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ARTICLE INFO ABSTRACT

Keywords: As the opioid epidemic continues to grow, opioid use among pregnant women is increasing significantly. This has
Opioids led to a steady rise in the number of infants born with neonatal opioid withdrawal syndrome (NOWS). Although
M"rPh_i“e short-term withdrawal symptoms associated with NOWS are well characterized, there are many gaps in our
ﬁ:g:;:ln understanding of the short and long-term effects of prenatal opioid exposure. Current animal models of NOWS are
Abstinence limited by shortened gestational periods, large litter sizes, and primary organogenesis occurring after birth. This
Withdrawal often leads to postnatal treatment to mimic drug exposure during third-trimester development. Using the unique

rodent species Acomys cahirinus, more commonly known as spiny mice, which have an extended 40-day gestation
period, small litter sizes, and increased in utero organogenesis we aim to study the short-term effects of prenatal
morphine exposure by assessing withdrawal behavior. To model maternal opioid use, dams were treated daily
with morphine (10 and 30 mg/kg S.C.) beginning on gestation day 19 until the day of birth; this resulted in a
cumulative exposure of 19-21 days. Withdrawal behaviors for each pup were recorded daily between postnatal
days 0-7 (PND 0-7). Our study found that prenatal morphine exposure in spiny mice led to an increase in
withdrawal behavior throughout the early postnatal period and validated the use of this species as a novel pre-
clinical model of NOWS. We are hopeful this rodent model will further our understanding of the short and

long-term consequences of prenatal opioid exposure on neurodevelopment and behavior.

1. Introduction

A critical consequence of opioid use disorder during pregnancy is the
increase in the diagnosis and treatment of neonatal opioid withdrawal
syndrome (NOWS). NOWS is a constellation of withdrawal symptoms
experienced by infants shortly after birth due to the abrupt cessation of
trans-placental drug exposure from mother to infant. Symptoms associ-
ated with NOWS typically affect the central and autonomic nervous
systems as well as the gastrointestinal system. Common symptoms
include tremors, irritability, excessive crying, poor feeding, sleep dis-
turbances, increased muscle tone, fever, temperature instability, diar-
rhea, and in extreme cases seizures (Kocherlakota, 2014). Although
several drugs have been implicated with withdrawal symptoms in neo-
nates, it is most commonly associated with opioid use (Sutter et al.,
2014). In the United States (US) the rate of NOWS increased five-fold
between 2004-2014; increasing from 1.6 to 8.8 cases per 1,000 births
(Patrick et al., 2012; Winkelman et al., 2018). The rate of NOWS in some
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US states remains high, for example, in the state of West Virginia where
there were 56.2 per 1,000 babies born with NOWS between 2016 — 2017.
Similarly, states such as Maine (31.4 per 1,000 births) and Kentucky
(23.9 per 1,000 births) also had the highest rates of NOWS. In fact, in
2017 when the national rate of NOWS births was 7.3, a total of nine US
states had greater than 10 per 1,000 births that were diagnosed with
NOWS, highlighting that maternal opioid abuse disorder and NOWS
remains prevalent in the US (Umer et al., 2018). Additionally, the
average national hospital costs associated with NOWS are over nine times
(~$9,500 per baby) greater than that compared to the cost associated
with non-NOWS babies (~$1,100 per baby) (“Agency for Healthcare
Research and Quality,” 2020). Although the short-term withdrawal
symptoms of NOWS are well characterized and understood, there are still
gaps in our understanding of the short and long-term effects on brain
development (Boggess and Risher, 2020).

Current rodent models used to study prenatal opioid exposure have
limited clinical translatability due to short gestational periods, large litter
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sizes, and primary organogenesis occurring postnatally. Due to the
immature brain development of traditional rodent models at birth, pre-
clinical models of prenatal opioid exposure have been developed using
postnatal treatments to mimic third-trimester exposure as seen in humans
(Dobbing and Sands, 1979). Unfortunately, these rodent models remove
the importance of transplacental exposure of opioids from the mother
during gestation limiting there clinical translatability (Ross et al., 2014).
Also, large litter sizes observed in traditionally used rodent models fail to
mimic human pregnancy. A rodent such as the C57BL/6 mouse species
undergo significant postnatal development that limits their use to better
our understanding of early, short-term effects on NOWS as seen in
humans.

Guinea pigs have been suggested to be a more suitable model for
prenatal opioid exposure due to their lengthened gestation, small litter
sizes, and precocial pups (Dobbing and Sands, 1970). Additionally, the
placental structure and the metabolism of morphine is similar among
guinea pigs and humans (Carter et al., 2006; Lawrence et al., 1992;
Morrison et al., 2018; Murphey and Olsen, 1993). However, growth and
development of the brain occurs much earlier in gestation in guinea pigs
compared to humans (Dobbing and Sands, 1979). Therefore, in utero
brain development still limits the translatability of this species as a model
for prenatal opioid exposure for the purposes of understanding neuro-
logical and behavioral consequences. Collectively, these limitations lend
to the need for a more translatable preclinical model of NOWS. We
believe that spiny mice (Acomys cahirinus) possess several unique bio-
logical characteristics that differentiate them from other rodents and thus
would better our understanding of NOWS to improve its treatment (early
in withdrawal) and the long terms effects NOWS could have on these
babies.

Spiny mice are a desert rodent species found across Africa, the Middle
East, and Southern Asia that unlike their cousins, possess a menstrual
cycle (Bellofiore et al., 2016; Haughton et al., 2016). In recent years,
spiny mice have been highlighted as a highly translatable model to
investigate neuroprotective interventions against perinatal injury and
have been proposed as an ideal rodent model to study in utero devel-
opment (Ellery et al., 2015; Ireland et al, 2008, 2011). Together, with
their ability to menstruate, spiny mice have longer gestational periods
(~38-40 days), significant in utero primary organogenesis, small litter
sizes (~2-3 pups), and pups that are precocial (Dickinson and Walker,
2007). Due to their lengthened gestation, spiny mice organs undergo
substantial development in utero. For example, the liver, kidney, lung,
and brain are functionally mature at birth (Brunjes, 1985, 1989; Brunjes
et al., 1989; Dickinson et al., 2005; Lamers et al., 1985; Oosterhuis et al.,
1984). At 30 days of gestation, the cortical and limbic brain structures are
developed to the equivalent of 24-26 weeks’ gestation in the human fetus
(Clancy et al., 2001). Additionally, brain development in spiny mice has
been shown to more closely resemble human development patterns.
Studies have found that spiny mice experience a growth spurt in brain
development around the time of birth which is sooner than other rodents
like the rat and mouse, but later than the guinea pig, and is more com-
parable to human brain development (Quinn et al., 2016). The small
litter sizes in spiny mice allow us to study the effects of prenatal opioid
exposure while minimizing the variables presented by larger litter sizes
found in other rodents (Dickinson and Walker, 2007). Spiny mice are a
precocial species, at birth, their bodies are covered with hair, open eyes,
ears and are capable of locomotion, and self-feeding on the second day of
life (Brunjes, 1990; D'Udine et al., 1980). Due to their unique develop-
mental characteristics, spiny mice provide a translational, preclinical
model to study the effects of prenatal opioid exposure and spontaneous
withdrawal symptoms associated with NOWS. Herein we evaluated the
consequences of prenatal morphine exposure on withdrawal behavioral
alterations analogous to those of NOWS in spiny mice.
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2. Methods
2.1. Breeding

