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Increasing evidence suggests that females are more vulnerable to the harmful effects of drugs of abuse, including opioids.
Additionally, rates of heroin-related deaths substantially increased in females from 1999 to 2017 [1], underscoring the need to
evaluate sex differences in heroin vulnerability. Moreover, the neurobiological substrates underlying sexually dimorphic responding
to heroin are not fully defined. Thus, we evaluated male and female Long Evans rats on acquisition, dose-responsiveness, and
seeking for heroin self-administration (SA) as well as using a long access model to assess escalation of intake at low and high doses
of heroin, 0.025 and 0.1 mg/kg/inf, respectively. We paired this with ex vivo fast-scan cyclic voltammetry (FSCV) in the medial
nucleus accumbens (NAc) shell and quantification of mu-opioid receptor (MOR) protein in the ventral tegmental area (VTA) and
NAc. While males and females had similar heroin SA acquisition rates, females displayed increased responding and intake across
doses, seeking for heroin, and escalation on long access. However, we found that males and females had similar expression levels of
MORs in the VTA and NAc, regardless of heroin exposure. FSCV results revealed that heroin exposure did not change single-pulse
elicited dopamine release, but caused an increase in dopamine transporter activity in both males and females compared to their
naive counterparts. Phasic-like stimulations elicited robust increases in dopamine release in heroin-exposed females compared to
heroin-naive females, with no differences seen in males. Together, our results suggest that differential adaptations of dopamine

terminals may underlie the increased heroin SA behaviors seen in females.

Neuropsychopharmacology (2021) 46:1724-1733; https://doi.org/10.1038/541386-021-01035-0

INTRODUCTION

Within the last decade, rates of opioid abuse and opioid-
related overdoses have increased to epidemic levels [2],
underscoring the need to understand the neurobiological
bases of vulnerabilities to opioid use disorder (OUD). A large
body of clinical literature clearly demonstrates that men
display more opioid-related overdoses and negative outcomes
when compared to women [3-9]. However, recent studies have
suggested that rates of heroin use and overdose are rapidly
increasing in women [1]. In addition, female heroin users
progressed to meet the criteria for OUD faster than men [10],
suggesting that females may be more vulnerable to particular
aspects of heroin abuse, such as escalation of use, than men.
Therefore, it is important to evaluate sex-dependent heroin
self-administration behaviors and attempt to define the
neurobiology that may drive female vulnerability to heroin
abuse.

Preclinical rodent models of heroin self-administration have
shown conflicting results regarding sex differences, with some
studies reporting that female rats exhibit greater intake of opioids,
including heroin [11-14], and others reporting no differences
between sexes [15-22]. However, these studies varied widely in
the behavioral outcomes measured, the species and strain of
rodents utilized, and the dose(s) of heroin used, making it difficult
to determine if sex differences are in fact present in heroin

self-administration. Moreover, many studies have also found that
differences in dopamine system function may be responsible for
the increased responding for psychostimulants and other drugs of
abuse seen in female rodents [23-25] (for review [26]).

While previous studies suggested that heroin reinforcement
escaped involvement of the dopamine system [27-29], more
recently, circuit-level studies have demonstrated that the dopa-
mine system plays a substantial role in the reinforcing properties
of heroin [30, 31]. Currently, it is thought that heroin drives
reinforcement by activating mu opioid receptors (MORs) located
on GABA-containing interneurons in the ventral tegmental area
(VTA). Activation of MORs causes disinhibition of dopamine cell
bodies by removing inhibitory GABAergic influence and results in
increased cell firing as well as increased release from dopamine
terminals in the nucleus accumbens (NAc) [32]. Furthermore, it has
been proposed that the increased dopamine release, particularly
the medial shell region of the NA, is the primary driver of heroin
reinforcement [30]. Because sex differences have been found in
both dopamine system function and opioid reinforcement, it is
possible that the dopamine system plays a central role in
regulating sex differences in heroin self-administration.

