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Amphetamine sensitization and cross-sensitization with acute
restraint stress: impact of prenatal alcohol exposure in male and
female rats

Kristina A. Uban, Ph.D.1, Wendy L. Comeau, Ph.D.3, Tamara Bodnar, BSc3, Wayne K. Yu,
BSc3, Joanne Weinberg, Ph.D1:2:3”" and Liisa A. M. Galea, Ph.D.1.2"

1Department of Psychology, University of British Columbia, Vancouver, BC
2Brain Research Centre, University of British Columbia, Vancouver, BC

3Department of Cellular and Physiological Sciences; University of British Columbia, Vancouver,
BC

Abstract

Rationale—Individuals with fetal alcohol spectrum disorder (FASD) are at increased risk for
substance use disorders (SUD). In typically developing individuals, susceptibility to SUD is
associated with alterations in dopamine and hypothalamic-pituitary-adrenal (HPA) systems, and
their interactions. Prenatal alcohol exposure (PAE) alters dopamine and HPA systems, yet effects
of PAE on dopamine-HPA interactions are unknown. Amphetamine-stress cross-sensitization
paradigms were utilized to investigate sensitivity of dopamine and stress (HPA) systems, and their
interactions following PAE.

Methods—Adult Sprague-Dawley offspring from PAE, pair-fed, and ad libitum-fed control
groups were assigned to amphetamine-(1-2mg/kg) or saline-treated conditions, with injections
every other day for 15 days. 14 days later, all animals received an amphetamine challenge
(Img/kg) and 5 days later, hormones were measured under basal or acute stress conditions.
Amphetamine sensitization (augmented locomotion, days 1-29) and cross-sensitization with acute
restraint stress (increased stress hormones, day 34) were assessed.

Results—PAE rats exhibited a lower threshold for amphetamine sensitization compared to
controls, suggesting enhanced sensitivity of dopaminergic systems to stimulant-induced changes.
Cross-sensitization between amphetamine (dopamine) and stress (HPA hormone) systems was
evident in PAE, but not in control rats. PAE males exhibited increased dopamine receptor
expression (MPFC) compared to controls.

Conclusions—PAE alters induction and expression of sensitization/cross-sensitization, as
reflected in locomotor, neural, and endocrine changes, in a manner consistent with increased
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sensitivity of dopamine and stress systems. These results provide insight into possible mechanisms
that could underlie increased prevalence of SUD, as well as the impact of widely prescribed
stimulant medications among adolescents with FASD.

Keywords

prenatal alcohol; amphetamine; stress; dopamine; addiction; sex differences; sensitization;
prefrontal cortex; nucleus accumbens; striatum

INTRODUCTION

Fetal alcohol spectrum disorder (FASD) is a term encompassing the range of disorders or
deficits resulting from prenatal alcohol exposure (PAE), and has an estimated prevalence of
9/1,000 births in North America (Thanh and Jonsson 2010). “Secondary” FASD-related
deficits include an increased propensity for mental health problems such as substance use
disorders (SUD) (Baer et al. 2003, Alati et al. 2008, O’Connor and Paley 2009). Consistent
with clinical findings, rodent models of PAE demonstrate increased stress responsiveness,
depressive-/anxiety-like behaviors, and preference for alcohol and other drugs (Chotro et al.
2007, Barbier et al. 2009, Hellemans et al. 2010). The present study investigated the effects
of PAE on sensitivity of underlying dopamine (DA) and stress (hypothalamic-pituitary-
adrenal, HPA) systems implicated in vulnerability to SUD.

The link between DA dysregulation and enhanced vulnerability to SUD is widely accepted
(Sinha 2008, Le Moal 2009, Volkow et al. 2011). For example, reduced binding of DA
receptors (D1, D2) has been associated with increased susceptibility to SUD (Hooks et al.
1994, Volkow et al. 1999, Sweitzer et al. 2012). Repeated exposure to stimulants, such as
amphetamine (AMPH), can produce hypersensitivity of DA systems, resulting in an
enhanced behavioral response referred to as behavioral sensitization (i.e. behavior is
increasingly amplified) (Vanderschuren and Pierce 2010). Behavioral sensitization is
positively correlated with stimulant self-administration (Piazza et al. 1990) and increased
propensity for reinstatement following abstinence (Vanderschuren and Pierce 2010), but is
not indicative of increased motivation to use (Ahmed and Cador 2006), a hallmark of
addiction. The present study used repeated exposure to AMPH as a paradigm to examine
sensitivity of DA systems to stimulants, which may increase DA dysregulation, and
ultimately contribute to increased neurobiological vulnerability to SUD.

PAE produces marked alterations in DA systems, including reductions in neuronal activity,
receptor binding sites, and metabolites (Blanchard et al. 1993, Shetty et al. 1993, Spear
1996, Shen et al. 1999, Wang et al. 2006, Shen et al. 2007), which alter tonic DA activity
and change neurobiological sensitivity. For example, PAE attenuates the typical decrease in
basal D1 and D, expression in the nucleus accumbens (NAc) and striatum following chronic
variable stress (Uban et al. 2013) and the drug-induced increases in NAc DA content (Chen
et al. 1997), despite enhanced stimulant sensitization in these animals (Hannigan and Pilati
1991, Barbier et al. 2009). Thus, depending on the situation, it is possible that PAE can
reduce tonic DA activity, but increase sensitivity of DA systems, to stimulants.

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 May 01.
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PAE also adversely affects the HPA axis, a major component of the stress system.
Following PAE, increased HPA tone and increased stress responsiveness have been reported
in infants (Ramsay et al. 1996, Jacobson et al. 1999, Haley et al. 2006, McLachlan et al.
2013) and in animal models (Taylor et al. 1988, Lee et al. 2000, Weinberg et al. 2008,
Hellemans et al. 2010). Moreover, brain areas such as the medial prefrontal cortex (mPFC),
NAc, and hypothalamus, which regulate HPA activity (Koob 2008), have significant bi-
directional interactions with the mesocorticolimbic DA system (Pacak and Palkovits 2001,
Koob and Kreek 2007, Cabib and Puglisi-Allegra 2012). For example, a range of acute
stressors, including restraint stress, can induce drug relapse after abstinence (for review see
(Sarnyai et al. 2001)) and acute drug exposure activates stress hormones (Koob 2008),
suggesting that alterations in the cross-talk between DA and stress systems may underlie
vulnerability to SUD (Lovallo 2006, Koob and Kreek 2007, Koob 2008). However, to date,
very little is known about the effects of PAE on the cross-talk between DA and the stress
hormone systems.

In the present study, we investigated effects of PAE on behavioral sensitization to AMPH
and cross-sensitization between AMPH and acute restraint stress. D1 and D, expression
were investigated in brain regions (MPFC, NAc core and shell, dorsal striatum) implicated in
DA-stress system interactions (Koob 2008) and altered by PAE (Uban et al. 2013). Male and
female offspring were tested as sex differences are observed in SUD (Haseltine 2000, Hu
and Becker 2003), HPA function (Young 1998) and PAE outcome (Weinberg et al., 2008).
We hypothesized that PAE would in a sexually dimorphic manner: 1) augment behavioral
sensitization to AMPH; 2) augment cross-sensitization with restraint stress (elevated stress
hormone levels); 3) alter the effects of AMPH on D4 and D, expression in key brain regions.

