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Abstract

The major challenge in treating methamphetaminactglts the maintenance of a drug free-state since
they experience negative emotional symptoms dugdhgtinence, which may trigger relapse. The
neuronal mechanisms underlying long-term withdraamd relapse are currently not well-understood.
There is evidence suggesting a role of the oxytd€ifiR), u-opioid receptor (MOPr), dopamine,D
receptor (BR), corticotropin-releasing factor (CRF) systemsl ahe hypothalamic-pituitary-adrenal
(HPA)-axis in the different stages of methamphetengdddiction. In this study, we aimed to charazteri
the behavioral effects of methamphetamine withdtamvenice and to assess the modulation of the OTR,
MOPr, DR, CRF and HPA-axis following chronic methamphetanadministration and withdrawal.
Ten-day methamphetamine administration (2 mg/kgjeased OTR binding in the amygdala, whilst 7
days of withdrawal induced an upregulation of thisceptor in the lateral septum. Chronic
methamphetamine treatment increased plasma OTsletet returned to control levels following
withdrawal. In addition, methamphetamine admiaistn and withdrawal increased striatal MOPr
binding, as well as c-F&CRF neuronal expression in the amygdala, whereas @edse in plasma
corticosterone levels was observed following METdininistration, but not withdrawal. No differences
were observed in the,R binding following METH administration and withdval. The alterations in the
OTR, MOPr and CRF systems occurred concomitanttis thie emergence of anxiety-related symptoms
and the development of psychomotor sensitizatiammduwvithdrawal. Collectively, our findings indi@t
that chronic methamphetamine use and abstinencéndane brain-region specific neuroadaptations of
the OTR, MOPr and CRF systems, which may, at Igestly explain the withdrawal-related anxiogenic

effects.
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Highlights:

* METH withdrawal induces anxiety-related symptomsnice
* METH administration and withdrawal causes neurotatams in the OT system
» Persistent increase in striatal MOPr following METrElatment

« Amygdalar c-FOYCRF neurons are increased in METH-treated/withdraweemi



1. Introduction

Methamphetamine (METH) is a potent psychostimuthng with a high prevalence of worldwide abuse
(Eslami-Shahrbabaleét al, 2015). Chronic METH use has been shown to indumetional impairment
including anxiety and depression, as well as psjchmehaviors in humans (see Panenka et al., 2013).
Even after long-term abstinence from METide, former addicts suffer from cognitive and el
symptoms, which may act as a motivational triggere-administer the drug and relapse (Zorick et al.

2010). Currently, there is no effective pharmactheg for the treatment of METHEddiction.

Although several mechanisms have been suggested, niechanisms underpinning METH
addiction/withdrawal and its behavioral and emadla@onsequences remain unclear. Recent evidence has
implicated the oxytocin (OT) system in the moduatiof several METH addiction processes (see
McGregor and Bowen, 2012). In particular, pre-ciati studies in rodents showed that
intracerebroventricular (i.c.v.) OT administratioeduces METH-induced hyper-locomotion (Qi et al.,
2008) and intra-nucleus accumbens core (AcbC) akyt@dministration attenuates METH-induced
conditioned place preference (CPP) (Qi et al., 2008oreover, i.c.v. administration of oxytocin
facilitated the extinction of METH-induced CPP armv. (Qi et al., 2009) as well as intra-hippocainp
and intra-medial prefrontal cortex (Han et al., £0hdministration of OT prevented stress-induced
reinstatement of METH-seeking. Similarly, intra-Ath(Baracz et al., 2014), as well as peripheral
(Carson et al., 2010; Cox et al., 2013) adminismabf OT attenuated METH-primed reinstatement in
rodents. In addition, Hicks et al. (2014) showeat th 10-day oxytocin administration during adolesee
was able to decrease the motivation to self-adteinisJETH and to attenuate priming-induced
reinstatement of METH-seeking during adulthoodaitsr The involvement of the oxytocinergic system in
METH addiction is also supported by biochemicatiings showing that systemic administration of OT
decreases METH-induced enhancemerfds expression in the subthalamic nucleus and Acbéts
(see McGregor and Bowen, 2012) and that OTR bindinigcreased in the amygdala following a 10-day

METH administration regimen in mice (Zanos et 2014b). Together, these findings provide evidence



for a key role of OT in METH addiction and highligloT's “antireward/anticraving” and relapse

prevention potential in METH addiction.

A possible mechanism underlying the effects of QTMETH addiction might involve its direct effects
on the dopaminergic system in the brain. Indeedhag been shown that systemic OT administration
directly facilitates dopamine turnover in the dtria of treatment-naive and cocaine-treated rats (se
Sarnyai and Kovacs, 1994). Furthermore, Qi et 2008) demonstrated that i.c.v OT administration
reduces METH-induced increase in dopamine turniovire striatum of mice. Since METH use has been
associated with lower levels of dopaming ceptor (DR) availability in striatum (Wang et al., 2012),
and OTR are co-localized and functionally intessith D,R in striatum (Romero-Fernandez et al., 2013),
it can be postulated that these two receptor systaight functionally interact to also regulate save

METH addiction processes.

Numerous studies have also implicated the CRF msysteMETH addiction. CRF mRNA levels are
increased in Acb following a single METH injecti¢Martin et al., 2012). Likewise, increased CRF lsve
were observed in the amygdala and plasma of ratdergoing withdrawal from METH self-
administration (Nawata et al., 2012). Furthermaédministration of a non-selective CRF receptor
antagonist attenuated stress-induced reinstateraEnMETH-seeking (Nawata et al., 2012) and
administration of CRF-Rantagonists decreased both cue-and priming-indreiedtatement oMETH-
seeking (Moffett and Goeders, 2007). Interestinglterations in the CRF system have been showe to b
associated with increased anxiety-like behavior simdss-induced reinstatement of METH-seeking in
rodents (Nawata et al., 2012), indicating that @RF system might be involved in the behavioral
consequences of METH addiction, including anxiety atress. CRF is considered as an important
integrator of the hypothalamic-pituitary-adrenaP@) axis in the modulation of stress responsese(Btl
al., 2002). METH administration has been also shésvinduce a dysregulation of the hypothalamic-

pituitary-adrenal (HPA) axis. Specifically, adoleat METH users have higher cortisol levels follogvin



exposure to stress (King et al., 2010) and METH iaghtnation increases plasma corticosterone leivels

rodents (Grace et al., 2010).

The MOPTr system has been also shown to be invalvBtETH addiction processes. In particular, MOPr
knockout mice exhibit decreased METH-induced hypeomotion and stereotypy and do not manifest
behavioral sensitization to METH (Shen et al., 208hiu et al. (2006) demonstrated a down-regufatio
of MOPr binding in brain membranes following an @&ydwithdrawal period from chronic METH
administration, which was followed by a rebound-éase after 21 days of withdrawal in mice sugggstin
involvement of the MOPr system during METH abstitenConversely, MOPr gene expression and
protein levels were reduced in the frontal cortéxnice following long-term withdrawal from repeated

METH administration (Yamamoto et al., 2011).

Therefore, in the present study we aimed to cherizet the behavioral consequences of METH
abstinence in a mouse model of chronic METH usewitlidrawal. Specifically, we hypothesized that
withdrawal from chronic METH administration inducesnotional impairment (i.e., anxiety and/or
depression). We then investigated whether a 10MBYH administration and 7 days of withdrawal
induce alterations on the central OT,;RD and MOPr systems, as well as on the HPA axis thad

amygdalar CRF. This study assesses a whole rahgédferent CNS systems in a mouse model of
METH abstinence. Our findings shed light into bradgion-specific neuroadaptations, which might be

involved in driving specific METH abstinence-indddeehaviors.



