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Abstract 46 
 47 
Introduction 48 
 49 
The opioid epidemic has seen an increase in drug use among women of reproductive age. It is 50 

well established that Opioid Use Disorder (OUD) can have many negative consequences for the 51 

health of mothers and their babies, both during pregnancy and after delivery, but our 52 

understanding of the impact of fetal opioid exposure on behavior during adolescence and 53 

adulthood is less understood. Preclinical studies have unveiled some of the long-term effects of 54 

in utero morphine exposure primarily using injections as the route of drug delivery. Our study 55 

utilized a model for oral, voluntary morphine self-administration to investigate neonate, 56 

adolescent, and adult offspring’s behavioral phenotypes and subsequent ethanol misuse 57 

liability.    58 

 59 
Methods 60 
 61 
We first validated a paradigm for maternal oral intake of morphine, where female mice became 62 

morphine dependent pre-pregnancy, and continued to voluntarily consume morphine in the 63 

continuous two-bottle choice (C2BC) paradigm during pregnancy and up to offspring postnatal 64 

day 7 (PND 7). Offspring were cross-fostered to a drug-naïve dam at PND 7, to model first and 65 

second trimester in utero exposure in humans and to mimic the stress associated with NOWS. 66 

Bodyweight and ultrasonic vocalizations were assessed to determine alterations in the neonates. 67 

Offspring from control and morphine-exposed dams were then tested during adolescence and 68 

adulthood in a battery of behavioral tests to assess baseline behavioral phenotypes. We also 69 

computed a global behavioral score (GBS) to integrate offspring’s multiple behavioral outcomes 70 

into a composite score that could be used to identify potential vulnerable and resilient 71 

populations in offspring exposed prenatally to morphine. Offspring that were tested during 72 
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adolescence were also evaluated during adulthood in the ethanol intermittent 2BC to assess 73 

ethanol misuse risk.  74 

 75 
Results 76 
 77 
Using an oral maternal morphine C2BC protocol, we demonstrated that morphine dams display 78 

signs of dependence, measured by somatic signs during withdrawal, and voluntarily drink 79 

morphine throughout gestation. Neonate cross-fostered offspring display changes in spontaneous 80 

activity, body weight, and ultrasonic vocalization parameters. During adolescence, offspring 81 

display both increased baseline anxiety-like/compulsive-like behavior, while in adulthood they 82 

display increased anxiety-like behavior. No changes were found for baseline physical signs, 83 

locomotion, and depressive-like behavior during adolescence or adulthood. In addition, a greater 84 

percentage of adult male offspring exposed to maternal morphine fell into moderate and high 85 

GBS classifications, signaling a more severe behavioral phenotype, compared to male control 86 

offspring. These effects were not observed in adult female offspring exposed to morphine in 87 

utero. Additionally, male adult offspring exposed to maternal morphine reduced their 2-hour 88 

ethanol intake in the intermittent two-bottle choice (I2BC) paradigm, although no changes in 24-89 

hour ethanol intake and preference were found. No changes were observed in female offspring of 90 

morphine-exposed dams.  91 

 92 

Conclusion 93 

 94 
Overall, maternal morphine exposure leads to sex-specific changes in neonate, adolescent, and 95 

adult behavior, including ethanol intake.  96 

  97 
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1 – Introduction 98 

 99 

Opioid Use Disorder (OUD) is a major public health concern. The 2019 National Survey 100 

on Drug Use and Health reported that 3.7% of individuals aged 12 and older, including women 101 

of childbearing age, have misused prescription and/or illicit opioids (Lipari & Park-Lee, 2020). 102 

In addition, a 2015-2016 study showed that one third of pregnant women used opioids (St. 103 

Marie, Coleman, Vignato, Arndt, & Segre, 2020). Continued opioid use in pregnant women can 104 

lead to serious maternal, fetal, and neonate complications and, in extreme cases, can lead to 105 

death (Leyenaar et al., 2021; Ostrea, Ostrea, & Simpson, 1997).  106 

Some newborns prenatally exposed to opioids display a series of symptoms categorized 107 

as Neonatal Opioid Withdrawal Syndrome (NOWS). A study of maternal-infant dyads prenatally 108 

exposed to opioids reported that roughly 30-60% of newborns were diagnosed with NOWS 109 

(Leyenaar et al., 2021; Skumlien, Ibsen, Kesmodel, & Nygaard, 2020), which suggests that a 110 

proportion of newborns exposed to opioids in utero may develop a phenotype severe enough to 111 

require pharmacological and/or non-pharmacological interventions. Characteristic manifestations 112 

of NOWS include decreased body weight, high-pitched crying, irritability, tremors, and an 113 

inability to be soothed, among many others (Piccotti et al., 2019; Weller, Crist, Reiner, Doyle, & 114 

Berrettini, 2020). Reviews and meta-analyses of clinical data have reported infant-adolescent 115 

outcomes associated with in utero opioid exposure, including lower scores in neurocognitive and 116 

developmental assessments, decreased motor skills, and increased hyperactivity and aggression 117 

(Maguire et al., 2016; Minnes, Lang, & Singer, 2011; Nygaard, Slinning, Moe, & Walhovd, 118 

2017; Weller et al., 2020; Yeoh et al., 2019). However, other studies report variability in 119 

outcomes among children exposed prenatally to opioids, leading to potential differences in 120 
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vulnerability and resiliency in these individuals (Labella, Eiden, Tabachnick, Sellers, & Dozier, 121 

2021; Sarfi, Eikemo, Welle-Strand, Muller, & Lehmann, 2021). In addition, the long-term effects 122 

of maternal opioid use on human offspring are not fully understood, including the vulnerability 123 

to develop a psychiatric disease and the risk of drug misuse.  124 

Morphine is a mu-opioid receptor (MOR) agonist and an active metabolite of heroin, so it 125 

is commonly used in studies investigating the effects of acute and chronic opioid exposure. 126 

Morphine is also the standard of care used for acute pain, and is used to sedate patients pre- and 127 

post-operatively, including mothers and newborns (Doleman et al., 2018; Lugo & Kern, 2002). 128 

Preclinical models have been used extensively to study the long-term effects of maternal 129 

morphine exposure. Several rodent studies have reported the effects of prenatal and perinatal 130 

morphine exposure on offspring outcomes, including body weight, mortality, and organ size 131 

(Ahmadalipour, Ghodrati-Jaldbakhan, Samaei, & Rashidy-Pour, 2018; Chiang, Hung, & Ho, 132 

2014; Eriksson & Rönnbäck, 1989; Glick, Strumpf, & Zimmerberg, 1977; Klausz et al., 2011; 133 

Ramsey, Niesink, & Van Ree, 1993; Shen et al., 2016; Siddiqui, Haq, & Shah, 1997; Sobor et 134 

al., 2010; Tan et al., 2015; Timár et al., 2010). However, very few of them have examined other 135 

aspects of NOWS, such as high-pitched crying. Similar to the studies in humans, preclinical 136 

models of in utero morphine exposure report discrepant offspring outcomes. Many factors could 137 

contribute to such variability, including differences in maternal opioid exposure paradigms, 138 

including length of exposure and dose used, and whether dams experienced varying levels of 139 

gestational stress, like being shipped while pregnant or receiving daily injections. To date, no 140 

published study has used an oral two-bottle choice (2BC) morphine self-administration protocol 141 

for the maternal dam exposure, which minimizes any confounds associated to stress.  142 
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The preclinical literature has also shown conflicting results on whether parental morphine 143 

causes alterations in behavior related to psychiatric disorders, including anxiety-like, 144 

compulsive-like, and depressive-like behavior. For example, in one study adult rodents exposed 145 

to morphine in utero displayed decreased anxiety in both the Elevated Plus Maze (EPM) and the 146 