MATERIALS AND METHODS

Breeding

Sprague-Dawley rats (Charles River Laboratories, St Constant, QU, Canada) were pair-
housed by sex in clear polycarbonate cages with corn-cob bedding, and given ad libitum
access to water and laboratory chow (18% Protein Extruded Rodent Diet, #2019, Teklad
Global). Colony rooms were maintained on 12:12 hr light/dark cycle (lights on 0800 hr) at
20-23°C. Nulliparous females (225-335 grams (g); n=38) and males (275-375g; n=18)
were paired and the presence of sperm in vaginal lavages indicated gestation day 1 (GD1).
All animal procedures were in accordance with the National Institutes of Health guidelines,
and approved by the UBC Animal Care Committee. All efforts were made to minimize
suffering and the number of animals used.

Prenatal diets and feeding

On GD1, females were single housed and randomly assigned to one of three groups: 1)
Alcohol-treated (PAE) - liquid ethanol diet, ad libitum (n = 13); 2) Pair-fed (PF) - liquid
control diet, maltose dextrin isocalorically substituted for ethanol, in the amount consumed
by a PAE partner (g/kg/body wt/day of gestation) to control for the reduced food intake
typical with alcohol consumption (n = 12); 3) control (C), pelleted form of liquid control
diet, ad libitum (n = 13): all dams had ad libitum access to water. Alcohol containing liquid

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 May 01.
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diets were formulated to provide optimal nutrition (Dyets Inc. Bethlehem, PA, USA), with
36% of total calories derived from ethanol (Commercial Alcohol Inc., ON, Canada, catalog
no. P210EAAN). Fresh diet was presented daily (1800-1900 hr) from GD1-21. This feeding
schedule maintains the normal corticoid circadian rhythm in the Pair-fed dams, which are
fed a restricted ration (Krieger 1974, Gallo and Weinberg 1981). On GD21, all diets were
replaced with laboratory chow ad libitum for the remainder of the study. Dams were
weighed weekly. Blood alcohol levels ranged from ~80-150 mg/dl (mean=108.6mg/dl) on
GD16, 2 hours after lights off, using previous protocols (Hellemans et al. 2010, Uban et al.
2010). On postnatal day 1 (PND 1), litters were culled to 10 (5/sex) and weighed weekly.
Pups were weaned on PND 22 and group-housed by litter and sex with an enrichment tube.
One male and one female were selected from each litter for testing to control for litter
effects.

Amphetamine sensitization

Behavior

Adult rats (70+2.5 days) were randomly assigned to either AMPH- or saline-treated
conditions. There were 240 rats utilized (n= 20 per prenatal group x AMPH condition x sex
[other than 2 control females removed from analysis owing to equipment malfunction]). All
subjects received a total of 8 injections (intraperitoneal, i.p.), 1 injection every other day for
15 days (Figure 1), modified from a previous sensitization/cross-sensitization protocol
(Piazza et al. 1990). AMPH- treated rats received escalating doses of AMPH (d-
Amphetamine hemisulphate salt; Sigma Aldrich, England, UK), with 1 mg/kg AMPH for
the first 4 injections (days 1-7) and 2 mg/kg AMPH for the last 4 injections (days 8-15).
Saline-treated rats received injections of physiological (0.9%) saline, in a volume equivalent
to the AMPH injection volume. Rats then remained undisturbed (other than routine feeding
and husbandry) for a 14-day washout period (Deroche et al. 1992, VVanderschuren and Pierce
2010), at the end of which (day 29) all subjects (both AMPH- and saline-treated) received a
single injection of the lower dose (1 mg/kg, i.p.) of AMPH. All injections and behavioral
testing (0900-1330 hr) occurred in a separate procedure room with contextual cues different
from those of the home cage (i.e. dimmed lighting, novel carefresh bedding, black cage
lining (41 cm3), single housing for 80 min). This was done as development of sensitization
is strengthened by contextual cues associated with a novel environment (Browman et al.
1998, Wang et al. 2010). The doses of AMPH utilized (1-2 mg/kg) were low relative to the
standard dosing in most sensitization paradigms (Robinson and Becker 1986, Browman et
al. 1998) in order to maintain face validity (Doig et al. 2008) and to prevent ceiling effects in
behavioral responsivity, as we anticipated enhanced sensitivity to AMPH exposure in PAE
offspring.

Experimental design is shown in Figure 1. Locomotor behavior was recorded (SONY
Handycam DCR-SR68) on days 1 (first injection), 15 (last injection), and 29 (AMPH
challenge following 14 day washout) of testing. On each test day, a 20 minute baseline
period was assessed prior to the AMPH/saline injection, followed by a 60 minute post-
injection period to assess: 1) total distance travelled; 2) total number of rotations (atypical
behavior); 3) frequency of rears; and 4) stereotypy level. Distance and rotations were
quantified by ANY-maze video tracking software (version 4.75, Stoelting) in 5 min blocks.

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 May 01.
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Rearing and stereotypy were quantified manually by three independent scorers (blind to
treatment) in 10 min blocks (inter-rater reliability > 90%). Level of stereotypy was scored
with a Likert scale modified from (MacLennan and Maier 1983, Barr et al. 2002). Blood
samples were collected via the tail vein, 10 minutes after the end of testing on day 29 (70
minutes post-AMPH injection) for analysis of plasma corticosterone (CORT) levels.

A 5-day washout period followed testing on day 29, to eliminate confounding effects of
previous AMPH exposure on subsequent stress reactivity. The next morning (day 34, 0900-
1030 hr), pairs of rats were removed from their home cages, and blood samples collected
from one animal immediately (within 20 sec) to assess basal CORT and adrenocorticotropin
(ACTH) levels, and from the other cage mate following a 30 min restraint stress to assess
basal and activated hormone levels (n=10 per group).

Collection of blood and vaginal lavage samples

Blood was collected on day 29 (tail knick; n=20/group) and day 34 (live decapitation; n=10/
group) into tubes containing EDTA (2 cc), centrifuged for 15 min at 4°C, and stored at —80
°C until assayed. Vaginal lavage samples were collected on days 1, 15, 29 and 34, and
cytology assessed as previously described (Uban et al. 2012) to determine stages of the
estrous cycle.

Radioimmunoassays (RIA) for CORT and ACTH levels

ImmuChemTM Corticosterone 1125 RIA kit (MP Biomedicals, Cat. # 07-120103), minimum
detectable concentration of 7.7 ng/ml, and ACTH RIA kit (Diasorin Inc., Stillwater, MS,
USA) with all reagent volumes halved, and a minimum detectable concentration of 20
pg/ml. The intra- and interassay coefficient of variations were under 8% for all assays.

Brain preparation

Brains were removed under RNAse free conditions, flash frozen over dry ice, wrapped in
parafilm, covered in aluminum foil, and stored at —80°C (n=10/group). Brains were
sectioned on a cryostat (MICROM HM 505 E), to obtain coronal sections (30 um, Bregma:
4.00 — 7.32mm), with every fifth section mounted onto chilled glass slides (total of 6-8
sections per subject per brain region [MPFC, NAc, striatum]), which were stored at —80°C.

