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ABSTRACT

While prior studies have established various interacting mechanisms and neural
consequences (i.e., monoaminergic nerve terminal damage) that might contribute to the
adverse effects caused by methamphetamine administration, the precise mechanisms that
mediate relapse during withdrawal remain unknown. This study evaluated the long-term
consequences of binge methamphetamine administration (3 pulses/day, every 3 h, 4 days,
i.p.; dose-response: 2.5, 5, 7.5 mg/kg) in adult Sprague-Dawley rats at two behavioral levels
following 25 days of withdrawal: (1) negative affect (behavioral despair — forced-swim test,
and anhedonia —1% sucrose consumption, two-bottle choice test) and (2) voluntary
methamphetamine consumption (20 mg/l, two-bottle choice test). Striatal and hippocampal
brain samples were dissected to quantify monoamines content by HPLC and to evaluate
neurotoxicity (dopaminergic and serotonergic markers) and neuroplasticity markers (i.e., cell
fate regulator FADD) by Western blot. The results showed that methamphetamine
administration induced dose-dependent negative effects during prolonged withdrawal in adult
rats. In particular, rats treated repeatedly with methamphetamine (7.5 mg/kg) showed: (1)
enhanced negative affect — increased anhedonia associated with behavioral despair, (2)
increased voluntary methamphetamine consumption, (3) enhanced neurotoxicity — decreased
dopamine and metabolites in striatum and decreased serotonin in hippocampus, (4) altered
neuroplasticity markers — decreased FADD protein and increased p-FADD/FADD balance
selectively in hippocampus, and (5) higher consumption rates of methamphetamine were
associated with lower FADD content in hippocampus. These results confirm that
methamphetamine withdrawal dose-dependently induced negative affect and decreased

monoamines content, while also increased voluntary methamphetamine consumption and
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suggested a role for hippocampal FADD neuroplasticity in these drug-withdrawal

adaptations.
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INTRODUCTION

The psychostimulant methamphetamine is a widely abused drug (UNODC, 2015) and thus a
major health problem. Although the initial neurobiological mechanisms that underlie the
acute effects of methamphetamine are well understood (i.e., reinforcing effects through
activation of the reward system; e.g., Nestler, 2005), its recreational use is often
characterized by a pattern of repeated frequent drug administrations during a short period of
time (i.e., binge exposure) that likely leads to high dependence rates (e.g., Krasnova and
Cadet, 2009; Moszczynska and Callan, 2017). Methamphetamine interacts in the central
nervous system with monoamine transporter sites with different affinities — with more potent
actions on dopamine (DA) and noradrenaline (NE) release than serotonin (5-HT) (reviewed
in Teixeira-Gomes et al., 2015). The potential for methamphetamine-induced persistent
deficits in monoaminergic systems is well recognized in adult rodents (e.g., Krasnova and
Cadet, 2009; Carvalho et al., 2012). For example, high-dose binge administrations of
methamphetamine decreased DA and its principal metabolites concentrations in striatum
(Ricaurte et al., 1982) as well as 5-HT in hippocampus (e.g., Morgan et al., 1972). Moreover,
there are other well established interacting mechanisms and neural consequences (i.e.,
excitotoxicity, oxidative stress and metabolic compromise) that might contribute to the
known adverse effects caused by repeated methamphetamine (reviewed in Skeinkellner et al.,
2011; Teixeira-Gomes et al., 2015). Interestingly, methamphetamine neurotoxicity is dose-
dependent in experimental animals (see revision, Moszczynska and Callan, 2017) and its
effects can last from days to several months. Moreover, during methamphetamine
withdrawal, many behavioral consequences emerge such as intense drug craving which is

likely linked to the propensity to drug relapse (see revision, Moszczynska and Callan, 2017).
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Although the most prominent behavioral symptoms during long-term methamphetamine
withdrawal are cognitive impairments and negative affect (e.g., behavioral despair,
anhedonia), which are similar to the symptoms of major depressive disorder (Barr et al.,
2002), the precise mechanisms leading to these withdrawal symptoms remain unknown.

The neurotoxic effects of methamphetamine on monoaminergic systems has been proposed
to be mediated, at least in part, by the induction of neuronal apoptosis (see revision,
Krasnova and Cadet, 2009). In particular, methamphetamine-induced neuronal apoptosis has
been linked to stimulation of the FasL/Fas-mediated cell death pathway, such as eliciting the
expression of FasL in striatal neurons and causing cleavage of downstream caspases 8 and 3
(e.g., Jayanthi et al., 2005). However, the regulation of indispensable FADD (Fas-associated
protein with death domain), a cell fate regulator that binds to Fas receptor and mediates either
cell death or survival depending on its phosphorylation state and cellular localization (e.g.,
Alappat et al., 2005) by methamphetamine is unknown. Interestingly, accumulating evidence
suggests that FADD forms have an important role in the pathophysiology of depression
(Garcia-Fuster et al., 2014; Garcia-Fuster and Garcia-Sevilla, 2016), drug addiction (e.g.,
Ramos-Miguel et al., 2012) and cognition (Ramos-Miguel et al., 2017; Herndndez-
Hernéndez et al., 2017), making this multifunctional marker, that could balance cell death
with cell survival and/or plasticity (i.e., p-FADD/FADD balance as a postulated index of
neuroplasticity; Ramos-Miguel et al., 2012), a most relevant candidate for mediating some of
the mechanisms driving methamphetamine withdrawal symptoms.

As the age of methamphetamine exposure seems to be crucial for its neurotoxic outcome
(e.g., Teixeira-Gomes et al., 2015), with adult rats being more susceptible than adolescents

(e.g., Garcia-Cabrerizo and Garcia-Fuster, 2016a), and the dosage regimen and species are
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major variables to the negative drug effects (e.g., Carvalho et al., 2012), this study utilized
adult Sprague-Dawley rats to ascertain the dose-response consequences of methamphetamine
administration. In particular, the effects of binge methamphetamine administration were
evaluated in a dose-dependent manner (2.5, 5 and 7.5 mg/kg, i.p., 3 pulses per day for 4 days)
following prolonged withdrawal at different levels: (1) negative affect (i.e., behavioral
despair and anhedonia), (2) voluntary methamphetamine consumption (i.e., oral self-
administration), (3) ex vivo monoamines content, (4) dopaminergic and serotonergic markers
and (4) dysregulation of FADD protein forms. A preliminary report of a portion of this work
was presented at the 10" FENS Forum of Neuroscience (Garcia-Cabrerizo and Garcia-Fuster,

2016b).

