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The purpose of the present study was to evaluate the efficacy of rapastinel, an allosteric modulator of NMDA
receptor function, to accelerate the loss of opioid withdrawal symptoms and blunt or prevent relapse to morphine
conditioned place preference (CPP) in rats. Two studies were conducted. In study 1, adult and adolescent male
and female rats were treated with increasing doses of morphine (5 mg/kg, bid to 25 mg/kg bid) for 5 days. On
day 6 animals were treated with naloxone (1 mg/kg) and withdrawal was assessed. They were then treated with
saline or rapastinel (5 mg/kg) on days 6 and 8, and withdrawal was assessed on day 9. Rapastinel treated animals
exhibited significantly lower levels of withdrawal signs on day 9. No sex or age differences were observed. In
Study 2, CPP for morphine was established in adult rats (males and females) by 4 daily pairings with saline and
morphine (am/pm alternation). They were tested for CPP on day 5, and then treated with rapastinel (5 mg/kg) or
saline daily on days 6-10 of extinction. On day 11 they received a final dose of rapastinel or saline followed by
extinction trial. On day 12, animals received 1 mg/kg of morphine and were tested for relapse. Rapastinel did not
affect extinction of CPP, but rapastinel-treated animals spent significantly less time in the previously morphine-
paired side than saline-treated animals during the relapse trial. These findings of accelerated loss of withdrawal
signs and blunted relapse to CPP suggest that rapastinel could provide an adjunctive therapy for opioid
dependence during initiation of pharmacotherapy for opioid dependence.

1. Introduction

The current opioid crisis has generated demand for additional ther-
apeutic tools for treating opioid dependent patients. Treatment with the
opioid drugs remains the current mainstay of pharmacotherapy of
opioid dependence, but there are significant limitations to each of the
FDA-approved pharmacotherapies. The opioid agonist methadone im-
proves clinical outcomes but patients experience withdrawal symptoms
if doses are lowered too quickly or the medication is stopped (Inturrisi,
2005; Inturrisi, 2002). The partial agonist buprenorphine can elicit
withdrawal signs if patients use opioids during treatment and the opioid
antagonist naltrexone requires an opioid-abstinent period before treat-
ment begins (Maiti et al., 2020). Therefore, there is a pressing need for a
non-opioid treatment to complement available pharmacotherapies. This
need is especially critical for a rising population of adolescent opioid
users. Adolescents and young adults (ages 18-25 especially) exhibit