2. Materials and Methods
2.1 Animals

Male C57BL/6J mice (8-week old at the beginninghaf experiments, Charles River, UK), were housed
individually in a temperature-controlled environrhevith a 12-hour light/dark cycle (lights on: 06:00
am). Food and water were availabdel-libitum All experimental procedures were conducted in

accordance with the U.K. Animal Scientific ProcezkiAct (1986).

2.2 Chronic steady-dose methamphetamine administrin paradigm

Mice for all the experiments (see Figure 1 for expental timelines) were randomly divided into four
groups; saline-, METH-treated, saline-withdrawn 8ETH-withdrawn animals. Chronic METH-treated
animals were injected i.p. for 10 days with METHn(@/kg) (Sigma-Aldrich, UK), once per day (09:00),
in accordance with Zanos et al., (2014b). The mibrealine-treated group was administered withnsali
(10 ml/kg, i.p.) for 10 days, once per day (09:@gline-withdrawn and METH-withdrawn animals were
treated with the same administration paradigm afidd spontaneously withdraw in their home-cages f

a period of 7 days (unless otherwise stated), egqarsly described (Lu et al., 2010).

2.3 Behavioral characterization (experiment 1)

Mice were treated with chronic saline or a steadgedMETH administration paradigm (as described
above) and then assessed for memory impairmemtay®withdrawal), anxiety- (7 days withdrawal) and
depressive-like behaviors (8 days withdrawal) ugheg novel object recognition (NOR), elevated plus-
maze (EPM) and forced-swim test (FST) respectivEhese tests were performed in the same animals.
The order of testing was determined by the degfeangiety inducing properties of each test with the
least stressful conducted first and the most piatiyndistressing test last (Clemens et al., 200The
NOR and EPM were performed in dim lighting condisg NOR 30 lux; EPM, 10 lux) and the FST was

performed under normal lighting (300 lux).



Novel object recognition

The NOR was performed as previously described byirBe and Besheer (2006) with minor
modifications. Briefly, mice were habituated to titNOR arena (30cm x 20cm x 20cm; Linton
Instrumentation, U.K.) for 20 minutes to reduce ttovelty-induced stress. During the acquisitioageh
two identical objects (either dice or marbles stanka plastic square block) were placed in theaaesm
mice left to explore both objects for 20 minutekeTorder of the objects was alternated between taice
avoid bias towards any of the objects. Following #itquisition phase mice were returned to theirehom
cages for a retention time of 35 minutes. During tbsting phase a familiar object and a novel objec
were placed in the arena and the mouse was radirdeal and left to explore for 2 minutes. All theeth
phases of the NOR (habituation, acquisition antingswere performed on the same day. The sessions
were recorded using a digital video-camera (Songdyeam CX-250, Sony, Japan) and the time spent

interacting (directly sniffing) with each object svacored by two observers blind to the treatmentgs.

Elevated plus-maze

The elevated plus-maze was carried out as previaesicribed in Zanos et al. (2014a). The time sjpent
the open and closed arms of the EPM during the rbtest was measured by an automated tracking
system (EthoVision v.3.0, Noldus Information Teclugy, Netherlands). Anxiety-like behavior was
determined by calculating the amount of time sewt number of entries each mouse made in the open
and closed arms and reported as the total timettangbercentage number of entries in the open arms

respectively.

Forced-swim test

The FST was carried out as previously describedhdZaet al., 2015a). Briefly, mice were placed
individually into clear glass cylinders (25cm heighl7cm diameter) filled with 2.5 liters of wataet
room temperature (24%C) for 6 minutes. The test session was recordeagusidigital video-camera

(Sony Handycam CX-250, Sony, Japan). Immobilityetirdefined as passive floating with no additional
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activity other than that needed to keep the moesel labove water, was scored by two observers tadind
the treatment groups for the last 4 minutes ofaimain test. Latency to the first encounter of imiligh

was also measured. Fecal boli of the animals wewnated at the end of the FST.

2.4 Locomotor and stereotypic activity measurementgxperiment 2)

Locomotor activity of each mouse was measured d&i0 am) in locomotor chambers (40cm x 20cm x
20cm; Linton Instrumentation, U.K.) as previouslesdribed (Zanos et al. 2014a). During the
administration period, mice were habituated in footor chambers for 60 minutes prior to saline/METH
injections in order to assess basal activity. Theite received an i.p. injection of saline or METH
mg/kg) and were returned immediately to the locanchambers. Locomotor responses were measured
immediately following the injection of the drugsotizontal and vertical (i.e., rearing) activitieens
measured for further 90 minutes. Locomotor resppmgeanimals were monitored daily for the 10-day
duration of the treatment and 7 days after thettastment injection (withdrawal; day 17 — withauty
injections). Horizontal and vertical activities werecorded as the number of sequential infrarednbea
breaks, every 5 mins. The average activity, duboth basal and stimulated activities, was calcdlate

daily.

2.5 Biochemical and Neurochemical analysis (experents 3-4)

Separate cohorts of male C57BL/6J mice were treatithd an identical chronic saline and METH
administration paradigm as described above, anae seene left to spontaneously withdraw in their home
cages for 7 days following their last treatmenéation (4 treatment groups in total); where we olese
the anxiety-like symptoms. Mice were euthanize&I80-sec C®exposure followed by decapitation 2.5
hours post-final injection for the chronic salindZVH administration groups or 7 days post-final
injection for the withdrawal groups. For the witad&l groups, mice were placed in the previoushgéru

associated locomotor chambers for a period of ¥ poar to euthanasia.



2.5.1 Quantitative Receptor Autoradiography (expefinent 3)

Coronal brain sections were cut (@@ thick; 300um apart) using a cryostat (Zeiss Microm 505E, U.K.)

thaw-mounted onto gelatin subbed ice-cold micros@ijgles and processed for autoradiography.

(-opioid receptor bindingMOPr autoradiography was carried out in accordamitle Georgiou et al.,
(2015a). For the determination of total bindingdes were incubated for 60 minutes in 4 nf#i]f
tyrosyl-3,5-3H(N) (DAMGO) (PerkinElmer, 1905.5 GBaphol) in Tris-HCI (pH 7.4, room temperature).
Adjacent sections were incubated fHJDAMGO (4nM) in the presence ofuM naloxone (Sigma-

Aldrich, UK), to determine non-specific binding (R}

Oxytocin receptor bindingDTR autoradiography was carried out as previouscdbed (Zanos et al.,
2014a; Zanos et al., 2014b). For the determinaifdotal binding, slides were incubated in 50pif-
ornithine vasotocin (OVTA) (PerkinElmer, 81.4 TBaful) in an incubation buffer medium (50mM
Tris—HCI, 10 mM MgC}, 1mM EDTA, 0.1% w/v bovine serum albumin, 0.05% WAcitracin; pH 7.4 at
room temperature) for 60 minutes. For the detertiinaof NSB, adjacent sections were incubated with

[**9]-OVTA (50pM) in the presence of % unlabelled (Thr4, Gly7)-oxytocin (Bachem, Germany

Dopamine D receptor bindingDopamine DR autoradiography was performed as detailed (Weglal.,
2015). For the determination of total binding, sidwere incubated with 4nMH]raclopride
(PerkinElmer, Belgium) in Tris-HCI (pH 7.4, roommiperature) for 90 minutes. For the determination
of NSB, adjacent sections were incubated witfjraclopride (4nM) in the presence of i\ sulpiride

(Tocris Biosciences, Bristol, UK).

