual fixative solution (4% paraformaldehyde and 0.25%

11subjects, the magnitude of [ C]WIN 35,428 (WIN) bind- glutaraldehyde in PBS). Upon removal, the brain was
ing decreases was assessed in striatum at 1 week and the oriented dorsal surface down in a polypropylene block
extent of subsequent recovery at 1.5 years. In other METH with the supraorbital plane serving as the horizontal plane
subjects, METH IR-profiles of TH, DAT and VMAT were of reference. This plane was parallel to the anterior-
characterized at 1 month post-METH in the VMD cell posterior commissure line [16,23] so that the rostral tips of
region, the medial forebrain bundle (MFB) projecting from the temporal lobes defined two points in a coronal dissec-
the VMD, and in the striatum. Those studies were intended tion plane that could be used for intersubject comparison.
to establish if the striatal decreases in WIN binding Perfused brain coronal blocks (0.5 cm thick) were placed
extended throughout the nigrostriatal dopamine pathway in a post-fixative for 24 h, a cryoprotectant solution for
and whether other indices of dopamine system integrity 7–10 days and then stored at 2108C. Cryostat sections (30
were also decreased. This regional analysis was again mm) were obtained at 2168C (Reichert-Jung Fridgicut
conducted at 1.5 years to determine the extent of recovery 2800) and stored in vials as free-floating libraries at
in those parameters in subjects whose PET studies at that 2108C in 30% (v/v) ethylene glycol and 30% (w/v)
time had shown significant striatal WIN-binding increases. sucrose in 0.1 M PBS.
Lastly, to establish whether VMD cell loss was associated
with this profile of METH-induced neurotoxicity, cell 2.4. Imaging and image analysis
numbers were determined in VMD regions.

Microscopy and imaging were performed with an
Olympus BX-60 fluorescent microscope equipped with an
XYZ programmable motorized stage (Ludl Electronic

2. Methods Products Ltd., Hawthorne, NY; Media Cybernetics, Silver
Spring, MD) and a black-and-white digital camera con-

2.1. Subjects nected to a computer equipped with supporting software
(CRI-Inc., Boston, MA). ImagePro-Plus software version

Subjects (n510) were adult male vervet monkeys 3.01.00 (Media Cybernetics, Silver Spring, MD) was used
(Cercopithecus aethiops sabaeus) (5 METH-treated, 5 for image analysis.
controls); age 5–8 years, 6–9 kg. Prior to the study, the

¨subjects were drug-naıve and group-housed except during 2.5. Immunohistochemistry
the METH administration time period. In previous studies,
we established that METH exposure for this age and All sections from METH and control tissues were
weight range produced similar results for this METH immunostained in batches with identical antibody, sub-
dosage [35,37]. Animal care was in accordance with the strate concentrations and incubation times (overnight for
Guide for Care and Use of Laboratory Animals (National the primary antibody). For TH, sheep anti-TH polyclonal
Institutes of Health publication 865-23, Bethesda, MD). antibody (Pel-Freez, Rogers, AR) at 0.025 mg/ml antibody
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concentration (1:2,000) was used. In preliminary studies, caudal portions of the mamillary bodies past the region of
various substrate controls were used to evaluate non- the oculomotor (3rd) nerve, and (4) the SNc-caudal ventral
specific binding. With the primary antibody removed, the tier, from its first appearance in the caudal regions of the
remainder of the immunostaining protocol did not generate oculomotor nerve to its disappearance in the caudal SN.
specific immunoreactivity. Non-specific binding and serum The division of the SNc into rostral dorsal and caudal
blocking steps were not required. Sections were developed ventral tiers is consistent with that delimited for the human
with a Vector Elite ABC Kit (ABC) (Vector Labs, Rich- SNc [24] and characterized by the relative extent of
land, CA). The secondary antibody and ABC were diluted calbindin-IR (VTA ..SNc) [33] (similar calbindin-IR
to 1:300, incubation time for both steps was 60–90 min. profiles were also obtained in the vervet monkey, un-
Sections were visualized using diaminobenzidine (DAB) published observations).
(0.2 mg/ml) (Sigma, St. Louis, MO) with nickel (Ni)
enhancement (6 mg/ml nickel ammonium sulfate tetrahy- 2.7. WIN 35,428 and WIN-PET studies
drochloride); development time, 15 min. For DAT, a serum
blocking step was performed using 3% normal rat serum WIN-PET scans were conducted as previously described
before the primary incubation with anti-DAT monoclonal [35]. Briefly, 1 mCi /kg WIN was injected and a quantita-
antibody (Chemicon, Temecula, CA) (1:20,000); secon- tive index of striatal WIN binding, the influx rate constant
dary antibody/ABC 1:400, 60–90 min; DAB-Ni, 20 min. (Ki) value, was derived from multiple time graphic
For VMAT, a serum blocking step was also performed (3% analysis of PET data acquired between 20 and 80 min
normal goat serum) before the primary incubation with the [44,45].
rabbit anti-VMAT polyclonal antibody (Chemicon;
Temecula, CA) (1:5000), the secondary antibody/ABC
(1:400), 60–90 min; DAB-Ni, 15 min. For GFAP, rat 3. Results
anti-GFAP monoclonal antibody (Zymed Laboratories, So.
San Francisco, CA) at 0.13 mg/ml antibody concentration 3.1. Immunohistochemistry
(1:7500);secondary antibody/ABC 1:400, 60–90 min;
DAB-5 min. Sections were slide-mounted and allowed to In the striatum at 1 month post-METH, a heterogeneous
dry overnight and then dehydrated in ethanol followed by pattern of IR deficits was observed for dopaminergic
Hemo-D xylene substitute and cover-slipped. phenotypic proteins as shown by sparing of IR in the