Immunohistochemistry

Fluorescent double-staining for DA receptors (D1 and D) was performed (n=7-10/group,
6-8 sections per subject per region) on subjects terminated under basal conditions, as protein
expression was not expected to change after a 30 min stressor. Every 5t section from the
mMPFC (3.72 — 2.52mm; prelimbic and infralimbic), NAc (core and shell) and striatum
(dorsal) (2.52 — 1.20mm) was analyzed (Paxinos and Watson 2005). Sections were post-
fixed for 30 min in 3.7% paraformaldehyde in phosphate buffer solution (PBS; pH =7.4),
rinsed in TBS (0.1 M tris-phosphate buffer in 0.9% saline; pH 7.4), then blocked in 4% goat
serum (NDS) in TBS + 0.3% Triton-X (Vector Laboratories, Burlington, Ontario, Canada)
for 2 hr. Slides were incubated in mouse monoclonal Anti-Dopamine D1 Receptor (1:450,

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 May 01.
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Novas Biologicals) and rabbit polyclonal Anti-Dopamine D, Receptor (1:300, Millipore
Canada) in a Nunc box lined with moistened Benchkote© with TBS at 4°C for 22 hr on a
shaker. Slides were rinsed in TBS and incubated in goat anti-mouse Alexa 594 for D; with
goat anti-rabbit Alexa 488 for D, for 1 hr (1:450; Invitrogen, Burlington, Ontario Canada).
Sections were rinsed in TBS, dH-0, allowed to dry and cover-slipped with 2.5% PVA-
DABCO (Sigma, Oakville, Ontario, Canada).

Quantification of data

RESULTS

Densometric Analyses—D; and D5 expression (Olympus FVV1000 confocal microscope
(20x)) were analyzed with ImageJ (Rasband 1997-2011). Imaging parameters were set as
previously described (Uban et al. 2013) and background measurements were obtained from
adjacent areas. For each subject, corrected optical density values were averaged across
hemispheres and sections for each brain region.

Statistical Analyses—When referring to rats tested on Days 1-15 we will use the term
‘treated’ (groups received either AMPH or saline treatment Days 1-15) but when referring
to animals tested on Day 29 we will use the term ‘pre-treated’ as all animals were treated
with AMPH on Day 29. Repeated measures analyses of variance (ANOVAS) [Statistica
(StatSoft, Inc)] were utilized. Males and females were analyzed together for pre-weaning
data [prenatal group x postnatal day], and separately for all other analyses. For adult
females, estrous stage was a covariate in hormonal, behavioral and neurobiological analyses,
but was not significant. ANOVAs included the factors of prenatal group, drug condition,
stress condition, hormone type, DA-R subtype, and test day, as appropriate, with day tested
as a repeated measures factor. Post-hoc tests utilized Newman-Keuls comparisons. When
the omnibus F test did not achieve significance, Bonferroni corrections were applied to a
priori pair-wise comparisons based on our hypotheses.

Behavioral sensitization: typical and atypical behaviors are altered in PAE subjects

PAE males and females showed greater locomotor behavior (distance
travelled) than their C and PF counterparts following repeated AMPH
exposure—For males, post-hoc analyses revealed that across prenatal groups, AMPH-
treated males traveled significantly greater distances than saline-treated males on both day 1
(C: 20-50 min; PF: 25 and 35-40 min; PAE: 25-50 min) and day 15 (C: 35 min; PF: 50
min; PAE: 15 and 25-50 min) (ps<0.01) (Figure 2A) [prenatal group x drug x day x time
(Fs2, 2756=1.41, p<0.05)]. Importantly, AMPH-treated PAE males travelled greater distances
on day 15 than their AMPH-treated C (30 and 40-50 min), and PF (35 and 45 min)
counterparts (ps<0.01), suggesting behavioral sensitization at an earlier time point.
Intriguingly, following the washout period, saline-pretreated PAE males that received
AMPH for the first time on day 29 travelled greater distances than their C (35-40 min) and
PF (40 min) counterparts (ps<0.01), indicating that PAE males also demonstrate enhanced
behavioral sensitization on their first AMPH exposure following the mild stress of repeated
i.p. saline injections.

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 May 01.
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For females, similar to males, post-hoc analyses revealed that on day 15, AMPH-treated
PAE females travelled significantly greater distances than both AMPH-treated C (20-50
min) and PF (25-30 min) females (ps<0.01; Figure 2B) [prenatal group x day x time

(Fs2, 2730=1.64, p<0.01); drug x day x time (Fpg 2730=18.43, p<0.001]. In addition,
however, on day 29, when all rats received AMPH, AMPH-pretreated PAE females
travelled greater distances than AMPH-pretreated C (25-50 min) and PF (35-40 min)
females (p’s<0.01). Thus, PAE females not only show enhanced behavioral sensitization at
an earlier time point (day 15 vs. day 29), but also show enhanced behavioral sensitization to
the lower dose of AMPH following the washout period (day 29) compared to C and PF
females. Furthermore, as seen in males, saline-pretreated PAE females that received AMPH
for the first time on day 29, travelled greater distances compared to both saline-pretreated C
(20-30 and 50 min) and PF (45 min) females (ps<0.01), suggesting enhanced behavioral
sensitization to the first AMPH exposure following the mild stress of repeated i.p. saline
injections.

To confirm behavioral sensitization, locomotor activity was compared among test days
(days 1, 15, 29) in AMPH-treated males and females immediately following injection. There
was a main effect of Day (Males: F(2,954)=6.43, p<0.01; Females: F(2,900)=36.75,
p<0.001). In males, significantly higher levels of locomotion were observed on day 29
compared to days 1 and 15 (ps<0.01), but no significant difference between day 15 and day
1. In females, significantly higher levels of locomotion were observed on day 29 compared
to days 1 and 15 and on day 15 compared to day 1 overall (ps<0.0001).

Enhanced sensitivity to amphetamine is also reflected in body weight gain (i.e. percent
change from baseline), which was significantly attenuated in PAE compared to C and PF
males and females following the 15 day AMPH exposure period: For males: PAE:
35.9+1.7%, PF: 39.7+1.5%, C: 40.9+1.8%; For females: PAE: 7.3+1.98%, PF: 10.3+.56%,
C: 11.0+.58% (ps<0.01) [prenatal group x day (Fg 90g=3.5, p=0.05); sex x day

(F41 008=118.248, p<0.001)].

PAE males and females showed more rotation behavior than their C and PF
counterparts following repeated AMPH exposure—For males, post-hoc analyses
revealed that more 360° rotations (direction not indicated) were observed in AMPH-treated
compared to saline-treated males on days 1 (15-50 min) and 15 (20-50 min; ps<0.05), but
not on day 29 (Figure 3A) [drug x day x time (F2g 2704=6.43, p<0.001)]. Importantly, a
priori analyses revealed that AMPH-treated PAE males rotated more than both AMPH-
treated C and PF males throughout testing (i.e. day 1 (C: 10 and 30-50 min; PF: 5 min
during baseline and 40-45 min); day 15 (C: 30-50 min; PF: 30-40 and 50 min), and day 29
(C: 15 min; PF: 10 and 50 min), ps<0.01) [main effect of prenatal group (p<0.01)]. In
addition, and consistent with the findings on locomotor behavior, on day 29, saline-
pretreated PAE males rotated more than their C and PF males counterparts upon first
exposure to AMPH (C: 35-50 min; PF: 40-45 min; ps<0.01).