Slides with brain sections from all the treatmemtups were apposed on the same film (Kodak BioMax;
Sigma-Aldrich, UK) along with appropriat#d and *“C microscale standards (Amersham Pharmacia
Biotech, U.K.) to allow quantification. Different pgsition times were used depending on the

autoradiographic binding (MOPr binding-10 weeks;ROdinding-3 days; ER binding—5 weeks).

10



2.5.2 Plasma corticosterone levels (experiment 3)

Trunk blood from saline- and METH-treated/withdramwrice was collected in EDTA-containing tubes
and spun for 15 min at 2000 x g &C4 Plasma was collected and corticosterone levete measured
using a rat/mouse corticosteroné’] kit (MP Biomedicals, USA), according to the méacturer's

instructions; also see Georgiou et al. (2015b).

2.5.3 Immunohistochemical measurement of CRFheurons, c-Fos neuronal activity marker and c-
Fos/CRF’ co-labelled neurons (experiment 3)

CRF, c-Fos and c-FGECRF immunohistochemical analysis in brain sections (&0 thick; bregma -
1.82mm; amygdala) was carried out as previouslgriteed (Garcia-Carmona et al., 2013). Briefly, for
the double-labelling process, following the bloakinf the samples with 4D, and with 0.3% normal goat
serum (Vector Laboratories, USA), tissue sectiorgewincubated overnight at room temperature with a
rabbit anti-c-Fos antibody (Santa Cruz Biotechngjoghis was followed by application of a biotintda
anti-rabbit 1gG (Vector Laboratories). Antigens wervisualized using an avidin—biotin
immunoperoxidase protocol according to manufactsiiestructions (Vectastasin ABC Elite kit, Vector
Laboratories). 3/diaminobenzidine (DAB) nickel-intensification (8@, USA) was used as a
chromogen for c-Fos (black color). Then, sectiomseninsed with PBS and were processed for CRF

measurement using a rabbit anti-CRF antibody anelted with DAB (brown color).

CRF and c-Fos immunostaining as well as c-FOBF co-labelled neurons in the amygdala were
guantified bilaterally for each mouse, for all treant groups by an observer blind to the treatment
groups. The density of CRFc-Fo$ and cFoYCRF immunoreactivities was determined using a
computer assisted image analysis system (Qwin;al.eBpain). A square field (196m side) was

superimposed upon the captured image (x10 magtifigao use as a reference area.
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2.5.4 Oxytocin peptide levels in the brain and plama (experiment 4)

Brains from a separate cohort of chronic saline/MEand withdrawn mice, treated with identical
administration regimen as described above, werkeatetl and hypothalamus, amygdala and striatum
(Acb + CPu) were dissected and immediately preseimedry ice and stored in -8D. Peptides were
extracted as previously described (Zanos et al.4&)p Briefly, tissues were mixed with 1M acetiédac
heated to 9% for 10 min, homogenized and stored in°@@vernight. The following day, samples were
thawed on ice and centrifuged at 9000 x g for 2@ i °C) and the supernatant was collected and
lyophilized. In all the extracted samples, OT cahigas measured by radioimmunoassay using iodinated

tracer as previously described (Landgraf, 1981).

For plasma oxytocin level measurements, trunk bfomah mice was collected in tubes containing EDTA
and aprotinin (500 KIU/ml of blood). The samplesraveentrifuged at 1600 x g for 15 min’@} and
supernatants stored in <80 Extraction of the peptide from plasma was cdrdet according to Landgraf
(1981). The eluent from the extraction process eadiected and lyophilized. Oxytocin brain and plasm
peptide levels were measured by Prof. Landgrafteoratory (Max Planck Institute of Psychiatry,
Munich, Germany) using iodinated tracer in accocgawith Landgraf (1981) and is reported as % of

control (chronic saline group)

2.6 Statistical analysis

All values are expressed as the mean + SEM. Allistitzal analyses were performed using Graphiad
(GraphPad software Inc., La Jolla, CA, USA). Diffieces in locomotor and stereotypic (rearing)
activities were analyzed using repeated measures-way ANOVA with factors ‘treatment
(saline/METH)' and ‘time (days; repeated factorfFor assessing the development of locomotor
sensitization, one-way repeated measures ANOVAnN€ti as the repeated factor) was performed
specifically for METH-treated mice. Fecal boli prmtion during the FST was analyzed with non-

parametric Mann-Whitney-test. For the analysis of the effects of METH witwdlal on memory,
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anxiety- and depressive-like behavior, unpairedi&ttis unpaired-tests was used. For analysis of the
relative OT levels and OTR, MOPr and,F binding, two-way ANOVA was performed in each
individual brain region and plasma for factors atrment (saline/METH) and ‘experimental phase
(chronic/withdrawal)'. Corticosterone, CRFe-Fos, and c-FOYCRF' levels were analyzed using a two-
way ANOVA for factors ‘treatment (saline/METH)' an@xperimental phase (chronic/withdrawal)'.
ANOVAs were followed by Holm-Sidagost-hoctest when significance was reached (pe&0.05). All
statistical analyses, as well as the number of alsifmer group for each experiment are providedaibld

1.
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Table 1: Statistical Analyses

Statistical test

Treatment effect

Experimental phase

Interaction effect

Overall effects for Figure 2
Novel object recognition (n=6)
Discrimination ratio
Elevated plus-maze (n=6)
Open-arm time
% open-arm entries
Forced-swim test (n=6)
Immobility time
Latency to first immobility
Fecal boli
Overall effects for Figure 3

METH effects on locomotor activity (n=13)

unpaired t-test

unpaired t-test
unpaired t-test

unpaired t-test
unpaired t-test
Mann Whitney U-test

Factor ‘treatment’
p>0.05

Factor ‘treatment’
p>0.05

p<0.05*

Factor ‘treatment’
p>0.05

p>0.05

p<0.05*

Factor 'treatment’

Factor 'time (days)'

Factor 'treatment'x 'time'

Stimulated horizontal activity two-way RM ANOVA F(1,241=492.80; p<0.001* Flo,2161=1.35 p=0.32 Fio,216) = 3.48 p<0.001*
Stimulated vertical activity two-way RM ANOVA F(1,241=16.10; p<0.001* Flo,216=3.44 p<0.001* Fl,216)= 0.34 p>0.05
Basal horizontal activity (Days 1-10) two-way RM ANOVA Fi1,241= 9.66 p<0.01* Flo, 216~ 31.83 p<0.001* Flo, 216=3.16 p<0.01*
Basal horizontal activity (Day 17) unpaired t-test p<0.05*

Basal vertical activity (Days 1-10) two-way RM ANOVA Fla, 241= 15.56 p<0.001* Flo, 2161= 11.34 p<0.001* Flo,216/=2.16 p<0.05*
Basal vertical activity (Day 17) unpaired t-test p<0.05*