ventromedial accumbens region relative to the decreases in
2.6. Cell counts the lateral and dorsal caudate and putamen (Fig. 1).

Overall, IR loss was greater for DAT than for either TH or
Following protocols described by West [67], VMD cell VMAT and without apparent heterogeneity of effect. All

number estimates were obtained using unbiased stereologi- phenotypic protein IR recovered to near control levels by
cal methods. Briefly, ventral midbrain regions containing 1.5 years post-METH. The IR loss and subsequent re-
the VMD cells were dissected out and serially sectioned covery is shown in representative coronal sections that

ththrough the extent of the structure. Every 10 section was compare IR of striatal sections of controls and METH
immunostained for TH and then counterstained with subjects at 1 month and 1.5 years (Fig. 1). These patterns
Pyronin Y. The dual stain resulted in a distinctive red / of deficits were assessed in two different striatal sections:
brown color for identification of all TH-positive cell in an anterior section that contained the nucleus accumbens
bodies. An area sampling grid (227 mm spacing) was then (shown in Fig. 1), and at the level of the lentiform nucleus
applied to the coronal sections which included the entire and caudal striatum (data not shown).
extent of the VMD cell region. All grid points which fell In the VMD cell region, there was also an extensive loss
within the boundaries of the VMD cells were sampled and subsequent recovery of phenotypic protein IR after
using the Optical Fractionator approach [22] using a METH. As in the striatum, there was a gradient of effect
thickness /height ratio of 1.5 (mean section thickness for TH- and VMAT-IR losses: decreases in dorsomedial
obtained by averaging all sections sampled). Summed VMD cell region (which projects to the accumbens and
‘tops’ counts were obtained for each ventral midbrain ventromedial striatum) were relatively less than those in
subregion cell number estimate (N). To assess potential the ventrolateral region. DAT-IR loss (shown for a repre-
regional losses within the ventral midbrain, cell counts sentative plane containing VMD cells in Fig. 2) was
were obtained for four subregions: (1) the ventral tegmen- relatively greater than that for either TH- or VMAT-IR and
tal area (VTA) (entire rostrocaudal extent), (2) the re- without heterogeneity of effect. All three phenotypic
trorubral area and pars lateralis region (RR/PL) were protein IR profiles were similar to control values at 1.5
combined due to insufficient ‘tops’ counts for each region years, suggestive of extensive recovery.
independently, (3) the substantia nigra pars compacta In addition to the loss of phenotypic protein IR in the
(SNc)-rostral dorsal tier, from its first appearance near the VMD neuropil, METH also effected an apparent loss of IR
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Fig. 1. Tyrosine hydroxylase (TH), dopamine transporter (DAT), and vesicular monoamine transporter-2 (VMAT) immunoreactivity (IR) in striatum for a
control (left) and METH subjects after 1 month (middle) and 1.5 years (right).