Light-Dark Box (Tan et al., 2015). In contrast, a study where morphine was given between 147 

gestation day (GD) 1 and postnatal day (PND) 21 found no differences in offspring’s anxiety-148 

like behavior in the EPM (Klausz et al., 2011). Additionally, most studies have only examined a 149 

few offspring behaviors at a time, and to date, no study has evaluated behaviors with a 150 

comprehensive approach, to better define baseline phenotypes of adolescent and adult offspring 151 

after maternal opioid exposure.  152 

 Parental substance use disorder (SUD) and prenatal drug exposure is associated with a 153 

myriad of negative outcomes in offspring, including vulnerability to develop a SUD (Dodge, 154 

Jacobson, & Jacobson, 2019). Negative outcomes in the offspring depend on the timing of the 155 

parental exposure to drugs and/or other external factors (Betcher et al., 2019; Biederman, 156 

Faraone, Monuteaux, & Feighner, 2000; Dodge et al., 2019; Glantz & Chambers, 2006; Madras 157 

et al., 2019; Peleg-Oren & Teichman, 2006; Tarter et al., 2020). Pre- and perinatal opioid 158 

exposure can alter offspring’s predisposition to future drug use, including risk for the same drug-159 

class from maternal exposure (i.e. morphine) or cross-tolerance to other drugs (i.e. cocaine and 160 

methamphetamine) (Chiang et al., 2014; Gagin, Kook, Cohen, & Shavit, 1997; Glick et al., 1977; 161 

Ramsey et al., 1993; Shen et al., 2016; Timár et al., 2010; Vousooghi et al., 2018; L. Y. Wu, 162 

Chen, Tao, & Huang, 2009). To our knowledge, no preclinical study has examined potential 163 

changes in alcohol intake and preference in offspring exposed to in utero morphine, even though 164 

alcohol is the most commonly used drug according to the 2019 National Survey on Drug Use and 165 
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Health (Lipari & Park-Lee, 2020). One clinical longitudinal study reported that a significantly 166 

higher proportion of adults whose mothers used heroin during pregnancy misused alcohol during 167 

their lifetime (Nygaard, Slinning, Moe, Fjell, & Walhovd, 2020). Furthermore, there is well-168 

documented evidence for opioid-ethanol interactions, warranting further investigation into how 169 

pre- and perinatal opioid exposure affects alcohol use risk (Arias & Kranzler, 2008; Gianoulakis, 170 

2001; Gianoulakis et al., 1989; Job et al., 2007).  171 

In the present study, we utilized a translational maternal morphine paradigm, where 172 

dependent dams orally self-administered morphine in a 2BC paradigm throughout pregnancy and 173 

during the first postnatal week to model morphine exposure during early- and mid-gestation in 174 

humans (Richard & Flamant, 2018; Semple, Blomgren, Gimlin, Ferriero, & Noble-Haeusslein, 175 

2013). We examined offspring in a battery of behaviors throughout adolescence and adulthood to 176 

compile a comprehensive behavioral score. After adolescent testing, offspring were monitored 177 

for alcohol oral self-administration during adulthood, revealing sex-specific changes in ethanol 178 

intake.  179 

     180 

2 – Materials and Methods 181 

 182 

2.1 – Research subjects 183 

 184 

C57BL/6J mice of both sexes (IMSR Cat# JAX:000664, RRID:IMSR_JAX:000664) 185 

were given access to housing enrichment and ad libitum food and water (Labdiet, 5053, PMI, 186 

Brentwood, MO). The animals were maintained on a reverse 12‐hr light/12‐hr dark cycle (lights 187 

“off” at 10:00 AM) and housed in a temperature- and humidity-controlled room (65-75 oF, 40-188 
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60% relative humidity). All experiments were conducted during animals’ active phase (10:00 189 

AM – 8:00 PM). For all drinking experiments, an empty control cage was set up with two bottles 190 

that were weighed daily to account for fluid leakage due to cage and bottle handling. For all 191 

behavioral tests, animals were habituated to the testing room and light conditions at least 30 192 

minutes prior to the start of the test. A digital light meter was used to measure luminosity in the 193 

room for each test, reported as lux. All experiments were conducted with the approval of the 194 

Institutional Animal Care and Use Committee (IACUC) at the University of Pennsylvania. 195 

 196 

2.2 – Maternal Drug Exposure 197 

 198 

Female mice were habituated to being single-housed and to being exposed to one bottle 199 

of 0.2% saccharin (Sigma, St. Louis, MO) in filtered water for one week (Figure 1a-200 

Habituation). After the one-week habituation, female mice were observed for 30 minutes in their 201 

home cage for baseline physical signs (room luminosity at 2 lux). Signs commonly reported for 202 

morphine withdrawal were included in the analysis: jumping, wet dog shakes, head nods/shakes, 203 

teeth chattering, diarrhea, and writhing (Muldoon et al., 2014; Pinelli & Trivulzio, 1997). Female 204 

mice were then separated into an experimental (morphine + saccharin) group, referred to as 205 

“morphine dam”, and a control (saccharin) group, referred to as “control dam”. Groups were 206 

created considering the baseline physical signs, to ensure that both groups had on average a 207 

similar total number of physical signs to start. The morphine dams were given one bottle of 0.1 208 

mg/mL free-base morphine (Morphine Sulfate, Spectrum Chemical MFG. Corp, New 209 

Brunswick, NJ) in 0.2% saccharin for four days and then the solution was escalated to 0.2 210 

mg/mL free-base morphine + saccharin for three days (Figure 1a).  Bottles were weighed daily, 211 
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and their position was alternated to avoid side preference. Morphine intake is reported as weekly 212 

averages in mg/kg/day. To confirm dependence, female mice were tested for spontaneous signs 213 

of withdrawal 8 hours after the morphine bottle was replaced with a saccharin-only bottle, at the 214 

end of the one-week forced morphine exposure. Control female mice were maintained on one 215 

bottle of 0.2% saccharin throughout this time and observed for physical signs.  216 

The female mice were then transitioned to the continuous two-bottle choice (C2BC) 217 

phase the day after somatic signs testing (Figure 1a).  Mice in the morphine dam group received 218 

one bottle containing 0.1 mg/mL free-base morphine in 0.2% saccharin, and a bottle containing 219 

filtered water.  Mice in the control dam group received one bottle of 0.2% saccharin solution and 220 

a bottle of filtered water. After one week of the C2BC, mice from the morphine dam group were 221 

evaluated for spontaneous physical signs of withdrawal 8 hours after removal of the morphine 222 

bottle, as described above. During week two of the C2BC paradigm, mice were evaluated again 223 

for physical signs while drug sated. Mice from the control dam group were evaluated for 224 

physical signs on the same day as the mice from the morphine dam group.  225 

Because we were interested in investigating only the effects of maternal opioid use, 226 

female mice were placed daily in the cage of single-housed, drug-naïve males to mate for 227 

approximately five hours/day, and were then returned to their home cage to continue their C2BC 228 

paradigm throughout gestation. Pregnancy was confirmed by a substantial increase in body 229 

weight after one week. The day at which pups were found is referred to as postnatal day 0 (PND 230 

0).  Offspring were allowed to lactate from their respective dam until PND 7 (Figure 1b). On 231 

PND 7, offspring were cross-fostered to an experienced drug-naïve dam, who had her own litter 232 

removed at the time of cross-fostering. We chose to cross-foster offspring on PND 7, because the 233 

first postnatal week is roughly equivalent to the human second trimester/early third trimester, 234 
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with regards to brain maturation (Barr, McPhie-Lalmansingh, Perez, & Riley, 2011; Ross, 235 