MATERIAL AND METHODS

Animals

This study utilized a total of 47 adult male Sprague-Dawley rats bred at the University of the
Balearic Islands in 2 separate experimental waves (25 and 22 rats respectively), which were
performed in consecutive months and combined for analysis. Rats were housed in controlled
environmental conditions (22 °C, 70% humidity, and 12-h light/dark cycle) with ad libitum
access to a standard diet and tap water in groups of 3 until experimental Day 32 (D32), when
they were housed individually (see Fig. 1a and further experimental details below). Rats were
habituated to the experimenter by being handled for a couple of days prior to any
manipulations. All animal care and experimental procedures complied with the ARRIVE
guidelines (Kilkenny et al., 2010), were conducted according to standard ethical guidelines

(European Communities Council Directive 86/609/EEC and Guidelines for the Care and Use
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of Mammals in Neuroscience and Behavioral Research, National Research Council 2003)
and were approved by the Local Bioethical Committee (UIB-CAIB). All efforts were made

to minimize the number of rats used and their suffering.

Drug treatment

Groups of randomly allocated adult rats (350-400 g) were treated with (+) methamphetamine
hydrochloride (Sigma-Aldrich, MO, USA) following a binge paradigm (dose-response: 2.5, 5
or 7.5 mg/kg, every 3 h, 3 times per day, i.p.) during 4 consecutive days (total of 12 pulses).
The number of rats for each experimental group was as follows: wave 1 (2.5 mg/kg, n=7; 5
mg/kg, n = 6; 7.5 mg/kg, n = 4) and wave 2 (5 mg/kg, n = 9; 7.5 mg/kg, n = 6), thus
rendering a total n of 7, 15 and 10 rats per dose respectively. Control rats received the same
number of saline injections (0.9% NaCl, 1 ml/kg, n = 15 rats total — 8 and 7 per wave) at the
indicated times (see Fig. 1a). The dose range was chosen based on prior studies in which
methamphetamine induced changes in brain neurochemistry and/or neurotoxicity in Sprague-
Dawley rats (e.g., Teixeira-Gomes et al., 2015; Garcia-Cabrerizo and Garcia-Fuster, 2016a;
Moszczynska and Callan, 2017). Rats were weighted every day during the course of drug
treatment (D1-D4) and were left undisturbed (forced withdrawal) for 25 days prior to any

behavioral testing (see Fig. 1).

Behavioral testing
The effects of prolonged methamphetamine withdrawal were evaluated on negative affect at
two levels: (1) behavioral despair — time spent immobile in the forced swim test (FST) (e.g.,

Barr et al., 2002; Slattery and Cryan, 2017), and (2) anhedonia — sucrose consumption in a
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two-bottle choice test (e.g., Slattery et al., 2007). Finally, drug withdrawal effects on eliciting
oral voluntary methamphetamine consumption were evaluated with a two-bottle choice (e.g.,

Wheeler et al., 2009).

FST

As previously described in detail (Garcia-Cabrerizo et al., 2015), during the pre-test (D31,
see Fig. 1a) each rat was placed in a tank (41 cm high x 32 cm diameter) for 15 min filled
with water (25 £ 1 °C) to a depth of 25 cm. Fresh water tanks were used for each rat and
temperature was monitored constantly. On test day (D32, Fig. 1a), rats were videotaped
while being in the water tank for 5 min. An investigator blind to the experimental groups
scored the videos by measuring the time spent immobile vs. active (climbing and swimming)
utilizing Behavior Tracker software (Version 1.5, CA, USA). Immediately after the FST

(D32, see Fig. 1), rats were single housed for the remaining of the experimental design.

Sucrose consumption

On D35 rats were weighted (Fig. 1a). Then, following a standard protocol (e.g., Slattery et
al., 2007), rats were trained to drink from two water bottles placed on the extreme sides of
the cage for 24 h (D35-36). The next day, one bottle was randomly switched for an identical
bottle but containing 1% of sucrose solution (diluted in tap water), a concentration shown in
a preliminary study to provide a robust but not maximal sucrose consumption per day (dose-
response study: from 0.1-2% sucrose; see Garcia-Cabrerizo and Garcia-Fuster, 2016b), and
was left undisturbed for 24 h (D36-37). Then, bottles were reversed — to avoid bias towards

any one side — and rats were allowed to drink for another 24 h (D37-38). Finally, the bottle
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containing 1% sucrose was replaced with a water bottle and drinking from both bottles was
measured for 24 h (D38-39) before one water bottle was removed from the cage (D39).
Throughout the experiment, all bottles were weighted daily and the amount of sucrose or
water consumed (g) per day was calculated for each rat (i.e., sum of total g of either sucrose

or water consumed every 24 h period: D36-37 and D37-38, and divided by 2 days).

Methamphetamine consumption

On D42 rats were weighted and a second bottle of water was introduced in each cage for 24 h
before the test began (D42-43, Fig. 1a). The next day, one bottle was randomly switched with
a bottle that contained 20 mg/l of methamphetamine solution (diluted in tap water and daily
prepared; Wheeler et al., 2009). This concentration of drinking methamphetamine induced
aversion in naive rats (i.e., preliminary dose-response study: dose range from 5 mg/I to 20
mg/l; see Garcia-Cabrerizo and Garcia-Fuster, 2016b), as methamphetamine is known to
have a bitter flavor and to induce condition taste aversion (Wheeler et al., 2009). Rats were
allowed to drink for a total of 6 days (D43-49) during which bottles were reversed every 24 h
to avoid bias towards any one side. On D49, rats were weighted for the last time (see Fig.
la). Finally, the bottle of methamphetamine was replaced with a water bottle and drinking
from both bottles was measured for 24 h (D49-50) before one bottle was removed from the
cage (D50). All bottles were weighted daily and the amount of voluntary methamphetamine
consumed (g) per day was calculated for each rat (i.e., sum of total g of either
methamphetamine or water consumed every 24 h period: D43-44, D44-45, D45-D46, D46-

47, D47-48 and D48-49, and divided by 6 days).
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Tissue collection

On D51, rats were killed by rapid decapitation and their brains removed for neurochemical
analyses (Fig. 1a). The extracted brains were cut sagittally on an ice-cold plate and the
striatum and hippocampus were freshly dissected from each hemisphere and were
immediately frozen in liquid nitrogen, and stored at -80 °C until further use. The left-side
brain regions were used to evaluate monoamines levels using a High-Performance Liquid
Chromatography (HPLC) assay, while the right-side regions were used for Western blot

analysis (e.g., dopaminergic, serotonergic and neuroplasticity markers).