The present study evaluated sex differences in acquisition,
dose-responsiveness, seeking behavior, and escalation of heroin
self-administration. We assessed MOR protein expression levels in
the NAc and VTA of drug-naive and heroin-exposed rats and used
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fast-scan cyclic voltammetry in medial NAc shell-containing brain
slices to measure dopamine terminal alterations following heroin
self-administration.

METHODS AND MATERIALS

Animals

Male and female Long Evans rats (Envigo, Indianapolis, IN),
weighing 200-350g, were maintained on a 12:12h light/dark
cycle (0300 h lights off; 1500 h lights on) with food and water ad
libitum. All animals were maintained according to the National
Institutes of Health guidelines in Association for Assessment and
Accreditation of Laboratory Animal Care accredited facilities. The
experimental protocol was approved by the Institutional Animal
Care and Use Committee at Wake Forest School of Medicine.

Drugs

Heroin (diamorphine) HCI was provided by the National Institute
on Drug Abuse (NIDA) Drug Supply Program (Research Triangle
Park, NC, USA). Heroin HCl was dissolved in 0.9% physiological
saline and filtered prior to experimental use. All drug concentra-
tions are represented as the weight of the salt.

Self-administration surgery and training

Rats were anesthetized with ketamine (100 mg/kg) and xylazine
(10 mg/kg) and implanted with chronic indwelling jugular catheters
as previously described [33]. At the completion of surgery, rats were
given an injection of ketoprofen (2mg/kg s.c) as a postsurgical
anesthetic and singly housed in cages that served as both housing
cages and self-administration chambers. All sessions took place
during the active/dark cycle (0900-1500 h). Following a two-day post-
surgical recovery period, all rats were given access to heroin (0.025 or
0.1 mg/kg/inf) on a fixed ratio one (FR1) schedule by a lever. These
doses were chosen because previous studies have shown they
represent low and high doses of heroin [31], respectively, and
maintain long-term stable responding [34]. Training sessions (acquisi-
tion) were initiated by extension of the lever into the chamber and
were terminated after 20 infusions or 6 h, whichever occurred first.
During training, each lever response resulted in a 20-s time-out period
in which the lever retracted and light was illuminated. Following the
training period, the time-out period was equivalent to the length of
the infusion. Acquisition was considered complete when rats
responded for 20 infusions per session across 5 consecutive daily
sessions.

FR1 dose-response curve and seeking probe test

Following acquisition, a heroin dose-response curve (0.00781-
0.05000 mg/kg/inf) was generated for each rat during daily 3h
sessions; this session length was chosen to prevent escalation of
intake across days [35-37]. Doses were presented in a pseudo-
randomized order in which no two doses were ascending or
descending, as previously described [38]. Only one dose was
tested per daily session and all rats received the same pattern of
doses. Following the final dose-response session, heroin was
replaced with saline and rats were tested for cue-reactivity during
a single 3-h session.

Long access

Rats were given unlimited access to heroin (0.025 or 0.1 mg/kg/inf)
during 6 h sessions for 10 consecutive days. Self-administration
session were conducted 7 days a week.

Ex vivo fast-scan cyclic voltammetry (FSCV)

FSCV was used to characterize presynaptic dopamine system
function and dopamine release under single pulse “tonic-like”
stimulations and trains of stimuli (10 pulses at 10-60 Hz; multi-
pulse “phasic-like” stimulation). Approximately 18 h after their final
long access session, at the time when the rats would normally
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begin their heroin session (0900), they were deeply anesthetized
with isoflurane and rapidly decapitated. The brain was removed
and immersed in oxygenated artificial cerebrospinal fluid (aCSF)
containing (in mM): NaCl (126), KCI (2.5), NaH,PO, (1.2), CaCl, (2.4),
MgCl, (1.2), NaHCO; (25), glucose (11), L-ascorbic acid (0.4). A
vibrating tissue slicer (Leica VT1200S, Leica Biosystems, Wetzler,
Germany) was used to prepare 400 um thick coronal brain slices
containing the medial NAc shell. Slices were transferred to a
recording chamber and submerged in a bath of oxygenated aCSF
(32°C) perfused at a rate of 1 mL/min. A carbon fiber microelec-
trode (CFE; 100-200 uM length, 7 um diameter and bipolar
stimulating electrode (MS303-3-B-SPC, Plastics One, Roanoke,
VA) were placed in the medial NAc shell. Endogenous dopamine
release was evoked by a single electrical pulse (750 pA, 4 ms,
monophasic) applied to the slice every 3 min. Extracellular
dopamine was measured by applying a triangular waveform
(—0.4 to +1.2 to —0.4V vs Ag/AgCl, 400 V/s) to the CFE. Once the
extracellular dopamine response was stable for three successive
collections, the effects of different stimulation patterns on
dopamine release were tested. More specifically, a
frequency-response curve was obtained using 10 pulse stimula-
tions at sequential 10, 20, 40, and 60 Hz frequencies with 5 min
interstimulus intervals.