Graham, Money, & Stanwood, 2015; Semple et al., 2013). In addition, cross-fostering would 236 

allow us to evaluate early neonate outcomes after acute morphine withdrawal.  237 

On PND 3, modified spontaneous physical signs from Barr et al. (2011) were recorded 238 

for 2 pups per litter (6-7 litters/ dam treatment), which included audible cries, rolling over, and 239 

full 360° body rotation. Each pup was removed from its cage and placed on a paper towel, under 240 

red light to minimize stress. Pups were observed for five minutes for spontaneous signs, and then 241 

immediately returned to their respective litter. Offspring were weighed on PND 3 and weighed 242 

every other day (odd days) thereafter until PND 15 (Figure 1b). Litter averages are shown for 243 

body weight data, since individual pups were not tattooed to keep track of ID. All male and 244 

female offspring cross-fostered from both control dams and morphine dams were weaned 245 

between PND 21-28 and used for neonate, adolescent, and adult testing.  246 

 247 

 248 

2.3 – Ultrasonic Vocalizations 249 

 250 

Evaluation of neonate offspring ultrasonic vocalizations (USVs) from both treatment 251 

groups began on PND 2 and ended on PND 12 (Figure 1b).  USVs were recorded on PND 2, 4, 252 

and 6 to evaluate changes related to lactation from control dams and morphine dams. USVs were 253 

also recorded on PND 8, 10, and 12 to evaluate changes associated with cross-fostering on PND 254 

7 and potentially, morphine withdrawal, as observed in human newborns that experience NOWS. 255 

We were specifically interested in USV parameters before and after cross-fostering, so only data 256 

for PND 6 and PND 8 are reported (Figure 1b). 257 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 1, 2022. ; https://doi.org/10.1101/2022.02.28.482336doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.28.482336
http://creativecommons.org/licenses/by-nc-nd/4.0/


Individual pups were transferred into a small container with bedding and placed in an 258 

enclosed Styrofoam box with an ultrasonic microphone (Dodotronic Ultramic, Dodotronic, 259 

Castel Gandolfo, Italy) inserted on top. The microphone was connected to a laptop that was 260 

running Raven Pro 1.6.0 (Raven, RRID:SCR_016190, Center for Conservation Bioacoustics, 261 

Cornell Lab of Ornithology, Ithaca, NY) to save and analyze the file as a 120-megabyte.wav file. 262 

Offspring USVs were recorded for five minutes. An average of three pups per litter was recorded 263 

on the assigned even-day PND.  264 

USVs from each sound file were visualized using Raven software’s spectrogram and 265 

were manually selected by an experimenter blinded to the treatment groups to avoid bias. The 266 

selections made were automatically incorporated into an aggregate Selection Table produced by 267 

Raven that gave various measurements for each call selected, including number of syllables, low 268 

frequency (Hz), high frequency (Hz), delta time (s), delta frequency (Hz), and center frequency 269 

(Hz). In Raven, delta time is described as the average difference between the start and end time 270 

of each call in the sound file. Delta frequency is defined as the average difference between the 271 

maximum and minimum frequency of each call in the sound file. Center frequency is defined as 272 

the average middle frequency of each call in the sound file.  273 

We calculated the average of each measurement in the Selection Table for each pup’s 274 

PND USV 5-minute file, to provide an average for a specific USV parameter for each individual 275 

pup within a litter. To compare litters across PNDs (7-9 litters/ dam treatment), the values for 276 

USV measurements for pups within a litter were averaged for a given PND based on their 277 

treatment groups, giving us a “litter average”.  278 

 279 

2.4 – Adolescent baseline behavioral tests 280 
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 281 

Offspring were habituated to handling at least five days before adolescent testing started. 282 

Testing during adolescence occurred between PND 28 and PND 49.  283 

To assess baseline physical signs, adolescent offspring were observed for shaking, 284 

scratching, grooming, and teeth chattering as described before (E. Perez, Quijano-Cardé, & De 285 

Biasi, 2015; Ramiro Salas, Main, Gangitano, & De Biasi, 2007). Offspring were placed in a 286 

novel cage with clean corncob bedding (room lux: 2) and observed for 20 minutes (6-9 litters 287 

examined/dam treatment). The same cages were then used for the marble burying test (MBT) to 288 

assess anxiety-like/compulsive-like behavior as previously described (Njung’e & Handley, 1991; 289 

E. E. Perez & De Biasi, 2015). Briefly, cages were filled with 5 centimeters of bedding and 20 290 

marbles evenly spaced on top. Offspring were left undisturbed for 30 minutes (room lux: 2) and 291 

the number of marbles buried (fully buried or at least 2/3 buried) was recorded.  292 

At least 48 hours after the MBT, offspring were tested in the Open Field Arena (OFA) 293 

test. The OFA consisted of a white plexiglass squared platform (40 centimeters by 40 294 

centimeters) with walls (Gangitano, Salas, Teng, Perez, & De Biasi, 2009; Ramiro Salas, Pieri, 295 

Fung, Dani, & De Biasi, 2003). The OFA was divided into a center zone (20 cm by 20 cm) and a 296 

surround zone (10 cm from wall all around OFA). The average center zone luminosity was 4 lux, 297 

while the corner surround zone luminosity was 2 lux. Offspring were placed at the center of the 298 

OFA and allowed to freely explore for 30 minutes while being recorded with ANYMAZE 299 

software (Stoeling Co, Wood Dale, IL).  Locomotion and anxiety-like behavior were assessed by 300 

measuring the average total distance travelled (m) and center distance ratio (distance travelled in 301 

center zone (m)/total distance travelled (m)), respectively.  302 
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 At least 48 hours after the OFA, offspring were tested in the Elevated Plus Maze (EPM), 303 

as previously described (E. E. Perez & De Biasi, 2015; Ramiro Salas et al., 2003). The 304 

luminosity used for the open arms was 4 lux, and that for the closed arms was about 1 lux. 305 

Animals were placed in the center zone of the EPM and allowed to freely explore for 10 minutes.  306 

Average time spent in the open arms (s) and open arm entry ratio (open arm entries/ open arm 307 

entries + closed arm entries) were reported to evaluate anxiety-like behavior.  308 

At least 48 hours after the EPM test, offspring were tested in the Tail Suspension Test 309 

(TST) to measure depressive-like behavior as previously described (Gangitano et al., 2009; R. 310 

Salas et al., 2008). The luminosity of the area under the tail suspension apparatus was about 4 311 

lux. Tape was used to hold the tail onto the TST apparatus, and the animal was hung upside 312 

down for six minutes. Average time spent immobile (s) was reported. 313 

 314 

Global Behavioral Score Classification. Six behavioral measures were used to calculate 315 

global baseline behavioral scores (GBS) in offspring. The measures include: (1) physical signs, 316 

calculated as the total number of physical signs, (2) anxiety-like/compulsive-like behavior, 317 

calculated as total number of marbles buried in MBT, (3) locomotion, calculated as total distance 318 

travelled in OFA, (4) anxiety-like behavior in OFA, calculated as center distance ratio, (5) 319 

anxiety-like behavior in EPM, calculated as open arm entry ratio, (6) depressive-like behavior, 320 

calculated as total immobility time in the TST. The measures used for the GBS were chosen a 321 

priori based on our hypothesis that offspring from morphine-exposed dams would display 322 

increased baseline physical signs, compulsive-like behavior, anxiety-like behavior, depressive-323 

like behavior, and hyperlocomotion. Because our hypothesis included changes in locomotion, we 324 