significant use of prescription opioids (143 % of high school seniors
reported prescription opioid misuse use in the 2019 Youth Risk Behavior
Study, and 1.8 % report heroin use) and this demographic has experi-
enced an alarming increase in opioid use and overdose deaths, likely due
to the presence of fentanyl and other opioids in the opioids they
consumed (Bohm and Clayton, 2020; Friedman et al., 2022; Ford, 2019).
Furthermore, there is only one medication approved for use in opioid-
dependent adolescents (buprenorphine), which is effective, but reten-
tion of adolescents in buprenorphine treatment has been poor and they
show a high relapse rate (Marsch et al., 2016; Marsch et al., 2005;
Schuman-Olivier et al., 2014). Compulsive use of opioids results from
neuroadaptation in many brain areas affecting reward-based behavior,
autonomic function, and stress axes which lead ultimately to compulsive
use despite negative consequences, and the symptoms both physiolog-
ical and behavioral (withdrawal) which can be enduring after use stops
(Kalivas and O'Brien, 2008; Koob, 2021).
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Neuroadaptation in the brain glutamate system represents a signifi-
cant component of these changes, and demonstration of these changes
has motivated interest in the potential of glutamate-modifying drugs as
pharmacotherapies. Animal studies show that many aspects of gluta-
mate transmission change during chronic exposure to opioids, including
glutamate release and uptake as well as function of both AMPA and
NMDA receptors (Neuhofer and Kalivas, 2018; Scofield et al., 2016;
Medrano et al., 2015; Rawls et al., 2010; Hearing et al., 2018). Upre-
gulation of NMDA receptor subunits (NR1) perseveres for weeks after
chronic opioid exposure (Anderson et al., 2012; Anderson et al., 2015;
Bajo et al., 2006; Oh et al., 2000; Murray et al., 2007). This neuro-
adaptation of NMDA receptors may be critical for the development of
compulsive use of opioids (Hopf, 2017; Koob and Volkow, 2016; van
Huijstee and Mansvelder, 2014). Research on the ability of NMDA re-
ceptor antagonists to treat both compulsive opioid self-administration
and the symptoms of withdrawal support this possibility (Fluyau
et al., 2020). In animal models, the prototype NMDA antagonist keta-
mine diminished heroin, methamphetamine and cocaine self-
administration (Xi and Stein, 2002), the NMDA antagonist MK-801
blunted opioid withdrawal (Trujillo and Akil, 1991), and the NMDA
antagonist memantine reduced opioid withdrawal symptoms in one
human trial (Bisaga et al., 2014). Unfortunately, each of these phar-
macologic approaches has significant limitations. Ketamine has a known
human abuse and a serious side-effect profile, provoking dissociation
and hallucinations at high doses (Liu et al., 2016). Memantine is a weak
antagonist, and its clinical action is limited. Subtle modulation of NMDA
receptor function has also been explored (Tomek et al., 2013). D-
cycloserine, a glycine-site partial agonist, facilitated extinction of
morphine CPP as well as naloxone conditioned place aversion (Lu et al.,
2011; Myers and Carlezon, 2010a; Myers and Carlezon, 2010b), and
another glycine-site antagonist felbamate diminished withdrawal
severity in animals (Kosten et al., 1995). However, d-cycloserine has
been unsuccessful in clinical studies of several psychiatric conditions
including cocaine craving, which may be due to its narrow effective dose
range, short duration of action and lack of efficacy with chronic treat-
ment (Das and Kamboj, 2012; Hofmann, 2014; Johnson et al., 2020;
Prisciandaro et al., 2013; Santa Ana et al., 2015).

The purpose of the present study was to investigate the possibility
that rapastinel, a novel allosteric modulator of the NMDA receptor,
might show efficacy in treating both acute withdrawal and the moti-
vation to experience opioid reward without the limitations that other
glutamate-targeted drugs have demonstrated. Rapastinel is a brain
penetrant tetrapeptide derived from a monoclonal antibody to the
NMDA receptor that recent findings show functions as a positive allo-
steric modulator of this receptor (Haring et al., 1991; Stanton et al.,
2009; Moskal et al., 2005; Donello et al., 2019). It has shown potential
efficacy against depression and PTSD, reversal of cognitive impairment
and neuroprotection without the psychiatric side effects or reinforcing
actions of ketamine (Moskal et al., 2005; Moskal et al., 2017; Garay
et al., 2017; Newport et al., 2015; Zhang et al., 2008). Rapastinel may
act in part through enhancement of NMDA receptor NR2B subunit action
(Stanton et al., 2009; Burgdorf et al., 2015a; Burgdorf et al., 2011a;
Moskal et al., 2014). Rapastinel has an additional benefit for treatment
of psychiatric conditions: it initiates a sustained biologic effect that lasts
from 5 days to a month after a single injection due to a sustained
stimulation of NMDA receptor signaling (Zhang et al., 2008; Burgdorf
et al., 2015a; Burgdorf et al., 2011a; Burgdorf et al., 2011b; Burgdorf
et al., 2013; Burgdorf et al., 2015b). This feature introduces the possi-
bility that weekly treatments might be adequate to sustain a clinical
outcome. We hypothesized that rapastinel could suppress acute with-
drawal signs, and perhaps prevent or blunt relapse. We used two well-
characterized animal models to explore this possibility using
investigator-administered opioid: the expression of acute withdrawal
signs which occurred at the end of treatment, and the reinstatement of
conditioned place preference, a measure of “motivated seeking” of a
drug-associated environment (McKendrick and Graziane, 2020), a
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common trigger for relapse to drug use in abstinent opioid users.