All spiny mice used in this study were obtained from our in-house
breeding colony maintained at Purdue University, Fort Wayne, IN. Ex-
periments were conducted per the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, and protocols were approved by
the Purdue Institutional Animal Care and Use Committee at Purdue
University (protocol #1712001654). Spiny mice were bred male: female
(1:1) starting between 9 - 12 weeks of age. Spiny mice do not produce a
vaginal plug after mating, therefore the date of birth for the first litter
was used to determine gestational age (days) of experimental pups.
Gestational age was determined from the time of postpartum conception
(i.e. mating at 24 h after delivery of a previous litter), as previously
described (Dickinson et al., 2005). A timeline of the experiments is
shown in Figure 1.

2.2. Morphine treatment

On gestational day 19 (G19), dams were separated from their male
partner and remained isolated throughout treatment. Dams were briefly
anesthetized using 2% isoflurane and treated (S.C.) once-daily (between
09:00-10:00 h) with either saline (N = 6) or morphine sulfate (Spectrum
Chemical, M1167) at two different concentrations, 10 and 30 mg/kg (N
= 9/dose). Morphine dosage was based on previous studies of prenatal
morphine exposure in rats and mice (Mithbaokar et al., 2016; Slamber-
ova et al, 2003a, 2003b, 2005). Upon birth, all pups (total N's: saline =
17; 10 mg/kg morphine = 24; and 30 mg/kg morphine = 21. See Table 1)
remained with the dam until day of weaning at postnatal day (PND) 14.
All mice were maintained on a 12h light/dark cycle (lights on at 06:00 h)
in a temperature (24-26 °C) and humidity (40-70%) controlled envi-
ronment. Food and water were available ad libitum.

2.3. Maternal measurements

Dams were weighed daily beginning on G19 to determine accurate
volume adjustments for daily treatments and to confirm continuous
pregnancy. The body temperature of dams was also recorded daily during
gestation. Following parturition, body weight and temperature of all
dams were also recorded once-daily during the first seven PND's to
monitor possible symptoms associated with opioid withdrawal following
treatment cessation.

2.4. Litter characteristics

Cages were checked each morning between 08:00-09:00 h for new
litters. The day of parturition was designated as PND 0 and pups were
examined to determine sex using anogenital distance. On the same day,
litter size, weight, and body temperature of the pups were assessed. If any
deceased pups were found in the cage it was recorded before being
removed; sex was recorded as unknown if the remains of the pup did not
allow for an accurate sex classification (Table 1). Beginning on PND 0,
each pup was evaluated for NOWS using the following behavioral assays.

2.5. Behavioral procedures

All behavioral testing was conducted daily between 08:00-10:00 h on
PND 0-7. Before testing began, mice were placed in the testing room for a
minimum of 30 min to acclimate. The testing room temperature was
maintained at 24 °C (75 °F) and the humidity was set between 40 - 70%.
Spiny mice were tested and recorded to allow for more accurate
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Figure 1. Experimental timeline. Saline and morphine (10
mg/kg and 30 mg/kg) was administered once-daily (S.C.)
beginning on gestational day 19. During daily injections, mice
were checked for general health, body weight and body

Weaning

temperature were recorded. Withdrawal behaviors were
measured between PND 0 and PND 7 once-daily, and per-
formed in the morning by the same experimenter and data was

G0 G19 G3I9P0 P7

*Body Weight

+Body Temperature
+Wet Dog Shakes
«Jumps

+Wall Climbing

+Face Cleaning
*Tremors

+Ultrasonic Vocalizations

post-testing observations (blinded) and data collection. The behavioral
assays were performed in the order in which they are described below.

2.6. Spontaneous withdrawal

Symptoms of opioid withdrawal were assessed with each pup be-
tween PND 0-7. Each day, pups were removed from their home cage and
placed in a clear plastic observation chamber. Before each test, the
observation chamber was cleaned with 70% ethanol followed by water
and dried to remove any olfactory cues. On each day, the body temper-
ature (°C) was measured immediately following removal from the home
cage using an infrared thermometer, and the body weight (grams) was
measured with a digital scale designed to be used with small animals
(Redmon, Peru, IN, USA). Pups were allowed to freely explore the

P14 analyzed by a blinded experimenter. All pups remained in the
same cage as their mother's until weaning at PND 14, and
were provided food and water ad libitum.

observation chamber for 3 min and behaviors were observed, recorded,
and then scored using the open-source Behavioral Observational
Research Interactive Software (BORIS; http://www.boris.unito.it) by
experimenters blinded to the treatment groups. Withdrawal behaviors
that were scored during the 3-min observation period included wet-dog
shakes, face cleaning, wall climbing, jumping, and tremors (See Table 2
for definitions of withdrawal behaviors) (Barr et al., 2011; Richardson
et al., 2006).

2.7. Ultrasonic vocalizations (USV's)

Immediately following the completion of withdrawal behavior ob-
servations, pups were then placed into a glass container housed inside
a sound-attenuating box. Before each test, this container was cleaned

Table 1. Maternal and litter characteristics.

Treatment Saline 10 mg/kg 30 mg/kg P
Number of dams 6 9 9

Number of litters 6 9 9

Number of pups 17 24 23

Number male 8 12 12

Number female 9 12 9

Number unknown 0 0 2

Length of exposure (days) 20.67 + 0.49 21.33 £ 0.17 21.44 £ 0.29 NS
Mean litter size 2.83 £0.17 2.67 £0.29 2.44 £ 0.29 NS
Deaths

Male 0 0

Female 0 4

Unknown 0 0 2

Table 2. Neonatal opioid withdrawal syndrome (NOWS) behaviors.