used measures of anxiety-like behavior that incorporated locomotion in the measure, instead of 325 
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using time in a zone (i.e. if locomotion is changed then that might influence time spent in a 326 

particular zone and affect anxiety-like measures). 327 

Similar to O’Neal et al. (2020) and Quijano Cardé et al. (2022), z-scores were calculated 328 

for each behavioral measure. Briefly, the group mean (µ1) for each behavioral measure was 329 

subtracted from the raw individual value (x1) for each offspring for that behavior, and then 330 

divided by the group standard deviation, (𝑥𝑥
1 −  𝜇𝜇1

𝜎𝜎1�  ) = z1. The z-score was then multiplied by 331 

the direction (+1 or -1) for that behavioral measure, to indicate worst behavioral outcome. For 332 

example, for center distance ratio in the OFA and open arm entry ratio in the EPM, the lower the 333 

raw value, the more anxiety-like behavior the offspring displays, so the z-score for both of these 334 

behavioral measures would be multiplied by -1 to correct for the direction. Conversely, higher 335 

raw values for marbles buried indicate increased compulsive-like behavior, so the z-score is 336 

multiplied by +1 to reflect a worst behavioral outcome. Individual z-scores for each offspring 337 

were added to obtain a global behavioral score for that subject (Σ 𝑧𝑧1 … 𝑧𝑧6 = GBS). Only 338 

offspring with raw data for all behavioral measures were used for this analysis.   339 

 340 

2.5 – Adult ethanol intermittent two-bottle choice (I2BC) paradigm 341 

 342 

Mice that were previously analyzed for adolescent baseline behaviors were examined for 343 

ethanol drinking behavior during adulthood using the ethanol I2BC, as previously described 344 

(Carnicella, Ron, & Barak, 2014; Hwa et al., 2011; Quijano Cardé & De Biasi, 2022; Quijano 345 

Cardé, Perez, Feinn, Kranzler, & De Biasi, 2021). Offspring (at least 2 months of age) were 346 

habituated to being single-housed and were exposed to two 50 mL bottles of filtered water for at 347 

least one week in the home cage. Afterwards, mice were given 24-hour access to a bottle of 348 
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ethanol and a bottle of water on Mondays, Wednesdays, and Fridays. On alternating days, mice 349 

were presented with two bottles containing filtered water. During week 1 or the ‘Acquisition’ 350 

phase, mice were habituated to ethanol by receiving increasing concentrations of ethanol: 3% 351 

(Monday), 6% (Wednesday), and 10% (v/v) ethanol (Friday). During weeks 2-5 of the 352 

‘Maintenance’ phase, mice were given one bottle of 20% ethanol (v/v) and one bottle of water. 353 

Mice were then transitioned to a ‘Fading’ phase of the experiment to determine if mice would 354 

drink more to maintain the same ethanol dose they received on week 6 (20% ethanol) even when 355 

the ethanol concentration was progressively decreased during the subsequent weeks. During 356 

weeks 7-10, mice were given decreasing concentrations of ethanol each week (15%, 10%, 6%, 357 

and 3% ethanol). Presentation of the ethanol bottle occurred three hours after ‘lights off’ (1:00 358 

PM), and 2- and 24- hour ethanol consumption (g/kg/day) and preference [(ethanol ml 359 

intake/total ml fluid intake)*100%] were measured. All mice were weighed weekly. All ethanol 360 

solutions were made in filtered water (v/v) using 190-proof ethanol (Decon Laboratories Inc., 361 

King of Prussia, PA). 362 

 363 

2.6 – Adult baseline behavioral tests 364 

 365 

In a separate cohort, adult (at least two months of age) group-housed offspring from 366 

control and morphine-treated dams were habituated to handling. Physical signs, MBT, OFA, 367 

EPM, and TST were examined at least 24-hours apart. To assess baseline physical signs, adult 368 

offspring were observed for jumping, shaking, scratching, grooming, and teeth chattering. 369 

Offspring were also assessed for baseline behaviors in the MBT, OFA, EPM, and TST, like 370 

described in the previous sections.  371 
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2.7 - Statistical analyses 372 

 373 

Data were analyzed using Graphpad PRISM 9 and are expressed as mean +/- standard 374 

error of the mean (SEM). Litter averages are shown for neonate body weight and USV data, 375 

while individual data points are shown for dam, adolescent, and adult data. Dam and neonate 376 

outcomes were analyzed using paired t-test, t-test, or repeated measures (RM) one-way ANOVA, 377 

when appropriate. Tukey post-hoc analysis was used as recommended. Adolescent offspring data 378 

were first analyzed using a two-way ANOVA to investigate the potential effect of sex and/or 379 

dam treatment, and the interaction between the two variables. Since no effect of sex was 380 

observed, a one-way ANOVA was used for analysis of adolescent and adult offspring behavioral 381 

data. GBS classifications for adolescent and adult offspring data were analyzed using an outcome 382 

versus expected chi-square test, where the control offspring percentages for each classification 383 

(‘low’, ‘moderate’, ‘high’) were used as the ‘expected’ percentages to compare to percentages 384 

obtained from offspring from morphine-exposed dams. A RM three-way ANOVA for ethanol 385 

I2BC drinking data revealed a main effect of sex, so males and females were analyzed separately 386 

using a RM two-way ANOVA with Sidak post-hoc analysis. For the I2BC experiment, the 387 

‘Acquisition’, ‘Maintenance’, and ‘Fading’ phases were analyzed separately. For datasets 388 

missing values at certain experimental timepoints, a mixed effects model with a Sidak post-hoc 389 

test was performed. A p-value of <0.05 was considered statistically significant. ROUT (Q = 1%) 390 

was used to remove significant outliers.  391 

 392 

3 – Results 393 

 394 
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3.1 – Validation of a maternal morphine exposure model in mice 395 

 396 

We developed a paradigm to model opioid use in humans and ultimately investigate its 397 

effects on offspring, by using an oral morphine self-administration protocol in female pregnant 398 

mice (Figure 1a). Since human mothers who are opioid-dependent begin drug use before 399 

pregnancy, we first established a paradigm where breeding-age female mice would become 400 

dependent on morphine. To create initial opioid dependence, mice were given one bottle of 401 

escalating concentrations of morphine (0.1 mg/mL – 0.2 mg/mL), which led to increased 402 

morphine intake (paired t-test; t = 5.896, df = 10, p = 0.002; Figure 2a). Under this treatment 403 

paradigm, female mice displayed increased spontaneous physical signs of withdrawal 8 hours 404 

after the removal of the morphine bottle, compared to their pre-treatment baseline (paired t-test; t 405 

= 6.835, df = 9, p = <0.0001; Figure 2b). Mice were then transitioned to a continuous two-bottle 406 

choice (C2BC) paradigm, where they received one bottle of morphine in saccharin water and one 407 

bottle of water. Based on previous 2BC morphine protocols used in the field, saccharin was 408 

added only to the morphine bottle because morphine salt is perceived as bitter and we wanted to 409 

limit the variability of the dose of morphine consumed between dams (Belknap, 1990; Belknap, 410 

Crabbe, Riggan, & O’Toole, 1993; Ferraro et al., 2005). After one week in the morphine C2BC 411 

paradigm (week 2 of the paradigm), mice drank on average 37 mg/kg morphine solution (Figure 412 

2c). Mice also displayed increased spontaneous physical signs of withdrawal 8 hours after the 413 

removal of the morphine bottle, compared to when they were morphine-sated in the C2BC 414 