For females, post-hoc analyses revealed increased 360° rotations in AMPH- compared to
saline-treated females overall on day 1 (10-50 min), day 15 (5-50 min), and day 29 (5 min)
(ps<0.05; Figure 3B) [drug x day x time (F2g, 2730=21.17, p<0.001)]. Further, a priori

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 May 01.
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analyses revealed that AMPH-treated PAE females rotated more than their C and PF
counterparts on day 15 (C: 25-40; PF: 25-40 min) and day 29 (C: 5 and 25 min; PF: 5 and
40 min; ps<0.01).

Similar to males, AMPH administration in naive saline-pretreated PAE females (day 29)
increased rotations relative to saline-pretreated C and PF females (C: 10-25 min; PF: 10
min; ps<0.01). Thus, for both males and females, unmasking of atypical behaviors in PAE
compared to C and PF animals occurs following both single and repeated AMPH exposures,
as well as following their first AMPH exposure after the mild stress of repeated saline
injections.

Overall, the relatively low doses of AMPH used in the present study did not induce high
levels of atypical behaviors indicative of severe stereotypies, eliminating the possibility of a
ceiling effect in observed behaviors. While stereotypy was enhanced in AMPH- compared to
saline-treated males (on all test days, ps<0.05) and females (test days 1 and 15, ps<0.05),
overall levels of AMPH-induced stereotypy, rearing and CORT (day 29 only) were similar
across prenatal groups (data not shown).

Cross-sensitization between AMPH and stress was observed in PAE, but not in PF and C,

rats

For males, post-hoc analyses revealed no significant differences in basal CORT levels
among prenatal groups (Table 1A). Across AMPH/saline conditions, acute restraint stress
resulted in greater ACTH levels in PAE compared to PF and C (ps<0.01), and in PF
compared to C (p<0.05) males [prenatal group x stress x hormone interaction (Fy 108=3.23,
p<0.05)]. Moreover, a priori analyses revealed that, following restraint stress, PAE males
pretreated with AMPH showed significantly higher ACTH levels (ps<0.01) than PAE males
pretreated with saline, whereas PF and C males in the AMPH and saline conditions showed
similar ACTH levels.

For females, across AMPH/saline conditions and prenatal groups, both ACTH and CORT
were increased over basal levels following restraint stress [stress x hormone (Fy 100=65.87,
p<0.001)]. A priori analyses revealed a statistical trend for enhanced CORT in AMPH-
compared to saline-pretreated PAE (p<0.05 but did not meet Bonferroni correction levels
[critical p=0.013]), but not C or PF, females (Table 1A).

AMPH altered DA receptor expression in PAE, but not PF and C, males in a region-specific

manner

For males, post-hoc analyses revealed that in the PL subregion, DA-R expression was lower
in PAE compared to PF males following saline- (p<0.001), but not AMPH-pretreatment, and
there were no significant differences compared to C males (Table 1B) [prenatal group x
drug x mPFC subregion (F», 36=4.61, p<0.05)]. D; was greater than D, expression overall
(F1, 36=51.24, p<0.001). D1 and D, expression were greater throughout the mPFC in saline-
pretreated PF compared to saline-pretreated C males (ps<0.05), but no differences among
groups following AMPH. In the IL subregion, by contrast, there were lower densities of both

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 May 01.
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D1 and Dy in saline-pretreated PAE males, but higher densities in AMPH-pretreated PAE
males compared to their C and PF counterparts (ps<0.001).

For females, greater D1 and D, expression was observed in the PL compared to IL subregion
(Table 1B) [main effect of mPFC subregion (F; 39=4.85, p<0.05)], but no other significant
main or interaction effects were observed.

Within the NAc and striatum, there were no differences in Dq or D, expression among
prenatal groups or between drug conditions in either males or females (data not shown).

DISCUSSION

These data demonstrate, for the first time, that PAE increases behavioral sensitization to
both single and repeated AMPH exposures and cross-sensitization with acute restraint stress
in adult males and females compared to their control counterparts. Specifically, PAE males
and females exhibit; 1) more rapid development of, and a lower threshold for, behavioral
sensitization; 2) greater behavioral responsivity of drug-naive rats to AMPH exposure
following the mild stress of repeated saline injections; 3) a lower threshold for AMPH-stress
cross-sensitization; 4) more atypical behavior (360° rotations) following repeated AMPH
exposure; and 5) altered expression of D1 and D, within the IL subregion (in PAE males
only). These findings suggest that, overall, PAE results in enhanced sensitivity of, and
altered cross talk between, DA and stress hormone systems, which is unmasked with AMPH
exposure. This neurobiological phenotype is consistent with increased dysregulation of DA
and stress systems, and their interactions, in PAE rats following stimulant exposure.

Rapid sensitization of ‘typical’ behaviors in AMPH-pretreated PAE subjects

Among all prenatal groups, there was the expected increase in locomotion in AMPH-
compared to saline- exposed rats on the first day of AMPH exposure. However, by day 15 of
repeated injections, PAE subjects showed behavioral sensitization (i.e. greater distances
travelled compared to the first AMPH exposure), whereas Control and Pair-fed subjects
showed no increase in locomotion beyond that on day 1, likely due to the relatively low dose
of AMPH utilized. Locomotion is related to enhanced activity of mesocorticolimbic
dopaminergic pathways (Ikemoto 2002). Thus, AMPH exposure may sensitize
mesocorticolimbic DA systems more rapidly in PAE compared to Control and Pair-fed
subjects. It is also possible that PAE reduced the threshold for AMPH sensitization. Our
findings are consistent with those of a previous study where PAE male rats exhibited an
earlier onset of behavioral sensitization following repeated exposure to cocaine (Barbier et
al. 2009). Together, these findings suggest that PAE accelerates and enhances sensitization
to a range of stimulants, suggesting increased sensitivity of the mesocorticolimbic
dopaminergic pathways under multiple drug and exposure conditions.

Interestingly, saline-pretreated PAE rats also exhibited significantly enhanced locomotion
compared to controls on their first exposure to AMPH (day 29). Among AMPH-pretreated
rats, there were no pre-existing differences among prenatal groups in behavioral responsivity
following the first AMPH exposure (day 1). Together, these results suggest that DA systems
may also be sensitized by repeated mild stress (repeated saline injections combined with
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exposure to novel contextual cues) (Antelman et al. 1980) in PAE rats, thereby facilitating
the enhanced behavioral sensitization to the first AMPH exposure observed in these drug-
naive subjects. These findings support a PAE-induced cross-sensitization between mild
repeated (injection) stress and AMPH exposure, consistent with Barr et al (2002). Moreover,
the data support and extend our previous findings demonstrating altered DA-stress (chronic
variable stress) interactions in PAE animals terminated under basal conditions (Uban et al.
2013), as well as increased HPA tone and enhanced sensitivity to a range of acute and
chronic stressors in PAE compared to control animals (reviewed in (Weinberg et al. 2008).