Western blot hybridization

In rats that were self-administering the highest heroin dose,
0.1 mg/kg/infusion, the morning following the last long access
session, brain tissue punches containing the NAc and VTA were
collected, flash-frozen in isopentane, and stored at —80 °C until
processing. Tissue was similarly collected and stored from a
separate group of age- and size-matched drug-naive rats to serve
as controls. Tissue punches were homogenized in lysis buffer
(20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid pH 7.4,
5 mM ethylenediaminetetraacetic acid pH 8.0, and Halt, a protease
and phosphatase inhibitor cocktail (Thermo Fisher Scientific,
Waltham, MA) and centrifuged at 14,000g for 25 min at 4°C.
The supernatant was collected and protein concentrations were
determined with a commercially available BCA protein assay kit
(23225; ThermoScientific). 50 ug of protein was separated on 10%
reducing SDS-PAGE gels at transferred to 0.2 um nitrocellulose
membrane overnight. Nonspecific binding was blocked using a
solution of 5% nonfat milk in tris-buffered saline with 0.1% Tween-
20 (TBST-0.1%) for 1 h, before incubation in blocking buffer with
the primary antibodies: rabbit anti-mu opioid receptor (1:1000,
Abcam, AB5511) and mouse anti-actin (1:10 000, Sigma, A1978)
overnight at 4 °C. Membranes were rinsed in TBST-0.1%, incubated
in fluorescence-conjugated secondary antibodies (1:4000, LI-COR,
AF680, and AF800), and imaged on a LICOR Odyssey imaging
system. Image Studio Lite and Image) (National Institutes of
Health) were used for densitometry analyses of proteins and
preparation of representative images, respectively.

Data analysis

Demon Voltammetry and Analysis software [39] was used to
analyze all FSCV data. Recording electrodes were calibrated at the
end of every experiment by washing 3 uM dopamine over the CFE
using a flow-injection system and measuring the resulting current,
which was then converted to an individualized experiment
calibration factor (in nA/uM DA). The calibration factor of each
electrode was used to convert the electrical current measured
during experiments to dopamine concentration. Michaelis-Menten
modeling was used to determine the concentration and maximal
rate of dopamine uptake (V. of evoked dopamine responses.

Statistics

GraphPad Prism 7 (La Jolla, CA, USA) was used to statistically
analyze all datasets and create graphs. Behavioral data and
frequency response curves were analyzed using either a Student’s
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Fig. 1 Females show increased responding, intake, and seeking for heroin across doses, but similar rates of acquisition. A Experimental
timeline of behavioral procedure. B Female and male rats did not differ in total number of days to reach acquisition criteria. C Comparison of
dose-responsivity for heroin revealed that females have greater responding for and D intake of heroin across various doses. E Responding
during a seeking probe test was greater in female rats. F Correlation of responding during the seeking probe and total intake during the
dose-response curve demonstrates a positive interaction between the two measures. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. n =

8-10 per group.

t test or two-way repeated-measures ANOVA followed by
Bonferroni’s posthoc tests when significant main effects were
observed. Baseline voltammetry release and reuptake data, before
and after drug perfusion, were compared using a one-way or
three-way ANOVA, with group differences being tested using
Tukey's posthoc tests where noted. Phasic/tonic ratios and all
western blot hybridization data were analyzed using a two-tailed
Student’s t test. All data are reported as mean + SEM. All p values
of <0.05 were considered to be statistically significant.