HPLC

The levels of monoamine neurotransmitters (DA, NE, 5-HT) and metabolites (mainly 3,4-
dihydroxyphenylacetic acid, DOPAC; homovanillic acid, HVA; 5-hydroxyindoleacetic acid,
5-HIAA) were determined on D51 by HPLC as previously described (Moranta et al., 2009).
Before doing so, total protein concentrations (ug) were calculated using a small aliquot for
each sample by BCA assay (Thermoscientific, Rockford, IL, USA). Then, the rest of each
striatal or hippocampal sample was placed individually into cold tubes containing 1 ml of 0.4
M HCIOg4, 0.01% K2EDTA, and 0.1% Na»S20s and then homogenized and centrifuged at
40000 xg for 15 min at 4 °C. The resulting supernatant was filtered with a 0.45 pum syringe
(Spartan-3, Sigma-Aldrich) and various aliquots (10 pl for striatal and 30 pl for hippocampal
samples) were injected into the HPLC system (further details in Moranta et al., 2009). The
compounds were detected electrochemically and the current produced was monitored by use
of an interphase (Waters busSAT/IN Module) connected to a digital PC. The contents of DA,

NE, 5-HT and metabolites in a given sample were calculated by interpolating the
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corresponding peak height into a parallel standard curve using the software Millennium??

(Waters) and corrected by the total amount of protein (ng monoamines/pg of protein).

Western blot

Total homogenates of striatal or hippocampal samples from the right brain hemisphere were
prepared (Garcia-Cabrerizo et al., 2015) and brain proteins (40 pg protein) were resolved by
electrophoresis on 10% SDS-PAGE minigels (Bio-Rad Laboratories, Hercules, CA, USA),
followed by immunoblotting standard procedures (Garcia-Fuster et al., 2007). Membranes
were incubated overnight at 4 °C with the appropriate primary antibody: (1) Santa Cruz
Biotechnology (CA, USA): anti-FADD (H-181) (1:5000; sc-5559), anti-DARPP-32 (H-62)
(1:1000; sc-11365), anti-D2 receptor (H-50) (1:1000; sc-9113), anti-5-HT>c (D-12) (1:500;
sc-17797), anti-5-HT2a (A-4) (1:1000; sc-166775); (2) Cell Signaling (MA, USA): anti-
phospho-Ser191-FADD (1:750; no. 2785), (3) Chemicon International (CA, USA): anti-
phospho-Ser31-TH (1:1000; AB5423); anti-DAT (1:5000; MAB369); and (4) Sigma-Aldrich
(MO, USA): anti-B-actin (1:10000; clone AC-15). The next day, membranes were incubated
with the secondary antibody, horseradish peroxidase-linked anti-rabbit or anti-mouse IgG
(1:5000 dilution; Cell Signaling), immunoreactivity of target proteins was detected with ECL
reagents (Amersham, Buckinghamshire, UK) and the signal of bound antibody was
visualized by exposure (1-60 min) to autoradiographic film (Amersham ECL Hyperfilm).
Autoradiograms were quantified by densitometric scanning (GS-800 Imaging Calibrated
Densitometer, Bio-Rad). The content of target proteins in the striatum or hippocampus of rats
treated with methamphetamine was compared in the same gel with that of control rats. This

procedure was repeated until each sample was quantified at least 3 times in different gels
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(each gel with different samples from all experimental groups). Finally, percent changes in
immunoreactivity with respect to control samples (100%) were calculated for each rat in the
various gels, and the mean value was used as a final estimate. B-actin was used as a loading

control.

Data and statistical analysis

All data were analyzed with GraphPad Prism, Version 6 (GraphPad Software, Inc., San
Diego, CA, USA). Results are expressed as mean values + standard error of the mean (SEM).
For the statistical evaluation of changes in rat body weight a two-way repeated measures
ANOVA followed by Dunnett’s or Tukey’s multiple comparisons tests was used, in which
Treatment (control, 2.5 mg/kg, 5 mg/kg and 7.5 mg/kg of methamphetamine) and Day (D1 to
D42) were treated as independent variables. D49 was not included in the analysis, as rats
from wave 2 were not weighted on that day. When evaluating changes in the FST a two-way
ANOVA (post-hoc Dunnett’s test) was used with Treatment (control, 2.5 mg/kg, 5 mg/kg
and 7.5 mg/kg of methamphetamine) and Behavior (immobile vs. active) as independent
variables. For the two-bottle choice tests, a two-way ANOVA with Treatment (control, 2.5
mg/kg, 5 mg/kg and 7.5 mg/kg of methamphetamine) and Bottle (water vs. 1% sucrose or
water vs. 20 mg/l methamphetamine) as independent variables were used. Multiple t-tests
were utilized to ascertain differences in bottle liquid consumption among treatment groups.
Finally, when evaluating the effects of methamphetamine withdrawal on the content of
monoamines and their metabolites (by HPLC) or on the regulation of neurochemical markers

(by Western blot) a one-way ANOVA (post-hoc Dunnett’s test) was used. Pearson’s
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correlation coefficients were calculated to test for possible association between variables.

The level of significance was set at p < 0.05.

RESULTS

Methamphetamine binge administration dose-dependently induced anorexigenic effects
in rats

As shown in Fig. 1b, methamphetamine administration induced changes in body weight as
demonstrated by a significant Treatment x Day interaction (Fi5215 = 12.23, p <0.001), and an
effect of Treatment (F343 = 21.35, p < 0.001). In particular, post-hoc analysis revealed
reduced weight gain during repeated methamphetamine exposure in a dose-response manner
when compared to control treated rats: doses of 5 and 7.5 mg/kg (D2, D3 and D4, at least *p
< 0.05) and dose 2.5 mg/kg (D4, at least p < 0.05) (Fig. 1b). Moreover there was a significant
effect of Day (Fso1s = 44.47, p < 0.001) suggesting the induction of tolerance to
methamphetamine anorexigenic effects (i.e., smaller change in body weight: D4 vs. D2 for
doses 5 and 7.5 mg/kg; at least p < 0.05, Tukey’s multiple comparisons test; significance not
represented in Fig. 1b). These results agreed with prior data describing the anorexigenic
effects of methamphetamine administration (Carvalho et al., 2012; Steinkellner et al., 2011)
in relation to the dose administered (see Garcia-Cabrerizo and Garcia-Fuster, 2016a for
similar results — dose regimen: 5 mg/kg). Interestingly, the effects of repeated
methamphetamine on body weight did not persist over time, as there were no significant
weight differences following 25 days of withdrawal and during the remaining of the

experimental design (see D35, Fig. 1b), along with the expected increase in food intake to a
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level similar to controls during withdrawal (e.g., Torney and Lasagna, 1960; Kraeuchi et al.,

1984).