Overall effects for Figure 4
OTR autoradiography (n=5-6)
AOM
AOV
AOL
CgCx
Pir
AcbC
AcbSh
CPu
MS
VDB
LS
Hip
Th
Hyp
Amy
OT levels (n=6-7)
Striatum
Hyp
Amy
Plasma

Plasma corticosterone levels (n=5-6)

Overall effects for Figure 5
MOPr autoradiography (n=5-6)

MtCx

CgCx

Pir

AcbC

AcbSh

CPu

MS

VDB

LS

Th

Hyp

Hip

Amy

D, autoradiography (n=5-6)
AcbC
AcbSh
CPu

Overall effects for Figure 6
Amygdalar CRF levels (n=6)
CRF"
c-Fos”
c-Fos’/CRF*

two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA

two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA

two-way ANOVA

two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA
two-way ANOVA

two-way ANOVA
two-way ANOVA
two-way ANOVA

two-way ANOVA
two-way ANOVA
two-way ANOVA

Factor ‘treatment’

Fua0=1.21 p=0.28
Fr1,19=0.23 p=0.64
Fr1,19=1.55 p=0.23
Fr1,19=0.51 p=0.48
Fru,20=1.64 p=0.21
Fr1,19=0.24 p=0.63
F(1,19=0.07 p=0.79
Fi1,19=0.46 p=0.51
Fr1,19=0.58 p=0.46
Foag=1.17 p=0.29
Fi120=8.61 p<0.01*
Fi1,10=5.03 p<0.05*
Fui0=2.73 p=0.12
Fi1,19=0.00002  p=0.99
Fr1,19=0.13 p=0.76
Factor 'treatment’
Fr1,23=0.02 p=0.88
Flu,23=0.03 p=0.85
F1,2370.27 p=0.61
Fr1,23=1.99 p=0.17
Factor ‘treatment’
Fr1,19=5.20 p<0.05*

Factor ‘treatment’

Fr1,15=0.91 p=0.35
Fru10=1.95 p=0.18
Fu19=1.04 p=0.32
Fr1.20=16.96 p<0.001*
Fra.20=15.55 p<0.001*
Fr1,20=6.05 p<0.05*
Fru19=2.46 p=0.13
Fa19=1.76 p=0.20
Fru19=0.34 p=0.56
Fru,10=0.41 p=0.53
Fr1,19=0.04 p=0.84
Fru,19=0.17 p=0.69
Fi1,19=0.06 p=0.81

Factor 'treatment’

Fao=1.11 p=0.31
Fru,10=0.71 p=0.41
Fru,19=0.57 p=0.46

Factor 'treatment’

Fr1,20=40.27 p<0.001*
Fi1,202.39 p=0.14
Fr1,20=23.15 p<0.001*

Factor 'experimental phase'

Fua0=1.12 p=0.30
Fi1,19=1.067 p=0.31
Fi1,19=0.78 p=0.39
Fi1,19=0.19 p=0.67
Fra,202.39 p=0.14
F1,19,=0.001 p=0.98
Fl1,10=0.54 p=0.47
Fi1,19=0.03 p=0.86
F1,19/=0.0007 p=0.98
Fi1,18=0.49 p=0.49
Fiu,20=7-35 p<0.05*
Fuio=1.12 p=0.30
Flu,10=2.97 p=0.10
Fi1,10=0.17 p=0.68
Fi1,19=0.90 p=0.36
Factor 'experimental phase'
F1,23=0.06 p=0.81
Fr1,23=2.38 p=0.14
Fi1,23=3.46 p=0.08
Fu,23=3.77 p=0.06

Factor 'experimental phase'
Fr,19=11.35 p<0.01*

Factor 'experimental phase'

Fi115/=0.82 p=0.38
Fu19=0.17 p=0.69
Fas=3.17 p=0.09
Fi1.20=0.02 p=0.90
F1,201=0.0005 p=0.98
Fl120=0.04 p=0.84
Frs=1.79 p=0.20
Fru1s=2.75 p=0.11
Fu1s=1.29 p=0.27
Fiu19=0.25 p=0.62
Fru19=0.31 p=0.59
Fu19=0.17 p=0.68
Fi1,195=0.09 p=0.77

Factor 'experimental phase'

Fiu10=1.01 p=0.33
Fi119=0.26 p=0.62
Fi119=0.97 p=0.34

Factor 'experimental phase'

Fla20=12.01 p<0.01*
Fi1.20/=0.001 p=0.97
Fi1201=6.79 p<0.05*

Factor 'treatment' x 'experimental phase’

Fl1,20=0.03 p=0.87
F19=1.71 P=0.21
Fi1,19=0.77 p=0.39
Fi1,19=0.90 p=0.36
Fi1,20=0.65 p=0.43
Fi1,19=0.07 p=0.80
Fi1,19=0.67 p=0.43
Fi1,19=1.00 p=0.33
Fr,19=1.50 p=0.24
Fiu18=3.35 p=0.08
Fia,20=7.00 p<0.05*
Fiu10=1.46 p=0.24
Fl1,19=0.26 p=0.62
Fr,19=1.19 p=0.16
Fr1,19=8.94 p<0.01*
Factor 'treatment’ x 'experimental phase’
F1,23=0.06 p=0.81
Fr1,23=2.38 p=0.14
Fi1,23=3.46 p=0.08
Fru,23=3.77 p=0.06

Factor 'treatment’ x 'experimental phase’

Fi1,196.60

p<0.05*

Factor 'treatment' x 'experimental phase’

Fr1,18=1.47
Fii,19=1.43
Fi1,190.17
Fi1,201.02
Fi1,200.62
Fi1,200.07
Fi1,19=0.01
Fi1,19=0.82
F(1,19=0.001
Fi1,19=0.10
F(1,19=0.0001
Fl1,10:=0.07
Fl1,10=2.78

p=0.24
p=0.25
p=0.68
p=0.33
p=0.44
p=0.79
p=0.92
p=0.38
p=0.98
p=0.75
p=0.99
p=0.79
p=0.11

Factor 'treatment’ x 'experimental phase’

Fi1,19=0.02
Fi1,19=0.05
Fi1,19=0.02

p=0.90
p=0.83
p=0.90

Factor 'treatment’ x 'experimental phase’

Fi1,207.80
Fi1,20=0.47
Fi1,20=2.06

p<0.05*
p=0.50
p=0.18
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3. Results
3.1 Effects of METH withdrawal on memory, anxiety-and depressive-like behavior in mice

Novel object recognitianMemory performance was assessed using the NQRfdéswving a 5-day
abstinence from chronic METH treatment. METH-witiain animals did not manifest object recognition
impairment, since there was no significant diffeein the NOR discrimination ratio compared torsali
controls (Figure 2A). No difference was observedhia distanced travelled (mm) during the habitumatio
phase between the saline and METH withdrawal asir(@hline withdrawal: 3255 + 188\ METH

withdrawal: 3060 + 154.8).