within VMD cell bodies (Fig. 3A–C). However, visible covered by 1.5 years in terms of both area and intensity of
changes in cell morphology (cell body profile or size IR response (Fig. 5; data shown for TH-IR only).
changes, swelling or beading of dendritic processes, vac-
uole formation) or Nissl staining characteristics (assessed 3.2. Cell counts
with cresyl violet) were not detected at either 1 month or
1.5 years post-drug (Fig. 3D–F). The majority of TH-positive cells in the VMD cell

Throughout the striatum, the METH exposure resulted region (Table 1) were contained within the dorsal and
in large increases in GFAP-IR. At 1 month post-drug, cells ventral tiers of the SNc (64%) with the remainder in the
with typical astrocyte morphology intensely immuno- VTA (20%) and RR/PL (16%). Cell counts were similar
stained for GFAP throughout the rostro-caudal extent of for control and 1.5 year post-METH subjects. The apparent
the striatum (accumbens, caudate, and putamen) (Fig. 4). absence of TH-positive cell body loss after METH was
By 1.5 years post-METH, these increases were not ob- observed in all subregions. In the caudal ventrolateral SNc,
served although GFAP-IR was still visibly greater than that cell number estimates were slightly lower than those in
in controls. controls but this difference was not significant (P.0.1). In

Dopamine phenotypic protein immunostaining of the preliminary studies of VMD cell integrity at 1 month
MFB (Fig. 5) was observed in coronal sections of the post-METH, a loss of VMD cell profile counts was not
rostral VMD cell region (seen as an ‘eyebrow’) from detected even though protein IR was markedly decreased
below the thalamus past the mamillary bodies to the level (data not shown). However, at that time point, quantitation
of the caudal hypothalamus where it ascended dorsally of VMD cells was not conducted because decreases in
toward the pallidum and striatum. TH-, DAT- and VMAT- their TH-IR precluded the unambiguous identification
IR in the MFB was greatly reduced at 1 month post-METH needed for accurate cell counts [42]. Further, determination
through this rostro-caudal extent and had distinctly re- of similar cell counts in METH and control subjects at that
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Fig. 2. DAT-IR in the ventral midbrain dopamine (VMD) cell region where the ventral tegmental area, and both dorsal and ventral tiers of the substantia
nigra-pars compacta are present for a control (A), and a METH subject after 1 month (B), and 1.5 years (C). METH effected a loss of DAT-IR throughout
the VMD cell region at 1 month that recovered to near control levels at 1.5 years.

23time point would not have provided conclusive evidence 10 ; n56) [35]. These decreases were similar to results
23 24for the absence of METH-induced cell degeneration in- from previous studies (4.0310 , S.D. 5.5310 ; n53).

sofar as VMD cell death following neurotoxic lesions may All 3 METH subjects received WIN-PET scans at 1.5
be a protracted process over several weeks or months [3]. years post-drug. (range 1.3–1.6 years). Their mean Ki

22 23Therefore, unbiased stereological counts were conducted at value of 1.8310 (S.D. 1.0310 ) was similar to the
1.5 years post-METH, when any cell loss subsequent to the referent values above and was suggestive of DAT recovery
acute METH exposure would have been completed. (Fig. 6).