Methamphetamine binge administration dose-dependently enhanced negative affect in
rats following prolonged withdrawal

The effects of prolonged methamphetamine withdrawal on inducing negative affect were
evaluated at two levels: (1) behavioral despair (i.e., increased immobility in the FST) and (2)
anhedonia (i.e., decreased sucrose intake by the two-bottle choice test). The results for the
FST (D32) showed that although there was a significant Treatment x Behavior interaction
(F386 =3.94, p = 0.01) and an effect of Behavior (Fi1 36 = 4.45, p = 0.038), there was no effect
of Treatment (F3g6 = 0.01, p > 0.05) (Fig. 2a). On the other hand, the two-bottle choice test
(D36-38, 2 days exposure to 1% sucrose), showed no significant Treatment x Bottle
interaction (Fzgs = 1.66, p = 0.181), no effect of Treatment (F3gs = 0.86, p = 0.465), but
showed a significant effect of Bottle (F13s = 246.8, p < 0.001). Thus, multiple t-tests revealed
that rats treated with 7.5 mg/kg of methamphetamine showed a significant decrease in the
amount (g/day) of 1% sucrose consumed paired with an increase in water consumption (at
least *p < 0.05 for each bottle vs. control rats; Fig. 2b). Additionally, rats treated with 7.5
mg/kg of methamphetamine showed decreased preference for the bottle containing 1%
sucrose (-12 £ 3%, p < 0.001) as measured during the last 24 h of the test (D37-38) (data not
shown). Moreover, Pearson’s correlation coefficients were calculated to test for possible
associations between the two behavioral variables used to measure negative affect (i.e.,

immobility in the FST and g of 1% sucrose consumption per day in the two-bottle choice).



R. Garcia-Cabrerizo and M.J. Garcia-Fuster 15

Interestingly, there was a significant negative correlation between both variables for rats

treated with 7.5 mg/kg of methamphetamine (r = -0.605, n = 10, p < 0.05) (Fig. 2c).

Methamphetamine binge administration dose-dependently elicited voluntary drug
consumption in rats following prolonged withdrawal

The effects of prolonged methamphetamine withdrawal on eliciting voluntary drug
consumption (i.e., increased methamphetamine intake) were evaluated by the two-bottle
choice (D43-49, 6 days exposure to 20 mg/l methamphetamine, Fig. 2d). The results showed
no significant Treatment x Bottle interaction (F392 = 0.41, p = 0.752) and no effect of
Treatment (F3 92 = 2.25, p = 0.088). However, there was a significant effect of Bottle (Fi9, =
15.05, p < 0.001), and multiple t-tests revealed that rats treated with 7.5 mg/kg of
methamphetamine showed a significant increase in the amount (g/day) of 20 mg/l

methamphetamine consumption (at least *p < 0.05 vs. control rats; Fig. 2d).

Methamphetamine binge administration dose-dependently reduced monamines content
following prolonged withdrawal in rat brain

As shown in Fig. 3a, methamphetamine induced dose-dependent significant changes in the
contents of DA (F339 = 6.99, p < 0.001) and its metabolites (DOPAC: F339 = 6.79, p < 0.001
and HVA: F337 =4.02, p = 0.014) in striatum following prolonged withdrawal. In particular,
post-hoc analyses revealed that rats treated with 5 or 7.5 mg/kg of methamphetamine showed
decreased contents for DA, DOPAC and HVA (**p < 0.01 and *p < 0.05 vs. control rats,
Fig. 3a). No changes were observed in the content of 5-HT (F340 = 0.73, p = 0.540) and 5-

HIAA (F3.40 = 0.33, p = 0.327) in striatum (data not shown). When evaluating the effects of
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methamphetamine withdrawal on hippocampus, the results showed dose-dependent
significant changes in the contents of 5-HT (F3 42 = 2.56, p = 0.068), 5-HIAA (F342 =3.25, p
=0.031) and NE (F341 = 3.57, p = 0.022). Post-hoc analyses revealed that methamphetamine
administration decreased 5-HT (*p < 0.05 for dose of 7.5 mg/kg) and NE (*p < 0.05 for dose

of 2.5 mg/kg) when compared to control rats (Fig. 3b).

Methamphetamine binge administration dose-dependently regulated neurochemical
markers following prolonged withdrawal in rat brain

To further evaluate the effects of methamphetamine in rat brain, some key striatal
dopaminergic markers (i.e., D2 receptor, DAT, p-TH and DARPP-32) as well as two
hippocampal serotonergic markers (i.e., 5-HT2a and 5-HT>c receptors) were evaluated by
Western blot. As shown in Table 1, prolonged methamphetamine withdrawal did not induce
significant changes in any of the selected markers in striatum and/or hippocampus (vs.
control-treated rats). However, when evaluating the effects of methamphetamine withdrawal
on the cell fate regulator FADD, there were region-specific changes in FADD protein forms,
with more robust changes observed in hippocampus (Fig. 4). In particular, while a one-way
ANOVA did not detect significant changes in striatum for FADD protein (Fz42 = 0.34, p =
0.793), the analysis was significant for p-FADD (F33s = 3.07, p = 0.039) and p-
FADD/FADD balance (F33s = 2.88, p = 0.048). Yet, post-hoc comparisons did not detect any
significant changes among experimental groups (Fig. 4a-b). On the other hand, when
evaluating the effects of methamphetamine withdrawal in hippocampus, the results showed
significant changes for all protein forms (FADD: F339 = 4.81, p = 0.006; p-FADD: F34; =

5.67, p =0.002; p-FADD/FADD balance: F337 =9.64, p <0.001). Post-hoc analyses revealed
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that rats treated with 7.5 mg/kg of methamphetamine had decreased FADD content and
increased p-FADD/FADD balance (**p < 0.01 and *p < 0.05 vs. control rats; Fig. 4c-d)
during prolonged withdrawal in hippocampus. Moreover, rats treated with 2.5 mg/kg of
methamphetamine showed a significant reduction in p-FADD content (*p < 0.05 vs. control
rats; Fig. 4c-d). Methamphetamine binge administration did not alter the content of B-actin
(F341 = 2.18, p = 0.105), and thus it was used as a loading control (see representative

immunoblots in Figs. 4b and d).

Increased methamphetamine consumption following prolonged withdrawal is
associated with reduced hippocampal FADD protein content

Pearson’s correlation coefficients were evaluated to test for possible associations between
voluntary methamphetamine consumption, the content of brain monoamines and the
regulation of neurochemical markers following prolonged withdrawal. The main results
showed that in rats treated with 7.5 mg/kg of methamphetamine the amount of
methamphetamine consumed during withdrawal negatively correlated with FADD protein

content in hippocampus (r =-0.720,n =9, p = 0.014) (Fig. 5).