(paired t-test; t = 4.315, df = 9, p = 0.0019; Figure 2d), and compared to control female mice that 415 

received drug-free sweetened fluid (t-test; t = 3.484, df = 20, p = 0.0023; Figure 2e).  416 
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Female mice were then paired with drug naïve male mice while on the C2BC, until 417 

pregnancy was confirmed. A criteria of inclusion during the C2BC paradigm was for mice to 418 

drink above 10 mg/kg morphine during pregnancy, which has been shown to produce analgesia 419 

in rodents (Frances, Gout, Monsarrat, Cros, & Zajac, 1992; Fujita-Hamabe et al., 2012). As 420 

shown in Figure 2c, female mice continued to drink morphine in the C2BC throughout gestation 421 

and until their offspring reached PND 7, at which point pups were cross-fostered to a drug-naïve 422 

dam. During weeks 4-6 of the C2BC paradigm, dams displayed slightly lower morphine intake 423 

compared to week 2 and week 3 of the paradigm (RM mixed effects analysis; F(1.748, 17.19)= 424 

4.807, p = 0.0256; Figure 2c). This phenomenon could be due to being paired with the male 425 

breeder for 5 hours during the day (week 4), and also to the increased bodyweight during 426 

pregnancy (week 5 and 6). Together, our data show that morphine-exposed dams exhibit signs of 427 

dependence upon removal of the drug and continue morphine drinking during pregnancy.  428 

 429 

3.2 – Neonate deficits before and after cross-fostering in offspring from morphine-exposed dams 430 

 431 

To investigate the effects of maternal morphine exposure on offspring, pups were 432 

examined during early PNDs (Figure 1b). PND 3 offspring that were exposed to morphine 433 

through lactation displayed increased spontaneous activity (t-test; t = 2.527, df = 23, p = 0.0188; 434 

Figure 3a). Due to limited motor function during this early developmental period, the 435 

spontaneous signs monitored included audible cries, rolling over, and full 360° body rotation 436 

(Barr et al., 2011; Zhu & Barr, 2004). 437 

To evaluate the long-term consequences associated with early-development morphine 438 

exposure, pups were cross-fostered to a drug-naïve dam on PND 7. This allowed for offspring to 439 
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experience morphine withdrawal without introducing the dam’s drug-associated withdrawal 440 

behavior as a confound. Pups were weighed before and after cross-fostering, and an interaction 441 

of dam treatment x PND (RM mixed effects analysis; F(6, 160)=2.884, p = 0.0107) and a main 442 

effect of PND (RM mixed effects analysis; F(1.587, 42.31)=80.41, p = <0.0001) were observed 443 

(Figure 3b). Interestingly, morphine offspring had a trend for decreased body weight in early 444 

PNDs, compared to control offspring.  445 

To evaluate distress that might be comparable to high-pitched crying seen in newborns 446 

with NOWS, ultrasonic vocalizations (USVs) were recorded in mice offspring before and after 447 

cross-fostering. We were specifically interested in evaluating USVs at PND 6 and PND 8, which 448 

corresponds to timepoints right before and after cross-fostering, respectively. This approach was 449 

chosen to evaluate changes while the offspring were lactating from morphine-treated dams (PND 450 

6) and when they would potentially be undergoing acute drug withdrawal (PND 8) since they 451 

could no longer lactate from their respective dam. Offspring from morphine-exposed dams 452 

displayed no changes in the number of calls compared to control (Figure 3c). There was also no 453 

effect of dam treatment on delta time (i.e. length) of calls, but there was a main effect of PND 454 

(RM two-way ANOVA; F(1, 14)=18.22, p = 0.0008; Figure 3d). Similarly, there was no effect 455 

of dam treatment on the frequency range (delta frequency) of calls, but there was a main effect of 456 

PND (RM two-way ANOVA; F(1, 14)=39.70, p = <0.0001; Figure 3e).  457 

However, there was a significant main effect of dam treatment on the frequency 458 

parameters of offspring’s USVs (Figure 3f-h). Offspring from morphine-exposed dams had calls 459 

of higher center frequency (RM two-way ANOVA; F(1, 14)=6.304, p = 0.0249; Figure 3f) 460 

compared to control offspring, and post-hoc analysis revealed that this change was statistically 461 

significant after cross-fostering (PND 8). Offspring from morphine-exposed dams also had calls 462 
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of higher low-frequency points (RM two-way ANOVA; F(1, 14)=5.696, p = 0.0317; Figure 3g). 463 

In addition, offspring exposed to in utero morphine had higher high-frequency points in the calls 464 

(RM two-way ANOVA; F(1, 14)=4.713, p = 0.0476; Figure 3h), and there was a main effect of 465 

PND (RM two-way ANOVA; F(1, 14)=14.08, p = 0.0021; Figure 3h). Post-hoc analysis 466 

revealed that offspring from morphine-exposed dams had higher high-frequency points in their 467 

calls both before cross-fostering (PND 6) and after cross-fostering (PND 8), compared to control 468 

offspring. Overall, these results show that maternal morphine exposure alters neonatal 469 

spontaneous activity, body weight, and ultrasonic vocalization acoustic parameters. 470 

 471 

3.3 – Changes in anxiety-like/compulsive-like behavior in adolescent offspring from morphine-472 

exposed dams 473 

 474 

Offspring from morphine-exposed dams were evaluated for changes in behavior during 475 

adolescence to further understand the consequences of maternal opioid exposure during a critical 476 

period of development (Figure 4a). We used various behavioral tests to assess baseline changes 477 

in somatic and affective behavior, including measures to investigate locomotion, compulsive-478 

like, anxiety-like, and depressive-like behavior. Behavioral measures were assessed for an effect 479 

of dam treatment and/or sex, but because no effect of sex was observed, males and females were 480 

combined. There was no difference in baseline physical signs between offspring from morphine-481 

exposed dams and control offspring (Figure 4b).  However, offspring from morphine-exposed 482 

dams buried more marbles than offspring from control dams in the marble burying test (MBT) (t-483 

test; t =2.971, df = 69, p=0.0041; Figure 4c), displaying more anxiety-like/compulsive-like 484 

behavior.  485 
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There was no effect of dam treatment in the Open Field Arena (OFA) for total distance 486 

travelled or center distance ratio (Figure 4d-e), nor did we detect significant differences in the 487 

open arm entry ratio in the Elevated Plus Maze (EPM; Figure 4f). Similarly, when offspring 488 

were assessed for depressive-like behavior in the Tail Suspension Test (TST), no significant 489 

difference in total immobility time was observed (Figure 4g). 490 

Although there were no significant differences in various behaviors when individual tests 491 

were considered, we were interested in integrating multiple behavioral outcomes into a 492 

composite score. This would allow us to characterize offspring behavior holistically, which has 493 

been used in multiple areas of research (El-Kordi et al., 2013; Guyenet et al., 2010; Möller et al., 494 

2018; O’Neal, Nooney, Thien, & Ferguson, 2020; Pereira de Souza Goldim et al., 2020; Shahi, 495 

Freedman, Dahl, Karandikar, & Mangalam, 2019). The use of a global severity score 496 

classification system allows us to examine the distribution of animals’ performance across 497 

multiple behavioral tests, where higher values represent higher behavioral symptom severity. As 498 

shown in Figure 4h, offspring from morphine-exposed dams have similar global behavioral 499 

scores (GBS) compared to offspring from control dams. To determine the distribution of 500 

adolescent offspring GBS, experimental scores were characterized into ‘high’ (GBS>1), 501 

‘moderate’ (1<GBS<1), and ‘low’ (GBS<1) phenotypes. Because there was a trend (p=0.0898) 502 

for a main effect of dam treatment when the three GBS classifications were evaluated for the 503 

offspring (data not shown), we evaluated the percentage of offspring in each GBS classification. 504 