3.3. WIN-PET results

At 1 week post-METH, 2 of the 3 METH subjects for 4. Discussion
the long-term recovery study received WIN-PET scans to
establish that the magnitude of WIN binding decreases was Nigrostriatal DA system alterations after METH expo-
comparable to that observed previously with a similar sure have been characterized in various animal species and
METH dose protocol [35]. Multiple time graphic analysis in humans by both in vivo and post-mortem studies.
was used to obtain influx rate constant (Ki) values to Generally, in rodents, administration of METH doses
provide an index of WIN binding to the DAT. The 1 week between 0.1 and 2 mg/kg (‘low dose’) [52,66] have been

23post-METH Ki values for these subjects were 4.8310 associated with behavioral effects but not neurotoxicity. In
23and 3.1310 which corresponded to |75–85% decreases contrast, multiple METH doses between 4–10 mg/kg

22relative to previous referent values (2.0310 , S.D. 4.03 (‘high dose’), have resulted in a reduction of DA con-
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Fig. 3. TH-IR in the ventral midbrain dopamine (VMD) cell region for a control (A), and a METH subject after 1 month (B) and 1.5 years (C). Note the
loss and subsequent recovery of immunostaining within VMD cell bodies and associated dendritic arbor. Cell morphology of VMD cell bodies, as shown
by Cresyl violet–Nissl staining, of the METH subjects after 1 month (E) and 1.5 years (F) was similar to that for a control subject (D) (scale bar520 mm).

centrations and DA system-related proteins [49,61]. In apart) resulted in nigrostriatal dopamine system deficits.
addition, ‘high dose’ METH and other substituted amphet- Specifically, the results of the PET study at 1 week
amines [1,47] have resulted in fiber swelling, decreases of suggested apparent decreases in striatal DAT availability
fine fiber density, and an increased number and size of while the immunohistochemical study at 1 month post-
varicosities (beading) of both dopaminergic and serotoner- METH showed decreases in DA phenotypic markers.
gic projection fibers [40,56]. An apparent recovery of Additionally, at that time point, increases in GFAP im-
serotonergic fibers has been observed after doses of munoreactivity and morphological changes were observed
neurotoxic methylenedioxymethamphetamine [12], how- in astrocytes. Generally, these glial alterations are promi-
ever, for most of these studies, the irreversibility of the nent among a range of reactive gliosis responses to CNS
neuronal deficits was not established. traumatic brain injury [39] that are typically associated

In non-human primate studies, ‘high dose’ METH with a breach of the blood–brain barrier or drug-induced
dosage protocols have resulted in neurotoxicity as char- neurotoxic insults, e.g., MPTP, 6-hydroxydopamine (6-OH
acterized by extensive striatal DA system deficits DA), and METH [15,21]. The precise function of this
[49,50,54]. Interestingly, longitudinal studies after chronic GFAP response remains unclear but it may reflect in-
METH [71] or amphetamine [36] dosing regimens of creased metabolic demands placed on subpopulations of
10–14 days showed that those decreases either partially or activated astrocytes, or a response to the presence of
fully recovered over time. Recently, it has been demon- cellular breakdown products consequent to impaired neuro-
strated that even relatively lower METH dosages (0.5–2 nal function. This type of gliosis can persist for weeks to

¨mg/kg), approximating overdose levels in naıve human months or can be permanent as astrocytes are incorporated
users, resulted in decreases of WIN 35,428 and tetra- into a glial scar which fulfills some structural support role
benazine binding, and dopamine concentrations in striatum function [8]. In our studies, the GFAP-IR was prominent at
[35,48,63]. Further, the striatal deficits induced by these 1 month but greatly diminished at 1.5 years although at
lower METH dosage protocols were shown in PET studies that time it was still above control levels.
to be reversible [34,35]. Thus, both ‘high’ and ‘low’ dose’ Collectively, the observed deficits in TH-, DAT-, and
METH protocols in non-human primate studies have VMAT-IR in the striatum, MFB and substantia nigra at 1
resulted in a range of dopaminergic deficits that were month can be considered as supportive evidence for
reversible. nigrostriatal degeneration. But such an interpretation also

The results of our present studies have shown that a requires additional consideration of the PET and post-
METH administration protocol of 232 mg/kg METH (6 h mortem results that showed recovery of those parameters
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Fig. 4. GFAP-IR of astrocytes in striatum for a control (A), and a METH subject after 1 month (B) and 1.5 years (C). The extensive increase in GFAP-IR
observed at 1 month was markedly reduced at 1.5 years although still greater than control levels (scale bar540 mm).