The present study included both males and females to determine if
there was a sex-specific sensitivity to treatment, as well as both ado-
lescents and adults (Marsch et al., 2016; Marsch et al., 2005; Schuman-
Olivier et al., 2014). Successful trial data with N-acetylcysteine against
cannabis use disorder suggest that glutamate-targeted therapy may be
effective in this undertreated disorder (Squeglia et al., 2019).

To test this hypothesis, this study utilized experimental designs that
were intended to model treatment initiated at the beginning of absti-
nence, a situation analogous to the one that patients would experience.
In experiment 1, we monitored opioid withdrawal symptoms with a
well-characterized investigator-administered morphine treatment
paradigm followed by assessment of naloxone-precipitated withdrawal
at two time intervals. Rapastinel treatment was initiated at the start of
opioid abstinence, after the first naloxone-precipitated withdrawal, to
mimic clinical experience. Animals were treated with rapastinel or sa-
line for three days, and naloxone-precipitated withdrawal was repeated
to determine if rapastinel accelerated the loss of opioid dependence. The
timing of the trial was based on substantial literature demonstrating that
passive opioid withdrawal symptoms persist for at least a week in rats
after a brief chronic treatment regimen (Villar and Bhargava, 1992;
Kosersky et al., 1980; Yoburn et al., 1985). The second experiment
evaluated the ability of rapastinel to blunt reinstatement after a brief (5
day) conditioned place preference paradigm. Rapastinel treatment was
initiated during extinction from CPP, again paralleling potential clinical
practice, and its effect on relapse after a probe dose of morphine was
tested. A brief conditioning period and low dose of morphine were uti-
lized to achieve extinction over a brief period. This facilitated timely
assessment of rapastinel efficacy.

2. Materials and methods
2.1. Experimental subjects

Subjects were male and female adolescent and adult Sprague Dawley
rats (PN 28-30 and PN 70-72) from Charles River Laboratories (Raleigh
NC). This young adolescent age was selected based on earlier work by
this laboratory that dopamine responsivity to many addictive drugs and
their reinforcing effects are highest during this age range and that opioid
withdrawal is robust (Schramm-Sapyta et al., 2011; Walker et al., 2009;
Walker and Kuhn, 2008; Madison et al., 2020; Jiménez-Romero et al.,
2020; Carpenter et al., 2020; Sanchez et al., 2016; Koek, 2016). Animals
were grouped-housed in single sex groups in a 12/12 light/dark cycle
with free access to water and standard lab chow.

2.2. Drug treatments

The basic treatment regimen is shown in Fig. 1. Rats were treated
with a 5-day, increasing dose morphine regimen (5 mg/kg of the
morphine salt s.c., bid, increasing 5 mg/kg/day to 25 mg/kg). Controls
were treated with sterile 0.9 % saline bid. Adult male and female rats
were randomized to saline or rapastinel post-morphine treatment groups
before initiation of morphine treatment. All animals received saline or
morphine on days 1-5, and a dose of naloxone (1 mg/kg, s.c.) on the
morning of day 6 (12 h after the last morphine dose) to precipitate
withdrawal. Withdrawal behaviors (wet dog shakes, diarrhea, mastica-
tion, salivation, ptosis and abnormal posture) were quantified as
described by Gellert and Holtzman (1978) starting 10 min after
naloxone. They were then treated with saline or rapastinel (5 mg/kg on
day 6 and 8) according to group designation. The dose and alternate
days of treatment are based on rat studies of rapastinel effects on
depressive-like behavior which persisted for several days after a single
injection (Burgdorf et al., 2015a; Burgdorf et al., 2013). On day 9 ani-
mals received a second naloxone challenge (1 mg/kg, s.c.) and with-
drawal was scored again. One female was removed from the withdrawal
cohort due to values triple that of other animals (excluded by Grubbs
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Days 1-5 Day 6 Days 6, 8 Day 9
Morphine or Naloxone Rapastinel or Naloxone
Saline Saline

Fig. 1. Experiment 1.

test). Drug treatments and withdrawal assessments were conducted
during the light phase.

