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Differential Patterns of Synaptic Plasticity in the Nucleus
Accumbens Caused by Continuous and Interrupted
Morphine Exposure
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Opioid exposure and withdrawal both cause adaptations in brain circuits that may contribute to abuse liability. These adapta-
tions vary in magnitude and direction following different patterns of opioid exposure, but few studies have systematically
manipulated the pattern of opioid administration while measuring neurobiological impact. In this study, we compared cellu-
lar and synaptic adaptations in the nucleus accumbens shell caused by morphine exposure that was either continuous or in-
terrupted by daily bouts of naloxone-precipitated withdrawal. At the behavioral level, continuous morphine administration
caused psychomotor tolerance, which was reversed when the continuity of morphine action was interrupted by naloxone-pre-
cipitated withdrawal. Using ex vivo slice electrophysiology in female and male mice, we investigated how these patterns of
morphine administration altered intrinsic excitability and synaptic plasticity of medium spiny neurons (MSNs) expressing the
D1 or D2 dopamine receptor. We found that morphine-evoked adaptations at excitatory synapses were predominately con-
served between patterns of administration, but there were divergent effects on inhibitory synapses and the subsequent bal-
ance between excitatory and inhibitory synaptic input. Overall, our data suggest that continuous morphine administration
produces adaptations that dampen the output of D1-MSNs, which are canonically thought to promote reward-related behav-
iors. Interruption of otherwise continuous morphine exposure does not dampen D1-MSN functional output to the same
extent, which may enhance behavioral responses to subsequent opioid exposure. Our findings support the hypothesis that
maintaining continuity of opioid administration could be an effective therapeutic strategy to minimize the vulnerability to
opioid use disorders.
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Withdrawal plays a key role in the cycle of addiction to opioids like morphine. We studied how repeated cycles of naloxone-
precipitated withdrawal from otherwise continuous opioid exposure can change brain function of the nucleus accumbens,
which is an important brain region for reward and addiction. Different patterns of opioid exposure caused unique changes in
communication between neurons in the nucleus accumbens, and the nature of these changes depended on the type of neuron
being studied. The specific changes in communication between neurons caused by repeated cycles of withdrawal may increase
vulnerability to opioid use disorders. This highlights the importance of reducing or preventing the experience of withdrawal
during opioid treatment. /
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2019; McDevitt et al., 2019). Withdrawal is often studied in
the context of short- or long-term abstinence, but in the clin-
ical setting, patients routinely experience repeated cycles of
brief withdrawal periods, for example, because of the phar-
macokinetic variability of prescription opioid formulations
purporting to provide continuous action (Ackerman et al,
2003). Therefore, it is also necessary to understand the adap-
tations in neural circuitry that occur in the context of
repeated cycles of brief withdrawal from otherwise continu-
ous opioid exposure.

In this study, we investigated how different patterns of opioid
administration alter synaptic plasticity in the nucleus accumbens
(NAc), using our previously developed model of interrupting
continuous morphine (Mor) exposure with repeated bouts of
naloxone (NIx)-precipitated withdrawal (Lefevre et al., 2020).
The premise for this model arises from previous studies demon-
strating that intermittent patterns of opioid exposure cause sensi-
tization of reward-related behaviors, whereas continuous opioid
exposure induces tolerance (Shippenberg et al., 1988; Lett, 1989;
Gaiardi et al., 1991; Shippenberg et al., 1996; Vanderschuren et
al., 1997; Russo et al., 2007; Contet et al., 2008; Rothwell et al.,
2010; Le Marec et al.,, 2011; Sun et al,, 2014; Yu et al., 2014). To
provide direct comparisons of patterns of opioid exposure,
while controlling for confounding pharmacokinetic varia-
bles, we interrupted otherwise continuous morphine infu-
sion with daily injections of naloxone (Lefevre et al., 2020).
We found that the interruption of continuous morphine expo-
sure with naloxone-precipitated withdrawal caused a reversal of
psychomotor tolerance, augmented mesolimbic dopamine sig-
naling, and induced striking transcriptional adaptations in the
striatum (Lefevre et al., 2020). Thus, this model provides a con-
trolled method for studying how different patterns of opioid ex-
posure affect reward circuitry (Cahill, 2020; Kibaly et al., 2021).

The NAc is a central hub in reward circuits and contains two
subpopulations of medium spiny projection neurons (MSNs)
that are classified by their expression of dopamine D1 receptors
(D1-MSN) and dopamine D2 receptors (D2-MSN; Le Moine
and Bloch, 1995). Canonically, these two subpopulations are pro-
posed to play opposing functional roles in the NAc, with D1-
MSNs promoting reward and D2-MSNs negatively modulating
reward (Hikida et al., 2010; Lobo and Nestler, 2011; Tai et al.,
2012; Koo et al., 2014; Soares-Cunha et al,, 2016; Cole et al.,
2018; O’'Neal et al., 2020; Soares-Cunha et al.,, 2020; O’Neal et al.,
2022). Consistent with these canonical roles, NAc D1-MSNs
were found to be activated in response to acute morphine,
whereas NAc D2-MSNs are predominately activated in response
to naloxone-precipitated morphine withdrawal (Enoksson et al.,
2012).

Previous studies have shown that excitatory synaptic plasticity
evoked by chronic morphine at D1-MSNs and D2-MSNs medi-
ates rewarding and aversive behaviors, respectively (Graziane et
al., 2016; Hearing et al,, 2016; Russell et al., 2016; Zhu et al,
2016; Madayag et al, 2019; McDevitt et al, 2019). Although
there has been a large focus on excitatory synaptic plasticity,
emerging evidence suggests chronic morphine administration
alters inhibitory input onto MSNs, as well as the intrinsic
excitability of MSNs (Koo et al., 2014; McDevitt et al., 2019).
Although morphine exposure is known to modulate synaptic
plasticity, it is not known how this is influenced by the pattern
of opioid administration. Here, we sought to identify synaptic
and cellular adaptations in NAc D1-MSNs and D2-MSNss fol-
lowing continuous versus interrupted morphine administra-
tion in male and female mice.
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Materials and Methods

Subjects. Experiments were performed with female and male mice
maintained on a C57BL/6] genetic background. Mice used in all
experiments carried a single copy of a Drdla-tdTomato bacterial arti-
ficial chromosome (BAC) transgene mice (Shuen et al., 2008) and/or
a Drd2-eGFP BAC transgene (Gong et al., 2003). Mice were 5-
8 weeks old at the beginning of each experiment and housed in groups
of two to five per cage on a 12 h light/dark cycle (06:00-1800 h) at
~23°C with food and water provided ad libitum. Experimental proce-
dures were approved by the Institutional Animal Care and Use
Committee of the University of Minnesota.

