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Abstract
Administration of high doses of methamphetamine (METH) causes persistent dopaminergic
deficits in both nonhuman preclinical models and METH-dependent persons. Noteworthy,
adolescent (i.e., postnatal day (PND) 40) rats are less susceptible to this damage than young adult
(PND90) rats. In addition, biweekly treatment with METH, beginning at PND40 and continuing
throughout development, prevents the persistent dopaminergic deficits caused by a “challenge”
high-dose METH regimen when administered at PND90. Mechanisms underlying this “resistance”
were thus investigated. Results revealed that biweekly METH treatment throughout development
attenuated both the acute and persistent deficits in VMAT2 function, as well as the acute
hyperthermia, caused by a challenge METH treatment. Pharmacokinetic alterations did not appear
to contribute to the protection afforded by the biweekly treatment. Maintenance of METH-induced
hyperthermia abolished the protection against both the acute and persistent VMAT2-associated
deficits suggesting that alterations in thermoregulation were caused by exposure of rats to METH
during development. These findings suggest METH during development prevents METH-induced
hyperthermia and the consequent METH-related neurotoxicity.
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1. Introduction
In 2009, 1.6 and 2.8% of 8th and 10th graders in the United States, respectively, had used
methamphetamine (METH) illicitly (Johnston et al., 2010). This is of concern, since high-
dose METH administration causes persistent reductions in striatal dopamine content,
dopamine transporter density, and activity of the dopamine synthesizing enzyme, tyrosine
hydroxylase, in rodents (Hotchkiss et al., 1979; Wagner et al., 1980; Guilarte et al., 2003)
non-human primates (Woolverton et al., 1989) and/or humans (Wilson et al., 1996; McCann
et al., 1998; Sekine et al., 2001; Volkow et al., 2001). Mechanisms contributing to these
dopaminergic deficits and their consequences remain a focus of study (for review, see
Yamamoto and Bankson, 2005; Calabrese, 2008; Krasnova & Cadet, 2009; Hanson and
Fleckenstein, 2009). The potential clinical relevance of understanding mechanisms
underlying these deficits is underscored by findings that METH abusers often display
impairment across several neurocognitive domains, including deficits in executive function
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and memory (Gonzalez et al., 2007; Volkow et al., 2001; Simon et al., 2000; Kalechstein et
al., 2003; Scott et al., 2007). At least some METH-induced cognitive deficits appear to
correlate with dopaminergic impairments (Belcher et al., 2008; Daberkow et al., 2005;
Volkow et al., 2001).

Most studies of METH or other amphetamine analogs have utilized adult animal models.
However, given the prevalence of METH use among young people, it is important to
elucidate effects of METH in adolescent models. Accordingly, studies have focused on the
impact of stimulant treatment during adolescence (for review, see Andersen, 2005). For
example, Unterwald and colleagues reported that chronic amphetamine treatment up-
regulates FosB in the nucleus accumbens of periadolescent, but not adult, mice (Erlich et al.,
2002). Vorhees et al. (2005) reported that periadolescent rats are particularly sensitive to
METH-induced sequential and spatial learning deficits compared to adult rats. Further,
Brunell and Spear (2006) reported that high-dose amphetamine treatment disrupts pre-pulse
inhibition in adult, but not adolescent, animals.

Of relevance to the present study, high-dose METH treatment reduces striatal dopamine
levels in PND60, but not PND20, rats (Cappon et al., 1997). Similarly, METH causes a loss
of tyrosine hydroxylase-positive terminals in PND60 and PND80 rats, but not PND40 and
younger rats (Pu and Vorhees, 1993). Additionally, high-dose METH treatment causes long-
term decreases in dopamine transporter activity, tyrosine hydroxylase activity, and binding
of the dopamine transporter ligand, WIN35428, in PND90, but not PND40, rats (Kokoshka
et al., 2000).

Although studies described above indicate that younger rodents are less susceptible to
METH-induced dopaminergic deficits than older animals, these reports do not address
whether METH administration to younger animals alters the pattern of response when
exposed in adulthood. To this end, Riddle et al. (2002) reported that high-dose METH
administration decreases striatal dopamine uptake and dopamine transporter ligand binding
in PND90 rats as assessed 7 d after treatment, effects that were blocked if animals received
six biweekly METH pretreatments beginning at PND40. Both the ability of biweekly
pretreatment to alter acute effects of METH and mechanisms underlying this 7-d
neuroprotection phenomenon remain to be elucidated. Accordingly, the purpose of this study
was to extend previous research to find underlying mechanisms behind this protection.