DISCUSSION

The main results of this study showed that repeated binge methamphetamine administration
induced dose-dependent negative effects during prolonged withdrawal in adult rats. In
particular, following 25 days of forced withdrawal, rats treated repeatedly with
methamphetamine (7.5 mg/kg) showed: (1) enhanced negative affect — increased anhedonia

associated with behavioral despair, (2) increased voluntary methamphetamine consumption,
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(3) enhanced neurotoxicity — decreased DA and metabolites in striatum and decreased 5-HT
in hippocampus, (4) altered neuroplasticity markers — decreased FADD protein and increased
p-FADD/FADD balance selectively in hippocampus, and (5) higher consumption rates of
methamphetamine during withdrawal were associated with lower FADD content in
hippocampus.

It is well accepted that withdrawal from repeated methamphetamine treatment precipitates in
animals behavioral and physiological symptoms similar to the ones described for major
depressive disorder, such as despair and anhedonia (Barr et al., 2002). In this regard, the
present results showed that binge methamphetamine dose-dependently induced negative
affect in rats during prolonged withdrawal by showing combined increased time spent
immobile in the FST (i.e., a measure of behavioral despair) with reduced sucrose
consumption in the two bottle choice test (i.e., a measure of anhedonia or loss of pleasant
stimulus). Prior experiments showed that withdrawal from many drugs, including
methamphetamine, led to depressive-like behavior (lijima et al., 2013; Ren et al., 2015;
Hajheidari et al., 2015) and anhedonia in rodents (e.g., Koob, 2013). In fact, psychostimulant
withdrawal in rodents has been proposed as a model in which to study depressive-like
behavior (e.g., Barr et al., 2002). In this line of thought, the present results reinforced this
notion, while presented a paradigm to further ascertain the consequences (i.e., rate of
voluntary drug consumption) and/or putative neurochemical correlates (i.e., role of FADD)
associated with methamphetamine withdrawal.

Prior experiments validated the oral route of methamphetamine self-administration (i.e., two-
bottle choice) as a viable alternative to intra-venous (i.v.) self-administration procedures for

investigating the motivational effects to consume the drug (Wheeler et al., 2009). In fact,
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although the absorption of orally administered methamphetamine occurs more slowly in the
intestines (peak plasma levels being reached 180 minutes after dosing; Schepers et al., 2003)
as compared to more rapid routes (i.v.: cerebral circulation in 10-15 seconds; reviewed in
Rawson, 2013), prior studies suggested that oral administration resulted in similar enhanced
levels of use as the i.v. route (Cruickshank and Dyer, 2009). Thus, this study utilized a two-
bottle choice test (20 mg/l of drinking methamphetamine over water; e.g., Shabani et al.,
2016) to ascertain the rate of voluntary drug consumption in methamphetamine-withdrawn
rats. In particular, rats with a history of methamphetamine intake (dose of 7.5 mg/kg) showed
increased voluntary methamphetamine consumption, which suggested either increased
sensitivity to the conditioned rewarding properties of the drug (unlikely due to decreased
general reward sensitivity as measured by decreased 1% sucrose consumption) or
insensitivity to its aversive effects. Similarly, mice bred for high methamphetamine intake, a
genetic selective-breeding model of binge-level drug intake and addiction vulnerability
(Shabani et al., 2016), showed a profound reduction in sensitivity to the aversive effects of
methamphetamine (Shabani et al.,, 2012). In summary, the present results extend recent
reports, which showed increased voluntary oral methamphetamine consumption following 2
weeks of withdrawal (Doyle et al., 2015; Hajheidari et al., 2015), to suggest even more
prolonged effects observed up to 45 days following the last methamphetamine administration
(i.e., from D4 to D49).

In terms of the neurotoxic effects observed in methamphetamine-withdrawn rats, the present
results broaden the prior literature demonstrating drug-induced negative effects in rat brain
(e.g., see revisions, Krasnova and Cadet, 2009; Moszczynska and Callan, 2017) by showing

persistent, long-lasting and dose-dependent decreases in striatal contents of DA (and its main
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metabolites DOPAC and HVA) and decreases in hippocampal 5-HT and NE as measured by
HPLC 47 days after the last exposure to methamphetamine. It is worth mentioning that the
observed decreases in total monoamines (and metabolites) levels are not sufficient to
establish any changes to neurotransmission, as in vivo microdialysis will be the minimum
requisite to understand these effects (e.g., Yamamoto et al., 2017). To further evaluate the
possible molecular mechanisms behind these neurotoxic effects, although the literature in
experimental animals has proven parallel reductions in dopaminergic (e.g., DAT, TH) and
serotonergic (e.g., SERT) markers (see revision, Moszczynska and Callan, 2017), the present
results showed no changes in any of the protein markers evaluated (dopaminergic: D2
receptor, DAT, p-TH, DARPP-32; serotonergic: 5-HT2a and 5-HT>c receptors) in rat brain
following prolonged methamphetamine withdrawal. These results propose that while the
contents of brain monoamine neurotransmitters were decreased, some of the key receptors
and molecules that mediate their effects were intact, suggesting that changes in
neurotransmission per se may not be involved in the observed behavioral changes or
proposing a different time-course in the recovery from the damage caused by
methamphetamine. In fact, possible adaptive mechanisms might take place (i.e., see role of
FADD below), such as increased synthesis of monoamine neurotransmitters markers and
upregulation of function of its signaling in an attempt to compensate for the prior neurotoxic
damage (see detail discussion in revision by Moszczynska and Callan, 2017).

In this regard, repeated administration of methamphetamine (dose of 7.5 mg/kg) resulted in
decreased FADD protein content and increased p-FADD/FADD balance (i.e., a putative
neuroplasticity marker; Ramos-Miguel et al., 2012) selectively in hippocampus of withdrawn

rats. Similarly, neuroprotective pathways (decreased Fas) were activated following voluntary
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methamphetamine oral consumption (Wheeler et al., 2009). Thus, although differences in the
pathways related to apoptosis are known to be involved in methamphetamine-induced
neurotoxicity (e.g., Cadet et al., 2003), the effects seem to be regulated in a time-course
manner, with neurotoxicity observed up to 24 h post methamphetamine administration, but
normalized 1 week later (Jayanthi et al., 2005). Moreover, experiments done with a different
amphetamine-like psychostimulant such as MDMA also showed reduced content of FADD,
Bax and cytochrome c in rat hippocampus following repeated administration (Garcia-
Cabrerizo and Garcia-Fuster, 2015), which suggested, as apoptosis was not triggered, the
induction of neurochemical changes. Accordingly, the present results replicated previously
accepted neurotoxicity effects (i.e., decreased DA and metabolites in striatum and decreased
5-HT and NE in hippocampus) paired with normalized monoaminergic neurotransmitter
signaling but decreased FADD (and increased p-FADD/FADD balance) content selectively
in hippocampus, suggesting the induction of neural plasticity and/or repair mechanisms to a
prior drug insult (i.e., neurochemical adaptations). The regulation of FADD adaptor during
methamphetamine withdrawal further supports the role of this multifunctional protein outside
of the apoptotic pathway, thus reinforcing its function as a major signaling step in adaptive
cell responses (see prior studies, e.g., Garcia-Fuster et al., 2007; 2014 and Garcia-Fuster and
Garcia-Sevilla, 2016; Ramos-Miguel et al., 2012, 2017). Future studies will attempt to
ascertain a possible mechanistic link between the observed behaviors and changes in
hippocampal FADD adaptor. In this regard, a recent study also showed a combination of
depressive-like behavior (including anhedonia) and increased BDNF (i.e., a marker of neural
plasticity) content during prolonged methamphetamine withdrawal in mice (Ren et al., 2015).