Rapid sensitization of ‘atypical’ behaviors in AMPH-treated PAE subjects

Repeated AMPH exposure enhanced rotation behavior in PAE compared to Control and
Pair-fed males and females. Rotation is an atypical behavior produced by DA agonists and is
positively correlated with enhanced voluntary alcohol consumption and with the inability to
cope with restraint and cold stressors (Carlson et al. 1993, Nielsen et al. 1999). These
findings suggest that PAE increases propensity for AMPH-induced alterations in
nigrostriatal dopaminergic function and activity within NAc-mPFC neural loops. Moreover,
we found that saline-pretreated PAE rats also exhibited enhanced rotation behavior
compared to Control and Pair-fed rats after their first AMPH exposure (day 29). This further
suggests cross-sensitization between stress and AMPH in PAE subjects as a consequence of
the mild stress of repeated saline injection. Although turn directionality was not
investigated, only completed rotations of 360° or greater were included in analyses, and this
increase in rotational behavior is known to be associated with both locomotor activity and an
increased propensity for drug self-administration in male rats (Carlson and Glick 1989).
Future studies are needed to further examine directionality to elucidate potential asymmetry
in nigrostriatal DA function, which could reflect vulnerability to a range of mental health
problems, including SUDs.

Cross-sensitization between low dose AMPH exposure and acute stress was seen in PAE
but not control animals under context-dependent test conditions

In the present study, we showed cross-sensitization between low dose AMPH and acute
restraint stress in PAE, but not control, animals. These findings contrast with previous work
demonstrating cross-sensitization between AMPH and acute restraint stress in control male
rats (Barr et al. 2002). Two notable differences between these studies may account for the
differences in results: In Barr et al, the AMPH doses were twice those in the present study
(2—4 mg compared to 1-2 mg), and AMPH was administered in the home cage, rather than
in a novel context-specific environment. The relatively low AMPH doses in the present
study may explain why AMPH sensitization and cross-sensitization with stress hormones
were not observed in controls. In addition, as context is a powerful factor in drug
responsivity (Badiani and Robinson 2004), AMPH/stress exposure in a novel context may
have facilitated the development of cross-sensitization in PAE animals, who are more
sensitive to stimulants and restraint stress in general (Taylor et al. 1988, Blanchard et al.
1993, Lee et al. 2000), and show altered responses to environmental contexts (Berman and
Hannigan 2000, Kajimoto et al. 2013). Furthermore, the hippocampus is highly susceptible
to damage following PAE (Berman and Hannigan 2000, Livy et al. 2003, Sliwowska et al.
2010, Uban et al. 2010). Given the role of the hippocampus in encoding contextual cues and
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regulating stress, it is possible that hippocampal deficits reduced the ability of PAE animals
to form associations between contextual cues and AMPH exposure.

PAE and AMPH exposure interact to alter DA receptor expression within the infralimbic
(IL) subregion of the mPFC in males but not females

AMPH-exposure increased D1 and D, expression in the IL mPFC of PAE compared to
Control and Pair-fed males, suggesting interactive effects of PAE and AMPH exposure on
DA-R expression. These alterations indicate enhanced sensitivity of specific dopaminergic
loops to repeated AMPH exposure in PAE males, but not females. Repeated exposure to
stimulants produces a remarkable degree of adaption in underlying DA systems (Castner and
Williams 2007), and overall, the present results suggest a small but significant effect on
stimulant-induced malleability of DA systems in PAE males. Paralleling previous findings
(Uban et al. 2013), there were no pre-existing differences in D1 and D, density in the NAc
or striatum in adult PAE rats. Rather, enhanced behavioral sensitization may have resulted
from alterations in location of expression sites of DA-Rs (e.g. intra- versus extra-cellular), or
other closely interacting neurotransmitter systems such as the glutamatergic system. In
human neuroimaging studies, stimulant-induced changes in DA binding capacity and DA
levels in the striatum and nucleus accumbens were positively correlated with reinforcing
properties of stimulants (reviewed in (Volkow et al. 2007). Thus the increase in DA-R
expression seen in the present study may represent greater long-term plasticity of the DA
system in response to stimulant exposure in PAE, but not Pair-Fed and Control, male rats.
Additionally, the increased density of both D1 and D, in PAE males may contribute, in part,
to increased behavioral sensitization, as co-activation of both receptor subtypes is necessary
for the neural and behavioral expression of stimulant sensitization in rats (Capper-Loup et
al., 2002). Additionally, dopaminergic changes in other brain regions, such as the ventral
tegmental area, may also contribute to increased sensitivity of dopaminergic systems to
AMPH in PAE rats (Xu and Shen 2001).

Sex differences in AMPH-induced behavioral sensitization and DA-R densities

Across prenatal groups, females exhibited significantly more locomotor activation and
stereotypy following AMPH exposure, as well as higher densities of D1 and D, expression
in the mPFC, NAc, and dorsal striatum compared to males. In contrast, PAE males but not
females exhibited AMPH-induced changes in D1 and D, expression in the mPFC. Previous
studies have shown that females typically exhibit greater behavioral responses and greater
sensitization to psychomotor stimulants than males. The mechanisms that underlie this sex
difference are likely both hormonal, as higher estradiol levels in adult females enhance these
sex differences in sensitization, and neural as neural systems that underlie behavioral
sensitization are sexually dimorphic (Becker et al. 2001, Hu and Becker 2003). Further
research is needed to understand the sexually dimorphic effects observed in the present
study, and possible implications of these findings for sex differences in vulnerability to
SUD.
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PAE-induced alterations are consistent with a neurobiological phenotype of enhanced
vulnerability to increased substance use: limitations and future directions

Stimulant sensitization paradigms are useful for modeling particular aspects of SUD
(Vanderschuren and Pierce 2010), such as neural adaptations involved in the initial
development of self-administration and propensity to relapse (Castner and Williams 2007),
but not for increased motivation to use (Ahmed and Cador 2006). PAE accelerated the
development of sensitization, and reduced the threshold at which sensitization occurred,
indicating increased sensitivity of underlying DA systems within brain regions implicated in
SUD (Shen et al. 2007, Barbier et al. 2009, Uban et al. 2013). However, future studies are
needed to directly link enhanced sensitization and/or cross-sensitization to increased
motivation for, and consumption of, drugs in this model of prenatal alcohol exposure.
Additionally, as pre-existing differences in DA-sensitive behaviors and DA-R expression
were not observed among prenatal groups, it appears that drug or stress challenge (see also
(Uban et al. 2013)) may be required to unmask significant dysregulation of underlying
neural systems in adult PAE subjects.

Conclusions

In summary, we demonstrate that PAE enhances sensitivity of both DA and stress hormone
systems to acute and repeated AMPH exposure, resulting in a reduced threshold for both
sensitization to AMPH and cross-sensitization between AMPH and restraint or injection
stress, in a sexually dimorphic manner. These findings support the hypothesis that PAE
alters sensitivity of mesocorticolimbic dopaminergic systems in a manner consistent with
enhanced neurobiological sensitivity to stimulant exposure. Our data provide insight into
possible mechanisms underlying a range of mental health problems related to dysregulation
of DA and stress systems, including SUD, which occurs at an increased prevalence among
individuals with FASD (O’Connor and Paley 2009).