Behavior Description
Wet dog shakes Rapid shaking of the whole body
Jumps Sudden leaping such that all four paws are off the bottom of the chamber

Face cleaning
Wall climbing
Ultrasonic vocalizations

Tremor

The continuous movement of paws towards the face
Putting both forepaws on the wall of the observation chamber; typically, with movement
Vocalizations in the ultrasonic range (20-128 kHz)

Spontaneous shaking or kicking of the hind limbs with full-body movement; Shaking, twitching, curling, or sweeping movement of the tail
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with 70% ethanol followed by water and dried to remove any olfac-
tory cues. Ultrasonic vocalization (USV) emissions were recorded by
the Echo Meter Touch® bat detector (Wild Life Acoustics, Maynard,
MA) attached to an iPhone 8 (Apple, Cupertino, CA) that was mounted
inside the roof of the sound attenuating box. USV's were recorded
daily for each pup for 2 min from PND 0-7. Immediately following
completion of recordings, pups were placed back in their home cage.
For acoustical analysis, recordings were transferred to RavenPro®
software (Cornell Laboratory of Ornithology, Ithaca, NY) and USV's
occurring within the range of 20-125 kHz were quantified. All
behavioral assays were performed in a quite behavioral suite and
completed within 10 min to minimize the stress on pups of being
separated from their mother.

2.8. Data analysis

All data are presented as mean + SEM. Maternal body weight and
body temperature were assessed using two-way repeated-measures
ANOVA with Tukey's post hoc test, and treatment and PND's as factors.
Length of exposure and litter size were assessed using one-way ANOVA
with Tukey's post hoc test. The pup death rate was assessed using an
ordinary one-way ANOVA with Tukey's post hoc test. Spontaneous
withdrawal behaviors were assessed using two-way repeated-measures
ANOVA with Tukey's post hoc test, with treatment and PND's as factors.
Sex differences within treatment groups were analyzed using two-way
repeated-measures ANOVA with Sidak's post hoc test with sex and
PND's as factors. All data, including Area under the curve (AUC +SEM)
were analyzed with GraphPad Prism version 8.0 (San Diego, CA, USA)
and differences were considered significant for P < 0.05.
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3. Results
3.1. General conditions of dams

Body weight and body temperatures were measured daily for each
dam between G19 and G40 (Figure 2a-c). Morphine treated dams had a
slower rate of weight gain throughout this period compared to the saline-
treated dams (Figure 2a). Dams from the 30 mg/kg morphine treatment
group had significantly higher body temperatures on the 2"¢ day of
treatment compared to the 10 mg/kg morphine group (31.19 + 0.16 vs.
30.11 + 0.32). On the 6 day of treatment, dams from the 30 mg/kg
morphine group had a significantly higher body temperature compared
to the saline-treated group (31.09 + 0.22 vs. 30.10 £ 0.40) (P < 0.05)
(Figure 2¢). Bodyweight were also recorded daily on PND's 0-7 (Figure
2b & d). Dams from the morphine treatment groups had lower body
weights compared to dams from the saline group (not significant)
(Figure 2b). Body temperatures on PND’s were not significantly different
from the saline-treated mice (Figure 2d).

3.2. Spiny mice pup characteristics

There was no significant difference in the length of exposure (days)
between the morphine (10 and 30 mg/kg) and saline-exposed groups
(21.33 £+ 0.17 and 21.44 + 0.29 vs. saline: 20.67 + 0.49 respectively).
The average litter size was smaller in the morphine (10 and 30 mg/kg)
exposed groups compared to the saline-exposed group (2.67 + 0.29 and
2.44 £ 0.29 vs. saline: 2.83 + 0.17 respectively). There was a higher
percentage of dead pups (26.09 + 9.36%) from the 30 mg/kg morphine
exposed group compared to the pups from the 10 mg/kg morphine and
saline exposed groups (P < 0.05) (See Table 1). In terms of sex, more
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£ £ 60
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Figure 2. Maternal changes during the gestational treatment period and early post-partum period (PND 0-7). a) There was no significant difference between treatment
groups on the body weights of dams during gestation or during the early postpartum period (PND 0-7) parturition (AUC [Weight] — Saline: 1302 + 21.12; 10 mg/kg:
1251 + 17.38; 30 mg/kg: 1225 + 18.66). (b) During the early postpartum period (PND 0-7), 10 mg/kg morphine (N = 9) and 30 mg/kg morphine (N = 9) treated dams
had lower (non-significant) body weights compared to saline-treated controls (N = 6) (AUC [Weight] — Saline: 402.5 + 9.82; 10 mg/kg: 386.3 & 7.95; 30 mg/kg: 375.3
+ 6.64). () On the 2™ day of treatment, dams treated with 30 mg/kg morphine (N = 9) had significantly higher body temperatures compared to 10 mg/kg morphine
(N = 9) treated dams. On the 6 day of treatment, spiny mice treated with 30 mg/kg morphine (N = 9) had significantly higher body temperatures than compared to
saline-treated controls (N = 6) (AUC [Temperature] — Saline: 612.5 + 1.99; 10 mg/kg: 610.6 + 2.11; 30 mg/kg: 610.3 £ 1.85). (d) During the early postpartum period
(PND 0-7) there was no significant difference in body temperatures between treatment groups (AUC [Temperature] — Saline: 214.6 + 1.61; 10 mg/kg: 214.3 + 1.52; 30
mg/kg: 212.8 + 1.73). Data are presented as means totals (:SEM) during an approximate 21-day treatment/gestation period and a PND 0-7 period. An pound symbol
(# = saline vs. 30 mg/kg morphine) or nabla symbol (V = 10 mg/kg morphine vs. 30 mg/kg morphine) are used to indicate a significant difference between groups,
P < 0.05.
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female pups died from the 30 mg/kg morphine exposed group (44.44 +
17.57%) compared to male pups from the 30 mg/kg morphine exposed
group (P < 0.05) (Table 1).

3.3. The measure of spontaneous opioid withdrawal in pups

3.3.1. Body temperature

Withdrawal from prenatal morphine exposure increased body
temperature in spiny mice pups during the early postnatal period
(Figure 3a & b). On PND's 2-7, male mice from both morphine (10 and 30
mg/kg) exposed groups had significantly higher body temperatures
compared to saline (P < 0.05) (Figure 3a). Similarly, on PND’s 0-7 fe-
male mice from both morphine (10 and 30 mg/kg) exposed groups also
had significantly higher average body temperatures compared to saline
(P < 0.05) (Figure 3b). No significant difference in body temperatures
was found between sexes among all exposure groups and PND's.