RESULTS

Females show increased responding, intake, and seeking for
heroin across doses, but similar rates of acquisition

A group of male and female rats was given access to heroin
(0.025 mg/kg/inf) on an FR1 schedule of reinforcement during 6 h
sessions without prior operant training (acquisition). During
acquisition, female and male rats did not differ in the number of
days taken to complete 5 sessions of 20 lever presses (Fig. 1B), nor
the number of days to reach the first day of 20 lever presses or the
length of time to complete 20 lever presses in each of the
5 sessions (data not shown). After meeting acquisition criteria, rats
were tested for responding to heroin across several doses
(0.0781-50 pg/kg/inf). Males and females showed a main effect
of dose-dependent responding (Fig. 1C, F(2.109,33.74) = 13.48,
p=0.000038) and intake (Fig. 1D, F(2.603,41.64) =28.27, p=
0.0000000016), and sex with female rats responding more overall
(Fig. 1C, F(1,16) =5.376, p=0.0339) and taking more heroin
(Fig. 1D, F(1,16) = 6.952, p = 0.0179) than males. There was also a
significant interaction of Dose x Sex for the intake of heroin
(Fig. 1D, F(6,96) = 2.603, p =0.0221). Following dose-response
curves, rats were tested on seeking probe test by substituting
saline for heroin during a single 3-h session. Female rats displayed
increased responding on the seeking probe compared to males

SPRINGERNATURE

(Fig. 1E, t;5 =2.23, p=0.0414). Responding during the seeking
probe and total heroin intake during the dose-response curve
were positively correlated (Fig. 1F, correlation: »=0.729, p =
0.000007; linear regression: § = 69.94 + 10.66).

Females exhibit increased responding and escalation for a low
dose of heroin during long access

To assess differences in escalation of heroin self-administration,
male and female rats were placed on a long access procedure,
which has been used to model the transition to excessive drug
intake [36, 40, 41]. Comparing session 6-10 of long access,
following stabilization of responding, there was a main effect of
sex (Fig. 2A, F(1,16) =16.33, p=0.0009). Bonferroni post hoc
analysis revealed a significant difference in responding at sessions
6-10 (6, p = 0.0498; 7, p = 0.0145, 8, p = 0.0063; 9, 0.0040; 10, p =
0.0041). Averaged responses during the last three long access
sessions were increased in females (Fig. 2B, t;s=4.428 p=
0.000022). Escalation ratios were also determined for each long
access session by calculating number of responses in an individual
session in comparison to the responding on session 1 of long
access. In addition, to evaluate the overall magnitude of escalation
across the 10 days of long access, the slope of responding was
derived from the difference in responding between session 1
compared to session 10 [42]. A two-way repeated-measures
ANOVA of sessions 6-10 revealed a main effect of sex (Fig. 2C, F
(1,16)=5.153, p =0.0374). Females also had increased escalation
slope values compared to males (Fig. 2D, t;¢ = 2.974 p = 0.0089).

Female rats also have increased responding for a high dose of
heroin on long access

To evaluate if sex differences in responding on long access are
sensitive to heroin dose, male and female rats were trained on
heroin self-administration and placed on long access at a dose of
0.1 mg/kg/infusion. A two-way repeated measures ANOVA of

Neuropsychopharmacology (2021) 46:1724-1733
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Fig. 2 Females exhibit increased responding and escalation for a low dose, 0.025 mg/kg/inf, of heroin during long access. A Responding
for heroin at 0.025 mg/kg/inf was greater in females rats compared to male rats during the second half of long access (sessions 6-10). B Average
responding during the final 3 days of long access was increased in females. C Analysis of escalation ratios, responding during individual
sessions compared to session 1, during long access demonstrate increased escalation of responding in female rats across sessions 6-10. D The
slope of responding during the ten long access sessions was increased in female rats. *p < 0.05; **p < 0.01; ***p < 0.001. n = 8-10 per group.

sessions 6-10, when responding stabilized, revealed the main
effect of sex (Fig. 3B, F(1,8) = 6.831, p = 0.0310). Comparison of the
averaged last three days of long access produced a trend (p =
0.0519) towards increased responding in females (Fig. 3C). Upon
comparing escalation ratios from sessions 6-10, a main effect of
sex (Fig. 3D, F(1,8) =7.671, p =0.0243). The slope of responding
for heroin across the ten long access sessions was higher in
females (Fig. 3E, tg = 2.343, p = 0.0472).