Drug exposure. Morphine hydrochloride (Mallinckrodt) was dis-
solved in sterile saline (Sal; 0.9%) and delivered continuously using
osmotic minipumps (model 2001, ALZET) as previously described
(Lefevre et al., 2020). Morphine concentration was adjusted for body
weight to administer 63.2 mg/kg/day. Minipumps were filled with
300 pl of morphine or saline solution and primed overnight at 40°C.
Once primed, minipumps were implanted under anesthesia (5% iso-
flurane/95% oxygen) through a small incision on the rump, which
was then closed with wound clips. Carprofen (5 mg/kg, s.c.) was given
as an analgesic before surgery and for 3 d following pump implantation
or removal. Behavioral testing began 24 h after pump implantation (day
1) to allow for recovery from surgical anesthesia. To interrupt continu-
ous morphine exposure, we injected mice with naloxone (10 mg/kg, s.c.)
twice per day, with injections separated by a period of 2 h (Lichtblau and
Sparber, 1981). Mice in the continuous morphine group received saline
injections, and control groups implanted with saline pumps were
injected with either saline or naloxone. In this study, the four experi-
mental groups are thus described based on the following pump-injec-
tion treatment: the two saline pump groups are Sal-Sal or Sal-Nlx, and
the two morphine pump groups are Mor-Sal (continuous) or Mor-NIx
(interrupted).

Behavioral responses to morphine administration. We tested open-
field locomotor activity in a clear Plexiglas arena (catalog #ENV-510,
Med Associates) housed within a sound-attenuating chamber, as previ-
ously described (Lefevre et al., 2020; Toddes et al., 2021). Mice were
placed in the open field for 60 min on the first day after pump implanta-
tion (before the first set of saline or naloxone injections) to measure the
acute effects of morphine infusion. This behavioral test was repeated in
the same fashion before preparation of acute brain slices on day 6 (i.e.,
24 h after the last set of saline or naloxone injections).

Electrophysiology. Parasagittal slices (240 pm) containing NAc shell
were prepared using standard procedures (Pisansky et al., 2019; Toddes
et al,, 2021). This study focused on the NAc shell, as this subregion has
been found to be more sensitive to opioid-evoked plasticity (Graziane et
al, 2016; Hearing et al,, 2016; Madayag et al, 2019; McDevitt et al,
2019). Mice were anesthetized with isoflurane and decapitated. Brains
were quickly removed and placed in ice-cold cutting solution containing
the following (in mm): 228 sucrose, 26 NaHCOs, 11 glucose, 2.5 KCl, 1
NaH,PO,-H,0, 7 MgSO,-7H,0, and 0.5 CaCl,-2H,O0. Slices were cut by
adhering the lateral surface of the brain to the stage of a vibratome
(Leica VT1000S) and then allowed to recover in a submerged holding
chamber with artificial CSF (aCSF) containing the following (in mm):
119 NaCl, 26.2 NaHCO3, 2.5 KCl, 1 NaH,PO,-H,0, 11 glucose, 1.3
MgS0O,4-7H,0, and 2.5 CaCl,-2H,0. Slices recovered in warm aCSF (33°
C) for 10-15 min and then equilibrated to room temperature for at least 1
h before use. Slices were transferred to a submerged recording chamber
and continuously perfused with aCSF at a rate of 2 ml/min at room tem-
perature. All solutions were continuously oxygenated (95% O,/5% CO,).

Whole-cell recordings from MSNs were obtained under visual control
using infrared-differential interference contrast optics on an Olympus
BX51WI microscope. MSNs were identified by their morphology and
hyperpolarized resting membrane potential (approximately —80mV),
with D1-MSNs and D2-MSNs differentiated by tdTomato or eGFP fluo-
rophores, respectively. Recordings were performed using a MultiClamp
700B amplifier (Molecular Devices), filtered at 2kHz, and digitized at
10kHz. Data acquisition and analysis were performed online using
AxoGraph software. Series resistance was monitored continuously, and
experiments were discarded if resistance changed by >20%.
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Interruption of continuous morphine exposure with daily naloxone injections. A, Experimental timeline including 1 habituation day (H), followed by pump implantation providing

continuous infusion of morphine or saline for 5 d, interrupted by twice-daily injections (separated by 2 h) of saline or naloxone. Locomotor activity was recorded on day 1 before injections and
on day 6. £x vivo sagittal slices containing the NAc shell for electrophysiology recordings were collected immediately following behavioral testing on day 6. B, Locomotor activity on the first
(D1) and last (D6) day of exposure (n = 45-51/group). C, Change in locomotor activity on D6 versus D1, depicted for individual mice at each dose. All groups contained similar numbers of
female mice (open symbols) and male mice (closed symbols); *p << 0.05 between groups, Tukey’s post hoc test.

For current-clamp recordings, borosilicate glass electrodes (3-5 M())
were filled with the following (in mm): 120 K-gluconate, 20 KCI, 10
HEPES, 0.2 EGTA, 2 MgCl,, 4 ATP-Mg, and 0.3 GTP-Na, pH 7.2-7.3.
Before commencing recordings, MSN resting membrane potentials were
adjusted to approximately —80 mV. Cells were injected with a series of
current steps (800 ms duration) from —160 to +260 pA, with a 20 pA
step increment. Maximum firing rate was calculated as the number of
spikes over the 800 ms step that could be sustained without inducing a
depolarization block and averaged from three cycles of current steps.
Rheobase was calculated as the minimum current injection required to
induce action potential firing. The current-voltage (I-V) relationship,
used to measure steady-state membrane properties, was obtained by
measuring voltage response at subthreshold current steps (—160 to +60
pA) (Kourrich and Thomas, 2009; Pisansky et al., 2019).