3.3.2. Body weight

Withdrawal from prenatal morphine exposure resulted in a decrease
in body weight in spiny mice pups during the early postnatal period
(Figure 3c & d). On PND's 4, 5, 6, and 7, male mice exposed to 10 mg/kg
morphine had significantly lower body weights compared to the saline
exposed males (8.50 £ 0.20; 9.75 + 0.28; 10.58 + 0.23 and 11.50 + 0.26
vs. saline: 9.63 + 0.26; 10.63 + 0.26; 12.00 + 0.19 and 12.88 + 0.30
respectively) (P < 0.05) (Figure 3c). Similarly, on PND's 1, 3, 4, 6 and 7,
male mice exposed to 30 mg/kg morphine group also had significantly
lower body weights compared to the saline exposed males (5.92 + 0.08;
7.75 +0.13;8.75 £+ 0.22; 11.08 & 0.26 and 12.08 =+ 0.26 vs. saline: 6.75
+ 0.16; 8.63 £+ 0.18; 9.63 + 0.26; 12.00 + 0.19 and 12.88 £+ 0.30
respectively) (P < 0.05) (Figure 3c). Although a lower body weight was
observed in female mice exposed to morphine, no significance was
observed when compared to the saline exposed females (Figure 3d). No
significant difference in body weight was found between sexes across all
exposure groups and PND's.
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3.3.3. Spontaneous jumps

Withdrawal from prenatal morphine exposure resulted in a significant
increase in jumping behavior in spiny mice pups during the early post-
natal period (Figure 4a & b). On PND 6, male mice exposed to 10 mg/kg
morphine made a significantly greater number of jumps compared to the
saline exposed males (11.50 + 2.69 vs. 6.50 + 2.84) (P < 0.05)
(Figure 4a). Additionally, on PND 6, males exposed to 10 mg/kg
morphine made a significantly greater number of jumps compared to the
morphine 30 mg/kg exposed males (11.50 + 2.69 vs. 5.08 & 1.43). On
PND's 5, 6, 7, female mice exposed to 10 mg/kg morphine also made a
significantly greater number of jumps compared to the saline exposed
females (8.75 + 2.50; 12.92 4 2.32 and 13.75 £ 2.57 vs. 0.89 + 0.56;
2.33 £ 0.90 and 6.33 + 1.97) (P < 0.05) (Figure 4b). On PND's 5 and 6,
female mice exposed to 10 mg/kg morphine had a significantly greater
number of jumps compared to the 30 mg/kg morphine exposed females
(8.75 + 2.50; 12.92 + 2.32 vs. 1.60 + 0.81; 7.60 + 0.98) (P < 0.05)
(Figure 4b). There was no significant difference in the number of jumps
between sexes across all exposure groups and PND's.

3.3.4. Wet dog shakes

Withdrawal from prenatal morphine exposure resulted in a significant
increase in wet dog shaking behavior in spiny mice pups during the early
postnatal period (Figure 4c & d). On PND 2, male mice exposed to 10 mg/
kg morphine made a significantly greater number of wet dog shakes
compared to the saline exposed males (0.92 + 0.19 vs. 0.00 £ 0.00) (P <
0.05) (Figure 4c). Similarly, on PND 0, 2, & 3, male mice exposed to 30
mg/kg morphine made a significantly greater number of wet dog shakes
compared to males exposed to saline (1.00 + 0.43; 1.08 + 0.29 and 0.92
4+ 0.23 vs. 0.00 £ 0.00) (P < 0.05) (Figure 4c). On PND 1, 2, & 4, female
mice exposed to 10 mg/kg morphine made a significantly greater number
of wet dog shakes compared to the saline exposed females (1.31 + 0.37;
1.39 £ 0.31 and 0.92 4 0.24 vs. saline: 0.11 4- 0.11; 0.00 = 0.00 and 0.11
+ 0.11) (P < 0.05) (Figure 4d). On PND 1, female mice exposed to 10
mg/kg morphine made a significantly greater number of wet dog shakes
compared to females exposed to 30 mg/kg morphine (1.31 + 0.37 vs.

Figure 3. Spontaneous withdrawal following prena-
tal morphine (10 and 30 mg/kg) exposure affected the
body temperature and body weight of spiny mice
pups. (a) Male pups exposed to 10 mg/kg morphine
(N = 12) and 30 mg/kg morphine (N = 12) had
significantly higher body temperatures compared to
the saline-exposed controls (N = 8) (AUC [Tempera-
ture] — Saline: 192.0 + 3.63; 10 mg/kg: 206.8 + 1.52;
30 mg/kg: 206.3 + 1.63). (b) Similarly, female
pups exposed to 10 mg/kg morphine (N = 12) and
30 mg/kg morphine (N = 9) had significantly higher
body temperatures compared to the saline-exposed

controls (N = 9) (AUC [Temperature] - Saline:
190.6 + 3.39; 10 mg/kg: 206.9 + 1.67; 30 mg/kg:
209.1 + 1.32). (c) Male pups exposed to 10 mg/kg
morphine (N = 12) and 30 mg/kg morphine (N = 12)
had significantly lower body weights compared to
saline-exposed controls (N = 8) (AUC [Weight] — Sa-
line: 64.50 + 1.13; 10 mg/kg: 58.42 + 1.36; 30 mg/
kg: 59.17 + 1.30). (d) In contrast, there were no sig-
nificant differences in body weight in 10 mg/kg
morphine (N = 12) or 30 mg/kg morphine (N = 9)
exposed female pups compared to the saline-exposed
controls (AUC [Weight] - Saline: 62.67 + 1.96; 10
mg/kg: 60.04 + 1.57; 30 mg/kg: 58.90 + 1.48).
Data are presented as means total (+SEM) during a
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PND 0-7 period. An asterisk symbol (* = saline vs.
10 mg/kg morphine) or pound symbol (# = saline vs.
30 mg/kg morphine) are used to indicate a significant
difference between groups, P < 0.05.
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Figure 4. Spontaneous withdrawal following prena-
tal morphine (10 and 30 mg/kg) exposure affected
jumping and wet dog shaking behaviors in spiny mice
pups. (a) Male pups on PND-6 exposed to 10 mg/kg
morphine (N = 12) made a significantly greater
number of jumps compared to the saline-exposed
controls (N = 8) and the 30 mg/kg morphine
exposed group (N = 12) (AUC [#Jumps] — Saline:
14.88 + 8.01; 10 mg/kg: 23.88 + 8.53; 30 mg/kg:
13.67 + 5.24). (b) Similarly, female pups on PND-5, 6,
and 7 from the 10 mg/kg morphine exposed group (N
= 12) made a significantly greater number of jumps
compared to the saline-exposed controls (N = 9) and
30 mg/kg morphine exposed group (N = 9) on PND-
5,6 (AUC [#Jumps] — Saline: 6.39 + 3.72; 10 mg/
kg: 30.71 + 9.93; 30 mg/kg: 14.30 + 2.80). (c) Male
pups on PND-0, 2, and 3 from the 30 mg/kg morphine
exposed group (N = 12) had a significantly greater
number of wet dog shakes compared to the saline-
exposed controls (N = 8). On PND 2, males from 10
mg/kg morphine exposed group (N = 12) had a
significantly greater number of wet dog shakes
compared to saline-exposed controls (N = 8) (AUC
[#Shakes] — Saline: 0.44 + 0.44; 10 mg/kg: 4.58 +
1.56; 30 mg/kg: 5.42 + 1.56). (d) Female pups on
PND-1, 2, and 4 from the 10 mg/kg morphine exposed
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0.20 + 0.20) (P < 0.05) (Figure 4d). There was no significant difference
in the number of wet dogs shakes between sexes across all exposure
groups and PND's.