Mu opioid receptor (MOR) protein levels do not differ between
drug naive or heroin-exposed male and female rats in the NAc
or VTA

We performed western blot analyses on NAc- and VTA-containing
tissue punches from male and female rats after long access, at
0.1 mg/kg/inf, and heroin-naive controls. There was no effect (p >
0.05) of heroin or sex on MOR protein levels in NAc (p = 0.1656) or
VTA (p =0.5916) (Fig. 4A-C).

Heroin self-administration increased the rate of dopamine
reuptake in both sexes and phasic-like dopamine release in the
medial NAc shell of female rats

Dopamine neurons exhibit two different patterns of firing: a
pacemaker pattern which is thought to give rise to low “tonic” levels
of dopamine [43] and a more variable burst-like pattern, typically in
response to environmental stimuli, which gives rise to higher “phasic”
release of dopamine [44, 45]. Using FSCV, we measured dopamine
kinetics in medial NAc shell-containing brain slices to evaluate the
effects of heroin self-administration (0.025 mg/kg/infusion) on “tonic-
like” single-pulse stimulated dopamine release and subsequent
uptake. We found that single-pulse stimulated dopamine release
did not differ by sex or drug condition (Fig. 5B). However, a one-way
ANOVA of the maximal rate of dopamine uptake, V. indicated the
main effect of drug condition (Fig. 5C, F(1,36) = 19.56, p = 0.000086).

Neuropsychopharmacology (2021) 46:1724-1733

Tukey's post hoc comparisons revealed significant differences
between heroin-exposed males and females relative to their naive
counterparts, although there were no sex-dependent differences.
These alterations in dopamine transporter kinetics suggest that heroin
self-administration increased DAT function, regardless of sex. To
evaluate how heroin self-administration alters phasic dopamine
release, we used a “multi-pulse” stimulation train (ten pulses) protocol
across a range of frequencies (10-60 Hz) to model burst-like patterns
of dopamine neuron firing. Female rats that were exposed to heroin
self-administration exhibited increased phasic dopamine release
following multi-pulse stimulations, across frequencies, compared to
their female naive counterparts (Fig. 5E). There was no difference seen
in males (Fig. 5D). A two-way mixed ANOVA revealed a main effect of
frequency (Fig. 5E, F(1.144,20.59) =4.287, p=0.0466) and drug
condition (Fig. 5E, F(1,18) = 7.863 p = 0.0117). Bonferroni comparisons
indicated there were significant differences at the 20 Hz (p = 0.0394)
frequency. To directly compare males and females, a three-way
ANOVA was conducted, which revealed a main effect of condition
(Fig. 5F, F(1,148) =21.08, p =0.000009) and a significant interaction
between sex and condition (Fig. 5F, F(1,148) = 7.827, p = 0.0058). To
quantify this finding and account for variable release amounts at
different sites, a phasic/tonic ratio was calculated, which divides
maximal release at the ten pulses, 60 Hz stimulation by the baseline 1
pulse stimulation amplitude in each slice. A two-way ANOVA revealed
a main effect of drug condition (Fig. 5G, F(1,49) =9.405 p = 0.0035),
but not sex. Bonferroni’s post hoc analysis revealed significant
differences between naive females and heroin females (p = 0.0165).