Elevated plus-mazé\nxiety-related behavior in saline- and METH-vdthwn mice was assessed with
the use of the EPM following the 7-day METH withded period. Although, time spent in the open

arms was not significantly different between METHthdrawn and saline-withdrawn animals

(Figure 2B), a significant decrease in the pergmtaf entries in the open arms of METH-
withdrawn mice compared to saline-withdrawn corstnwhs observed (Figure 2C), indicating an
anxiogenic-like phenotypehere was no difference in total arm entries betwsaline and METH

withdrawal groups (239.7+6.6/5241.0+5.25 respectively)

Forced-swim testDepressive-like behavior in saline- and METH-wittawn mice was assessed with the
use of the FST following 8-day withdrawal from chi® METH administration. METH-withdrawn
animals did not have any differences in their imiliigbtime (Figure 2D) or latency to the first
immobility count compared to saline-withdrawn anisngFigure 2E). However, METH-withdrawn mice
produced significantly more fecal boli during th8TFcompared to saline-withdrawn mice (Figure 2F),

indicative of increased anxiety-related emotioggl@raft et al., 2010; Marti and Armario, 1993).
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3.2 Effects of chronic METH administration and withdrawal on basal and stimulated locomotor
and stereotypic rearing activity in mice

METH pre-treatment significantly increased basain@mjected) horizontal activity on Days 2-4; this
effect did not persist throughout the 10-day METdinénistration paradigm (Figure 3A). Following the
7-day withdrawal period (day 17; no injections)inaals that were receiving METH during the chronic
phase showed an increase in their horizontal #¢ttdmpared to their respective saline controlgyFe
3A). Horizontal locomotor activity on Day 17 was$ethan shown in Day 1 for the saline-treated mice
(p<0.001; Day 17vs Day 1), but not for the METH-treated micp=0.1; Day 17vs Day 1), further
suggesting a contextual- and possibly neuropl&gtieiated METH-induced conditioned sensitization,

without the presence of the drug (Figure 3A).

Horizontal stimulated activity of mice was increadellowing METH treatment throughout the 10-day
administration paradigm compared with saline-trdatéce (Figure 3B). From the second day of the
administration paradigm, there was a significastéase in METH-stimulated horizontal activity which
persisted until the end of the administration payad(i.e., Days 2-10) compared to Day-1-indicating

ot MAP (Figure 3B).

Pre-treatment with METH increased basal (non-iggctertical activity from day 2 of the administoat
paradigm and was statistically significant on day$5,6,8 and 9 of METH administration compared to
the saline controls (Figure 3C). Following the F+ddthdrawal period (day 17; no injections), animal
receiving METH during the chronic phase showedrameiase in their vertical activity compared to thei
respective saline controls (Figure 3C). Verticaafing) activity on Day 17 was less than Day 1 for
control mice p<0.05; Day 1#&sDay 1), but not for the METH-treated animats@.9; Day 1A/sDay 1;

Figure 3C).

Vertical stimulated activity was increased in METidated compared to saline-treated controls

throughout the 10-day METH administration paradigiigure 3D).
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3.3 Effect of METH administration and 7-day withdrawal on the OT system

Quantitative analysis of OTR binding showed a digaint ‘treatment’ effect in the lateral septum JLS
and hippocampus (Figure 3A,B). An ‘experimental g@iaeffect was also observed in LS. Moreover, a
significant ‘treatment’ x ‘experimental phase’ irdetion was identified in the LS and amygdala. LSD
post-hocdest revealed a significant increase in OTR bigdinthe amygdala following the 10-day METH
administration, which was normalized following tfieday withdrawal period (Figure 4A,B). While
chronic METH administration did not alter OTR bingiin the LS, METH withdrawal induced a

significant increase in OTR binding in that regi®igure 4A,B).

Chronic METH administration and withdrawal did rintluce any alterations in the OT content in the
striatum (Figure 4C), hypothalamus (Figure 4D) antygdala (Figure 4E) compared to their respective
controls. Chronic administration of METH increaggdsma OT levels, which were normalized to control

(saline withdrawal) levels following the 7-day MEMdthdrawal period (Figure 4F).

3.4 Effect of METH administration and 7-day withdrawal on the HPA-axis

A significant effect of ‘treatment’, ‘experimentgdhase’ and an interaction between ‘treatment’ x
‘experimental phase’ was observed in plasma catizone levels. Chronic METH treatment increased
plasma corticosterone levels compared to salingérasn(Figure 4G). However, corticosterone levels
were comparable to the control group following daf METH withdrawal period (Saline withdravwad

METH withdrawal; Figure 4G).

3.5 Effect of the 10-day METH administration and 7eay withdrawal on MOPT binding in mice

Quantitative analysis of MOPr binding showed a i§icent ‘treatment’ effect in the nucleus accumbens
core (AcbC), nucleus accumbens shell (AcbSh) andata putamen (CPu). No significant ‘experimental
phase’ effect or ‘treatment’ x ‘experimental phaseteraction was observed in any of the regions

analyzed (Figure 5A,B).
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3.6 Effect of the 10-day METH administration and 7eay withdrawal on dopamine D, receptor
binding in mice

Quantitative analysis dopamine®binding did not reveal any significant differeadeduced by METH

administration or withdrawal in any of the regi@malyzed (Figure 5C,D).

3.7 Effect of the 10-day METH administration and 7day withdrawal on CRF levels in the
amygdala in mice

Immunohistochemical analysis of CRReurons and c-F&CRF neurons in the amygdala showed a
significant ‘treatment’ and ‘experimental phasefeet following METH administration and withdrawal
(Figure 6A-G). Two-way ANOVA revealed a significdireatment’ x ‘experimental phase’ interaction in
amygdalar CRF neurons. Chronic METH treatment and withdrawalucet an increase in both
amygdalar CRFneurons (Figure 6A-D,E) and c-F&BRF neurons in METH-treated animals compared
to saline-treated animals, which persisted duriithdrvawal (Figure 6A-D,G). No significant differemc
was observed in the number of c-Fasurons between the METH- and saline-treated edlsas between

the METH-withdrawn and saline-withdrawn animalsg{ifie 6A-D,F).
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4. Discussion

In the present study we demonstrated that a 10MaYH administration induced a significant increase
in OTR binding in the amygdala and caused an iseréa the MOPr binding in the AcbC, AcbSh and
CPu. These receptor changes were accompanied ingraase in plasma corticosterone and OT, as well
as amygdalar CRF levels. Following a 7-day withddaperiod, while plasma corticosterone levels and
amygdalar OTR binding returned to baseline leats,p-regulation of OTR binding was observed in the
LS. Increased striatal MOPr binding and amygdal®FQevels persisted during METH withdrawal.

These alterations during METH withdrawal were canitant with an anxiogenic-like phenotype.

We firstly behaviorally characterized a mouse moofeMETH abstinence from chronic steady-dose
METH administration regimen. Although METH withdralvdid not induce memory impairments, or
depressive-like behaviors in our mouse model, daylilee symptoms were observed, including
decreased open-arm entries in the EPM and incraetefedation during the FST session, which has been
previously associated with measures of anxiety {\Vdatl Frye, 2007) and emotionality (Craft et al.,
2010; Marti and Armario, 1993) respectively. Théiselings are in line with previous studies showing
anxiety-like symptoms following withdrawal from MET self-administration (Nawata et al., 2012) and
following a steady-dose injection regimen of METKit@naka et al., 2010) in rodents, and anxietytdrai

in METH-abstinent individuals (London et al., 200H4)ghlighting the translational value of our model
and a direct link between METH abstinence and theergence of a negative emotional state.
Interestingly, anxiety symptoms were observed inTMEisers during the first two weeks of abstinerce;
period considered being critical for relapse to MEAdministration (Mancino et al., 2011). Therefate,
has been postulated that the observed anxietyetelaymptoms during withdrawal might act as a
motivational trigger to re-administer the drug amtbpse (Zorick et al., 2010). These anxiety-relate
symptoms were not associated with memory defigtassessed by the novel object recognition task in

our study.