Voltage-clamp recordings were made with borosilicate glass electro-
des (2-5 MQ)) filled with the following (in mm): 120 CsMeSOy, 15 CsCl,
10 TEA-CI, 8 NaCl, 10 HEPES, 1 EGTA, 5 QX-314, 4 ATP-Mg, and 0.3
GTP-Na, pH 7.2-7.3. Spermine (0.1 mm) was included when measuring
the current-voltage relationship of AMPAR currents. All reported hold-
ing currents are corrected for a liquid junction potential of ~10mV.
Excitatory and inhibitory evoked currents were electrically stimulated
using a glass monopolar electrode filled with aCSF (ISO-Flex, AMPT) at
0.1 Hz. Spontaneous EPSCs (sEPSCs) were recorded at a holding
potential of —80mV and pharmacologically isolated using GABA 5
receptor antagonist picrotoxin (PCTX; 50 um). Spontaneous IPSCs
(sIPSCs) were recorded at a holding potential of 0 mV and pharmacolog-
ically isolated using NMDA and AMPA receptor antagonists D-2-
amino-5-phosphonovalerate (D-APV; 50 um) and NBQX (10 um),
respectively. For all spontaneous recordings, at least 200 events per
cell were acquired in 15 s blocks and detected using a threshold of
5pA; all events included in the final data analysis were verified by
eye.
For AMPAR/NMDAR ratio experiments, recordings were made in
the presence of picrotoxin and MSNs were voltage clamped at +40mV,
whereby NMDARSs are no longer blocked by magnesium. Once a stable
dual-component excitatory baseline was acquired, D-APV (50 um)
was bath applied to isolate the AMPA-receptor-mediated current.
The NMDA-receptor-mediated current was obtained by digital sub-
traction of the AMPAR current from the dual-component current,
and peak amplitudes were used to calculate the ratio. Paired-pulse
ratios (PPR) were acquired in the presence of picrotoxin by voltage
clamping MSNs at —80mV and electrically evoking two EPSCs of
equal intensity with a 25 ms interstimulus interval and then calculat-
ing the ratio between the peak amplitude of the second EPSC and
the amplitude of the first EPSC. To investigate AMPAR subunit com-
position, we conducted an I-V analysis of pharmacologically isolated
AMPAR EPSCs at holding potentials of —80, —40, 0, +20, and
+40mV, and normalized peak amplitudes to —80mV. The peak
EPSC amplitude at +40mV to —80 mV was divided to calculate the
rectification index. For excitatory/inhibitory (E/I) ratio experiments,
MSNs were voltage clamped at —80 mV, and both excitatory and inhibi-
tory presynaptic afferents were electrically stimulated without pharma-
cological isolation. Once a stable dual-component current was acquired,

Table 1. Percentage of body weight lost following daily injections of saline or
naloxone

Day Sal-Sal (36) Sal-NIx (38) Mor-Sal (40) Mor-NIx (38)

Day 1 032 = 0.26% —0.66 = 0.24% 0.15 = 024% —4.15 = 0.33%
Day2 —045*+0.19% —0.58 = 0.15% —0.76 = 0.33% —5.16 = 0.30%
Day3 —0.63 =019% —0.65 = 0.23% 013 £021% —5.86 = 031%
Day4 —048 £017% —0.69 = 0.18% —032 = 0/25% —5.93 = 0.47%
Day 5 0.08 = 0.24% —040 = 0.23% —042*0.18% —599 % 0.37%

All data are presented as mean =% SEM; numbers in parentheses represent sample size for each treatment
group.

picrotoxin (50 uMm) was bath applied to isolate the excitatory AMPA-re-
ceptor-mediated current. The inhibitory GABA-receptor-mediated cur-
rent obtained by digital subtraction of the excitatory current from the
dual-component current, and peak amplitudes were used to calculate the
ratio. Decay time constants for the NMDAR EPSC (+40 mV), AMPAR
EPSC (—80mV), and GABAR IPSC (—80 mV) were derived from aver-
aged currents by fitting to double exponential equations using Easy
Electrophysiology software, and the weighted mean decay time constants
were calculated as previously described (Rumbaugh and Vicini, 1999).

Experimental design and statistical analyses. All experiments were
conducted using hemizygous BAC transgenic mice on a C57BL/6] back-
ground (Nelson et al,, 2012) to avoid potentially detrimental effects of
breeding a randomly inserted BAC transgene to homozygosity (Kramer et
al,, 2011). Similar numbers of male and female mice were used in all experi-
ments, with sample size indicated in figure legends. Sex was included as a
variable in factorial ANOVA models analyzed using IBM SPSS Statistics
software, version 24, with repeated measures on within-subject factors.
Kolmogorov-Smirnov tests were conducted using GraphPad Prism 7. All
summary data in figures are displayed as mean = SEM, with individual
data points from male and female mice shown as closed and open symbols,
respectively. Significant interactions were decomposed by analyzing simple
effects (i.e, the effect of one variable at each level of the other variable).
Significant main effects were analyzed using Tukey’s post hoc test. The Type
I error rate was set to a = 0.05 (two tailed) for all comparisons.