2.3. CPP and extinction

Conditioned place preference (CPP) was conducted in adult male and
female rats with a biased CPP procedure adapted from Mueller et al.
(2002) (Fig. 2). Each rat was assigned to morphine on its nonpreferred
side. CPP was conducted in a two-sided chamber. Side 1 had white walls
and plexiglass flooring, and Side 2 had black walls and plastic mesh
flooring (preferred side).

2.4. Acquisition

On habituation day (day 1), animals were allowed to explore the
whole apparatus for 30 min. On days 2-4, rats were injected with
morphine (2.5 mg/kg s.c.) or saline and immediately restricted to Side 1
for morphine or Side 2 for saline (alternated am and pm daily, 30 min).
On test day 5, time on each side was monitored as animals explored the
apparatus freely for 30 min.

2.5. Extinction

Extinction was conducted on days 6-10. Rats received saline pairings
in both sides (AM and PM) for conditioning. During the extinction trial
on day 10, animals could explore the entire chamber.

2.6. Relapse

Relapse was measured on day 11: animals were treated with saline or
morphine (1 mg/kg) and allowed to explore both sides of the apparatus
for 30 min. Animals were assigned to saline or rapastinel before the
experiment started but were treated with saline or rapastinel (5 mg/kg)
only during extinction in the morning on each day. Data are expressed as
time on the drug-paired side. Four animals from each sex were excluded
due to failure to develop a CPP (<100 s increase in time spent on drug-
paired side), and so extinction and relapse were not tested. Two addi-
tional animals from each sex were eliminated because they did not
extinguish CPP. Conditioning and testing were conducted during the
light phase. AM testing took place 8-10, and PM testing from 4 to 6.

2.7. Materials

Morphine HCI was supplied by the National Institute for Drug Abuse.
Naloxone was obtained from Sigma Chemical Company (St Louis, MO).
Rapastinel was synthesized by the Duke Small Molecule Synthesis Fa-
cility and provided by Dr. David Gooden.

2.8. Statistics

Experimenters delivering naloxone and conducting the behavioral
observations were blinded to the treatment. Withdrawal results were
analyzed by 3-way repeated measures ANOVA (age, sex and treatment
were the between subject variables and day was the within subject
variable) followed by post-hoc Fishers LSD multiple comparison test to
compare differences between groups. CPP data were analyzed by
repeated measures ANOVA (treatment and sex were the between subject
variables and day as within-subject variable). All experiments were
approved by the Duke University IACUC and conducted in accordance
with the NIH Guide for the Care and Use of Laboratory Animals.

3. Results

We conducted saline and rapastinel controls to verify that rapastinel
did not affect the baseline behavioral assessments conducted in the
withdrawal study and the CPP study. Fig. S1 shows that on day 9, the
single day of the trial in which animals experienced rapastinel treat-
ment, measurable withdrawal effects were not observed either in ani-
mals treated for 5 days with saline followed by naloxone on day 6, and
saline control for rapastinel and a second passive withdrawal task on day
9 or in animals treated with saline for 5 days followed by naloxone on
day 6 and then rapastinel. Saline-treated animals receiving naloxone on
day 6 were not run on day 6 as a previous unreported study from this
laboratory showed that withdrawal signs using our version of the
withdrawal scale were very low (Fig. S2). Finally, Fig. S3 shows that
animals treated with saline or rapastinel during extinction of the CPP
task (the only time when CPP animals received rapastinel) showed
identical total locomotion, suggesting that sedative effects of rapastinel
did not influence behavior in this task. Concordant with published data
(Burgdorf et al., 2013), rapastinel is not sedating nor does it demonstrate
conditioned place preference or place aversion. Therefore, we omitted
saline/rapastinel controls from subsequent experiments to minimize
animal use.

Fig. 3 shows mean withdrawal scores of male and female adults on
Day 6, and on day 9, after 2 treatments with saline or rapastinel. Day 6
data are shown with combined saline-rapastinel groups as these data
were collected before cohorts were treated. Scattergram of data is shown
in Fig. S4. Animals exhibited robust withdrawal signs which diminished
by day (main effect of day, F(1,47) = 122.2, p < 0.0001 for effect of
day). Animals treated with rapastinel had significantly lower with-
drawal scores on day 9 (treatment x day interaction, F(1,47) = 17.95, p
< 0.0004). There was a sex x day interaction (F(1,47) = 12.00, p <
0.002) but no interaction with treatment: males declined more than
females from day 6 to day 9. Responses in adolescents were like those
observed in adults.