DISCUSSION

Here, we document greater vulnerability of females to heroin,
which is congruent with published reports evaluating sex
differences in other drugs of abuse. Importantly, we thoroughly

SPRINGER NATURE
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Fig.3 Female rats also have increased responding for a high dose, 0.1 mg/kg/inf, of heroin on long access. A Experimental timeline of the
behavioral procedure. B Female rats display increased lever press responding for heroin during the second half of long access (sessions 6-10).
C Females show a trend for increased heroin responding during the final 3 days of long access (p = 0.0519). D Analysis of escalation ratios
during long access demonstrate increased escalation of responding in female rats across sessions 6-10. E The slope of responding during the
ten long access sessions was increased in female rats. *p < 0.05; **p < 0.01; ****p < 0.0001. n =5 per group.

evaluate multiple aspects of self-administration behaviors at two
different training doses. Furthermore, we have identified a
neurobiological correlate that may underlie the heightened
propensity of females to self-administer opioids. Our results
indicate that female and male rats do not differ in rates of
acquisition; however, females showed increased responding for
and intake of heroin across several doses, increased seeking
behavior when heroin was replaced with saline and increased
intake and escalation during a long access procedure at both low
and high doses. Additionally, although heroin self-administration
did not alter the magnitude of tonic-like, single-pulse dopamine
release we found enhanced phasic-like, multi-pulse release in
heroin-exposed females, but not males. In addition, maximal
dopamine uptake rates were increased in both sexes, suggesting
increased DAT functionality and/or expression after heroin self-
administration.

The lack of sex differences in the acquisition of heroin self-
administration in the present study agrees with some previous
findings [15], however, it contradicts others that showed females
acquired heroin self-administration more rapidly than males

SPRINGERNATURE

[13, 14]. It is important to note that these studies differed
significantly from the present study, in that the prior studies used
an auto-shaping procedure to train rats to lever press, while rats in
this study had no prior operant experience and were allowed to
acquire self-administration on their own. In addition, the previous
studies used a lower dose of heroin, 0.015 mg/kg/infusion,
compared to the 0.025 or 0.1 mg/kg/infusion doses used in this
study. These factors may alter the rate of acquisition of drug self-
administration [46]. Therefore, additional studies evaluating the
effects of self-administration environments and doses will aid in
understanding sex differences in acquisition of heroin self-
administration.

We documented a vertical shift in the dose-response curve for
heroin in females compared to males. It has been suggested that
an upward shift in dose-response curves for drugs of abuse is
indicative of an increase in drug efficacy rather than increased
drug potency, which would be indicated by a leftward shift [47].
Piazza and colleagues stated that individual subjects who display
increased responding for drugs across a range of doses represent
a more “vulnerable” population and would be more likely to

Neuropsychopharmacology (2021) 46:1724-1733



Enhanced heroin self-administration and distinct dopamine adaptations in...

BE George et al.

A NAc VTA
1 2 4 1 2 3 4

1. Naive Male e e i | | o C— " < 45 kD
2. Heroin Male MOR
3. Naive Female .
4. Heroin Female Actin ([ Wil e WY e waw ww e |- 42 kD
B NAc C VTA

3.0+ 5-

2.5 o 4 o o
g 2.0 8)
% ' 0© o g 34
G151 ° T o S
ko) -T- -O- 3 2 o I T
o 1.0 o (o} o o
- %o © - Q0 ab0 %

(o] 1
0.5+ O'go r%‘1 fo) 00
0-0 T T T T o T L] T T
Naive Heroin Naive Heroin Naive Heroin Naive Heroin

Fig. 4 Mu opioid receptor (MOR) protein levels do not differ between drug naive or heroin-exposed male and female rats in the NAc or
VTA. A Representative blots of all four treatment groups. B MOR expression in the nucleus accumbens (NAc) did not differ between the
groups. € No significant difference in MOR expression in the VTA across groups.

develop drug abuse when higher doses of the drug are present
[47]. Moreover, responding during the seeking probe positively
correlated with total heroin intake during the dose-response
curve, making it difficult to disentangle the two behaviors.
Separating intake from seeking in a procedure that limits the
number of infusions available per day, thereby standardizing
intake prior to assessing seeking, would be helpful in this regard.
As has been shown with other drugs of abuse [26, 48, 49], inherent
sex differences may have led to both increased heroin responding
and seeking, suggesting that biological sex is a factor contributing
to vulnerable phenotypes related to heroin abuse.