19



Similar to a previous study demonstrating earlyhdigwal (i.e., 2 days withdrawal) but not protracte
withdrawal (i.e., 15 days withdrawal) depressikelsymptoms in rats (Jang et al., 2013), we did not
observe a depressive-like phenotype in the forpgdigest in METH-withdrawn mice. In agreement,
Zorick et al. (2010) demonstrated that depressirapsoms resolved within a week of abstinence in
METH-dependent humans. Administration of methamgiméte induced environment-specific increase
in basal locomotor activity of mice, indicative aftonditioned/contextual sensitization to the doaged
environment in anticipation for the METH injectioihile METH-treated mice did not show contextual
sensitization following 4 days of treatment, plélsidue to learning-related habituation to the drug
associated environment, they express higher loammattivity in the previously METH-paired
environment even 7 days following withdrawal, atnae point which METH (2 mg/kg) has been shown
to be undetectable in both the brain and plasmaioé (Zombeck et al., 2009). Increased locomotor
activity in the previously drug-paired environmehés been linked with contextual sensitization
(Robinson et al., 1998) and these long-lasting Wieha@ changes have been associated with persistent
molecular neuroadaptations/neuronal plasticity (Rand Jurd, 2005). Such long-term brain
neuroadaptations have been hypothesized to cowrtbudrug craving following abstinence (Robinson
and Berridge, 2008; Ron and Jurd, 2005; Sato, 188f) et al., 1983). Interestingly, we have notonl
observed increased horizontal locomotor activitythia previously drug-paired compartment following
withdrawal, but also increased stereotyped-movetrfreating behavior). Notably, memory impairment is
unlikely to underlie these locomotor changes, simeeshow intact memory performance in the NOR task
during METH abstinence. Increased psychostimuladiited repetitive stereotypic/rearing behavior has
been previously associated with psychotic properifedrugs of abuse (Reeves et al., 2003) and gener
psychotic symptoms in animals (see Forrest eR@ll4). Additionally, disruptions of pre-pulse intidn
were reported in mice following a similar adminggton/withdrawal paradigm used in the present study
(7-day METH (1 mg/kg) administration and 7-day wlithwal; (Arai et al., 2008)). Taken together,
increased baseline stereotypic/rearing behavidoviihg the 7-day abstinence period observed in the
present study might be possibly related to the gmgéd psychotomimetic properties of METH.
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Additionally, increased rearing activity has be&oahown to reflect increased anxiety-like behisvin
mice (Lever et al., 2006), which indeed might be ¢lase here too, since it is in line with the béraV

changes observed in the elevated plus-maze.

Evidence has implicated MOPr in the regulation fghostimulant-induced behavioral sensitization. In
particular, Shen et al., (2010) has demonstratetl MOPr knockout mice do not develop METH-
induced locomotor sensitization and MOPr bindings velaown to be increased in mouse brain tissue
membranes 14 days following withdrawal from a MEBEnsitization protocol (Chiu et al., 2006),
suggesting a clear involvement of MOPr in METH-indd sensitization. In the present study we
demonstrated increased MOPr binding in the Acb @Rl following METH administration and
withdrawal, which might be associated with the obseé behavioral sensitization to the METH-
associated environment during abstinence. Althdughnot clear whether this receptor upregulati®n
associated with increased relapse potential follgvabstinence, the fact that Gorelick et al. (20@8)e
shown a positive correlation between MOPr bindingfiontal and temporal cortices with relapse
potential of cocaine use in former cocaine additiag with our results point towards the need fother
investigation for a possible role of the MOPr systa the modulation of psychostimulant craving dgri

abstinence.

Chronic methamphetamine administration inducedprgulation of the OTR binding specifically in the

amygdala and hippocampus, suggesting region-spem#furoadaptations of the oxytocinergic system
following chronic methamphetamine treatment. Arréase in amygdalar OTR binding was previously
observed following chronic administration of othlirugs of abuse, including cocaine (Georgiou et al.,
2015a), morphine (Zanos et al., 2014a) and nicofdemnos et al., 2015b), highlighting a possible
common mechanism of multiple drugs of abuse oroytocinergic system, which might be involved in

several behavioral consequences of chronic drug lswever, in the present study amygdalar OTR
binding returned to control levels following thed@y withdrawal period, suggesting that this braigion

specific neuroadaptation of the oxytocinergic gystis not persistent after discontinuation of drug
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administration and thus, unlikely to be involvedlire methamphetamine withdrawal-induced anxiogenic
phenotype. Similarly, chronic METH administratiorduced an upregulation of plasma oxytocin levels,
which returned to control levels following 7 dayé withdrawal. While the effects of acute METH
administration on the central OTR system and plasmgdocin levels are yet to be determined, it is
unlikely that the observed upregulation of amygd®dR and plasma OT levels to reflect the acute
effects of the drug since Sarnyai et al., 1992¢drasiously reported no effects of acute cocainetfzar
psychostimulant drug) on oxytocin content in plasarad amygdala. In support, acute doses of
methamphetamine did not alter plasma OT levelseglthy adults (Bershad et al., 2015). In contrast t
the normalized levels of plasma OT and amygdalaR ®ihding following methamphetamine abstinence,
we observed an increase in hippocampal OTR binditigh persisted following withdrawal (treatment
effect). Interestingly, dysregulation of the hippogpal OT system has been also reported following

chronic administration of cocaine (Sarnyai et E92).

Importantly, METH withdrawal, but not chronic METEdministration, triggered an increase in OTR
binding in the LS, a region known to be involved @motionality (see Sheehan et al., 2004).
Interestingly, an increase in OTR in LS was alssen®ed following a 7-day morphine withdrawal in
mice and this was shown to be associated with wathdl-induced anxiety (Zanos et al., 2014a).
Considering that the septum is a brain region hygsized to be responsible for the anxiolytic effeuft
OT (Lukas et al., 2013), it is likely that the dggulation of the OTR system in the LS to be a pdessi
mechanism underlying the anxiety-related symptotmseoved in the present study. In fact, we have
previously shown that decreased OT content in thimlwas concomitant with an increase in the OTR in
the lateral septum (Zanos et al., 2014). In addjt#oicas et al., (2014) have demonstrated thaalsiear
conditioning was associated with an increase in @iRling in the septum of rodents, whereas i.c.v.
administration of OT prevented social fear conditiy, suggesting a possible decreased local OT

neurotransmission in that brain region to accoantte increased OTR binding. However, further istsid
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investigating the effects of intra-LS administratiof OT are needed to shed light in the exact abkhis

OT system dysregulation and its correlation withh BBETH abstinence-induced anxiety.

Anxiety-related behaviors have also been extensieked with changes in both the HPA axis activity
(see Faravelli et al., 2012), as well as hyperwatitin of the CRF system in the brain in rodente(s
Zorrilla et al., 2014). Here, an increase in plasrogicosterone levels was observed following chron
METH treatment, which was normalized after withdehwThese findings suggest that METH
withdrawal-induced anxiety-like symptoms are likalyt associated with a dysregulation of the perighe
arm of the HPA-axis. In contrast, a persistenteéase in amygdalar CREnd c-FO¥CRF neurons was
demonstrated following the 10-day METH administrati and this effect was even enhanced during
withdrawal, highlighting an important role of pestgint neuroadaptations in the amygdalar CRF sy&tem
underlie behavioral changes occurring during METh$tmence. Interestingly, it has been previously
suggested that increase activity of the CRF systethe amygdala is associated with drug abstinence-
induced anxiety (see Zorrilla et al., 2014), sutjggsa possible involvement of the increased amiggda
CRF levels in the development of anxiety-like bebein METH-withdrawn animals. However, more

work needs to be carried out to verify the rolénafeased CRF in drug—withdrawal induced anxiety.