Moreover, in terms of the observed region-specific FADD regulation, prior studies also
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showed similar results, with specific effects observed in hippocampus as compared to other
brain regions (e.g., striatum and/or prefrontal cortex, see Garcia-Cabrerizo et al., 2015;
Hernandez-Hernandez et al., 2017). Interestingly, methamphetamine-induced hippocampal
changes are particularly relevant given the role of this brain region in learning, memory and
executive functioning and given the well known deficits in cognitive performance that occur
during methamphetamine withdrawal (see Moszczynska and Callan, 2017). In this context,
two recent studies from our group showed an association between loss of FADD protein and
cognitive decline either in an elderly human population (Ramos-Miguel et al., 2017) or in
rats (Hernandez-Hernandez et al., 2017). The present results showed that rats with higher
voluntary intake of methamphetamine showed less hippocampal FADD suggesting that
hippocampal FADD regulation paralleled the long-lasting behavioral abnormalities taking
place during methamphetamine withdrawal such as cognitive decline, and therefore, drugs
that manipulate FADD (e.g., pro-cognitive drugs increase FADD in parallel to improving
cognitive performance, see Hernandez-Herndndez et al., 2017) might confer beneficial
effects against this symptom.

In summary, the present data demonstrated that binge methamphetamine exposure dose-
dependently induced persistent negative affect during withdrawal as observed by two core
symptoms of depression (i.e., behavioral despair and anhedonia), together with deficits in
striatal DA and hippocampal 5-HT contents, thus validating this drug paradigm as a good
model in which to further study methamphetamine withdrawal syndrome. In particular, rats
exposed to a prior history of methamphetamine (7.5 mg/kg) showed increased voluntary
methamphetamine consumption in association with region-specific changes in hippocampal

FADD protein forms, suggesting a possible role, that deserves further mechanistic
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exploration, for this neuroplasticity marker in the adaptations taking place in this brain region

during prolonged methamphetamine withdrawal.



R. Garcia-Cabrerizo and M.J. Garcia-Fuster 24

Acknowledgments

This study was supported by Fundacién Alicia Koplowitz and partly by Delegacion del
Gobierno para el Plan Nacional sobre Drogas (grants number 2012/011 and 2016/002,
Ministerio de Sanidad, Servicios Sociales e Igualdad, Spain) to MJG-F. RG-C was supported
by a pre-doctoral fellowship (Consejeria de Innovacion, Investigacion y Turismo del
Gobierno de las Islas Baleares y del Fondo Social Europeo). MJG-F is a ‘Ramon y Cajal’
Researcher (MINECO-UIB) and a member of RETICS-RTA (RD12/0028/0011 and

RD16/0017/001; Instituto de Salud Carlos I1I, MINECO/FEDER).

Authors Contribution
MIJG-F and RG-C were responsible for the study concept and design. RG-C conducted the
experiments. RG-C and MJG-F analyzed the data and MJG-F drafted the manuscript. Both

authors contributed to and have approved the final version for publication.



R. Garcia-Cabrerizo and M.J. Garcia-Fuster 25

References

Alappat EC, Feig C, Boyerinas B, Vokland J, Samuels M, Murmann AE, Thorburn A, Kidd
V1, Slaughter CA, Osborn SL, Winoto A, Tang WJ, Peter ME (2005) Phosphorylation of
FADD at Serine 194 by CKlalpha regulates its nonapoptotic activities. Mol Cell 19:321-
332.

Barr AM, Markou A, Phillips AG (2002) A ‘crash’ course of psychostimulant withdrawal as
a model of depression. Trends Pharmacol Sci 23:475-482.

Cadet JL, Jayanthi S, Deng X (2003) Speed kills: cellular and molecular bases of
methamphetamine-induced nerve terminal degeneration and neuronal apoptosis. FASEB J
17:1755-1788.

Carvalho M, Carmo H, Costa VM, Capela JP, Pontes H, Remido F, Carvalho F, Bastos Mde
L (2012) Toxicity of amphetamines: an update. Arch Toxicol 86:1167-1231.

Cruickshank CC, Dyer KR (2009) A review of the clinical pharmacology of

methamphetamine. Addiction 104:1085-1099.

Doyle SE, Feng H, Garber G, Menaker M, Lynch WJ (2015) Effects of circadian disruption
on  methamphetamine  consumption in  methamphetamine-exposed  rats.
Pyschopharmacology 232:2169-2179.

Garcia-Cabrerizo R, Keller B, Garcia-Fuster MJ (2015) Hippocampal cell fate regulation by
chronic cocaine during periods of adolescence vulnerability: Consequences of cocaine
exposure during adolescence on behavioral despair in adulthood. Neuroscience 304:302-

315.



R. Garcia-Cabrerizo and M.J. Garcia-Fuster 26

Garcia-Cabrerizo R, Garcia-Fuster MJ (2015) Chronic MDMA induces neurochemical
changes in the hippocampus of adolescent and young adult rats: Down-regulation of
apoptotic markers. NeuroToxicology 49:104-113.

Garcia-Cabrerizo R, Garcia-Fuster MJ (2016a) Comparative effects of amphetamine-like
psychostimulants on rat hippocampal cell genesis at different developmental ages.
NeuroToxicology 56:29-39.

Garcia-Cabrerizo R, Garcia-Fuster MJ (2016b) Prolonged methamphetamine withdrawal
elicits voluntary drug consumption associated with enhanced negative affect. The 10"
FENS Forum of Neuroscience, abstract: FENS-0684.

Garcia-Fuster MJ, Diez-Alarcia R, Ferrer-Alcon M, La Harpe R, Meana JJ, Garcia-Sevilla
JA (2014) FADD adaptor and PEA-15/ERK1/2 partners in major depression and
schizophrenia postmortem brains: basal contents and effects of psychotropic treatments.
Neuroscience 277:541-551.