Among control offspring (n=28), 39% were classified as having a ‘low’ GBS phenotype, 29% 505 

were ‘moderate’, and 32% were ‘high’ (Figure 4i).  However, offspring from morphine-exposed 506 

dams (n=29) had a higher percentage of ‘high scores’ (41%), and 35% classified as having a 507 

‘low’ severity phenotype, while 24% were ‘moderate’ (Figure 4i). In addition, when sex was 508 
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investigated, 46%, 23%, and 31% of male control offspring fell under the ‘low’, ‘moderate’, and 509 

‘high’ classification, respectively (Figure 4j). Male offspring from morphine-exposed dams were 510 

characterized at similar percentages in each GBS classification (low=50%, moderate=29%, and 511 

high=21%) (Figure 4h). Conversely, female offspring from morphine-exposed dams had a trend 512 

for a higher percentage being classified in the ‘high’ category (60%), compared to control female 513 

offspring (33%) (Figure 4k).  Twenty percent of female offspring from morphine-exposed dams 514 

were categorized as ‘moderate’ and ‘low’ scorers based on their GBS, while 33%-34% of control 515 

female offspring were categorized as ‘moderate’ and ‘low’ (Figure 4k). Although the GBS 516 

classification is not significantly different between offspring, the higher percent of ‘high’ GBS 517 

phenotype in the offspring from morphine-exposed dams is intriguing in that it suggests that 518 

early life morphine exposure might lead to an increase in the number of offspring that have a 519 

more severe phenotype when considering a broad array of behaviors, as opposed to very 520 

significant deficits in any one behavioral measure.  521 

 522 

3.4 – Changes in baseline behavior in adult offspring from morphine-exposed dams 523 

 524 

 We were interested in the possibility that the behavioral phenotypes we observed could 525 

persist beyond adolescence and into adulthood. Therefore, in a separate cohort of control and 526 

morphine-exposed offspring, we evaluated baseline adult behavior to determine the long-term 527 

effects of maternal morphine exposure using the same battery of behavioral tests used for 528 

adolescent mice (Figure 5a). Behavioral measures were assessed for an effect of dam treatment 529 

and/or sex, but when no effect of sex was detected, males and females were combined. Offspring 530 

from morphine dams did not significantly differ from control offspring in baseline total physical 531 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 1, 2022. ; https://doi.org/10.1101/2022.02.28.482336doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.28.482336
http://creativecommons.org/licenses/by-nc-nd/4.0/


signs (Figure 5b), compulsive-like behavior in the MBT (Figure 5c), locomotion or anxiety-like 532 

behavior in the OFA (Figure 5d-e), and depressive-like behavior in the TST (Figure 5h). 533 

However, when adult offspring were evaluated for anxiety-like behavior in the EPM, offspring 534 

from morphine-exposed dams displayed no difference in entry ratio (Figure 5g), but did display 535 

decreased time spent in the open arms, compared to control offspring (t-test; t = 2.935, df = 35, p 536 

= 0.0059; Figure 5f). This suggests that offspring from morphine-exposed dams have increased 537 

anxiety-like behavior in adulthood.  538 

 We also used the GBS to integrate the multiple behavioral outcomes into a composite 539 

score which allowed us to characterize adult offspring behavior holistically, as described above. 540 

Although there was no difference in overall global behavioral score between offspring from 541 

morphine-exposed dams and control dams (Figure 5i), the percentage of offspring that fell into 542 

each GBS classification was of interest. For control offspring (n=19), 48% were classified as 543 

having a ‘low’ severity phenotype, 26% were ‘moderate’, and 26% were ‘high’ (Figure 5j). 544 

However, among offspring from morphine-exposed dams (n=18), only 28% were classified as 545 

‘low’, 33% were ‘moderate’, and 39% were ‘high’ (Figure 5j), suggesting that a higher 546 

percentage of offspring from morphine-exposed dams might be more behaviorally vulnerable. 547 

Although the sample size was small, Figure 5k shows that the percentage of male offspring from 548 

morphine-exposed dams in each GBS classification was different than that of male control 549 

offspring (chi-square test; DF=2; p =0.0052). Among male control offspring (n=10), 70% were 550 

classified as having a ‘low’ GBS severity phenotype, 10% were ‘moderate’, and 20% were 551 

‘high’ (Figure 5k). However, among male offspring from morphine-exposed dams (n=9), 22% 552 

were ‘low’, 33% were ‘moderate’, and 45% were ‘high’ (Figure 5k). Conversely, female 553 

offspring from morphine-exposed dams had a similar percent of offspring that fell into the three 554 
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GBS classifications when compared to female control offspring (Figure 5l).  For example, 33% 555 

of mice were classified as having a ‘high’ GBS severity phenotype in both groups.   556 

 Together, our results suggest that maternal morphine exposure has long-term 557 

consequences throughout the offspring’s life span, as reflected by changes that persist in 558 

adulthood. Offspring from morphine-exposed dams display increased baseline levels of anxiety-559 

like behavior during adulthood. In addition, a much higher percent of male offspring from 560 

morphine-exposed dams fall into the high and moderate GBS severity classification. This 561 

suggests that not only are specific phenotypes altered by in utero opioid exposure, but that, 562 

overall, male offspring are at risk of developing more severe behavioral phenotypes during 563 

adulthood, a phenomenon that could be revealed or exacerbated by stress or drug use.  564 

 565 

3.5 – Male offspring from morphine-exposed dams display decreased two-hour ethanol intake 566 

 567 

Given the well-documented interactions between alcohol and the opioid system (Arias & 568 

Kranzler, 2008; Berrettini, 2013; Gianoulakis, 2001; Gianoulakis et al., 1989; Job et al., 2007; 569 

Oslin, Berrettini, & O’Brien, 2006), we next wanted to assess alcohol use risk in offspring 570 

maternally exposed to morphine. The offspring tested in the battery of behavioral tests during 571 

adolescence were allowed to mature into adulthood and were then evaluated in an ethanol 572 

intermittent two-bottle choice (I2BC) paradigm (Figure 6a), which has been used to assess 573 

voluntary ethanol intake (Carnicella et al., 2014; Hwa et al., 2011; Quijano Cardé & De Biasi, 574 

2022; Quijano Cardé et al., 2021). A three-way ANOVA revealed a main effect of sex where 575 

female mice (regardless of treatment) drank significantly more ethanol than male mice, so data 576 

and analyses are presented separately for each sex. Alcohol-related behaviors were evaluated at 577 
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three different phases of the I2BC – Acquisition, Maintenance, and Fading - for both male and 578 

female offspring. 579 

 580 

Acquisition phase of I2BC 581 

 582 

Ethanol drinking patterns were first evaluated for the ‘Acquisition’ phase of the I2BC, 583 

where mice were given increasing concentrations of ethanol during the first week of exposure. 584 

Figure 6b shows a main effect of concentration for 2-hour intake during the ‘Acquisition’ phase 585 

for male offspring (RM mixed effects analysis; F(1.417, 34.02) = 133.9, p <0.0001) and a main 586 

effect of dam treatment (RM mixed effects analysis; F(1, 26) = 6.176, p=0.0197). Specifically, 587 

post-hoc analysis revealed that male offspring from morphine-exposed dams drink less ethanol 588 

(g/kg) at the 6% concentration during the first two hours of the session, compared to male 589 

control offspring. When ethanol intake (g/kg) was evaluated during the 24-hour sessions of the 590 

‘Acquisition’ phase (Supplemental figure 1a), although not significant, a trend (p=0.0791) for an 591 

effect of dam treatment was present for male offspring. There was a main effect of concentration 592 

for the 24-hour ethanol intake (RM two-way ANOVA; F(1.648, 42.86) = 138.9, p < 0.0001; 593 