While we have previously shown that chronic adntiatton of METH does not change® binding in
mice (Wright et al., 2015), in the present stuadyobserved no alterations of theRDbinding following

7 days of withdrawal, possibly suggesting thatrattens in the BR are not involved in the observed
anxiogenic phenotype. However, neuroadaptationh®m:R system occurring downstream the receptor

level cannot be precluded.

ConclusionsOverall, this study demonstrated alterationsten@TR, MOPr and CRF systems following
chronic METH administration and withdrawal in bragygions functionally associated with the observed
anxiety-related symptoms during abstinence. Oudiffigs provide further insight into the specific

neurobiological mechanisms underlying METH use abstinence and provide information for potential
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targets for the development of novel and effectpl@mrmacotherapies for the treatment of METH

addiction and prevention of relapse and comorbideayn
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9. Figure legends

Figure 1: Behavioral and tissue/plasma collectionx@erimental timelines. Experimental timelines for
the (A) behavioral characterizatio(B) locomotor and stereotypic activitfC) OTR, MOPr, BR, CRF
and corticosterone, as well @3) oxytocin content measuremen#sbbreviations:CRF, corticotropin-
releasing factor; ER, dopamine B receptor; EPM, elevated plus-maze; FST, forceadrsteist; METH,
methamphetamine; MOPr, p-opioid receptor; NOR, hadgject recognition; OT, oxytocin; OTR,

oxytocin receptor.

Figure 2: Anxiety-like behaviors and following 7 dys methamphetamine withdrawal. Male
C57BL/6J mice were treated with either saline or @ldy steady-dose methamphetamine (METH)
administration paradigm (2 mg/kg, i.p. per day)ldiwed by 5-8 days withdrawa(A) Memory of the
saline- and methamphetamine-withdrawn mice (5 déygithdrawal) was assessed in in the novel object
recognition task. The discrimination ratio reprdseine time spent interacting with novel objectato
interaction time with both object¢§B) Open-arm time in the elevated plus-maze (EPM) dysdof
withdrawal) and(C) percentage open arm entries were measured to assgigy-like behaviors
following 7 days of methamphetamine withdrawél) Immobility time and (E) latency to first
immobility count were assessed in the forced-swast t(FST) following 8 days methamphetamine
withdrawal. (F) Fecal boli in the FST were counted as a measusmnaftionality of methamphetamine-

and saline-withdrawn mice. Data are expressedeasidan + SEM. (5<0.05 (Student’s unpairettest).

Figure 3: Effect of chronic METH administration and withdrawal on horizontal and vertical
locomotor activity. Male C57BL/6J mice were treated with either salinenethamphetamine (METH)
with a 10- day steady-dose administration paradi@nmg/kg, i.p. per day) and left to spontaneously
withdrawal for 7 days. Average bagal) horizontal andC) vertical activities (representing stereotypic
rearing) were measured daily in 5-min bins for G@utes pre-METH or saline injection during the 10-
day steady-dose METH and saline administration digna (Days 1-10), as well as 7 days post-last

injection (Day 17). Average stimulatéB) horizontal andD) vertical activity were measured daily in 5-
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min bins for 90 minutes post-METH or saline injeatiduring the 10-day steady-dose METH and saline
administration paradigm (Days 1-10). Data are esggd as mean = SEM.pz0.05, **p<0.01,
*** 0<0.001vs saline/ p<0.0%; o p<0.001 vsDay 1 (repeated measures two-way ANOVA followed

by LSD post-hoctest).

Figure 4: Effect of chronic methamphetamine adminigation and withdrawal on [**I]-OVTA
binding to OTR, OT content and plasma corticosteror levels.Male C57BL/6J mice were treated
either with saline or methamphetamine (METH) with@&day steady-dose administration paradigm (2
mg/kg, i.p. per day) and left to spontaneously ditlw for a period of 7 daysA] Computer-enhanced
representative OTR autoradiograms of adjacent ebrbrain sections from chronic saline-, METH-
treated, saline-withdrawn and METH-withdrawn midetlze level of the caudate putamen (Bregma
0.86mm, first row) and the thalamus (Bregma -2.06reetond row). OTRs were labelled wit7]-
OVTA (50pM). The color bar illustrates a pseudoecdhterpretation of black and white film images in
fmol/mg tissue equivalent. Representative imageshi® non-specific binding (50pM#I]-OVTA in the
presence of 5§M unlabelled oxytocin) are shown for all the treatthgroups(B) Quantitative oxytocin
receptor autoradiographic binding in brain regiofisnice treated with a chronic 10-day steady-dose
METH administration paradigm and in mice-withdrafen 7 days. Oxytocin levels i(C) striatum,(D)
hypothalamus(E) amygdala andF) plasma.(G) Plasma corticosterone levels. Data are expressed a
mean * SEM. p<0.05, **p<0.01, ***p<0.001 Two-way ANOVA followed by LSDpost-hoctest.
Abbreviations AcbC, nucleus accumbens core; AcbSh, nucleusnaloens shell; Amy, amygdala; AOL,
anterior olfactory nucleus-lateral; AOM, anteriolfagtory nucleus-medial; AQOV, anterior olfactory
nucleus-ventral; CgCx, cingulate cortex; CPu, ctaigpatamen; Hip, hippocampus; Hyp, hypothalamus;
LS, lateral septum; MS, medial septum; OT, oxytp@mR, oxytocin receptor; Pir, piriform cortex; Th,

thalamus; VDB, vertical limb of the diagonal barfooca.

Figure 5: Effect of chronic methamphetamine adminigation and withdrawal on [*H]DAMGO
binding to MOPr and [*H]Raclopride binding to D,R . Male C57BL/6J mice were treated either with
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saline or methamphetamine (METH) with a 10-day dyedose administration paradigm (2 mg/kg, i.p.
per day) and left to spontaneously withdraw foedqa of 7 days.A) Computer-enhanced representative
MOPr autoradiograms of adjacent coronal brain sastifrom chronic saline-, METH-treated, saline-
withdrawn and METH-withdrawn mice at the level bktcaudate putamen (Bregma 0.86mm). MOPrs
were labelled with3H]DAMGO (4nM). The color bar illustrates a pseuduer interpretation of black
and white film images in fmol/mg tissue equivaldi) Quantitative MOPr autoradiographic binding in
brain regions of mice treated and withdrawn form THE (C) Computer-enhanced representativédk D
autoradiograms of adjacent coronal brain sectiooms thronic saline-, METH-treated, saline-withdrawn
and METH-withdrawn mice at the level of the caudatéamen (Bregma 0.86mm).® were labelled
with [°*H]-Raclopride (4nM). The color bar illustrates aepdo-color interpretation of black and white
film images in fmol/mg tissue equivalefiD) Quantitative BR autoradiographic binding in brain regions
of mice treated and withdrawn form METH. Data expressed as mean + SEM. Two-way ANOVA was
performed in each individual brain regioAbbreviations AcbC, nucleus accumbens core; AcbSh,
nucleus accumbens shell; Amy, amygdala;, CgCx, ¢atgucortex; CPu, caudate-putamen;RD
dopamine DB receptor; Hip, hippocampus; Hyp, hypothalamus; le®ral septum; MS, medial septum;
MOPr, u-opioid receptor; MtCx, motor cortex; Riiform cortex; Th, thalamus; VDB, vertical limld o

the diagonal band of Broca.