Days 2-4 Day 5 Days 6-9 Day 10 Day 11
incti Relapse
Morphine/saline Extinction P
Test Rapastinel Test Morphine or
ol or saline saline

Fig. 2. Experiment 2.
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Rapastinel Blunts Opioid Withdrawal Signs on Day 9
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Fig. 3. Naloxone-precipitated withdrawal score on days 6 and 9 after 5 days of
morphine treatment. Females indicated in red, males in blue. Rapastinel
treatment indicated as cross-hatched. Results expressed as mean + SEM.
Brackets indicate that day 6 animals differed from day 9 Saline animals and Day
9 Saline differed from Day 9 Rapastinel by Fisher's LSD multiple comparison
test. N's 5-7 for each experimental group. Asterisks indicate statistically
different from animals that received saline not rapastinel.

Fig. 4 shows withdrawal on Day 9 after post-morphine saline or
rapastinel in adult rats (adult data from Fig. 1) and a similar cohort of
adolescents. Results are collapsed for sex, as no main effect of sex or
interaction with treatment were observed. N's for the groups collapsed
by sex were 12-14/group. Withdrawal on Day 6 was comparable in
adolescents and adults (adult = 13.5 £ 0.9, N = 25, adolescent = 12.3 &
0.7, N = 28). Scattergram of data is shown in Fig. S5. Naloxone treat-
ment elicited a significant withdrawal response which declined with
days after the end of morphine treatment (F(1,58) = 201.9, p < 0.0001
for effect of day). Animals treated with rapastinel had a lower response
on day 9 compared to saline-treated animals (F(1,58) = 31.1, p < 0.0001
for interaction of day x treatment, testing on day 6 vs. day 9), suggesting
that treatment with rapastinel accelerated the loss of dependence over
this brief time in both adolescents and adults. There was no main effect
of age or interaction or age x treatment.

Opioid Withdrawal on Day 9 Less in Rapastinel Treated Adolescents and Adults
8

M Adult Saline (n=12)

%% Adult Rapastinel (n=13)
Adolescent Saline (n=12)
Adolescent Rapastinel (n=14)

Aggregate Score

Adult Adolescent

Fig. 4. Naloxone-precipitated withdrawal on Day 9 in adults and adolescents
treated with saline or rapastinel from day 6 to day 9 after a 5-day morphine
treatment. Results are expressed as mean + SEM. * indicates different from age-
matched saline treatment by Fisher's LSD multiple comparison test. N's for the
groups collapsed by sex were 12-14/group.
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CPP was conducted only in adults, as no age differences were
observed in the withdrawal study. Repeated measures ANOVA including
sex and treatment as between factors and time (1 = habituation, 2 = CPP
and 3 = extinction) as within factors. Rapastinel was included as a
treatment to indicate that there was no difference between animals
assigned to saline or rapastinel BEFORE treatment started.

Fig. 5a shows habituation, CPP to morphine and Extinction in males
and females. Scattergram of data is shown in Fig. S6. The repeated
measures ANOVA indicated a significant effect of time indicating sig-
nificant increase in time spent in the drug-paired side followed by
decrease during extinction (F(1,34) = 55.5, p < 0.0001, N = 18 for
saline, 17 for rapastinel). Time 1 (habituation) was significantly
different from CPP and CPP was significantly different from Extinction
by Fishers LSD multiple comparison test. No sex differences were
observed, and no effects of rapastinel (as expected, as rapastinel treat-
ment was initiated after CPP was established, and expected only in Time
3 (Extinction)).

Fig. 5b shows data by treatment (pooled by sex) to demonstrate that
there was no difference in habituation or CPP times for animals pre-
assigned to saline or rapastinel groups (treatment which began after
assessment of CPP through extinction), indicating no baseline differ-
ences in the magnitude of CPP. Scattergram of data is shown in Fig. S7.
Extinction values were slightly but significantly still elevated relative to
habituation.