Results

Divergent behavioral adaptations induced by continuous
versus interrupted morphine exposure

We previously demonstrated that psychomotor tolerance devel-
ops during continuous morphine administration but can be
reversed by daily interruption of opioid exposure with nalox-
one-precipitated withdrawal (Lefevre et al., 2020). In this study,
we used the same model to characterize adaptations in intrinsic
excitability and synaptic plasticity in NAc MSNs. All mice
received subcutaneous implantation of an osmotic minipump
that delivered continuous infusion of morphine (63.2 mg/kg/
day) or saline over the course of 6 d (Fig. 1A). Using a factorial
design, we also administered twice-daily injections of saline or
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Whole-cell current-clamp electrophysiology recordings from MSNs in the NAc shell to measure intrinsic excitability. A, ¢, Representative traces at currents steps —160 pA, 0 pA,

and +180 pA in D1-MSNs (n = 9-13/group, A) and D2-MSNs (n = 17-23/group, €). B, D, Positive current steps incrementing in 20 pA from +40 pA to +260 pA were used to calculate the
number of action potential spikes that could be induced over the 800 ms pulse in D1-MSNs (B) and D2-MSNs (D). E, F, Subthreshold current steps (800 ms) were used to plot the /-V relation-
ship and found no morphine-induced changes in passive membrane properties. Inset, Rheobase was calculated as the threshold current injection required to induce action potential firing. G—L,
MSN firing properties at representative levels of depolarizing current injection (140, 180, and 220 pA). Latency to the first action potential in D1-MSNs (G) and D2-MSNs (J). Interspike interval
in D1-MSNs (H) and D2-MSNs (K). Train duration D1-MSNs (/) and D2-MSNs (L). No main effects of sex or drug treatment were identified.

naloxone (10 mg/kg) on days 1-5 after pump implantation so
that opioid administration was either continuous (morphine
pump plus saline injections) or interrupted (morphine pump
plus naloxone injections). As previously described (Lefevre et
al., 2020), the Mor-NIx group showed weight loss following
each day of naloxone-precipitated withdrawal (Table 1), and
the magnitude of this effect showed a significant linear increase
over days (F(j 35) = 13.34, p = 0.001).

Mice were placed in an open field activity chamber on days 1
and 6 after pump implantation to measure distance traveled (Fig.
1B). On day 1, before the first injection of saline or naloxone,
mice with morphine pumps displayed a robust increase in psy-
chomotor activation. On day 6, psychomotor tolerance was
observed in the continuous morphine group, whereas this behav-
ioral effect was reversed after interrupted morphine treatment

(Morphine x Naloxone x Day interaction, F; s9= 10.38, p =
0.001). There was also a main effect of Sex (F(;,1s5) = 4.0, p = 0.047),
indicating that overall locomotor activity was higher in females
compared with males. However, there were no significant interac-
tions between Sex and any other factor. Changes in locomotor ac-
tivity over time were most apparent after computing the change in
distance traveled between day 1 and day 6 for each individual ani-
mal (Fig. 1C). These patterns of behavioral adaptation produced by
continuous and interrupted morphine exposure are consistent with
our previous report (Lefevre et al., 2020).

Intrinsic excitability is not altered by either continuous or
interrupted morphine exposure

MSNs in the NAc express opioid receptors (Charbogne et al.,
2017), and MSN intrinsic excitability can be modulated by acute
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Electrophysiological recordings from MSNs in the NAc to assess spontaneous excitatory synaptic transmission. A, B, Schematic diagram showing whole-cell voltage-clamp recordings

held at —70 mV from MSNs identified by the expression of Drd1-tdTomato (A) or Drd2-eGFP (B). Example traces show SEPSCs recorded for Sal-Sal (D1, n = 13 cells; D2, n = 17 cells), Sal-Nlx
(D1, n =18 cells; D2, n = 8 cells), Mor-Sal (D1, n = 19 cells; D2, n = 16 cells), and Mor-NIx (D1, n = 15 cells; D2, n = 25 cells). Calibration: 10 pA, 100 ms. (—F, Average SEPSC amplitude
and cumulative probability plots for D1-MSNs (C, D) and D2-MSNs (E, F) separated by injection (Sal vs NIx). G-J, Average sEPSC frequency and cumulative probability plots for D1-MSNs (G, H)
and D2-MSNs (1, J) separated by injection (Sal vs NIx). Male mice are represented by closed symbols, and female mice are represented by open symbols; *p << 0.05, according to Fisher's least

significant difference post hoc test (C) or Kolmogorov—Smirmov test (H).

activation of opioid receptors (Ma et al., 2012; Trieu et al., 2022).
It has also been shown that repeated morphine exposure alters
the intrinsic excitability of NAc MSNs (Heng et al, 2008;
McDevitt et al., 2019). Thus, we sought to characterize intrinsic
firing properties of NAc MSNs following continuous or inter-
rupted morphine administration. We used whole-cell current-
clamp recordings to measure the number of spikes elicited by a
series of depolarizing current injections. Neither pattern of mor-
phine exposure altered the intrinsic excitability of either D1-
MSNs (Fig. 2A,B) or D2-MSNs (Fig. 2C,D). There were also no
changes in passive membrane properties or rheobase (Fig. 2E,F).
We also analyzed qualitative characteristics of the spike trains,
including latency to first spike, train duration, and interspike
interval (Fig. 2G-L). There were no changes in these spike train
characteristics in any treatment group. These data suggest that
neither continuous nor interrupted morphine exposure alter the
intrinsic excitability of NAc MSNs at the time point examined.

Continuous and interrupted morphine exposure cause
divergent changes in spontaneous excitatory currents

A number of previous studies have shown that daily morphine
injections (which cause psychomotor sensitization) produce cell-
type-specific changes in excitatory synaptic input to D1-MSNs
and D2-MSNs (Graziane et al., 2016; Hearing et al., 2016; Zhu et
al., 2016; Madayag et al., 2019; McDevitt et al., 2019). We sought

to identify whether continuous morphine exposure (which
causes psychomotor tolerance) would produce distinct adapta-
tions in excitatory transmission and whether different adapta-
tions would develop after interruption of continuous morphine
by daily naloxone injections. We first measured EPSCs from D1-
MSNs and D2-MSNs (Fig. 3A,B). In the NAc shell, sEPSC ampli-
tude was significantly higher in the D1-MSNs of Mor-NIx mice
compared with Mor-Sal mice (Fig. 3C,D; main effect of Group,
Fis57) = 344, p = 0.023). A similar trend was observed in D2-
MSNs (Fig. 3E,F; main effect of Group, F 55 = 2.49, p = 0.069).
No significant main effects on sEPSC frequency were observed
in D1-MSNs. However, Mor-Nlx mice showed a higher distribu-
tion of longer interevent intervals (IEIs) in D1-MSNs relative to
Sal-Nlx controls (Fig. 3H; Kolmogorov-Smirnov test, D = 0.18,
p = 0.003). This change in the frequency of events may reflect the
increase in Sal-Nlx group, as opposed to a decrease in frequency
events evoked by Mor-NIx. Interestingly, there was a main effect
of Sex on sEPSC frequency in D2-MSNs, with males overall
showing a higher frequency of events than females (F(; sg) = 5.50,
p=0.022).