at 1.5 years. That is, if the decreases observed at 1 month also migrate appropriately into the striatum from the VMD
are to be associated with nigrostriatal degeneration, then cell region.
the subsequent PET and IR-increases become attributable Further, if nigrostriatal degeneration had occurred, it
to nigrostriatal regeneration, insofar as the IR decreases may have resulted in at least a partial loss of VMD cells.
were observed throughout the nigrostriatal pathway. How- To address the possibility of VMD cell death being
ever, the tenability of a degeneration hypothesis to account associated with the striatal dopaminergic alterations, we
exclusively for the observed results is weakened by the obtained stereologically-based cell counts on VMD nuclei
necessary supposition of axons that not only regenerate but from long-term recovered METH and control subjects. The
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Fig. 5. TH-IR in a coronal section through the rostral ventral midbrain dopamine cell region and medial forebrain bundle in a control (A) and a METH
subject after 1 month (B) and 1.5 years (C). The immunoreactivity loss in the lateral portions of the MFB (arrows) at 1 month showed significant recovery
at 1.5 years.

Table 1
Estimates of subregional ventral midbrain dopamine cell numbers, as obtained by unbiased stereological methods, were similar for control and METH
subjects after 1.5 years

Substantia nigra TH-positive cell number estimates — by region

Control METH % Control

Mean S.D. % CV Mean S.D. % CV
aVTA 29,785 5599 18 VTA 33,731 1158 3 113

bRR/PL 24,989 3401 13 RR/PL 24,653 2077 8 99
cDMPC 45,181 1789 4 DMPC 46,419 1054 2 103

dVLPC 53,381 2397 4 VLPC 50,854 2688 5 95
Total 153,336 10627 7 Total 155,657 6372 4 102

a VTA5ventral tegmental area.
b RR/PL5retrorubral field /pars lateralis combined estimate.
c DMPC5dorsomedial pars compacta.
d VLPC5ventrolateral pars compacta.
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11Fig. 6. PET images (summed activity between 60 and 90 min) are represented for the horizontal plane of striatum with the highest [ C]35,428 WIN
binding of a referent monkey (left) and a METH subject at two time points. WIN binding for the METH subject, as indexed by changes in the influx rate
constant (K ), was decreased by 80% at 1 week (middle) and by ,10% at 1.5 years (right) relative to referent values.i

similar results that were obtained for the two groups did after METH-induced increases in extracellular DA con-
not provide support for even a limited VMD cell loss centrations [5,7,25,28,31].
component. Thus, it was apparent that the striatal deficits Presently, our results suggest that multiple mechanisms
characterized at 1 month did not progress to VMD cell of neurotoxicity are initiated by METH’s pharmacody-
loss, as has been observed for the protracted time course of namic actions. For example, the greater effect by METH
nigrostriatal degeneration induced by 6-OH-DA in rodents on DAT (a neuronal membrane protein) versus that on TH
[2,11,20,60] and by MPTP in monkeys [43]. Rather, it is and VMAT (cytosolic and vesicle-associated proteins
likely that in our study, the preservation of VMD cell respectively) and the regional differences in responsivity to
integrity was a critical factor that allowed for the apparent METH may be related to relative differences in the levels
recovery of the dopamine system. of neurotoxic factors or to abundances of METH-sensitive