Supplemental figure 1a). With regards to male offspring’s 2-hour ethanol preference (%) during 594 

the ‘Acquisition’ phase (Figure 6c), there was a main effect of concentration (RM mixed effects 595 

analysis; F(1.801, 43.22) = 8.540, p <0.0001), but no main effect of dam treatment. In addition, 596 

there was no main effect or interaction of concentration and/or dam treatment during male 597 

offspring’s 24-hour ethanol preference during the ‘Acquisition’ phase (Supplemental figure 1b).  598 

In female offspring, the 2-hour session for the ‘Acquisition’ phase of the I2BC revealed a 599 

significant main effect of concentration for ethanol intake (g/kg) (RM mixed effects analysis; 600 
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F(1.770, 35.39) = 134.3, p <0.0001; Figure 6d) and preference (%) (RM mixed effects analysis; 601 

F(1.621, 32.42) = 7.813, p = 0.0030; Figure 6e), but no effect of dam treatment. Similarly, for 602 

female offspring’s 24-hour ethanol intake (g/kg) (Supplemental figure 1c) there was a main 603 

effect of concentration (RM two-way ANOVA; F(1.818, 40.00) = 175.6, p < 0.0001), but no 604 

effect of dam treatment. Although not significant, there was a trend (p=0.0699) for a main effect 605 

of concentration, but no effect of dam treatment on female offspring’s 24-hour ethanol 606 

preference for the ‘Acquisition’ phase (Supplemental figure 1d).  607 

Together, this reveals that male -but not female- offspring from morphine-exposed dams 608 

drink lower amounts of ethanol during the ‘Acquisition’ phase of the I2BC, but have no changes 609 

in ethanol preference during this part of the experimental paradigm. 610 

 611 

Maintenance phase of I2BC 612 

 613 

Ethanol drinking patterns were next evaluated during the ‘Maintenance’ phase of the 614 

I2BC, where mice were exposed every other day for four weeks (weeks 2-5) to two bottles, one 615 

containing 20% ethanol and the other containing water. In male offspring during the 616 

‘Maintenance’ phase, there was no effect of week, and although not significant, a trend 617 

(p=0.0793) was present for dam treatment for two-hour ethanol intake (g/kg) (Figure 6b). In 618 

addition, there was no effect of week or dam treatment for males’ 24-hour ethanol intake (g/kg) 619 

during the ‘Maintenance’ phase (Supplemental figure 1a). With regards to male offspring’s 620 

ethanol preference (%) during the ‘Maintenance’ phase, there was a main effect of week for the 621 

two-hour session (RM two-way ANOVA; F(2.163, 56.23) = 3.369, p= 0.0380; Figure 6c) and 622 
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24-hour session (RM two-way ANOVA; F(1.900, 49.40) = 6.162, p= 0.0047; Supplemental 623 

figure 1b), but no main effect of dam treatment. 624 

Female offspring did not show a significant difference of week or dam treatment for 2-625 

hour (Figure 6d) and 24-hour (Supplemental figure 1c) ethanol intake (g/kg) during the 626 

‘Maintenance’ phase of the I2BC. However, there was a main effect of week for both 2-hour 627 

(RM mixed effects analysis; F(2.746, 59.50) = 4.141, p = 0.0118; Figure 6e) and 24-hour ethanol 628 

preference (RM two-way ANOVA; F(2.848, 62.66) = 6.698, p = 0.0007; Supplemental figure 629 

1d), but no effect of dam treatment. 630 

Together, our data show that ethanol intake and preference during the 20% ethanol 631 

‘Maintenance’ phase of the I2BC in both male and female offspring from morphine-exposed 632 

dams are similar to control, implying that there is no effect of dam treatment.  633 

 634 

Fading phase of I2BC 635 

 636 

Lastly, ethanol drinking patterns were evaluated for the ‘Fading’ phase of the I2BC, 637 

where mice were given decreasing concentrations of ethanol (20%, 15%, 10%, 6%, 3%) for the 638 

remaining five weeks of the paradigm. As shown in Figure 6b, analysis of the 2-hour ethanol 639 

intake during the ‘Fading’ phase for male offspring revealed a main effect of concentration (RM 640 

two-way ANOVA; F(1.960, 50.95) = 79.10, p <0.0001), a main effect of dam treatment (RM 641 

two-way ANOVA; F(1, 26) = 4.267, p=0.0490), and a concentration x dam treatment interaction 642 

(RM two-way ANOVA; F(4, 104) = 3.079, p=0.0193).  Specifically, our data suggest that male 643 

offspring from morphine-exposed dams consume less ethanol at various concentrations during 644 

the 2-hour ‘Fading phase’ of the paradigm. When the 24-hour ethanol intake (g/kg) during the 645 
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‘Fading’ phase was evaluated, there was a main effect of concentration (RM two-way ANOVA; 646 

F(2.562, 66.62) = 142.4, p < 0.0001; Supplemental figure 1a), but not dam treatment. With 647 

regards to male offspring’s 2-hour ethanol preference (%) during the ‘Fading’ phase, there was a 648 

main effect of concentration (RM two-way ANOVA; F(2.335, 60.71) = 11.19, p <0.0001; Figure 649 

6c), but no main effect of dam treatment and a trend for an interaction (p=0.0927). Similarly, 650 

during male offspring’s 24-hour ethanol preference in the ‘Fading’ phase, there was a main 651 

effect of concentration (RM two-way ANOVA; F(2.155, 56.04) = 84.08, p <0.0001; 652 

Supplemental figure 1b), but no main effect of dam treatment.  653 

 No differences were detected when comparing control and morphine-exposed female 654 

offspring. We found a significant main effect of concentration for ethanol intake (g/kg) (RM 655 

two-way ANOVA; F(2.219, 48.81) = 72.56, p <0.0001; Figure 6d) and preference (%) (RM two-656 

way ANOVA; F(2.664, 58.62) = 24.01, p <0.0001; Figure 6e) at the 2-hour timepoint during the 657 

‘Fading’ phase of the I2BC, but no effect of dam treatment. Similarly, at 24-hour there was a 658 

significant main effect of concentration for ethanol intake (g/kg) (RM two-way ANOVA; 659 

F(2.049, 45.07) = 108.6, p <0.0001; Supplemental figure 1c) and preference (%) (RM two-way 660 

ANOVA; F(3.099, 68.19) = 144.0, p <0.0001; Supplemental figure 1d), but no effect of dam 661 

treatment. 662 

Overall, our results indicate that male -but not female- offspring from morphine-exposed 663 

dams drink lower amounts of ethanol during the initial 2-hour phase of the ‘Fading’ experiment 664 

although there are no changes in ethanol preference. 665 

 666 

 It should be noted that there was a main effect of dam treatment (RM two-way ANOVA; 667 

F(1,26) = 7.678, p = 0.0102; Supplemental Figure 2b) for 24-hour total fluid intake for male 668 
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offspring, and a main effect of week (RM two-way ANOVA; F(2.576,66.98) = 18.00, p = 669 

<0.0001), where male offspring from morphine-exposed dams had lower total fluid intake 670 

compared to male control offspring. This main effect of dam treatment for total fluid intake was 671 

not observed at the two-hour timepoint (Supplemental Figure 2a, 2c).  672 

 673 

 674 

4 - Discussion 675 

 676 

 Our maternal morphine C2BC paradigm demonstrated that morphine dams display signs 677 

of dependence and voluntarily drink morphine throughout gestation. Maternal morphine 678 

exposure with this paradigm increases neonate spontaneous activity, decreases body weight 679 

before cross-fostering, and alters various USV frequency parameters. The set of experiments 680 

presented in this study also demonstrates subtle sex-specific alterations in adolescent and adult 681 

offspring exposed to pre- and perinatal morphine.  Overall, the data presented supports the 682 

hypothesis that maternal opioid exposure alters offspring behavior throughout development. 683 