Fig. 6 shows extinction and reinstatement data collected after all

(a)

Males and Females had significant CPP and Extinction

10001 Il Female

Il Male
800+
6004

400+

Time in Zone 1

2004

0-
Habituation CpPP

(b)

Morphine CPP developed and extinguished in all animals

Extinction

15001 I Saline

. Ed Rapastinel
| I I 1

2 1000+

S

N ]

.-

g ]

= 500+
0-

Habituation CPP Extinction

Fig. 5. a. Habituation, CPP and Extinction during morphine induced CPP by
sex. Results are expressed as mean + SEM. Brackets indicate CPP different from
Habituation and from Extinction by Fishers LSD multiple comparison test. N =
19 for females and 16 for males. b. Results collapsed by treatment. Saline-
treated animals are solid, rapastinel-treated animals are cross-hatched. N =
18 for saline, 17 for rapastinel.
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Rapastinel Prevented Relapse
to Opioid Conditioned Place Preference

1200
0
=
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GEJ 1 -u- Rapastinel
R

Extinction Relapse

Fig. 6. Reinstatement to CPP with morphine challenge in animals treated with
saline (solid line) or rapastinel (dotted line). Results are expressed as mean +
SEM. * indicates different from saline treatment by Fisher's LSD multiple
comparison test. N = 18 for saline and 17 for rapastinel.

animals were treated with morphine following extinction is shown in
Fig. 2. Scattergram of data is shown in Fig. S8. Repeated measures
ANOVA was conducted with sex and treatment as between factors, and
time (time 1 = extinction, time 2 = reinstatement) as within factors, as
indicated above. ANOVA indicated a significant effect of day (F = (1,33)
= 9.97, p < 0.003), a significant effect of treatment and a significant
time x treatment interaction (F(1,33) = 6.55, p < 0.02) indicating that
rapastinel blunted reinstatement. There was no effect of sex on any of
the measures.

4. Discussion

The main findings of this study are that rapastinel, the novel allo-
steric modulator of NMDA receptors for glutamate rapastinel can
accelerate the loss of opioid dependence in animals that have become
morphine-dependent through investigator-administered drug and can
blunt reinstatement to morphine conditioned-place preference. Rapas-
tinel treatment initiated at the start of withdrawal (as would occur for a
clinically useful pharmacotherapy) resulted in lower withdrawal signs
on day 9 in both sexes and ages and treatment begun during extinction of
CPP resulted in blunted reinstatement to morphine CPP. We speculate
that these changes may represent a more rapid reversal of neuroplastic
changes that contribute to opioid dependence. These two findings sug-
gest that it could potentially be useful in treatment of opioid
dependence.

The rapastinel dosing strategies utilized in this study were based on
two considerations. First, previous reports demonstrated that rapastinel
has a brief half-life, but its behavioral effects reflect a combination of
acute and prolonged biological/behavioral effects after a single dose.
This has been demonstrated in numerous studies of its effect on pain,
and in animal models of depression (Donello et al., 2019; Moskal et al.,
2017; Ghoreishi-Haack et al., 2018; Khan et al., 2017). Second, we
initiated treatment after the development of dependence or CPP to
evaluate its potential therapeutic utility without interference from its
potential to blunt the development of dependence or place preference. A
slightly different regimen (daily not alternate days) was chosen for the
CPP study to guarantee coverage of both extinction and reinstatement in
the absence of any previous research on this agent in this behavioral
protocol. This approach models how rapastinel might be used in a
clinical context, in which patients are already drug dependent, but could
benefit from treatments which ameliorate withdrawal or lower the
chance of reinstatement.

All animals, regardless of sex or age, demonstrated marked and
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comparable signs of naloxone precipitated withdrawal 12 h after the last
morphine treatment, and smaller but still statistically significant signs
on day 9, after 3 days of passive withdrawal. The fall in withdrawal signs
from day 6 to day 9 is consistent with an abundant literature on opioid
withdrawal in adults which shows that withdrawal signs are typically
observed for up to 8-10 days after cessation of a treatment regimen
(Kandasamy et al., 2017; Cicero et al., 2002; Kelsey et al., 1990).