ACKNOWLEDGEMENTS

We would like to thank Linda Ellis who developed the IHC protocol for DA-R expression, Wayne Yu for technical
support with RIAs, Nikki Kitay, Farinaz Poursoltani and Andrew Choe for their valuable assistance with data
collection and brain slicing, Stephanie Lieblich for her technical support with IHC, and Dr. Douglas Allan and Luba
Veverytsa at the Facility for Synaptic Imaging at the University of British Columbia for training and access to their
confocal microscope for imaging of dopamine receptors. This research was funded by grants from the Canadian
Foundation for Fetal Alcohol Research (CFFAR) to JW and LAMG, and NIH/NIAAA R37 AA007789 to JW.
LAMG is also supported by grants from CIHR, NSERC and Alzheimer’s Society for Canada. KAU was funded by
IMPART (CIHR STIHR Training Program) and grant support.

REFERENCES

Ahmed SH, Cador M. Dissociation of psychomotor sensitization from compulsive cocaine
consumption. Neuropsychopharmacology. 2006; 31:563-571. [PubMed: 16034440]

Alati R, Clavarino A, Najman JM, O'Callaghan M, Bor W, Mamun AA, Williams GM. The
developmental origin of adolescent alcohol use: findings from the Mater University Study of
Pregnancy and its outcomes. Drug Alcohol Depend. 2008; 98:136-143. [PubMed: 18639392]

Antelman SM, Eichler AJ, Black CA, Kocan D. Interchangeability of stress and amphetamine in
sensitization. Science. 1980; 207:329-331. [PubMed: 7188649]

Badiani A, Robinson TE. Drug-induced neurobehavioral plasticity: the role of environmental context.
Behav Pharmacol. 2004; 15:327-339. [PubMed: 15343056]

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Uban et al.

Page 13

Baer JS, Sampson PD, Barr HM, Connor PD, Streissguth AP. A 21-year longitudinal analysis of the
effects of prenatal alcohol exposure on young adult drinking. Arch Gen Psychiatry. 2003; 60:377—
385. [PubMed: 12695315]

Barbier E, Houchia H, Warnaulta V, Pierrefichea O, Daousta M, Naassila M. Effects of prenatal and
postnatal maternal ethanol on offspring response to alcohol and psychostimulants in long evans rats.
Neuroscience. 2009; 161:427-440. [PubMed: 19348874]

Barr AM, Hofmann CE, Weinberg J, Phillips AG. Exposure to repeated, intermittent d-amphetamine
induces sensitization of HPA axis to a subsequent stressor. Neuropsychopharmacology. 2002;
26:286-294. [PubMed: 11850143]

Becker JB, Molenda H, Hummer DL. Gender differences in the behavioral responses to cocaine and
amphetamine. Implications for mechanisms mediating gender differences in drug abuse. Ann N 'Y
Acad Sci. 2001; 937:172-187. [PubMed: 11458536]

Berman RF, Hannigan JH. Effects of prenatal alcohol exposure on the hippocampus: spatial behavior,
electrophysiology, and neuroanatomy. Hippocampus. 2000; 10:94-110. [PubMed: 10706221]

Blanchard BA, Steindorf S, Wang S, LeFevre R, Mankes RF, Glick SD. Prenatal ethanol exposure
alters ethanol-induced dopamine release in nucleus accumbens and striatum in male and female
rats. Alcohol Clin Exp Res. 1993; 17:974-981. [PubMed: 8279684]

Browman KE, Badiani A, Robinson TE. Modulatory effect of environmental stimuli on the
susceptibility to amphetamine sensitization: a dose-effect study in rats. J Pharmacol Exp Ther.
1998; 287:1007-1014. [PubMed: 9864286]

Cabib S, Puglisi-Allegra S. The mesoaccumbens dopamine in coping with stress. Neurosci Biobehav
Rev. 2012; 36:79-89. [PubMed: 21565217]

Carlson JN, Fitzgerald LW, Keller RW Jr, Glick SD. Lateralized changes in prefrontal cortical
dopamine activity induced by controllable and uncontrollable stress in the rat. Brain Res. 1993;
630:178-187. [PubMed: 8118684]

Carlson JN, Glick SD. Cerebral lateralization as a source of interindividual differences in behavior.
Experientia. 1989; 45:788-798. [PubMed: 2673833]

Castner SA, Williams GV. From vice to virtue: insights from sensitization in the nonhuman primate.
Prog Neuropsychopharmacol Biol Psychiatry. 2007; 31:1572-1592. [PubMed: 17904719]

Chen W, Maier S, West J. Prenatal Alcohol Treatment Attenuated Postnatal Cocaine-Induced
Elevation of Dopamine Concentration in Nucleus Accumbens: A Preliminary Study. Neurotoxicol
Teratol. 1997; 19:39-46. [PubMed: 9088009]

Chotro MG, Arias C, Laviola G. Increased ethanol intake after prenatal ethanol exposure: studies with
animals. Neurosci Biobehav Rev. 2007; 31:181-191. [PubMed: 17010438]

Deroche V, Piazza PV, Maccari S, Le Moal M, Simon H. Repeated corticosterone administration
sensitizes the locomotor response to amphetamine. Brain Res. 1992; 584:309-313. [PubMed:
1515947]

Doig J, McLennan JD, Gibbard WB. Medication effects on symptoms of attentiondeficit/ hyperactivity
disorder in children with fetal alcohol spectrum disorder. Journal of child and adolescent
psychopharmacology. 2008; 18:365-371. [PubMed: 18759646]

Gallo PV, Weinberg J. Corticosterone rhythmicity in the rat: interactive effects of dietary restriction
and schedule of feeding. J Nutrition. 1981; 111:208-218. [PubMed: 7463165]

Haley DW, Handmaker NS, Lowe J. Infant stress reactivity and prenatal alcohol exposure. Alcohol
Clin Exp Res. 2006; 30:2055-2064. [PubMed: 17117971]

Hannigan JH, Pilati ML. The effects of chronic postweaning amphetamine on rats exposed to alcohol
in utero: weight gain and behavior. Neurotoxicol Teratol. 1991; 13:649-656. [PubMed: 1779953]

Haseltine FP. Gender differences in addiction and recovery. J Womens Health Gend Based Med. 2000;
9:579-583. [PubMed: 10957744]

Hellemans KG, Verma P, Yoon E, Yu WK, Young AH, Weinberg J. Prenatal alcohol exposure and
chronic mild stress differentially alter depressive- and anxiety-like behaviors in male and female
offspring. Alcohol Clin Exp Res. 2010; 34:633-645. [PubMed: 20102562]

Hooks MS, Juncos JL, Justice JB Jr, Meiergerd SM, Povlock SL, Schenk JO, Kalivas PW. Individual
locomotor response to novelty predicts selective alterations in D1 and D2 receptors and mRNAs. J
Neurosci. 1994; 14:6144-6152. [PubMed: 7931568]

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Uban et al.