The greater escalation of heroin self-administration during long
access in females is consistent with a previous study showing
increased responding for heroin under a long access procedure in
female mice [12], yet it contradicts other studies that suggest
there are no sex differences in the maintenance or escalation
phase of self-administration [17-22]. A major difference is that, in
the current study, rats were housed in boxes that served as both
the operant and housing chambers. This experimental setup has
been shown to increase the saliency of drug-paired cues [50],
which has been shown to elicit greater responses in female heroin
users [51]. It has been previously shown that male rats housed in
their testing chambers self-administered more heroin than those
who lived in separate housing chambers [52]. Thus, it is possible
that these environmental variables may have driven the increased
responding seen in females in the current study. The escalation of
responding seen here in females is profound (nearly two- and
fourfold higher at 0.025 and 0.1 mg/kg/inf doses, respectively),
especially when compared to the lack of escalation exhibited by
males. However, it is important to note that escalation during long
access heroin self-administration in male rats has been shown to
be more prominent in session lengths greater than 6 h [53]. The
increased responding of females in most of the measured self-
administration behaviors could be explained by either heightened
or lowered sensitivity to heroin’s reinforcing properties. Alterna-
tively, it is possible that the rate of tolerance to the sedative
effects of heroin may be different between males and females
[54]. Taken together, the present study demonstrates divergent
heroin self-administration behaviors between males and females;
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however, it is unknown whether these results would be applicable
to self-administration of other opioids, such as oxycodone or
morphine.

Prior studies have shown that chronic exposure to opioids
results in reduced MOR function (for review [55]) which is thought
to play a significant role in tolerance to opioids [56]. Therefore, we
hypothesized that intrinsic differences in MOR expression or
differences in heroin-induced adaptations may underlie the
divergent responding seen between males and females. However,
we did not find any significant differences in MOR immunor-
eactivity between sexes or heroin conditions, in either NAc or VTA.
While we did not see a change in total protein levels of MOR, this
does not exclude the possibility that MORs may have altered
functioning and/or signaling capabilities. Some studies have
indicated increased activity of MORs on GABAergic neurons in
the VTA after heroin self-administration [57-60]. This suggests that
augmented heroin responding and phasic-like dopamine release
in females is probably not due to differences in MOR levels but
may be due to altered MOR activity or sex-dependent regulation
of dopamine terminals.

Somewhat surprisingly, we did not see a difference in single-
pulse electrically-stimulated (tonic) dopamine release following
long access heroin exposure in male or female rats. The present
study evaluated dopamine terminal alterations after 10 days of
long access and during acute withdrawal (~18 h), which we have
found is an optimal time point for assessing terminal alterations
following exposure to several other drugs of abuse [61-65].
However, it is unknown if longer exposure to heroin or a longer
withdrawal period would yield different changes in dopamine
dynamics. While we did not observe differences in single pulse
evoked dopamine release, we did see increases in dopamine
uptake rate, a measure of DAT function, following heroin
exposure, although this change was not sex-dependent. This
finding was unexpected, as heroin exposure resulted in decreased
DAT mRNA expression [66], binding availability [67], and protein
levels [68] in the NAc of human heroin users. However, this
discrepancy may be explained by the differences between total
levels of static markers and DAT activity at the plasma membrane,
as well as the fact that the entire NAc was evaluated in humans,
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Fig. 5 Heroin self-administration increased the rate of dopamine reuptake in both sexes and phasic-like dopamine release in the medial
NAc shell of female rats. A Representative traces of electrically-evoked dopamine demonstrating increased uptake in heroin-exposed males
and females compared to their respective heroin-naive counterparts. B Stimulated dopamine release did not differ between any treatment
groups. € The maximal rate of dopamine uptake (Vmax) was increased in heroin-exposed males and females. D Heroin-exposed and heroin-
naive males did not differ in dopamine elicited by multi-pulse stimulation trains at increasing frequencies; however, heroin females have
greater dopamine release across frequencies than heroin-naive females (E). F A comparison of both sexes and conditions reveal that the
increase in phasic dopamine release is specific to female rats after heroin. G Comparison of average phasic/tonic ratios was increased in heroin
females compared to their naive counterparts, as depicted by the concentration of stimulated dopamine release at ten pulses over one pulse.