The lack of sex or age differences in the magnitude of withdrawal
could reflect the increasing dose regimen of morphine and the large dose
of naloxone used which resulted in high withdrawal scores. Exaggerated
naloxone-precipitated withdrawal has been reported in males compared
to females (Craft et al., 1999) as has the absence of sex differences
(Cicero et al., 2002; Towers et al., 2019). Opioid withdrawal occurs even
in infancy in humans (McQueen and Murphy-Oikonen, 2016) and rats
(Barr et al., 1998; Ceger and Kuhn, 2000), but behavioral manifestations
differ and mechanisms differ from adults (Barr et al., 2011). We showed
that behavioral and hormonal withdrawal responses increased from
postnatal day (PN) 10 to PN 26 (juvenile, pre-adolescent age) (Windh
et al., 1995). The data in adolescents here is consistent with the
increasing pattern with age observed in our previous study (Windh et al.,
1995). There are few other studies of opioid dependence in adolescent
rats and these involve other dependent measures, and no comparison to
adults (Jiménez-Romero et al., 2020). The one study using comparable
behavioral measures surprisingly reported no withdrawal signs in ado-
lescents after heroin exposure (Doherty and Frantz, 2013), a finding that
contradicts the literature reporting withdrawal signs at earlier ages.

The lack of sex differences in morphine CPP is consistent with several
studies which reported comparable morphine CPP in male and female
rats at the dose used in the present study, although females have been
reported to acquire CPP at lower doses than males (Karami and Zar-
rindast, 2008; Cicero et al., 2000; Timar et al., 2010). These CPP findings
are consistent with the conflicting literature about sex differences in
opioid self-administration and dependence in rodents. Sex differences
(with females acquiring faster and taking more drug) have been reported
(Towers et al., 2019; Lynch and Carroll, 1999; Cicero et al., 2003) as has
the absence of sex differences (Hempel et al., 2020; Venniro et al.,
2017).

Withdrawal signs decreased significantly more in rapastinel-treated
animals than in saline-treated animals from day 6 to day 9, although
the distribution of specific withdrawal signs did not differ (data not
shown). The physiologic basis of the signs tracked by Gellert and
Holtzman (wet-dog shakes, diarrhea, mastication, salivation, ptosis and
abnormal posture) are skewed toward peripheral autonomic effects
likely mediated by increased activation of descending noradrenergic
function by afferent input (Caille et al., 1999; Frenois et al., 2002;
Nestler, 2016; Rasmussen et al., 1990). The effects of rapastinel
observed in the present study are consistent with studies by Rasmussen
which have shown that NMDA antagonists may blunt physical signs of
withdrawal through actions in the locus coeruleus (Rasmussen et al.,
1990; Rasmussen, 1995; Rasmussen et al., 1995; Rasmussen et al.,
1991).

Rapastinel also significantly decreased reinstatement of CPP
following extinction, which likely was mediated by neural circuits
distinct from those mediating the naloxone-precipitated withdrawal
signs. The dose of morphine used in CPP studies was considerably lower
than that used in the withdrawal study (4 daily doses of 2.5 mg/kg vs
twice daily dosing increasing from 5 to 25 mg/kg/injection and animals
experienced 5 days before the relapse study). Multiple previous studies
show that NMDA antagonists memantine and MK801 blunt reinstate-
ment of morphine CPP (Aguilar et al., 2009; Popik et al., 2006; Ribeiro
Do Couto et al., 2005) although negative findings with d-cycloserine
have been reported (Lu et al., 2011). Rapastinel values did not differ
from controls after extinction, in contrast with a recent study which
showed that spermidine both enhanced extinction and prevented rein-
statement in mice through an action the authors speculated reflected its
modulatory action on NMDA receptors (Girardi et al., 2020). Although
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we avoided preventing CPP by delaying rapastinel treatment, it is
possible that rapastinel itself could cause a conditioned place aversion
that could appear to be a blunting of relapse. It is also possible that
rapastinel relieved withdrawal symptoms and thereby reduced the
negative reinforcement value of morphine causing animals to spend less
time in the drug-paired zone in the CPP test (Ahmed et al., 2000). While
these preliminary data are promising, potential clinical utility of
rapastinel in preventing relapse should be followed up by a more
definitive method like self-administration.