3.3.5. Wall climbing

Withdrawal from prenatal morphine exposure increased wall climb-
ing behavior in spiny mice pups during the early postnatal period
(Figure 5a & b). On PND 4, male mice exposed to 10 mg/kg morphine
made a significantly greater number of wall climbs compared to the sa-
line exposed males (12.92 + 1.25 vs. 6.75 + 2.25 respectively) (P < 0.05)
(Figure 5a). On PND 3, 4, & 5, female mice exposed to 10 mg/kg
morphine also made a significantly greater number of wall climbs
compared to the saline exposed females (8.92 + 1.21; 13.67 + 1.09 and
17.92 + 1.66 vs. 4.00 + 1.66; 8.89 + 1.55 and 11.89 + 2.18) (P < 0.05)
(Figure 5b). On PND's 5 & 6, female mice exposed to 30 mg/kg morphine
made a significantly greater number of wall climbs compared to the sa-
line exposed females (19.00 + 1.92; 22.40 + 2.62 vs. 11.89 + 2.18; 16.22
+ 1.99 respectively) (P < 0.05) (Figure 5b). There was no significant
difference in the number of walls climbs between sexes across all expo-
sure groups and PND's.

3.3.6. Face cleaning

Withdrawal from prenatal morphine exposure increased face cleaning
behavior in spiny mice pups during the early postnatal period (Figure 5¢
& d). On PND 1, male mice exposed to 30 mg/kg morphine made a
significantly greater number of face cleanings compared to the saline
exposed males (2.08 + 0.56 vs. 0.38 + 0.18 respectively) (P < 0.05)
(Figure 5c¢). Additionally, on PND 1, male mice exposed to 30 mg/kg
morphine made a significantly greater number of face cleanings

Postnatal Day

group (N = 12) had a significantly greater number of
wet dog shakes compared to the saline-exposed con-
trols (N = 9) and 30 mg/kg morphine treated mice (N
= 9) on PND-2 (AUC [#Shakes] — Saline: 1.44 + 0.92;
10 mg/kg: 6.92 + 1.93; 30 mg/kg: 3.80 + 0.87). Data
are presented as means totals (+-SEM) during the PND
0-7 period. An asterisk symbol (* = saline vs. 10 mg/
kg morphine) or pound symbol (# = saline vs. 30 mg/
kg morphine) or nabla symbol (V = 10 mg/kg
morphine vs. 30 mg/kg morphine) are used to indi-
cate a significant difference between groups, P < 0.05.

3 4 5 6 7

compared to males exposed to 10 mg/kg morphine (2.08 + 0.56 vs 1.00
+ 0.30 respectively) (P < 0.05) (Figure 5c). On PND 1, female mice
exposed to 10 mg/kg morphine also made a significantly greater number
of face cleanings compared to the saline exposed (2.75 + 0.57 vs. 0.67 +
0.24) and 30 mg/kg morphine exposed females (2.75 + 0.57 vs. 0.80 +
0.58) (P < 0.05) (Figure 5d). Additionally, on PND 1, female mice
exposed to 10 mg/kg morphine made a significantly greater number of
face cleanings compared to male mice exposed to 10 mg/kg morphine
(2.75 4+ 0.57 vs. 1.00 + 0.30 respectively) (P < 0.05) (Figure 5d).

3.3.7. Tremors

Withdrawal from prenatal morphine exposure increased tremor
behavior in spiny mice pups during the early postnatal period (Figure 6a
& b). On PND 0, male mice exposed to morphine (10 and 30 mg/kg)
experienced a significantly greater number of tremors compared to the
saline exposed males (3.83 + 1.14 and 6.08 + 1.39 vs. 0.00 + 0.00,
respectively) (P < 0.05) (Figure 6a). In addition, males exposed to 30
mg/kg morphine experienced a significantly greater number of tremors
compared to males exposed to 10 mg/kg morphine (6.08 & 1.39 vs. 3.83
+1.14) (P < 0.05) (Figure 6a). On PND 0, female mice exposed to 10 mg/
kg morphine also experienced a significantly greater number of tremors
compared to the saline exposed mice (7.42 + 1.86 vs. 0.00 £ 0.00) (P <
0.05) (Figure 6b). Additionally, females exposed to 10 mg/kg morphine
experienced a significantly greater number of tremors compared to the
30 mg/kg morphine exposed females (7.42 + 1.86 vs. 1.40 £ 1.17) (P <
0.05) (Figure 6b). Interestingly, the number of tremors observed in the
morphine exposed groups was significantly different between sexes. On
PND 0, among pups exposed to 10 mg/kg morphine, females experienced
a significantly greater number of tremors compared to males (7.42 +
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Figure 5. Spontaneous withdrawal following prena-
tal morphine (10 and 30 mg/kg) exposure affected
wall climbing and face cleaning behavior in spiny
mice pups. (a) Male pups on PND-4 from the 10 mg/
kg morphine exposed group (N = 12) had a signifi-
cantly greater number of wall climbs compared to the
saline-exposed controls (N = 8) (AUC [#Climbs] —
Saline: 57.38 + 11.87; 10 mg/kg: 73.00 + 8.58; 30
mg/kg: 71.71 + 9.35). (b) Similarly, female pups on
PND-3, 4, 5 from the 10 mg/kg morphine exposed
group (N = 12) and PND-5, 6 pups from the 30 mg/kg
morphine exposed group (N = 9) had a significantly
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greater number of wall climbs compared to the saline-
exposed controls (N = 9) (AUC [#Climbs] — Saline:
55.28 + 9.69; 10 mg/kg: 80.25 + 8.11; 30 mg/kg:
72.20 + 7.64). (c) Male pups on PND-1 from the 30
mg/kg morphine exposed group (N = 12) had a
significantly greater number of face cleanings
compared to the saline-exposed controls (N = 8) and
10 mg/kg morphine exposed group (N = 12) (AUC
[#Cleans] — Saline: 4.50 + 1.29; 10 mg/kg: 5.04 +
1.43; 30 mg/kg: 5.54 + 1.82). (d) Female pups on the
PND-1 from the 10 mg/kg morphine exposed group
(N = 12) had a significantly greater number of face
cleanings compared to saline-exposed controls (N = 9)
and the 30 mg/kg morphine exposed group (N = 9)
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1.86 vs. 3.83 + 1.14) (P < 0.05). In contrast, on PND 0, among pups
exposed to 30 mg/kg morphine, male mice experienced a significantly
greater number of tremors compared to female mice (6.08 + 1.39 vs.
1.40 £+ 1.17) (P < 0.05) (Figure 6a, b).