2. Materials and Methods
2.1. Animals

Male Sprague Dawley rats (PND40–PND90; Charles River, Raleigh NC) were group-
housed initially at 4–5 per cage but were reassigned to 3 per cage in accordance with
IACUC standards with an alternating light/dark cycle (lights on 14 h/day). Food and water
were provided ad libitum. According to endocrine markers of sexual maturity, PND40 and
PND90 rats correlate with early puberty (or adolescence) and early adulthood in animals,
respectively (Ojeda et al., 1980, 1994). Rats were sacrificed by decapitation. All animals
were treated in accordance with the NIH Guide for the Care and Use of Laboratory Animals.

2.2. Injections
Beginning at PND 40, rats received two biweekly injections (s.c.) of either saline (1 ml/kg/
injection) or METH (7.5 mg/kg/injection on consecutive days for 6 weeks) in an ambient
environmental temperature of 23°C. On PD90, rats received either a “binge” METH
treatment (4 × 7.5 mg/kg/injection, 2-h intervals, s.c.) or saline (1 ml/kg/injection, 2-h
intervals, s.c.). Where indicated, core body (rectal) temperatures were measured using a
digital thermometer (Physiotemp Instruments, Clifton, NJ) 30 min prior to the first drug
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treatment and every 30 or 60 min after each treatment with drug or saline. Rats received the
binge METH treatment in ambient environments of 23°C and 25°C in experiments presented
in Figs. 1 and 2, respectively. If an animal’s core temperature reached 41°C during the
METH binge treatment, rats were cooled until their core temperature reached 39.5 °C.

2.3. Drugs and chemicals
[7,8-3H]Dopamine (46 Ci/mmol) was purchased from Perkin Elmer (Boston, MA).
Methamphetamine hydrochloride was furnished by the National Institute on Drug Abuse
(Research Triangle Institute; Research Triangle Park, NC). Drugs were administered as
indicated in figure legends and doses were calculated as the respective free bases.

2.4. Vesicular [3H]DA uptake and methamphetamine/amphetamine concentrations
Vesicular [3H]dopamine (0.5 nM final concentration) uptake was determined as described
previously (Sandoval et al., 2002; Truong et al., 2005; Hanson et al., 2009).
Methamphetamine concentrations were determined by gas chromotography coupled to mass
spectroscopy as described previously (Truong et al., 2005).

2.5. Statistics
All statistical analyses were conducted in SAS 9.2 (Cary, NC, USA). Statistical analyses
among groups for the uptake assays were conducted using analysis of variance (ANOVA),
followed by Newman-Keuls posthoc analyses. Analysis of temperatures were conducted
using a repeated measures ANOVA followed by Newman-Keuls posthoc analyses.
Violations of the sphericity assumption resulted in the use of a Huynh-Feldt correction.
Differences among groups were considered significant if the probability of error was less
than 5%. The data represent means ±standard error of the mean (S.E.M.) of each group
which contained 6 animals.

3. Results
Results presented in Fig. 1 confirm that high-dose treatment with METH, administered in a
pattern designed to mimic a “binge” treatment (referred to herein as a “challenge” METH
treatment; 4 × 7.5 mg/kg/injection, s.c., 2-h intervals), cause both acute and long-term
dopaminergic deficits in PND90 as determined 1 h (Fig. 1A) or 7 days (Fig. 1C) after
treatment by assessing striatal vesicular [3H]dopamine uptake. These METH-induced
dopaminergic deficits were attenuated if rats received biweekly METH treatments beginning
at PND40. Specifically, rats received a single injection of METH (7.5 mg/kg, s.c.) on two
consecutive days, and this biweekly treatment was repeated for six consecutive weeks. One
week after the final treatment (i.e., at a time at which rats had attained the age PND90), rats
received the “challenge” METH treatment. Rats were then decapitated 1 h or 7 days later,
and striatal vesicular [3H]dopamine uptake was assessed. As demonstrated in Fig. 1, the
binge treatment of METH decreased striatal [3H]dopamine uptake by approximately 51.8
and 71.7% in animals pretreated with saline as assessed 1 h or 7 days later, respectively.
This effect was attenuated in rats that received the biweekly METH pretreatment regimen (1
h: F(3,20)=11.71, p<0.05; 7 days: F(3,20)=17.64, p<0.05). Of note, biweekly METH
pretreatment regiment did not lead to mortality during the METH challenge whereas 4.8%
of rats that did not receive METH during adolescence succumbed to the challenge regimen.