Convergent effects of continuous and interrupted morphine
exposure on evoked excitatory transmission

We next investigated whether continuous and interrupted mor-
phine exposure altered excitatory synaptic strength by measuring
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Figure 4.

Morphine-induced changes in NAc MSN evoked excitatory synaptic transmission. A—C, Excitatory synaptic strength was assessed as the evoked AMPAR/NMDAR ratio in whole-cell voltage-

cdlamped (40 mV) MSNs. 4, Example AMPAR and NMDAR traces from D1-MSNs in male mice. Averaged AMPAR/NMDAR ratios are shown from D1-MSNs (B) and D2-MSNs (€) separated by sex (n =
4-7/sex/group). D-F, Probability of presynaptic glutamate release was measured by the ratio of paired-pulse evoked EPSCs (25ms apart) in whole-cell voltage-clamped (—80mV) MSNs. D,
Representative traces of paired-pulse ratio from D1-MSNs. Mean paired-pulse ratio in D1-MSNs (E) and D2-MSNs (F), pooled for sex (n =13—18/group); *p << 0.05, main effect of Morphine.

the ratio of AMPA-receptor-mediated current to NMDA-recep-
tor-mediated current (i.e., the AMPAR/NMDAR ratio; Fig. 4A).
In D1-MSNs, the AMPAR/NMDAR ratio was significantly de-
creased in both morphine groups in males, but not females (Fig.
4B; Pump x Sex interaction, F( 33 = 4.51, p = 0.041). No significant
changes in the AMPAR/NMDAR ratio were found in D2-MSNs
(Fig. 4C). We also did not detect changes in the coefficient of varia-
tion for evoked AMPAR EPSCs (Table 2) or the decay kinetics of
NMDAR ESPCs (Table 2) in any treatment group or cell type.

We used the PPR to assess changes in presynaptic glutamate
release (Fig. 4D). In D1-MSNs, PPR was significantly decreased
in both morphine groups to a comparable extent in both sexes
(Fig. 4E; main effect of Pump, F(; sy = 7.59, p = 0.008). However,
PPR was not affected in D2-MSNs (Fig. 4F). This would suggest
an increase in glutamate release probability onto D1-MSNs, as
previously reported following other patterns of morphine expo-
sure (Hearing et al., 2016). Calcium-permeable AMPARSs are of-
ten recruited during periods of drug-evoked synaptic plasticity
(Ltscher and Malenka, 2011; Wolf and Tseng, 2012; Yuan and
Bellone, 2013), and their synaptic incorporation leads to inward
rectification of the I-V relationship for evoked AMPAR currents.
However, we did not detect changes in the rectification index in
any treatment group or cell type (Table 2).

Divergent changes in spontaneous inhibitory transmission
after continuous and interrupted morphine exposure

The functional output of NAc MSNss is tightly regulated by synaptic
input from a small population (~5%) of local inhibitory interneur-
ons (Sesack and Grace, 2010), as well as lateral inhibitory connec-
tions between MSNs (Burke et al., 2017). Previous reports indicate

that chronic morphine administration also alters inhibitory trans-
mission onto NAc MSNs (Koo et al., 2014; McDevitt et al., 2019),
and we have previously shown that interrupted and continuous
morphine administration causes differential changes in the expres-
sion of GABA receptor subunits (Lefevre et al, 2020). To assess
whether these divergent transcriptional adaptations conferred func-
tional alterations in inhibitory synaptic transmission, we measured
sIPSCs. In D1-MSNs, we noted a trend toward a main effect of
Group (Fig. 54; F36s) = 2.71, p = 0.052) on sIPSC amplitude, with
Mor-Sal mice showing an increase compared with Sal-Sal controls
(p < 0.05). For sIPSC frequency, there was a main effect of Sex in
D1-MSNs (F(; 65y = 441, p = 0.039) with males showing a higher
frequency than females. Together with the sex differences reported
in Figure 3C, this indicates that males have higher inhibitory input
onto D1-MSNs and a higher excitatory input onto D2-MSNs than
their female counterparts. Two-way ANOVA revealed no signifi-
cant effects on frequency in D2-MSNs; however, the Kolmogorov-
Smirnov test (Fig. 5D) identified a significant shift in the cumulative
distribution of IEIs. Mor-Nlx mice showed a higher distribution of
longer IEIs relative to Sal-Nlx controls, indicative of a decrease in
the frequency of events. These results suggest that continuous
morphine administration increases inhibitory signaling selec-
tively onto D1-MSNs, likely via a postsynaptic mechanism. In
contrast, interrupted morphine may decrease inhibitory input
selectively onto D2-MSNs.

Divergent morphine-induced adaptations in excitatory to
inhibitory transmission

Because we identified morphine-induced changes in both sIPSCs
and sEPSCs, we sought to identify whether this would be
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Table 2. Properties of evoked AMPAR and NMDAR EPSCs measured at +40 mV

Lefevre etal. @ Patterns of Opioid-Evoked Synaptic Plasticity

Cell Type Parameter Sal-Sal Sal-NIx Mor-Sal Mor-NIx

D1-MSN AMPAR RI 0.44 = 0.08 (5) 0.62 = 0.04 (5) 0.52 = 0.02 (5) 0.46 = 0.05 (8)
AMPAR CV 0.12 == 0.02 (11) 0.12 = 0.02 (8) 0.12 == 0.02 (11) 0.12 = 0.01 (11)
NMDAR decay 207.38 = 30.10 (10) 21471 £ 23.28(7) 231.86 = 23.08 (7) 214.01 £935(9)