Nonetheless, it could still be argued that degeneration of moieties on proteins in the axonal projections. It should be
axonal terminals in striatum occurred as has been char- noted that in some regions of caudate and putamen at 1.5
acterized for serotonergic terminals after parachloroam- years, DA phenotypic protein IR did not appear to return
phetamine exposure [70]. However, from our results a fully to pre-drug control levels in terms of either observed
similar conclusion of exclusive ‘terminal’ loss could not be staining intensity or fiber density. Also, in the VMD cell
inferred since we showed IR deficits that extended from region, IR decreases, although relatively minor, were
the striatum to the VMD cells. Therefore, based on our consistently observed, indicating that some long-term
data, we propose an alternative hypothesis for the re- effects persisted within its dendritic arbor. This type of
versibility of the dopaminergic deficits. Namely, METH recovery suggests that compensatory mechanisms aimed at
exposure resulted primarily in long-term decreases of DA restoring function were activated, although the nigrostriatal
phenotypic protein expression rather than a frank loss of system may be now more vulnerable to further deficits
nigrostriatal terminals. These effects may have been due to promoted by oxidative stress or other neurotoxicants
a corresponding down-regulation of mRNA levels. Evi- [5,30]. Lastly, our results do not exclude some degree of
dence in support of METH affecting neurotransmitter METH-induced striatal terminal degeneration since spe-
protein expression has been previously shown in rodents cific assays for determination of neuronal degeneration
by decreases in TH and VMAT mRNA levels after METH were not conducted (e.g., anterograde labeling of DA
[72]. Likewise, analogous regulatory responses have been nigrostriatal tracts [9,10], or silver staining [29]).
demonstrated after trauma to the brain in which the time The use of these results and prior studies of animal
course of increases and decreases in GFAP expression models of METH toxicity to interpret the consequences of
were paralleled by corresponding changes in GFAP mRNA human METH abuse has remained tenuous for many years,
levels [39]. It may also be that vulnerability of transcrip- primarily due to the absence of human data for com-
tion pathways to reactive oxygen species (ROS) resulted in parison. But recently, a post-mortem study of human
a long term alteration in protein expression. Previously, METH abusers characterized various striatal deficits that
short-term, reversible changes in DAT-ligand binding and were similar to those previously shown in animal studies,
uptake rates, and the activities of some monoamine e.g., decreases in striatal WIN-binding (20–50%) and
synthesis enzymes [13,14] have been attributed to ROS dopamine concentrations (40–50%) [69]. However, the
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Hoffer, T. Mahalik, 6-hydroxydopamine induces the loss of thedecreases in the human study were not attributed to nerve
dopaminergic phenotype in substantia nigra neurons of the rat: aterminal loss because VMAT levels were not corre-
possible mechanism for restoration of the nigrostriatal circuit

spondingly reduced. At present, VMAT integrity is consid- mediated by glial cell line-derived neurotrophic factor, Exp. Brain
ered an index of neuronal degeneration since its levels are Res. 111 (1996) 1–7.

[4] J.F. Bowyer, R.R. Holson, Methamphetamine and amphetamineapparently less susceptible to regulation or alterations by
neurotoxicity, in: L.W. Chang, R.S. Dyer (Eds.), Handbook ofpharmacological manipulation [17,38,62]. Accordingly,
Neurotoxicology, Marcel Dekker, Inc, New York, 1995, pp. 845–

without VMAT loss, those data have been interpreted as 870.
evidence for the preservation of neuronal vesicles and the [5] J. Cadet, C. Brannock, Free radicals and the pathobiology of brain

dopamine systems, Neurochem. Int. 32 (1998) 117–131.terminals that contained them and, therefore, it was
[6] W. Cass, M. Manning, Recovery of presynaptic dopaminergicconcluded that nigrostriatal degeneration had not occurred.

functioning in rats treated with neurotoxic doses of metham-It should be noted that those results [69] represent one
phetamine, J. Neurosci 19 (1999) 7653–7660.

study of METH abusers who died within 24 h from the [7] J. Cubells, S. Rayport, G. Rajendran, D. Sulzer, Methamphetamine
effects of METH or from other causes. However, these neurotoxicity involves vacuolation of endocytic organelles and

dopamine-dependent intracellular oxidative stress, J. Neurosci. 14post-mortem results have been corroborated, in part, by
(1994) 2260–2271.PET imaging studies of chronic METH abusers in which

[8] M. Eddleston, L. Mucke, Molecular profile of reactive astrocytes1120–30% decreases in striatal WIN and [ C]methyl- implications for their role in neurologic disease, Neuroscience 54
phenidate binding were measured [32,64]. Thus, extant (1993) 15–36.

[9] A. Eisch, J. Marshall, Methamphetamine neurotoxicity: dissociationresults of both post-mortem and in vivo studies provide
of striatal dopamine terminal damage from parietal cortical cell bodyevidence that METH-induced neuroadaptations occur in
injury, Synapse 30 (1998) 433–445.

humans. Further PET studies can be used to determine [10] A. Eisch, L. Schmued, J. Marshall, Characterizing cortical neuron
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