Figure 6: Effect of chronic METH administration and withdrawal on CRF", c-Fos and c-
Fos/CRF" neurons in the amygdala.Male C57BL/6J mice were treated either with salime
methamphetamine (METH) with a 10-day steady-doseiridtration paradigm (2 mg/kg, i.p. per day)
and left to spontaneously withdraw for a period’adays. Representative immunohistochemical images
of c-Fo$/CRF neurons from the amygdala from chroii) saline-,(B) METH-treated,(C) saline-
withdrawn and(D) METH-withdrawn mice (Scale bar: 20@). Quantitative immunohistochemical
analysis of E) CRF, (F) c-Fog and(G) c-FoS/CRF neurons in the amygdala of mice treated with a 10-

day steady-dose METH administration paradigm anehice-withdrawn for 7 days. Data are expressed
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as mean + SEM'p<0.05, **p<0.01, ***p<0.001. Two-way ANOVA followed by LSDpost-hoctest.

CRF, corticotropin-releasing factor.
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A Experiment 1: Behavioural characterisation

Day 1 Day 10 Day 15 Day 17 Day 18
Y J NOR EPM FST
Saline or METH (2 mg/kg, i.p., daily) \ Y J
n=6 / treatment Home-cage withdrawal

B Experiment 2: Locomotor and stereotypic rearing activity

Day 1 Day 10 Day 17
4( Locomotor activity ‘1’ ¢
1 J ! -
Y Locomotor activity
Saline or METH (2 mg/kg, i.p., daily) \ Y J
n=13 / treatment Home-cage withdrawal

C Experiment 3: OTR, MOPr, D,R, CRF and plasma corticosterone measurements

Day 1 Day 10 Day 17
Y J\ : J
Saline or METH (2 mg/kg, i.p., daily) T Home-cage withdrawal T
n=12 / treatment
Tissue and plasma collection Tissue and plasma collection
2.5 hours post-injection (Withdrawal groups; n=6)

(Chronic treatment; n=6)

D Experiment 4: Brain and plasma OT measurements

Day 1 Day 10 Day 17
Y J\ Y J
Saline or METH (2 mg/kg, i.p., daily) T Home-cage withdrawal T
n=13-14 / treatment
Tissue and plasma collection Tissue and plasma collection
2.5 hours post-injection (Withdrawal groups; n=7)

(Chronic treatment; n=6-7)



X X
o o = o = o o o
ald < o N © < o o
(12103 9,) saua wae-uadp 110q |ed94
O L.
© © ©o© o o o o o o
on (99s) swiy wae-uadQ w (99s) Ajiqoww ysaiy
0} Aouaje

T T
(= (=4 o
(= wn

1
0
0
0
0.
0
200-
50+

< onjel uoneuIWLIISIQ O (09s) swn Apgowu)

Bl MAP withdrawal

3 Saline Withdrawal



* k%
I 1
| ©
e
=
m P
-~
L
= D
¥ L <
3 L o
¥ L o
al
1) 1 L T
o o o o o
(=] Qo o o
™ [«}] [{e] ™
o

(s)yeauq weaq |ejuozIIOH)
[a'a) RiAnoy pajeinwing abesany

X

~
| ©

ot

X

- co

- I~

- «©

-0

X% %% - <t
X% -
¥ - o
- -~

o

/L

o © © o o
o o o o o
o] < ™ (] -
(sqeauq weaq [e}uOZIIOH)
<L Aiaoy |eseg abesany

Days

*kk

T T
o o
2] ©

o
<

(s)ea1q weaq |edi1jap)
() A1Apdy pajeinwing abelany

Days

¥ ¥ ¥

B

/L

¥

T
o o
o™

150+

100+

(sqeaaq weaq |ea1ap)
) iAoy |eseg abesany

L}
o o
wn

Days

Days

-~ MAP

-0~ Saline



MAP

withdrawal

E
£ B
.ﬂ.ad
v £
=

*ﬁ ESSSSSY
SL
M —

1]
Q
[SSS]

S

@l Chronic METH
Saline withdrawal
EA METH withdrawal

3 Chronic saline

¥ _” ¥
x| ¥ SSSSS
NS NN

AR

RASSSSSNNY

AN

ASSSASSASSANN]

AAStLwhTwhwihwhwhwhwhwh

DASNSBAASASASSAN(N

]
T T T T “
S w o w 9
(] - - (=] o

(anssy Bwyjjowy)

o Bupuig v1AO [ig;,] ouoeds

Th Hyp Amy

Hip

LS

VDB

AcbC AcbSh CPu Ms

Pir

AOM AOV AOL CgCx

I

OO

Amygdala

T T
o o
o w

150+
0

-

(1013u02 %) sjeas| LO

L

Brain Region

()

O

SN

Hypothalamus

_l

*%k

T
o (=]
0 5
1

150+
0

(104309 %) sjaAs] LO

U

r
(=]
[=]
N

T
[=]

T T 1
(=] (=] o
wn o wn

- -

Plasma

(jwyBu) sjaAs] auoia)sooon

aii : | OS
1
H 2
: :o._EWo %) m_Mm_ 10 ) : :Em.ou Mw.o>M 10 )
bl

Plasma



A fmol/mg Saline

150+
125+
100+

Specific [3H] DAMGO Binding
(fmol/mg tissue)
N ~
¢ 9

0
=} o

L L

]

SS

]

AN
 SSSSSSSSSSS

fmol/mg Saline

150
o

-
W o W N
s <

Specific [3H] Raclopride Binding
(fmol/mg tissue)
<

AchC AcbSh
Brain Region

INSSNSSNNSN

AcbC

180+ 3 Saline
El MAP
Saline withdrawal
EA MAP withdrawal

CPu

Saline MAP
MAP withdrawal withdrawal NSB

3 Saline
R VAP
k% Saline withdrawal
'_"|_|_l ZA MAP withdrawal
*
/ 3 / /
5 7 ) / 7 / 5
/ A / / / A /
A GOBN AP PR B ;
/ / / A4 | 1RY /] Al i /
AcbSh  CPu MS VDB LS Th Hyp Hip Amy
Brain Region
Saline MAP
withdrawal withdrawal NSB




3 Saline Saline withdrawal
Bl VAP EBEA MAP withdrawal

N
o
o

8o{
60-
404 ——
20-

0

*

Chro.nric Treatment Withdrawal

Number of
CRF* neurons
>
e

= B

. '&"o" o
s

t'fs,h;;"’:*m& ‘ll“ﬂgg AP Pk % 50- o s
K ,¢" P PRl

“

60+

45+

30+

Number of
c-Fos® neurons

15+

()

100+

Number of
c-Fos*/CRF* neurons




Highlights:

* METH withdrawal induces anxiety-related symptoms in mice

* METH administration and withdrawal causes neuroadaptationsin the OT system
* Peasddgentincreasein striatal MOPr following METH treatment

« Amygdalar c-Fos'/CRF" neurons are increased in M ETH-treated/withdrawn mice
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