*p < 0.05; **p <0.01. n = 5-6 rats per group.

rather than just the medial shell of the NAc as in the current study.
Our group has also found increased DAT function with chronic
alcohol exposure [69, 70] and methylphenidate [64, 71], but not
cocaine or amphetamine self-administration [72, 73], suggesting
that elevations of extracellular dopamine alone cannot explain
functional DAT changes. In the case of stimulants, the character-
istics of drug-DAT interactions may determine activity changes.
Methylphenidate self-administration produced large increases in
dopamine uptake rates, which led to increased effects of DAT
substrates/releasers, most likely due to greater intracellular
accumulation of drug, without changing the effects of blockers
[73]. Therefore, it would be interesting to evaluate if heroin self-
administration would show a similar pattern of altered stimulant
effects.

The DAT is a major regulator of dopamine terminal function,
and it is a primary determinant of extracellular dopamine levels in
the NAc [74]. Thus, we hypothesize that the increased uptake seen
here would lead to lower extracellular dopamine levels, as seen in
previous studies using microdialysis [75-77]. To our knowledge,
this is the first preclinical report evaluating DAT activity following
exposure to heroin in rats. These data support the conclusion that
neural adaptions to downregulate dopamine activity occur in
response to repeated exposure to heroin, as they do with other
drugs of abuse [61, 78, 79]. It is thought that drug-mediated
compensatory alterations in presynaptic dopamine terminals
result in a state of hypodopaminergia [78-81], which may
engender anhedonia and/or dysphoria and thereby promote
increased drug-taking and relapse [80-84].

In addition to alterations in dopamine uptake kinetics, we also
observed a robust increase in phasic dopamine release under
burst-like stimulation patterns in heroin-exposed females, but not
males, without changes in single-pulse evoked release. Increases
in phasic firing of VTA dopamine neurons occur in response to
salient stimuli, such as drugs of abuse or drug-related cues, and
are thought to drive drug seeking [85-88]. In addition, in freely
behaving rats, the peak concentration of phasic dopamine release
events evoked by reward cues is directly related to the magnitude
of the expected reward [89]. One possible explanation for our
finding that only multipulse-evoked release in females is increased
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is that after heroin self-administration, MOR activity is increased in
on GABAergic neurons in the VTA [57-60], selectively in heroin
exposed females. This would lead to increased disinhibition of
dopamine neurons in the VTA and thereby, prime dopamine
terminals in the NAc to release more dopamine during stimulation
trains [90, 91]. Another possibility is that in females, increased
phasic dopamine release is due to altered activity of cholinergic
interneurons in the NAc that also contain MOR [92, 93]. Dopamine
release is highly regulated by cholinergic activity, with activation
of nicotinic receptors on dopamine terminals increasing single
pulse release and decreasing phasic, multipulse release. If females
have increased MOR activity in cholinergic interneurons in the
NAc, acetylcholine levels and nicotinic receptor activity would be
reduced, resulting in the enhanced phasic dopamine release seen
in heroin exposed females. Similarly, lower acetylcholine levels
would reduce dopamine tone and autoreceptor-mediated inhibi-
tion of phasic dopamine release, thus leading to augmented
phasic dopamine release [94].

CONCLUSIONS

Taken together, this study provides insights into potential
neurobiological mechanisms underlying sexually dimorphic her-
oin self-administration behaviors. These data suggest that
increased heroin self-administration and seeking in females may
be linked to an enhancement of phasic dopamine release in the
NAc; however, the exact mechanism has yet to be identified.
Nevertheless, these changes could lead to increases in the saliency
of drug-related stimuli [43]. Therefore, it is tempting to speculate
that heroin-induced dopamine changes may lead to greater
positive reinforcing value and drug cue reactivity underlying
heightened female vulnerability to heroin abuse and addiction.
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