3.3.8. Ultrasonic vocalizations (USV's)

Withdrawal from prenatal morphine exposure resulted in a significant
decrease in the number of ultrasonic vocalizations (USV's) in spiny mice
pups during the early postnatal period (Figure 6¢ & d). On PND's 2, 3 & 4,
male mice exposed to 10 mg/kg morphine emitted significantly fewer
number of USV's compared to the saline exposed mice (70.17 + 11.70;
72.00 + 6.59 and 66.75 + 7.64 vs. 123.63 + 12.74; 118.13 & 10.31 and
112.63 £+ 10.72) (P < 0.05) (Figure 6c¢). Similarly, on PND's 2, 4 & 5,
male exposed to 30 mg/kg morphine emitted significantly fewer number
of USV's compared to mice from the saline exposed group (84.33 +
10.25; 73.17 + 11.66 and 71.75 + 6.62 vs. 123.63 + 12.74; 112.63 +
10.72 and 103.25 + 5.66) (P < 0.05) (Figure 6c¢).

Similar to the males, on PND's 2, 3 & 4, female mice exposed to 10
mg/kg morphine emitted a significantly fewer number of USV's
compared to mice exposed to saline (78.08 + 9.70; 89.17 + 11.06 and
71.00 + 6.72 vs. 123.67 + 10.47; 120.67 + 10.35 and 117.00 + 8.30) (P
< 0.05) (Figure 6d). On PND's 1, 2, 3 & 6, female mice exposed to 30 mg/
kg morphine emitted significantly fewer USV's compared to the mice
from the saline exposed group (22.67 + 14.54; 30.67 + 9.76; 53.17 +
9.60 and 21.17 + 7.85 vs. 113.67 + 6.67; 123.67 + 10.47; 120.67 +
10.35 and 73.56 + 5.38) (P < 0.05) (Figure 6d). On PND's 1, 2, 3 & 6,
female mice exposed to 10 mg/kg morphine emitted significantly greater
number of USV's compared to female exposed to 30 mg/kg morphine
(96.33 £+ 13.12; 78.08 + 9.70; 89.17 + 11.06 and 58.58 + 9.31 vs. 30
mg/kg morphine: 22.67 + 14.54; 30.67 £+ 9.76; 53.17 &+ 9.60 and 21.17
+ 7.85) (P < 0.05) (Figure 6d). The number of USV's emitted was also
significantly different between sexes. On PND's 1, 2, 6 & 7 female mice

2
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(AUC [#Cleans] — Saline: 5.17 + 1.43; 10 mg/kg: 9.17
+ 2.33; 30 mg/kg: 5.60 + 1.92). Data are presented as
means totals (+SEM) during the PND 0-7 period. An
asterisk symbol (* = saline vs. 10 mg/kg morphine) or
pound symbol (# = saline vs. 30 mg/kg morphine) or
nabla symbol (V = 10 mg/kg morphine vs. 30 mg/kg
morphine) are used to indicate a significant difference
between groups, P < 0.05.
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emitted significantly fewer USV's compared to male mice exposed to 30
mg/kg morphine (22.67 + 14.54; 30.67 + 9.76; 21.17 + 7.85; 15.00 +
9.62 vs. 77.83 £ 8.34; 84.33 £ 10.25; 67.08 + 8.53 and 56.42 + 8.98
respectively) (P < 0.05) (Figure 6¢ & d).

4. Discussion

Our study is the first to examine the effects of prenatal morphine
exposure in spiny mice.

We performed physiological and behavioral tests in spiny mice pups
prenatally exposed to morphine to characterize symptoms of withdrawal
in this unique rodent species. The lengthened gestational period and
increased in utero organogenesis of the spiny mouse allows for improved
characterization and understanding of opioid withdrawal in pups
following prenatal opioid exposure. Data presented in this study sup-
ported our hypothesis that spiny mouse would make an improved pre-
clinical model of NOWS. Our novel model of NOWS relies on trans-
placental exposure of morphine instead of postnatal opioid exposure,
commonly used in other rodent models to mimic third-trimester expo-
sure. Compared to other rodent species, spiny mice undergo advanced
organogenesis and are precocial at birth (Brunjes, 1990). This allowed us
to capture withdrawal symptoms that would otherwise not be possible in
other rodent models during the early postnatal period.

Dams' body weight and temperature were monitored daily to assess
any response to morphine treatment during gestation and during the first
7 days following parturition. Although differences in body weight
observed during the gestation and postpartum periods were not signifi-
cant, a decreased rate of weight gain among dams was measured in the
morphine treated groups. Additionally, an increase in body temperature
was only observed in dams from the 30 mg/kg morphine treatment group
during the first 7 days of treatment. The fluctuations in body temperature
during pregnancy may have been due to dams initially adjusting to daily
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Figure 6. Spontaneous withdrawal following prenatal
morphine (10 and 30 mg/kg) exposure affected tremor
and vocalization behaviors in spiny mice pups. (a) Male
pups on PND-1 from the 10 mg/kg morphine (N = 12)
and 30 mg/kg morphine (N = 12) exposed groups
experienced a significantly greater number of tremors
compared to the saline-exposed controls (N = 8). Pups
from the 30 mg/kg morphine exposed group (N = 12)
experienced a significantly greater number of tremors
compared to the 10 mg/kg morphine exposed group
(N = 12) (AUC [#Tremors] — Saline: 0.13 + 0.25; 10
mg/kg: 5.08 + 3.30; 30 mg/kg: 3.79 + 2.56). (b)

Postnatal Day

Similarly, female pups on PND-1 from the 10 mg/kg
morphine exposed group (N = 12) experienced a
significantly greater number of tremors compared to
the saline-exposed controls (N = 9) and 30 mg/kg
morphine exposed group (N = 9) (AUC [#Tremors] —
Saline: 0.11 + 0.24; 10 mg/kg: 4.21 + 3.25; 30 mg/kg:
1.30 + 1.48). (c) Male pups on PND-2, 3 and 4 from the
10 mg/kg morphine (N = 12) and on PND-2, 4 and 5
from the 30 mg/kg morphine (N = 12) exposed groups
emitted a significantly fewer ultrasonic vocalizations
compared to the saline-exposed controls (N = 8) (AUC
[#Vocalizations] — Saline: 706.4 + 49.48; 10 mg/kg:
480.2 + 55.63; 30 mg/kg: 509.7 + 58.52). (d) Simi-
larly, female pups on PND-1, 2, 3 and 4, from the 10
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treatments of high dose morphine and also the possible consequence of
carrying an unborn litter.