Garcia-Fuster MJ, Garcia-Sevilla JA (2016) Effects of anti-depressant treatments on FADD
and p-FADD protein in rat brain cortex: enhanced anti-apoptotic p-FADD/FADD ratio
after chronic desipramine and fluoxetine administration. Psychopharmacology 233:2955-
2971.

Garcia-Fuster MJ, Miralles A, Garcia-Sevilla JA (2007) Effects of opiate drugs on Fas-
associated protein with death domain (FADD) and effector caspases in the rat brain:
Regulation by the ERK1/2 MAP kinase pathway. Neuropsychopharmacology 32:399-411.

Hajheidari S, Miladi-Gorji H, Bigdeli I (2015) Effect of the environmental enrichment on the
severity of psychological dependence and voluntary methamphetamine consumption in

methamphetamine withdrawn rats. Neurosci Lett 584:151-155.



R. Garcia-Cabrerizo and M.J. Garcia-Fuster 27

Hernédndez-Herndndez E, Miralles A, Esteban S, Garcia-Fuster MJ (2017) Repeated
treatment with the o2-adrenoceptor agonist UK-14304 improves cognitive performance
in middle-age rats: Role of hippocampal FADD. J Psychopharmacol (in press).

Iijima M, Koike H, Chaki S (2013) Effect of an mGlu2/3 receptor antagonist on depressive
behavior induced by withdrawal from chronic treatment with methamphetamine. Behav
Brain Res 246:24-28.

Jayanthi S, Deng X, Ladenheim B, McCoy MT, Cluster A, Cai NS, Cadel JL (2005)
Calcineurin/NFAT-induced up-regulation of the Fas ligand/Fas death pathway is involved
in methamphetamine-induced neuronal apoptosis. Proc Natl Acad Sci U S 4 102:868-873.

Kilkenny C, Browne W, Cuthill IC, Emerson M, Altman DG (2010) Animal research:
reporting in vivo experiments: the ARRIVE guidelines. Br J Pharmacol 160:1577-1579.

Koob GF (2013) Addiction is a reward deficit and stress surfeit disorder. Front Psych 4:72.

Kraeuchi K, Rudolph K, Wirz-Justice A, Feer H (1985) Similarities in feeding behavior of
chronic methamphetamine treated and withdrawn rats to VMH lesioned rats. Pharmacol
Biochem Behav 23:917-920.

Krasnova IN, Cadet JL (2009) Methamphetamine toxicity and messengers of death. Brain
Res Rev 60:379-407.

Moranta D, Esteban S, Garcia-Sevilla, JA (2009) Chronic treatment and withdrawal of the
cannabinoid agonist WIN 55,212-2 modulate the sensitivity of presynaptic receptors
involved in the regulation of monoamine syntheses in rat brain. Naunyn-Schimiedebergs’s

Arch Pharmacol 379:61-72.



R. Garcia-Cabrerizo and M.J. Garcia-Fuster 28

Morgan CD, Cattabeni F, Costa E (1972) Methamphetamine, fenfluramine and their N-
dealkylated metabolites: effect on monoamine concentrations in rat tissues. J Pharmacol
Exp Ther 180:127-135.

Moszczynska A, Callan SP (2017) Molecular, behavioral, and physiological consequences of
methamphetamine neurotoxicity: implications for treatment. J Pharmacol Exp Ther
362:474-488.

Nestler EJ (2005) Is there a common molecular pathway for addiction? Nat Neurosci 8:1445-
1449.

Ramos-Miguel A, Alvaro-Bartolomé M, Garcia-Fuster MJ, Garcia-Sevilla JA (2012) Role of
multifunctional FADD (Fas-Associated Death Domain) adaptor in drug addiction
(Chapter 7). In: Addictions — From Pathophysiology to Treatment. In InTech Open. Edited
by David Belin. ISBN: 978-953-51-0783-5.

Ramos-Miguel A, Garcia-Sevilla JA, Barr AM, Bayer TA, Falkai P, Leurgans SE, Schneider
JA, Bennett DA, Honer WG, Garcia-Fuster MJ (2017) Decreased cortical FADD protein
is associated with clinical dementia and cognitive decline in an elderly community
sample. Mol Neurodegener 12:26.

Rawson RA (2013) Current research on the epidemiology, medical and psychiatric effects,
and treatment of methamphetamine use. J Food Drug Anal 21:S77:S81.

Ren Q, Ma M, Yang C, Zhang JC, Yao W, Hashimoto K (2015) BDNF-TrkB signaling in the
nucleus accumbens shell of mice has key role in methamphetamine withdrawal symptoms.

Transl Psychiatry 5:¢666.



R. Garcia-Cabrerizo and M.J. Garcia-Fuster 29

Ricaurte GA, Guillery RW, Seiden LS, Schuster CR, Moore RY (1982) Dopamine nerve
terminal degeneration produced by high doses of methylamphetamine in the rat brain.
Brain Res 235:93—-103.

Schepers RJ, Oyler JM, Joseph RE, Cone EJ, Moolchan ET, Huestis MA (2003)
Methamphetamine and amphetamine pharmacokinetics in oral fluid and plasma after
controlled oral methamphetamine administration to human volunteers. Clin Chem 49:121-
132.

Shabani S, McKinnon CS, Cunningham CL, Phillips TJ (2012) Profound reduction in
sensitivity to the aversive effects of methamphetamine in mice bred for high
methamphetamine intake. Neuropharmacology 62:1134-1141.

Shabani S, Houlton SK, Hellmuth L, Mojica E, Mootz JR, Zhu Z, Reed C, Phillips TJ (2016)
A mouse model for binge-level methamphetamine use. Front Neurosci 10:493.

Slattery DA, Markou A, Cryan JF (2007) Evaluation of reward processes in an animal model
of depression. Psychopharmacology 190:555-568.

Slattery DA, Cryan JF (2017) Modelling depression in animals: at the interface of reward and
stress pathways. Psychopharmacology 234:1451-1465.

Steinkellner T, Freissmuth M, Sitte HH, Montgomery T (2011) The ugly side of
amphetamines: short- and long-term toxicity of 3,4-methylenedioxymethamphetamine
(MDMA, ‘Ecstasy’), methamphetamine and D-amphetamine. Biol Chem 392:103-115.

Teixeira-Gomes A, Costa VM, Feio-Azevedo R, Bastos ML, Carvalho F, Capela JP (2015)
The neurotoxicity of amphetamines during the adolescent period. Int J Dev Neurosci

41:44-62.



R. Garcia-Cabrerizo and M.J. Garcia-Fuster 30

Torney J, Lasagna L (1960) Relation of thyroid function to acute and chronic effects of
amphetamine in the rat. J Pharmacol Exp Ther 128:201-209.