To investigate the possibility that pharmacokinetics contributed to the neuroprotective
effects of the biweekly METH pretreatment regimen, whole brain METH concentrations
were assessed from rats. Results revealed that these values did not change as a result of the
pretreatment regimen. Specifically, the respective mean whole brain concentrations of
METH 1 h after binge treatment were 4.537 ng/mg tissue (0.618 S.E.M.) and 5.60 ng/mg

McFadden et al. Page 3

Synapse. Author manuscript; available in PMC 2014 January 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tissue (0.451 S.E.M.) for the saline pretreated/ METH challenged rats and the METH
pretreated/METH challenged rats respectively (t(10)=1.389, ns). Results presented in Fig. 1
demonstrate that in addition to attenuating decreases in VMAT2 function, the biweekly
pretreatment regimen with METH attenuated the METH-induced hyperthermia caused by
the subsequent binge METH administration (1 h: F(12,80)=9.89, p<0.05; 7 days:
F(12,80)=8.67, p<0.05; Fig. 1B and 1D, respectively). However, when hyperthermia was
maintained by administering the challenge regimen in a warm environment (25°C; 1h:
F(12,80)=14.30, p<0.05; 7 days: F(12,80)=14.22, p<0.05; Fig. 2B and 2D, respectively), the
biweekly pretreatment was no longer protective against either the acute or persistent
decrease in VMAT2 function (Fig. 2; 1 h: F(3,20)=20.63, p<0.05; 7 days: F(3,20)=10.81,
p<0.05; Fig. 2A and 2C, respectively). Maintaining hyperthermia by administering a METH
challenge in a warm environment lead to similar mortality in both groups during the
challenge (Saline-treated/METH challenged: 3.8% mortality; METH-treated/METH
challenged: 4.3% mortality).

4. Discussion
As noted above, high-dose METH administration decreases striatal dopamine uptake and
transporter ligand binding in PND90 rats as assessed 7 days after treatment, effects that were
attenuated if animals received six biweekly METH pretreatments beginning at PND40. The
present study confirms these findings using a distinctly different marker of dopaminergic
neuronal integrity: the VMAT2 (Darchen et al., 1989; Brown et al., 2000; Guilarte et al.,
2003). In particular, biweekly METH treatment during adolescence was without effect per
se, but prevented the decrease in VMAT2 activity as assessed 7 days after a high-dose
METH challenge. Biweekly treatment also attenuated the hyperthermic response to a
challenge METH treatment. However, when the challenge METH treatment was
administered in a warm environment such that hyperthermia was maintained in all METH-
pretreated rats, the protection afforded by the biweekly pretreatment was eliminated. These
findings demonstrate the importance of hyperthermia and are consistent with previous
findings that attenuation of hyperthermia per se, or as a consequence of antagonist pre-
treatment, attenuates both acute and persistent dopaminergic deficits caused by METH
(Bowyer et al., 1993; Albers and Sonsalla, 1995; Farfel and Seiden, 1995; Fleckenstein et
al., 1997; Metzger et al., 2000; Broening et al., 2005; Chu et al., 2008; Hadlock et al., 2009;
Hadlock et al., submitted).

In addition to serving as a marker of dopaminergic neuronal integrity, deficits in VMAT2
function can contribute to the persistent dopaminergic deficits caused by the stimulant, as
evidenced by findings that such deficits are worsened in heterozygous VMAT2 knockout
mice (Fumagalli et al., 1999). Further, treatment with the VMAT2 inhibitor, reserpine,
worsens the dopaminergic deficits caused by METH (Wagner et al., 1983; Thomas et al.,
2008). Deficits in VMAT2 function likely promote abnormal intraneuronal dopamine
accumulation that, in turn, promotes formation of intraneuronal dopamine-associated
reactive species that contribute to the persistent dopaminergic deficits caused by METH
(Cubells et al., 1994; for review, Fleckenstein et al., 2009).

Given the contribution of VMAT2 to the persistent dopaminergic deficits caused by METH,
the impact of biweekly pretreatment of the stimulant was assessed. Results confirmed
previous findings that a challenge METH treatment rapidly decreases the activity of this
transporter, as assessed 1 hour after treatment in non-synaptosomal membrane-associated
vesicles purified from treated rats (Brown et al., 2000; Sandoval et al., 2002). Biweekly
METH treatment attenuated the acute decreases in the activity of this transporter following a
METH challenge while having no effect on transport function following a saline challenge.
Thus, these data are consistent with the premise that the acute deficits in VMAT2 function
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may contribute to the persistent dopaminergic deficits caused by the challenge METH
administration.