Morphine treatment of pregnant spiny mice also affected litter size. In
our study, the average litter size was smaller in the morphine (10 and 30
mg/kg) treated groups compared to saline treated groups. As mentioned
above, dams from the morphine treatment groups consistently presented
with lower body weights during the periods of morphine treatment and
postpartum and it is unclear if the smaller litter sizes from the morphine
treated dams could correlate to the reduced weight gain observed in
dams. Similarly, we are uncertain if morphine administration could have
influenced the spontaneous death of pups and/or fetal absorption in
utero as treatment with the higher, 30 mg/kg morphine dose signifi-
cantly increased the number of deceased pups. More specifically, female
pups from the higher, 30 mg/kg morphine group were most affected. The
cannibalism of offspring by dams within the 30 mg/kg morphine treat-
ment group was also observed. Endogenous opioids are known to play a
key role in the regulation of the neuroendocrine axis and the initiation of
maternal caregiving (Bicknell, 1985; Cruz et al., 2010; Farid et al., 2008;
Morley, 1981; Stafisso-Sandoz et al., 1998). Previous studies have re-
ported a decrease in maternal care and an increase in cannibalism
following gestational opioid exposure (Chen et al., 2015; Wallin et al.,
2019). Although not conclusive, it seems as though the deaths associated
with morphine treatment were not perhaps directly linked to the lack of
maternal care, but instead an effect of morphine on the pup's ability to

Postnatal Day

3 4 5 6 7 mg/kg morphine (N = 12) and PND-1, 2, 3 and 6 from
the 30 mg/kg morphine exposed group (N = 9) emitted
a significantly fewer ultrasonic ultrasonic vocalizations
compared to the saline-exposed controls (N = 9).
Additionally, on PND-1, 2, 3, 6 female pups from the 30
mg/kg morphine exposed group (N = 9) emitted a
significantly fewer ultrasonic vocalizations compared
to the 10 mg/kg morphine exposed group (N = 12) and
saline-exposed controls (N = 9) (AUC [#Vocalizations]
— Saline: 684.4 + 46.99; 10 mg/kg: 513.7 + 63.01; 30
mg/kg: 297.5 + 48.76). Data are presented as means
totals (£SEM) during the PND 0-7 period. An asterisk
symbol (* = saline vs. 10 mg/kg morphine) or pound
symbol (# = saline vs. 30 mg/kg morphine) or nabla
symbol (V = 10 mg/kg morphine vs. 30 mg/kg
morphine) are used to indicate a significant difference
between groups, P < 0.05.

survive. Careful observations of dams treated with 30 mg/kg morphine
showed attempts to feed, groom, and care for their pups. However, pups
that were severely affected were typically unable to feed regularly and
exhibited signs of failure to thrive.

Prenatal morphine exposure did not result in all pups within a litter
dying. Instead, one pup was more effected than their litter mates. Studies
have shown that prenatal drug exposure can be complicated by the
uterine position of pups; where one pup may have greater drug exposure
than another pup in the same litter (Lipton et al., 1998). Fortunately,
with the litter size of spiny mice being smaller than other rodents, any
intra-pups’ variability of the symptoms associated with withdrawal was
minimized. Furthermore, unequal exposure to morphine cannot explain
why the female pups from the 30 mg/kg morphine treated group died at a
higher rate than their male counterparts. The greater risk posed in the
female pups to morphine exposure could be due to sexually dimorphic
differences in placental development. A previous study found, the
placenta of female spiny mice undergo a greater degree of vascularization
compared to males throughout gestation (O'Connell et al., 2013). This
difference may lead to a greater degree of drug exposure in female
offspring compared to males. Additionally, theses sex differences may be
the result of an opioid-induced endocrinopathy in both the pregnant
dams, as well as the pups (Seyfried and Hester, 2012). In future studies,
we aim to record maternal behaviors during and after morphine treat-
ment to improve our understanding of the role of sex and stress hormones
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on maternal care. Additionally, we plan to investigate the role the
placenta may have on potential mechanisms related to withdrawal
severity and survival in both male and female pups.

Prenatal opioid exposure also led to a significant decrease in body
weight in male pups, this finding is similar to previous studies (Byrnes
and Vassoler, 2017). While changes in body temperature have not been
well characterized in rodent models of NOWS, a 2019 study showed that
body temperature decreased following prenatal opioid exposure (Wallin
et al.,, 2019). Additionally, studies in adult rodent models of opioid
withdrawal have also reported a decrease in body temperature (Belknap,
1989; Liptak et al., 2012). In contrast to these previous reports, the body
temperature of spiny mice pups from the morphine exposed groups was
significantly higher in both sexes. This difference between body tem-
peratures compared to previous reports may be due to variations in the
hormonal profiles between other rodent models and spiny mice. For
example, prenatal opioid exposure has been shown to impact both the
hypothalamic-pituitary-adrenal (HPA) axis and the autonomic nervous
system by altering the expression of endogenous opioids which are
known to modulate a stress response (Byrnes and Vassoler, 2017; Drolet
et al., 2001). Unlike other rodent species, the fetal adrenal gland and
brain of spiny mice have been found to produce dehydroepiandrosterone
(DHEA) (Lamers et al., 1986). Although the presence of DHEA has been
shown to decrease body temperature when administered to rodents,
chronic morphine has been shown to decrease the levels of dehydro-
epiandrosterone sulfate (DHEAS), a precursor to DHEA, in both males
and females (Catalina et al., 2002; Daniell, 2006). Also, previous studies
in spiny mice have shown that the glucocorticoid cortisol is present when
in other rodents, corticosterone is typically found (Lamers et al., 1986;
Quinn et al., 2013). These differences in hormonal profiles could account
for differences in the dysregulation of the HPA axis among rodent models
and may give rise to the increase in body temperature of spiny mice
which interestingly, closely resemble fever-like clinical symptoms
observed in human infants experiencing NOWS (Kocherlakota, 2014).

Unlike most rodent species, spiny mice are precocial and are capable
of walking shortly after birth (Brunjes, 1990). This unique characteristic
allowed us to observe and measure withdrawal behaviors that are typi-
cally examined in adolescent and adult mice (Jones and Barr, 1995). For
example, we measured wet dog shakes and jumping from PND 0-7. We
observed an increase in these withdrawal behaviors in pups from the
dams treated with morphine. In male pups, wet dog shakes were greater
in the 30 mg/kg morphine exposed group, whereas in females wet dog
shakes were greater in 10 mg/kg morphine exposed group. Additionally,
we observed an increase in jumping behavior in morphine exposed spiny
mice. Interestingly, the number of jumps was higher in both male and
females exposed to 10 mg/kg morphine and this could be due to the
effects on locomotion (motor skills). Previous studies have shown that
morphine can have a biphasic effect on locomotion depending on the
dose (Patti et al., 2005). Morphine can elicit a initial depression phase
followed by a hyperlocomotion phase, however, since our data is from
spiny mice pups (0-7 days-old) the increase in jumping may also be
related to the development of motor skills during the first seven days of
life. Previous studies have demonstrated that morphine at various doses
can elicit a hyperlocomotive effect, our data also show a biphasic effect of
morphine on locomotor behavior in spiny mice with stimulant effects at
10 mg/kg and depressive effects at 30 mg/kg (Belknap et al., 1998). The
exact mechanism for these morphine-mediated effects on motor skills are
currently unknown. We also found that spontaneous opioid withdrawal
in spiny mice resulted in symptoms such as wall climbing, face cleaning,
tremors, and USV's which have previously been characterized in infant
rodents (Barr and Wang, 1992; Ceger and Kuhn, 2000; Jones and Barr,
1995; Zhu and Barr, 2004).