There has been significant research interest in the possibility that
antagonists of NMDA receptor function might prove clinically useful in
treating opioid dependence, as outlined above. Many aspects of gluta-
mate transmission change during repeated opioid exposure, including
glutamate release and uptake as well as both expression and function of
AMPA and NMDA receptors (Neuhofer and Kalivas, 2018; Scofield et al.,
2016; Medrano et al., 2015; Rawls et al., 2010; Hearing et al., 2018).
Neuroadaptation of NMDA receptors may be critical for the develop-
ment of compulsive use of opioids (Hopf, 2017; Koob and Volkow, 2016;
van Huijstee and Mansvelder, 2014). Upregulation of NMDA receptor
subunits (NR1) perseveres for weeks after chronic opioid exposure
(Anderson et al., 2012; Anderson et al., 2015; Bajo et al., 2006; Oh et al.,
2000; Murray et al., 2007). The ability of rapastinel to blunt opioid
withdrawal signs and relapse to CPP is consistent with studies of other
NMDA receptor antagonists which blunt other behaviors reflective of
opioid reinforcement. However, rapastinel has recently been shown to
be a positive allosteric modulator of the NMDA receptor at antidepres-
sant doses (Wang et al., 2022), and has been proposed to work through a
“metaplasticity” that can include complex modulation of various aspects
of glutamate transmission (Burgdorf et al., 2015a). The present findings
indicate that more subtle modulation of glutamate function may provide
better clinical outcomes and lack the side effects associated with nega-
tive modulators of NMDA function. Rapastinel may serve as a first-in-
class of a family of NMDA receptor modulators which lack ketamine-
like side effects that are being explored for treatment of depression,
pain and other conditions that may also prove useful in treating drug
dependence. These include apimostinel, a more potent analogue of
rapastinel and CP-101,606 (traxoprodil), which also targets NR2B re-
ceptors (Fasipe, 2019; Wilkinson and Sanacora, 2019).

The present study utilized two rapid screens for pharmacologic ac-
tion against opioid dependence (withdrawal, reinstatement of CPP) to
determine whether this drug had potential efficacy as a medication.
There are limitations to this study. First, we did not exhaustively assess
the locomotor effects in the study, as published research on rapastinel
has yielded only negative data on this measure. The comparable basal
activity during the reinstatement trial and activity during extinction
when rapastinel treatments were given suggests that our conclusions are
not invalidated by locomotor effects of rapastinel. Second, the use of a
biased design in the CPP study could artificially inflate drug preference.
Third, it is not possible to differentiate between the immediate effects of
rapastinel and its persevering effects: multiple studies have shown that
effects on NMDA receptor function as well as its behavioral effects are
observed immediately but last over a period of at least days (Zhang et al.,
2008; Burgdorf et al., 2015a; Burgdorf et al., 2011a; Burgdorf et al.,
2011b; Burgdorf et al., 2013; Burgdorf et al., 2015b). The termination of
clinical trials for depression suggest caution about its potential utility in
treating opioid dependence, although one factor in the failure of
depression trials was the well-known robust placebo effects in depres-
sion trials. In addition, it is likely that rapastinel has actions in different
cell populations in exerting the effects noticed in this study.

Future work which clarifies the dose and frequency of rapastinel
treatment and its site of action are needed to resolve some of these
limitations. Understanding these limits is especially important as the
peptide structure of rapastinel imposes limits on acceptable routes of
administration. In addition, approaches to studying opioid dependence
that include extended-access opioid self-administration followed by
abstinence and reinstatement trials will provide better evidence of
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clinical potential. Investigation of its mechanism and location of action
and assessment of its efficacy in blunting opioid-induced hyperalgesia
and prolonged abstinence signs like “craving” and anxiety which are
thought to play a significant role in relapse to opioid use will also pro-
vide substantial information about the utility of this therapeutic
approach (Towers et al., 2019; Koob, 2020; Kenny et al., 2018).
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