D2-MSN AMPAR RI 0.67 = 0.07 (7) 0.50 = 0.07 (6) 0.59 == 0.04 (6) 0.58 = 0.03 (4)
AMPAR CV 0.12 = 0.02 (8) 0.10 = 0.01 (9 0.13 = 0.01 (10) 0.14 = 0.02 (12

NMDAR decay 248.08 = 27.57 (7)

289.32 = 60.00 (7)

12)
277.47 = 40.51 (9) 269.76 *+ 49.39 (8)

All data are expressed as mean == SEM; numbers in parentheses represent sample size. RI, rectification index; CV, coefficient of variance.
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Electrophysiological recordings from MSNs in the nucleus accumbens to assess inhibitory synaptic transmission. 4, B, Schematic diagram showing whole-cell voltage-clamp record-

ings held at 0 mV from MSNs identified by the expression of Drd1-tdTomato (A) or Drd2-eGFP (B). Example traces show sIPSC recorded for Sal-Sal (D1, n = 17 cells; D2, n = 18 cells), Sal-NIx
(D1, n =9 cells; D2, n = 13 cells), Mor-Sal (D1, n = 24 cells; D2, n = 20 cells), and Mor-NIx (D1, n = 26 cells; D2, n = 29 cells). Calibration: 20 pA, 200 ms. (—F, Average sIPSC amplitude and
cumulative probability plots for D1-MSNs (C, D) and D2-MSNs (E, F) separated by injection (Sal vs NIx). G—J, Average sIPSC frequency and cumulative probability plots for D1-MSNs (G, H) and
D2-MSNs (1, J) separated by injection (Sal vs NIx). Male mice are represented by closed symbols, and female mice are represented by open symbols; #p = 0.052, according to the Kolmogorov—
Smirnov test (D); *p << 0.05, according to Fisher's least significant difference post hoc test (€) or Kolmogorov—Smimov test (J).

reflected as a shift in the balance between excitatory and inhibitory
synaptic input. To assess this possibility, we directly measured the
ratio between currents mediated by AMPA receptors and GABA
receptors in MSNs voltage clamped at —80 mV (Fig. 6A,B). The
ratio of peak AMPA-receptor-mediated to peak GABA-receptor-
mediated currents (i.e., excitation/inhibition ratio) in D1-MSNs
was significantly reduced in male Mor-Sal mice compared with
their female Mor-Sal counterparts (Fig. 6C; two-way ANOVA;
Group x Sex, F330) = 3.89, p = 0.018). Together with the decrease
in AMPAR/NMDAR ratio observed in Mor-Sal males (Fig. 4A),
this would suggest that AMPAR-mediated transmission is
decreased specifically in male Mor-Sal-treated mice. No

significant changes in AMPAR/GABAR ratio were identified
in D2-MSNs (Fig. 6D).

We also analyzed the decay kinetics of both the AMPAR
EPSCs and GABAR IPSCs, and consistent with the selective
changes observed in AMPAR/GABAR ratio, we found significant
adaptations in D1-MSNs but not D2-MSNs (Table 3). For the
decay kinetics of AMPAR EPSCs in D1-MSNs, we identified a
significant Group x Sex interaction (Fs ) = 4.32, p = 0.013). In
female D1-MSNs, there was a significant difference between
Mor-Sal and Mor-NIx mice, whereas in the male mice there was
a significant difference between Sal-Nlx and Mor-Nlx groups.
For the decay kinetics of GABAR IPSCs in D1-MSNs, we also
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Figure 6. Evoked ratio of excitatory to inhibitory transmission in NAc MSNs. 4, B, Schematic diagram showing

whole-cell voltage-clamp recordings from MSNs held at —80 mV. Representative traces from male Sal-Sal-treated
and Mor-Sal—treated mice showing AMPAR- and GABAR-mediated currents on D1-MSNs (4) and D2-MSNs (B). C, D,
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0.05, according to Fisher’s least significant difference post hoc test.

identified a significant Group X Sex interaction (F(3 ) = 3.28, p
= 0.037). This interaction was driven by differences between the
Sal-Sal and Mor-Sal treatment group (Morphine X Sex interac-
tion, F,17 = 9.17, p = 0.010). Males in the Mor-Sal group
showed significantly faster decay of GABAR IPSCs compared
with Sal-Sal males (F(; gy = 5.92, p = 0.041), whereas females in
the Mor-Sal group tended to have slower decay compared with
Sal-Sal females (F(;5) = 3.48, p = 0.12), correlating with the
changes observed in the AMPAR/GABAR ratio (Fig. 6C). These
concomitant changes in male D1-MSNs could be because of
changes in GABAR subunit composition that increase peak am-
plitude and rate of decay or a redistribution of inhibitory synap-
tic inputs that favors more proximal sites near the cell body.
Either of these changes could also explain the increased sIPSC
amplitude caused by Mor-Sal treatment in male D1-MSNs (Fig.
5C), but, surprisingly, female D1-MSNs appear to show a similar
increase in sIPSC amplitude caused by Mor-Sal treatment.
Together, these results point to unique forms and mechanisms of
D1-MSN inhibitory synaptic plasticity caused by continuous
morphine treatment in each sex while also indicating these forms
of plasticity are not present when continuous morphine exposure
is repeatedly interrupted by naloxone-precipitated withdrawal.

Discussion

In this this study, we identified cell-type-specific and sex-de-
pendent changes in excitatory and inhibitory synaptic plasticity
within the NAc shell induced by continuous versus interrupted
morphine administration (Table 4). Consistent with our previ-
ous behavioral findings (Lefevre et al., 2020), we showed that
interruption of otherwise continuous morphine administra-
tion with daily naloxone injections reversed the psychomotor
tolerance associated with continuous morphine exposure (Fig.
1). However, we did not detect changes in the intrinsic
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excitability of NAc MSNs following either
pattern of morphine administration. We ob-
served some adaptations in excitatory synaptic
function that were evoked by both patterns of
morphine administration, but other adaptations
at excitatory and inhibitory synapses were unique
to only one pattern of morphine administration.
Our data provide further evidence that the pat-
tern of opioid administration dictates drug-
o evoked adaptations in the mesolimbic system.