United Nations Office on Drugs and Crime (2015) World Drug Report. United Nations
Publication Sales No. E15. XI6. Vienna.

Wheeler JM, Reed C, Burkhart-Kasch S, Li N, Cunningham CL, Janowsky A, Franken FH,
Wiren KM, Hashimoto JG, Scibelli AC, Phillips TJ (2009) Genetically correlated effects
of selective breeding for high and low methamphetamine consumption. Genes Brain
Behav 8:758-771.

Yamamoto Y, Danhof M, de Lange ECM (2017) Microdialysis: the key to physiologically

based model prediction of human CNS target site concentrations. 4A4PS J 19:891-909.



R. Garcia-Cabrerizo and M.J. Garcia-Fuster 31

Table 1. Effects of prolonged methamphetamine withdrawal (25 days) on striatal

dopaminergic and hippocampal serotonergic protein markers in rats by Western blot analysis.

ANOVA: Fprn,pFd, p

Striatum Control  2.5mg/kg 5mg/kg 7.5 mg/kg|value

D2 100+6 95+6 10547 110£15 | F330=0.40,p =0.752
DAT 102+6 84+4 102+6 10411 | F335=1.34,p=0.279
p-TH 10248 85+5 94+9 9248 F336=10.58, p=0.633
DARPP-32 | 102£10  104+2 10747 11448 F3,38 =0.30, p =0.824

ANOVA: Fprn,pFd, p
Hippocampus | Control 2.5 mg/kg 5 mg/kg 7.5 mg/kg |value

5-HT2A 1002t3 108:t6 85:t6 107:t8 F3’43 = 380’[) = 0017
5-HT>c 101+£5 100+12 119+11 111+6 F3,2=1.24,p=0.307

D2: dopamine receptor; DAT: dopamine transporter; p-TH: phosphorylated tyrosine
hydroxylase; DARPP-32: dopamine- and cyclic AMP-regulated neuronal phosphoprotein,
Mr 32 kDa; 5-HT2a: serotonin 2A receptor; 5-HTzc: serotonin 2C receptor. Data are means +
SEM of at least 3 experiments per group, and expressed as percentage of the corresponding
control-treated group. ANOVAs did not detect significant changes after the various
treatments with methamphetamine followed by 25 days of spontaneous withdrawal, except
for 5-HT2a regulation on hippocampus, although post-hoc comparisons did not detect any

significant changes among experimental groups.
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Figure Legends

Fig. 1. (a) Experimental design. (b) Methamphetamine binge administration dose-
dependently induced anorexigenic effects in rats. The graph represents the change in rat body
weight (g) per day of treatment. Groups of treatment: Control (saline-treated rats, n = 15) and
methamphetamine (2.5 mg/kg, 5 mg/kg and 7.5 mg/kg x 3, i.p., 4 days, n = 7, 15 and 10
respectively). Data represent mean = SEM of body weight (g). Two-way repeated measures
ANOVA followed by Dunnett’s or Tukey’s multiple comparisons tests: at least *p < 0.05

when compared to control-treated rats. D: Day; METH: methamphetamine.
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Fig. 2. Methamphetamine binge administration dose-dependently enhanced negative affect in
rats following prolonged withdrawal. (a) Forced-swim test (FST, D32). Groups of treatment:
Control (saline-treated rats, n = 15) and methamphetamine (2.5 mg/kg, 5 mg/kg and 7.5
mg/kg x 3, i.p., 4 days, n = 7, 15 and 10 respectively). Data represent mean = SEM of the
time (sec) spent immobile vs. active (climbing + swimming). (b) 1% sucrose preference
(two-bottle choice test, D36-38). Data represent mean + SEM of the amount of water or 1%
sucrose consumed (g) per day. (¢) Association between variables. Scatter plot depicting a
significant negative correlation between the time spent immobile in the FST with the amount
of 1% sucrose consumed for rats treated with 7.5 mg/kg of methamphetamine. Each circle
represents a different treated rat. The solid line is the best fit for the correlation (r = -0.605, n
=10, p < 0.05). The dotted curves indicate the 95% confidence interval for the regression
line. (d) Methamphetamine binge administration dose-dependently elicited voluntary drug
consumption in rats following prolonged withdrawal (two-bottle choice test, D43-49). Data
represent mean + SEM of the amount of water or 20 mg/l of methamphetamine consumed (g)
per day. Two-way ANOVA followed by multiple t-tests comparisons: *p < 0.05 when

compared to the corresponding control group.
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Fig. 3. Methamphetamine binge administration dose-dependently reduced the content of
monoamines following prolonged withdrawal in rat (a) striatum and (b) hippocampus.
Groups of treatment: Control (saline-treated rats, n = 15) and methamphetamine (2.5 mg/kg,
5 mg/kg and 7.5 mg/kg x 3, i.p., 4 days, n = 7, 15 and 10 respectively). Columns represent
mean + SEM of ng of DA, DOPAC, HVA, 5-HT, T-HIAA and NE/ug protein. One-way

ANOVA followed by Dunnett’s multiple comparisons test: *p < 0.05 and **p < 0.01 when
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compared to the corresponding control group. DA: dopamine; DOPAC: 34-
dihydroxyphenylacetic acid; HVA: homovanillic acid; 5-HT: serotonin; 5-HIAA: 5-hydroxy-

indole acetic acid; NE: noradrenaline).
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Fig. 4. Methamphetamine binge administration dose-dependently regulated FADD forms

following prolonged withdrawal in rat (a-b) striatum and (c-d) hippocampus. Groups of
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treatment: Control (saline-treated rats, n = 15) and methamphetamine (2.5 mg/kg, 5 mg/kg
and 7.5 mg/kg x 3, i.p., 4 days, n = 7, 15 and 10 respectively). Columns represent mean =+
SEM of n experiments per group and expressed as a percentage of control-treated rats. One-
way ANOVA followed by Dunnett’s test: *p < 0.05, **p < 0.01, and ***p < 0.001 when
compared to the corresponding control group. (b-d) Representative immunoblots depicting
labeling of total FADD, p-FADD and the corresponding for B-actin as a loading control in

striatum and hippocampus respectively.
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Fig. 5. Increased methamphetamine consumption following prolonged withdrawal is
associated with reduced hippocampal FADD protein content. Scatter plot depicting a
significant negative correlation between the amount of oral methamphetamine consumed (20
mg/l) and FADD content in hippocampus for rats treated with 7.5 mg/kg of
methamphetamine. Each circle represents a different treated rat. The solid line is the best fit
for the correlation (r = -0.720, n = 9, p = 0.014). The dotted curves indicate the 95%

confidence interval for the regression line.
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