In our study, we found sex differences in almost all of these behaviors
with the most striking differences observed in tremor behavior and
USV's. Tremors are often observed in human infants with NOWS which
results from the dysregulation of the autonomic nervous system and the
transmission of norepinephrine (Kocherlakota, 2014). Here, we
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discovered that pups from the morphine exposed groups experienced a
significantly greater number of tremors. More specifically, male pups
exposed to 30 mg/kg morphine experienced a greater number of tremors.
In contrast, females exposed to 10 mg/kg morphine experienced a greater
number of tremors. Additionally, we found a marked sex difference be-
tween the number of USV's measured. During isolation or in times of
distress, pups commonly emit USV's to elicit a dam retrieval response
(Ehret, 2005; Elwood, 1979; Smotherman et al., 1974). Previous studies
have shown that opioids can reduce USV's (Carden et al., 1991) and when
precipitated, opioid withdrawal can result in a greater number of USV's
and is thought to be a measure of distress and/or dysphoria (Bell et al.,
1971; Covington and Miczek, 2003; Hofer and Shair, 1987). This increase
in the number of USV's is now considered a marker of opioid withdrawal
in preclinical models (Barr et al., 2011). Here, we report that male and
female spiny mice pups from the morphine exposed groups emitted
significantly fewer USV's between PND 0-7. Evidence of sex differences
in USV's following opioid exposure was recently reported; male rodents
emitted a greater number of USV's compared to female rodents (Robinson
et al., 2019). Differences observed between male and female spiny mice
pups may be attributed to sexually dimorphic transmission of norepi-
nephrine from the locus coeruleus as the dysregulation of norepinephrine
has been implicated in opioid addiction and withdrawal as well as in
clinical symptoms of NOWS (Aston-Jones and Kalivas, 2008; Kocherla-
kota, 2014). Following prenatal morphine exposure, an increase in hy-
pothalamic levels of norepinephrine and rate of turnover was observed in
male rats. Whereas, females were found to have decreased levels of hy-
pothalamic norepinephrine and turnover rate (Vathy et al., 1994).
Additionally, previous studies have found that in untreated mice, males
have been shown to emit a greater number of USV's compared to females
(Bowers et al., 2013). Thus, our results may be explained by inherent sex
differences in USV's (Barr and Wang, 1992; Ceger and Kuhn, 2000; Jones
and Barr, 1995; Zhu and Barr, 2004). Studies in rodents have also shown
that the emission of USV's changes during early postnatal development
with the rate of USV's peaking around PND 7 and subsiding at approxi-
mately PND 14 (Elwood and Keeling, 1982). It is important to note that
when comparing our findings to other studies, we should carefully
consider the use of opioid antagonists used to precipitate opioid with-
drawal and/or the postnatal drug regime used to mimic a third-trimester
drug exposure. When taken together, it can be difficult to make direct
comparisons of our results to those that also measured USV's at later
postnatal time-points. Another key difference between other rodent
models and spiny mice is that their ears and auditory structures are open
and functional at birth which may have an impact on USV's (Brunjes,
1990; Ehret, 1983). Lastly, this is the first time that USV's have been
studied in spiny mice, and we hope to gain more insight into this
behavior as we learn more about this novel preclincal model of NOWS.

We recognize that our preclinical model of NOWS has limitations. For
example, one major limitation of our study was the treatment regime.
Our study initiated drug treatment mid-gestation on GD 19. Commonly,
women are already engaged in drug abuse before conception and
continue throughout gestation and the postpartum periods. However,
due to the challenges of confirming pregnancy in spiny mice without an
ultrasound machine, we chose to begin treatment mid-gestation
following the confirmation of pregnancy measured as a percentage of
weight gain from baseline weights; a sustained 1% increase in body
weight was indicative of successful pregnancy. Despite this limitation, we
believe our study captures a very critical period of gestation that co-
incides with the peak time of brain development that takes place during
the 3™ trimester of pregnancy (Semple et al., 2013). Human studies have
shown that infants exposed to opioids during the 3 trimester have a
greater risk for developing NOWS compared to fetus exposed at an earlier
period of pregnancy (Desai et al., 2015).

Additionally, the relatively small litter size and longer gestational
period of spiny mice limited our ability to scale this study. Cages were
checked daily at 08:00 h for new pups and without a 24 h video moni-
toring system we were unable to record the precise time of births. This
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may account for any inter- and intra-treatment groups variations in
withdrawal behavioral outcomes measured during PND 0-7. Another
limitation of our study is the dosing frequency. We injected once-daily to
minimize the stress associated with handling and injections in pregnant
dams. However, we could have injected twice daily but this could have
also introduced more stress that could have impacted the health and
behaviors of both dam and pups. Many previously published reports
show the successful use of osmotic minipumps to deliver a constant dose
of a drug. However, in our study due to the long gestation periods of
spiny mice and the 10 and 30 mg/kg morphine doses used it prevented us
from utilizing mini-pumps. Additionally, mini pumps would not allow us
to adjust the dose of morphine as the body weight of pregnant dams
increased.

5. Conclusion

Taken together, our finding validate the use of spiny mice to inves-
tigate the effects of prenatal morphine exposure and introduces a novel
preclinical model of NOWS. Prenatal morphine exposure affected the
development of opioid withdrawal, and perhaps female pups showed
more effects than male pups. Our results are consistent with previous
research whereby chronic morphine exposure increased jumps, wet dog
shakes, wall climbs, face cleaning, and tremors, all well-characterized
behaviors associated with opioid withdrawal. Inconsistences between
our findings and those in the literature may be due to the variety of doses
used, different rodent species, and differences in treatment regimes.
Future studies aim to investigate the long-term effects of prenatal opioid
exposure on learning and memory in spiny mice and determine cell-
specific and molecular changes in the brain induced by prenatal opioid
exposure during withdrawal. We are hopeful that our novel mouse model
of NOWS will not only provide new insights into the unknown effects of
prenatal drug exposure but also highlight the importance of using a more
mature and developed rodent species like spiny mice in numerous areas
of biomedical research.
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