Continuous and interrupted morphine do

o0 not alter MSN intrinsic excitability

The functional output of NAc MSNs is deter-
mined by the integration of their intrinsic
membrane and synaptic properties (O’Donnell
et al., 1999). Alterations in NAc MSN intrinsic
membrane excitability can be caused by expo-
sure to psychostimulants (Zhang et al., 1998;
Dong et al., 2006; Kourrich and Thomas, 2009;
Mu et al., 2010; Wang et al., 2018) as well as
opioids (Heng et al, 2008; McDevitt et al.,
2019). Furthermore, NAc MSNs express the u
opioid receptor, and their intrinsic excitability
can be directly modulated by u opioid receptor
activation (Ma et al., 2012; Trieu et al., 2022).
However, intrinsic membrane excitability of
NAc MSNs was not altered on day 6 following
either continuous or interrupted morphine
administration (Fig. 2). A number of technical
differences including species, pattern of opioid administration/
withdrawal, anatomic region, and cell-type specificity may
explain the discrepancy with a previous report that repeated
morphine administration decreased intrinsic excitability of
MSNs (Heng et al., 2008). However, in a technically similar
study, McDevitt et al. (2019) identified increased intrinsic excit-
ability specifically in D2-MSNs of the NAc shell in male and
female mice after only 1d of withdrawal from repeated mor-
phine injections (McDevitt et al., 2019). This suggests that sus-
tained withdrawal from morphine that lasts at least 24 h may be
necessary to induce adaptations in NAc MSN intrinsic
excitability.

Convergent excitatory synaptic plasticity following
continuous and interrupted morphine administration
Converging excitatory inputs to NAc shell MSNs play a critical
role in both opioid reward and the aversive effects of opioid with-
drawal (Hearing et al., 2016; Russell et al., 2016; Zhu et al., 2016).
Previous studies have reported that at the early withdrawal time
point, chronic morphine induces increased excitatory input to
D2-MSNs, but not D1-MSNs, and that this D2-MSN adaptation is
critical in the expression of aversive behaviors (Graziane et al.,
2016; Russell et al., 2016; Zhu et al., 2016; Madayag et al., 2019;
McDevitt et al, 2019). Following extended abstinence from
chronic morphine administration, excitatory inputs to DI-
MSNss are strengthened and mediate reward-related behaviors
(Hearing et al., 2016; Madayag et al., 2019), whereas excitatory
input to D2-MSNs is weakened (Graziane et al., 2016; Hearing
et al., 2016). In the current study, we prepared acute brain sli-
ces before spontaneous withdrawal from continuously deliv-
ered morphine to directly assess the effects of repeated daily
cycles of naloxone-precipitated withdrawal on excitatory syn-
aptic plasticity. Perhaps surprisingly, at this time point we



316 - J. Neurosci., January 11,2023 - 43(2):308-318

Table 3. Properties of evoked AMPAR EPSCs and GABAR IPSCs measured at —80 mV

Lefevre etal. @ Patterns of Opioid-Evoked Synaptic Plasticity

Cell Type Parameter Sex Sal-Sal Sal-NIx Mor-Sal Mor-NIx
D1-MSN AMPAR decay Male 23.16 * 2.22 (6) 17.23 = 1.57 (3)* 2454 * 1.64 (4) 28.14 £ 237 (5)*
Female 17.17 = 2.82 (4) 18.02 = 2.90 (4) 26.15 £ 1.19 (3)* 15.66 = 1.39 (5)*
GABAR decay Male 65.50 = 5.84 (6)* 45.06 = 5.20 (3) 45.58 * 4.58 (4)* 52.26 = 475 (5)
Female 46.81 = 9.78 (4) 52.86 = 9.81 (4) 79.62 = 15.8 (3) 48.88 = 10.0 (5)
D2-MSN AMPAR decay Male 20.24 = 2.02 (5) 19.87 = 1.76 (4) 2632 £ 3.28 (6) 19.80 = 3.26 (4)
Female 23.89 = 3.30 (5) 23.36 = 2.59 (4) 27.90 = 4.61 (5) 23.65 = 3.26 (5)
GABAR decay Male 49.26 = 6.44 (5) 54.14 =+ 8.47 (4) 71.66 = 16.2 (6) 58.14 £ 11.15 (4)
Female 66.77 = 12.5 (5) 57.56 = 7.21 (4) 64.14 = 143 (5) 64.60 = 9.09 (5)

All data are expressed as mean == SEM; numbers in parentheses represent sample size; *p << 0.05 between treatment groups within sex.

Table 4. Summary of electrophysiology measures following continuous or in-
terrupted morphine

Continuous morphine Interrupted morphine
D1-MSN D2-MSN D1-MSN D2-MSN
Experimental measure 3 9 3 ¢ & ¢ 3 9
SEPSC Amplitude l l 1 1
Frequency
A/N ratio  Synaptic strength l l
PPR Glutamate release l l l 1
probability
sIPSC Amplitude 1 1
Frequency ! !
A/Gratio  Excitatory/inhibitory | 1
balance

Spike # Intrinsic excitability

Up and down arrows indicate an increase or decrease in each parameter, respectively. A/N, AMPAR/NMDAR;
A/G, AMPAR/GABAR.

identified excitatory synaptic adaptations specifically onto
D1-MSNs but not onto D2-MSNs (Figs. 3, 4).