Page 14

Hu M, Becker JB. Effects of sex and estrogen on behavioral sensitization to cocaine in rats. J
Neurosci. 2003; 23:693-699. [PubMed: 12533629]

Ikemoto S. Ventral striatal anatomy of locomotor activity induced by cocaine, D-amphetamine,
dopamine and D1/D2 agonists. Neuroscience. 2002; 113:939-955. [PubMed: 12182899]

Jacobson SW, Bihun JT, Chiodo LM. Effects of prenatal alcohol and cocaine exposure on infant
cortisol levels. Dev Psychopathol. 1999; 11:195-208. [PubMed: 16506530]

Kajimoto K, Allan A, Cunningham LA. Fate analysis of adult hippocampal progenitors in a murine
model of fetal alcohol spectrum disorder (FASD). PLoS One. 2013; 8:e73788. [PubMed:
24040071]

Koob G, Kreek MJ. Stress, dysregulation of drug reward pathways, and the transition to drug
dependence. Am J Psychiatry. 2007; 164:1149-1159. [PubMed: 17671276]

Koob GF. A role for brain stress systems in addiction. Neuron. 2008; 59:11-34. [PubMed: 18614026]

Krieger DT. Food and Water Restriction Shifts Corticosterone, Temperature, Activity and Brain
Amine Periodicity. Endocrinology. 1974; 95:1195-1201. [PubMed: 4426285]

Le Moal M. Drug abuse: vulnerability and transition to addiction. Pharmacopsychiatry. 2009;
42(Suppl 1):S42-S55. [PubMed: 19434555]

Lee S, Schmidt D, Tilders F, Rivier C. Increased activity of the hypothalamic-pituitary-adrenal axis of
rats exposed to alcohol in utero: role of altered pituitary and hypothalamic function. Mol Cell
Neurosci. 2000; 16:515-528. [PubMed: 11085885]

Livy DJ, Miller EK, Maier SE, West JR. Fetal alcohol exposure and temporal vulnerability: effects of
binge-like alcohol exposure on the developing rat hippocampus. Neurotoxicol Teratol. 2003;
25:447-458. [PubMed: 12798962]

Lovallo WR. Cortisol secretion patterns in addiction and addiction risk. Int J Psychophysiol. 2006;
59:195-202. [PubMed: 16434116]

MacLennan AJ, Maier SF. Coping and the stress-induced potentiation of stimulant stereotypy in the
rat. Science. 1983; 219:1091-1093. [PubMed: 6681679]

McLachlan K, Rasmussen C, Pei J, Reynolds J, Weinberg J. Diurnal cortisol patterns in children with
FASD. Alcohol Clin Exp Res. 2013; 133A Poster.

Nielsen DM, Crosley KJ, Keller RW Jr, Glick SD, Carlson JN. Rotation, locomotor activity and
individual differences in voluntary ethanol consumption. Brain Res. 1999; 823:80-87. [PubMed:
10095014]

O’Connor MJ, Paley B. Psychiatric Conditions Associated with Prenatal Alcohol Exposure.
Developmental Disabilities Research Reviews. 2009; 15:225-234. [PubMed: 19731386]

Pacak K, Palkovits M. Stressor specificity of central neuroendocrine responses: implications for stress-
related disorders. Endocr Rev. 2001; 22:502-548. [PubMed: 11493581]

Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates. Academic Press; 2005.

Piazza PV, Deminiere JM, le Moal M, Simon H. Stress- and pharmacologically-induced behavioral
sensitization increases vulnerability to acquisition of amphetamine self-administration. Brain Res.
1990; 514:22-26. [PubMed: 2357527]

Ramsay DS, Bendersky MI, Lewis M. Effect of prenatal alcohol and cigarette exposure on two- and
six-month-old infants' adrenocortical reactivity to stress. J Pediatr Psychol. 1996; 21:833-840.
[PubMed: 8990727]

Rasband, WS. ImageJ. Health, N. I. 0., editor. Bethesda, Maryland, USA: 1997-2011. http://
imagej.nih.gov/ij/

Robinson TE, Becker JB. Enduring changes in brain and behavior produced by chronic amphetamine
administration: a review and evaluation of animal models of amphetamine psychosis. Brain Res.
1986; 396:157-198. [PubMed: 3527341]

Sarnyai Z, Shaham Y, Heinrichs SC. The role of corticotropin-releasing factor in drug addiction.
Pharmacol Rev. 2001; 53:209-243. [PubMed: 11356984]

Shen RY, Choong KC, Thompson AC. Long-term reduction in ventral tegmental area dopamine
neuron population activity following repeated stimulant or ethanol treatment. Biol Psychiatry.
2007; 61:93-100. [PubMed: 16697354]

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 May 01.


http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Uban et al.

Page 15

Shen RY, Hannigan JH, Kapatos G. Prenatal ethanol reduces the activity of adult midbrain dopamine
neurons. Alcohol Clin Exp Res. 1999; 23:1801-1807. [PubMed: 10591597]

Shetty A, Burrows R, Phillips D. Alterations in neuronal development in the substantia nigra pars
compacta following in utero ethanol exposure: immunohistochemical and Golgi studies.
Neuroscience. 1993; 52:311-322. [PubMed: 8095703]

Sinha R. Chronic stress, drug use, vulnerability to addiction. Ann N Y Acad Sci. 2008; 1141:105-130.
[PubMed: 18991954]

Sliwowska JH, Barker JM, Barha CK, Lan N, Weinberg J, Galea LA. Stress-induced suppression of
hippocampal neurogenesis in adult male rats is altered by prenatal ethanol exposure. Stress. 2010;
13:301-313. [PubMed: 20536332]

Spear LP. Assessment of the effects of developmental toxicants: pharmacological and stress
vulnerability of offspring. NIDA Res Monogr. 1996; 164:125-145. [PubMed: 8809870]

Sweitzer MM, Donny EC, Hariri AR. Imaging genetics and the neurobiological basis of individual
differences in vulnerability to addiction. Drug Alcohol Depend. 2012; 123(Suppl 1):S59-S71.
[PubMed: 22342427]

Taylor AN, Branch BJ, Van Zuylen JE, Redei E. Maternal alcohol consumption and stress
responsiveness in offspring. Adv Exp Med Biol. 1988; 245:311-317. [PubMed: 3067559]

Thanh NX, Jonsson E. Drinking alcohol during pregnancy: evidence from Canadian Community
Health Survey 2007/2008. J Popul Ther Clin Pharmacol. 2010; 17:e302-e307. [PubMed:
20729565]

Uban KA, Comeau W, Ellis L, Galea LAM, Weinberg J. Basal regulation of HPA and dopamine
systems is altered differentially in males and females by prenatal alcohol exposure and chronic
variable stress. PNEC. 2013; 38:1953-1966.