Of interest are findings that when hyperthermia was maintained in METH-challenged rats,
protection against the acute decrease in VMAT2 function was largely abolished. This
protection is seemingly consistent with findings by Eyerman and Yamamoto (2005) in that
prevention of METH-induced hyperthermia likewise prevents the acute decrease in VMAT2
immunoreactivity caused by a challenge administration of the stimulant. Thus, one
interpretation of these data would be that as with the persistent deficits in VMAT2 function,
hyperthermia contributes to the acute decreases, perhaps by promoting reactive species
generation (Fleckenstein et al., 1997, LaVoie and Hastings, 1999). However, Johnson-Davis
et al. (2004) demonstrated that prevention of METH-induced hyperthermia per se did not
prevent the acute decrease in VMAT2 function caused by a high-dose METH regimen. This
latter finding permits speculation that the attenuation of hyperthermia afforded by the
biweekly treatment may not have contributed to protection against the acute deficits in
VMAT2 function, and other mechanisms underlie this phenomenon.

Some studies suggest that pretreatment of rats with various dosing regimens of METH
affords protection against its persistent monoaminergic deficits by altering the
pharmacokinetics of the stimulant. For example, Gygi et al. (1996) demonstrated that an
escalating dose regimen of METH affords neuroprotection against the serotonergic deficits
caused by a subsequent METH challenge. Further, this escalating dose regimen also alters
the brain/plasma METH ratio consequent to the challenge thereby indicating a role for
pharmacokinetics (but see also O’Neil et al., 2006). In contrast, the present data support
previous findings (Riddle et al., 2002) that brain METH concentrations did not differ
between METH-challenged rats that received the biweekly pretreatment and those that did
not. Although these data are limited in that METH levels were only assessed at a single time
point and altered pharmacokinetics cannot be excluded absolutely, these results suggest that
alterations in brain METH levels did not contribute to the neuroprotective effects afforded
by the biweekly METH pretreatment.

In conclusion, the present findings reveal that treatment of METH during development
attenuates the persistent dopaminergic deficits caused by the stimulant. Both an attenuation
of hyperthermia and the loss of VMAT2 function likely contribute to this phenomenon.
Future research will explore possible underlying mechanisms behind the attenuation of
hyperthermia and VMAT2 deficits in the rats treated with METH throughout development
by examining the role of D1 and 5HT2 receptors, receptors demonstrated to play a role in
METH-induced hyperthermia (Doyle & Yamamoto, 2010; Shioda et al., 2010). In addition,
promoting METH-induced hyperthermia increases permeability of the blood-brain-barrier
and thus promote brain edema, neuronal degeneration and glial cell damage (Bowyer & Ali,
2006; Kiyatkin et al., 2007; Bowyer et al., 2008; Sharma & Kiyatkin, 2009). The impact of
METH treatment throughout development on these processes will also be an important
future direction.
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Figure 1.
Rats were designated to receive a single injection of METH (7.5mg/kg, s.c.) or saline
vehicle (1 ml/kg, s.c.) on two consecutive days weekly for six consecutive weeks. One week
after the final treatment (i.e., at a time at which rats had attained the age PND90), rats
received four injections of METH (7.5 mg/kg/injection, s.c., 2-h intervals as indicated by the
arrows) or saline vehicle (1 ml/kg, s.c.). Rats were decapitated 1 hour (panels A and B) or 7
days (panels C and D) later. Vesicular dopamine uptake deficits and core body temperatures
were significantly attenuated in rats given METH during development when a four-injection
METH challenge was given. *Values for saline pretreated/METH challenged (saline/
METH) rats are significantly different from METH pretreated/saline challenged controls
(METH/saline) and saline pretreated/saline challenged controls (saline/saline; p < 0.05).
#Values for METH pretreated/METH-challenged (METH/METH) rats significantly differ
from saline challenged controls (METH/saline and saline/saline; p<0.05). ^Values for the
METH/METH group significantly differ from the saline/METH and saline/saline groups (p
< 0.05). Data are expressed as means ± SEM.
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Figure 2.
Rats were treated identically as described in the legend to Fig. 1 except that rats received the
4-injection METH regimen in a warm environment (25 °C). Rats were decapitated 1 hour
(panels A and B) or 7 days (panels C and D) later. The warm environment resulted in similar
core body temperatures in rats given the 4-injection METH regimen regardless of the
pretreatment given during development (panels B and D) and similar reductions in vesicular
uptake (panels A and C). *Values for saline pretreated/METH challenged (saline/METH)
and METH pretreated/METH challenged (METH/METH) rats are significantly different
from METH pretreated/saline challenged controls (METH/saline) and saline pretreated/
saline challenged controls (saline/saline; p < 0.05). #Values for the saline/METH group
significantly differ from all other groups (p < 0.05). Data are expressed as means ± SEM.
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