First, we identified a significant increase in the amplitude of
sEPSCs in D1-MSNs of mice treated with interrupted morphine,
compared with mice treated with continuous morphine (Fig.
3C). In contrast to this divergent adaptation, a convergent
decrease in the AMPAR/NMDAR ratio was observed in D1-
MSNs of male mice after both continuous and interrupted mor-
phine treatment (Fig. 4B). As the patterns of morphine adminis-
tration were divergent at the level of SEPSC amplitude, but
convergent when measuring the AMPAR/NMDAR ratio, our
findings suggest potential changes in the number and/or func-
tion of NMDARs. However, we did not detect any changes in the
decay kinetics of the NMDAR EPSC that would indicate altered
subunit composition (Table 3). Interestingly, our results differ
from a previous report that identified an increased AMPAR/
NMDAR ratio in D2-MSNs but not D1-MSNs at early with-
drawal from repeated morphine administration (Zhu et al,
2016). Although this could simply reflect a difference in the pat-
tern of administration, Zhu et al. (2016) found this adaptation
was only observed at excitatory synaptic inputs from the para-
ventricular nucleus of the thalamus. This level of specificity could
have been obscured in our study, which used electrical stimula-
tion to activate all synapses concurrently. Future studies could
use optogenetic stimulation to investigate the input specificity of
these cell-type-specific adaptations evoked by continuous and in-
terrupted morphine exposure.

Another adaptation conserved between both patterns of mor-
phine administration, as well as both sexes, was a decrease in the
paired-pulse ratio for D1-MSNs (Fig. 4E). This indication of aug-
mented glutamate release probability onto D1-MSNs has also
been observed following extended withdrawal from repeated

intermittent morphine injections (Hearing et al, 2016). Our
findings suggest that these presynaptic adaptations occur in a
consistent manner across different patterns of morphine admin-
istration (continuous, interrupted, or intermittent) and different
phases of withdrawal. Surprisingly, we did not identify a concur-
rent increase in the frequency of sSEPSCs or the coefficient of var-
iation for AMPAR responses, but these measures are both
influenced by both the probability of glutamate release and the
number of synaptic contacts. Opioid exposure can reduce den-
dritic spine density on NAc MSNs (Robinson and Kolb, 1999;
Robinson et al., 2002; Graziane et al., 2016), and this decrease in
the number of synaptic contacts may mask increases in sEPSC
frequency related to the probability of glutamate release. We did
not observe any changes in the rectification of AMPAR currents
that would indicate synaptic incorporation of receptors lacking
the GluA2 subunit (Table 2), but changes in AMPAR subunit
composition may contribute to morphine-evoked plasticity in
other phases of opioid administration and withdrawal (Hearing
et al., 2016; Russell et al., 2016).

Excitatory/inhibitory balance

NAc MSN functional states are regulated by the finely tuned inte-
gration of excitatory and inhibitory synaptic inputs. Disruptions
in this excitatory/inhibitory balance can shift the functional states
of MSNs and have been observed after psychostimulant exposure
(Otaka et al., 2013; Yu et al., 2017). Here, we showed that after 6 d
of continuous morphine exposure, the NAc D1-MSN excitatory/
inhibitory ratio was significantly decreased in male mice and
increased in female mice (Fig. 6A). This sex difference was surpris-
ing, given both sexes showed convergent increases in presynaptic
glutamate release (Fig. 4E) and sIPSC amplitude (Fig. 5C). This
would suggest substantive sex-dependent adaptations in either
postsynaptic AMPARs or GABA presynaptic release probability.
Although repeated morphine exposure has been shown to induce
transient silent excitatory synapses at early withdrawal, this effect
is limited to D2-MSNs and not D1-MSNs and is therefore not a
likely explanation for the reduced E/I balance observed in this
study (Graziane et al., 2016). Together, the decrease in AMPAR/
NMDAR and AMPAR/GABAR ratios would suggest that in male
mice continuous morphine administration weakens the functional
output of D1-MSNs and potentially impairs reward-related behav-
iors linked to D1-MSN activity. Interrupted morphine administra-
tion did not induce an overall change in the excitatory/inhibitory
ratio in either MSN subtype. Given that interrupted morphine
decreased the AMPAR/NMDAR but not AMPAR/GABAR ratio,
it would appear that interrupted morphine does not affect excita-
tory input to D1-MSNs in the same fashion as continuous mor-
phine. These differences in synaptic excitation and inhibition of
D1-MSNs after continuous versus interrupted morphine exposure
may contribute to the tolerance and sensitization of opioid reward
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that have been respectively reported after each pattern of expo-
sure (Shippenberg et al., 1988; Lett, 1989; Gaiardi et al., 1991;
Shippenberg et al., 1996; Russo et al., 2007; Sun et al,, 2014; Yu
etal, 2014).

Sex differences

An important feature of our experimental design was the inclusion
of both female and male mice throughout all analyses. We noted
some sex differences in basal synaptic transmission that were inde-
pendent of morphine treatment; males had higher sIPSC frequency
in D1-MSNs and sEPSC frequency in D2-MSNs, compared with
their female counterparts. We also found evidence supporting sex-
dependent effects of morphine exposure on synaptic plasticity. The
AMPAR/GABAR ratio and AMPAR/NMDAR ratio were only
decreased after continuous morphine exposure in male mice.
Because both sexes developed a similar degree of psychomotor tol-
erance after continuous morphine exposure, the cellular changes
that mediate psychomotor tolerance are clearly distinct and may
involve other circuits in female mice. Consistent with prior investi-
gations of opioid-evoked synaptic plasticity, our study used mice at
a periadolescent age, but it should be noted that the opioid-evoked
adaptations observed here in adolescent mice could differ from
those in older adult mice (Mayer-Blackwell et al., 2014, Zhang et al,,
2009). Given that both clinical and preclinical studies report sex dif-
ferences in opioid use disorders and addiction-like behaviors, it is
critical that future studies continue to explore opioid-evoked synap-
tic plasticity in both male and female rodents (Nicolas et al., 2022).

Conclusions

In addition to psychomotor activation, mesolimbic dopamine
signaling, and differential gene expression (Lefevre et al., 2020),
our present study shows that opioid-evoked synaptic plasticity is
modulated by the pattern of morphine administration. Our data
suggest that continuous morphine administration evokes adapta-
tions that dampen D1-MSN functional output and therefore
could reduce subsequent reward-related behaviors. These adap-
tations in D1-MSN function are reduced by the interruption of
continuous morphine exposure, which may enhance responses
to subsequent opioid administration. Overall, this study supports
the hypothesis that maintaining continuity of opioid administra-
tion could be an effective therapeutic strategy to minimize the
vulnerability to opioid use disorders.
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