Uban KA, Rummel J, Floresco SB, Galea LA. Estradiol modulates effort-based decision making in
female rats. Neuropsychopharmacology. 2012; 37:390-401. [PubMed: 21881567]

Uban KA, Sliwowska JH, Lieblich S, Ellis LA, Yu WK, Weinberg J, Galea LAM. Prenatal alcohol
exposure reduces the proportion of newly produced neurons and glia in the dentate gyrus of the
hippocampus in female rats. Horm Behav. 2010; 58:835-843. [PubMed: 20736015]

Vanderschuren LJ, Pierce RC. Sensitization processes in drug addiction. Curr Top Behav Neurosci.
2010; 3:179-195. [PubMed: 21161753]

Volkow ND, Fowler JS, Wang GJ, Swanson JM, Telang F. Dopamine in drug abuse and addiction:
results of imaging studies and treatment implications. Arch Neurol. 2007; 64:1575-1579.
[PubMed: 17998440]

Volkow ND, Wang GJ, Fowler JS, Logan J, Gatley SJ, Wong C, Hitzemann R, Pappas NR.
Reinforcing effects of psychostimulants in humans are associated with increases in brain dopamine
and occupancy of D(2) receptors. J Pharmacol Exp Ther. 1999; 291:409-415. [PubMed:
10490931]

Volkow ND, Wang GJ, Fowler JS, Tomasi D, Telang F. Addiction: beyond dopamine reward circuitry.
Proc Natl Acad Sci U S A. 2011; 108:15037-15042. [PubMed: 21402948]

Wang J, Haj-Dahmane S, Shen RY. Effects of prenatal ethanol exposure on the excitability of ventral
tegmental area dopamine neurons in vitro. J Pharmacol Exp Ther. 2006; 319:857-863. [PubMed:
16905687]

Wang YC, Wang CC, Lee CC, Huang AC. Effects of single and group housing conditions and
alterations in social and physical contexts on amphetamine-induced behavioral sensitization in
rats. Neurosci Lett. 2010; 486:34-37. [PubMed: 20851163]

Weinberg J, Sliwowska JH, Lan N, Hellemans KG. Prenatal alcohol exposure: foetal programming,
the hypothalamic-pituitary-adrenal axis and sex differences in outcome. J Neuroendocrinol. 2008;
20:470-488. [PubMed: 18266938]

Xu C, Shen RY. Amphetamine normalizes the electrical activity of dopamine neurons in the ventral
tegmental area following prenatal ethanol exposure. J Pharmacol Exp Ther. 2001; 297:746-752.
[PubMed: 11303066]

Young EA. Sex differences and the HPA axis: implications for psychiatric disease. J Gend Specif
Med. 1998; 1:21-27. [PubMed: 11279849]

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 May 01.



1duosnuepy soyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuep Joyiny

Uban et al.

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 May 01.

Page 16




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Uban et al.

@/ o/ /
K/ K/ s/
b\ ”,' ; b\ b\ /
~ ~
y .é’ .W”’j g
/S (&)
d of of of of of o / &
;/ o‘
’f/' °§ /
[T/
Saline-treated: Saline All Groups Basal
= = = = = = (1mg/kg) -or-
AMPH-treated: (1mg/kg) AMPH (2mg/kg) AMPH AMPH Stress
Day: 1 3 5 7 9 11 13 15 34

\ J\

29
J\

!

Saline or AMPH injections
every other day, 15 days

Figure 1. Experimental Timeline

f

14 day
washout

f

5 day

washout

All experimental procedures are charted above beginning with the pre-injection period.
During the first 15 days of the experiment, all subjects received a total of 8 injections
(intraperitoneal, i.p.), 1 injection every other day for 15 days. During these 15 days, AMPH-
treated rats received 1 mg/kg AMPH for the first 4 injections and 2 mg/kg AMPH for the
last 4 injections, while the saline-treated rats received only saline injections. Rats then
remained undisturbed for a 14 day washout period, and on Day 29 all subjects (both AMPH-
and saline-pretreated) received a single injection of AMPH (1 mg/kg, i.p.). On Day 34,
blood was collected under either basal or stress conditions to assess HPA sensitization.
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Figure 2. Sensitization of ‘typical’ behaviors
Mean+SEM ; n=18-20/group. Sensitization of ‘typical’ behaviors assessed by distance

travelled during 80 min sessions in an open field on test days 1, 15 and 29 [behavior
analyzed in 5 min bins, but presented in 10 min bins]. AMPH-treated rats received 1 mg/kg
AMPH for the first 4 injections and 2 mg/kg AMPH for the last 4 injections, while saline-
treated rats only received saline-injections during this time (Days 1-15 every other day). On
Day 29, after a 14 day washout period, all subjects (both AMPH- and saline-pretreated)
received a single injection of AMPH (1 mg/kg, i.p.) to examine sensitization. A) Males:
Saline-treated (left): SPAE>C; PAE>PF. AMPH-treated (right): 2PAE>C; PPAE>PF. B)
Females: Saline-treated (left): 9PAE>C; 8PAE>PF. AMPH-treated

(right): 83PAE>C; PPAE>PF; °PF>C. Time of injection indicated by dashed line. Both saline-
and AMPH-pretreated groups received 1mg/kg AMPH on Day 29.

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Uban et al.
A c
r=~-~-5Saline =+ PF AMPH
1 Males = PAE
------ ; Day 1 Day 1
207 § 201 5
g g
a £ @ ) 2 a
S 151 ! S 154 i arba
: . 8 b -3
° ! ° ] r
< 1 4 o 1 “L-
‘s 101 : ‘5 101 L\ I g TN
] | ] RNEEE Pl A
£ : £ | NedE
2 51 2 5 g
' i
1 |
. 0 |
10 20|10 ZO 30 40 50 10 20' 10 20 30 40 50
Minutes
Baseline | Post -inject Saline Baseline l Post-inject (1mg/kg)
Day 15 Day 15
20 § 204 5
g g
» = n = a a
5 15 ! 8 157 : s BB
E=] \ ® | b
Z , z ! A
< ! < | )L,
‘s 104 ] ‘s 101 i /‘L _l
g l 2 B
£ ' E | Bagd®
2 5 S 2 3 A
i i
L B o
10 20,10 20 30 40 S50 10 20,10 20 30 40 50
| Minutes : Minutes
Baseline | Post-inject Saline Baseline | Post-inject (2mg/kg)
Day 29 Day 29
20, 8 §d 20; 5 b
.°=4 eed ,g
@ £ d “» £
S 151 ! S 159 i ,‘Irfé
g | g | k-
xc : ;5: i b 4 } ,I- -I
5 101 ! 5 107 ; :‘i’
j: ; g /3
€ 3 i
E 51 | 2 51 n‘\ !‘j
i o
1 ]
: I

0 - ——
10 2010 20 30 40 50

i : Minutes
Baseline | Post-inject AMPH (1mg/kg)

Figure 3. Sensitization of ‘atypical’ behaviors
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Mean+SEM; n=18-20/group. Sensitization of ‘atypical’ behaviors assessed by humber of
360° rotations during 80 min sessions inside an open field on test days: 1, 15 and 29
[behavior analyzed in 5 min bins, but presented in 10 min bins]. AMPH-treated rats received
1 mg/kg AMPH for the first 4 injections and 2 mg/kg AMPH for the last 4 injections, while
saline-treated rats only received saline-injections during this time. On Day 29, after a 14 day
washout period, all subjects (both AMPH- and saline-pretreated) received a single injection
of AMPH (1 mg/kg, i.p.) to examine sensitization. A) Males: Saline-treated
(left): PAE>C; ePAE>PF. AMPH-treated (right): 2PAE>C; PPAE>PF; CPF<C. B) Females:
Saline-treated (left): cPAE>C; 9PAE>PF. AMPH-treated (right): 2PAE>C; PPAE>PF. Time
of injection indicated by dashed line. Both saline- and AMPH-pretreated groups received
1mg/kg AMPH on Day 29.
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