 Our study is one of few to investigate offspring outcomes using a maternal oral self-684 

administration model that starts before gestation, continues throughout gestation, and extends 685 

one week postnatally. Most preclinical studies investigating the effects of in utero morphine 686 

exposure on offspring behavior have used daily injections or forced oral solution, making it 687 

difficult to discern whether the effect seen in offspring is due to an interaction of maternal stress 688 

with opioid exposure, or solely due to opioid exposure (Chiou et al., 2003; Glick et al., 1977; 689 

Klausz et al., 2011; Nasiraei-Moghadam et al., 2013; Siddiqui et al., 1997; Sobor et al., 2010; 690 

Timár et al., 2010; P. L. Wu et al., 2018; Yang et al., 2003). In addition, the duration of maternal 691 
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opioid administration varies across studies. For example, studies differ among each other for 692 

using a partial gestation, full gestation, or gestation and lactation maternal opioid paradigm 693 

(Chiou et al., 2003; De Vries et al., 1991; Eriksson & Rönnbäck, 1989; Gagin et al., 1997; Glick 694 

et al., 1977; Jóhannesson & Becker, 1972; Klausz et al., 2011; Laborie et al., 2005; Ramsey et 695 

al., 1993; Rimanóczy, Ŝlamberová, Riley, & Vathy, 2003; Schindler et al., 2004; Shen et al., 696 

2016; Tan et al., 2015; Timár et al., 2010; P. L. Wu et al., 2018; Yang et al., 2003). Each of these 697 

exposure paradigms models specific critical developmental periods for the fetus and can confer 698 

paradigm-specific behavioral alterations.   699 

An extended maternal morphine treatment that continues throughout the lactation period 700 

might be necessary to recapitulate the clinical outcomes of prenatal morphine and NOWS, 701 

considering that rodent gestation/early offspring postnatal period has been compared to late 702 

human gestation and newborn birth, when considering various morphological and functional 703 

milestones relating to eye, cardiac, immune, and brain development (Clancy, Darlington, & 704 

Finlay, 2001; Craig et al., 2003; Holsapple, West, & Landreth, 2003; Krishnan et al., 2014; 705 

Kroon, van Hugte, van Linge, Mansvelder, & Meredith, 2019; Lazic, 2012; Rice & Barone, 706 

2000; Richard & Flamant, 2018; Van Cruchten et al., 2017). Due to the short gestation period  707 

compared to humans, many developmental processes (e.g. myelination and immune function) 708 

continue postnatally in rodents (Craig et al., 2003; Holsapple et al., 2003). Caution is therefore 709 

warranted when making direct developmental comparisons between species since this is 710 

dependent on the processes being investigated and the developmental window studied. Overall, 711 

early rodent postnatal days might be an important consideration when developing maternal drug 712 

exposure paradigms. For this reason, we cross-fostered the offspring at PND 7 to a drug-naïve 713 

dam rather than removing the morphine bottle from the dam, thereby preventing maternal 714 
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withdrawal behavior from becoming a confound in the study. We also wanted the rodent pups to 715 

undergo morphine withdrawal and potentially experience characteristics of NOWS that can be 716 

investigated before weaning and might produce long-term behavioral consequences. Most 717 

clinical and preclinical studies have shown that offspring from opioid-dependent mothers display 718 

either reduced body weight or no change in body weight (Corr, Schaefer, & Paul, 2018; Dutriez-719 

Casteloot et al., 1999; Gagin et al., 1997; Jones et al., 2010; Kaltenbach et al., 2018; Klausz et 720 

al., 2011; Laborie et al., 2005; Ramsey et al., 1993; Shen et al., 2016; Siddiqui et al., 1997; Siu & 721 

Robinson, 2014; Timár et al., 2010). However, some preclinical studies like Chiang et al. (2010) 722 

and Timar et al. (2010) have reported increased body weight in PND 7, PND 14, and PND 21 723 

offspring after maternal morphine exposure. Although we anticipated decreased body weight in 724 

offspring from morphine-exposed dams even after cross-fostering, our data suggest that cross-725 

fostering increases overall pup mortality (data not shown) and might stunt body weight gain in 726 

control offspring. This phenomenon has also been reported in other models of cross-fostering 727 

(Santangeli et al., 2016). In addition, cross-fostering has been shown to affect both maternal and 728 

offspring behavior (Dulor Finkler, Espinoza Pardo, & Bolten Lucion, 2020; Gauthier, Deangeli, 729 

& Bucci, 2015; R. Šlamberová, Hrubá, Bernášková, Matějovská, & Rokyta, 2010; I. Vathy, 730 

Šlamberová, & Liu, 2007), likely due to the stress associated with the new environment and 731 

alterations in the mother-infant relationship. This posits the question of whether the drug-naïve 732 

dam euthanized the most “vulnerable” offspring, and whether the relatively subtle behavioral 733 

effects we observed between control and morphine-exposed offspring might be due to the fact 734 

that we tested the “resilient” offspring that survived after cross-fostering. 735 

 Preclinical studies aim to model maternal opioid exposure that results in offspring 736 

outcomes comparable to those of human newborns experiencing NOWS. For example, studies 737 
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have examined developmental milestones in rodents, as well as pup mortality and bodyweight 738 

and compared them to newborn outcomes in clinical studies (Chiang, Hung, Lee, Yan, & Ho, 739 

2010; Dutriez-Casteloot et al., 1999; Eriksson & Rönnbäck, 1989; Gagin et al., 1997; 740 

Jóhannesson & Becker, 1972; Laborie et al., 2005; Ramsey et al., 1993; Siddiqui et al., 1997; 741 

Sobor et al., 2010; Timár et al., 2010). To our knowledge, this is the first study to investigate 742 

how maternal morphine exposure alters ultrasonic vocalizations in pups, as a correlate to high-743 

pitched crying in human newborns and as a characteristic of NOWS. Similar to our results, one 744 

study found that offspring from oxycodone-exposed dams have higher frequency USVs than 745 

control offspring (Zanni et al., 2021). Another study also found that neonate offspring injected 746 

with morphine from PND 1 – 14 had increased USV frequency parameters (Borrelli et al., 2021). 747 

Various studies and reviews have focused on understanding vocalizations and changes in their 748 

acoustic parameters, including how upward shifts in frequency modulation is usually associated 749 

with an increase in infant distress (Brudzynski, 2015; Castellucci, Calbick, & McCormick, 2019; 750 

Esposito, Nakazawa, Venuti, & Bornstein, 2013; Hahn & Lavooy, 2005; Kromkhun et al., 2013; 751 

Lingle, Wyman, Kotrba, Teichroeb, & Romanow, 2012; Parga et al., 2020; Wasz-Höckert, 752 

Michelsson, & Lind, 1985). Although our work did not further probe the specific brain-regions 753 

and mechanisms that lead to alterations in USV frequency parameters in offspring from 754 

morphine-exposed dams, other studies have shown that the periaqueductal grey (PAG), a brain 755 

region with dense expression of opioid receptors, and the opioid receptor system in general, are 756 

important for USV syllable production (D’Amato, 2021; Goodwin & Barr, 2005; Tschida et al., 757 

2019). For example, PAG lesions decrease USVs in pups (Wiedenmayer, Goodwin, & Barr, 758 

2000) and mu-opioid receptor knockout (Orpm–/–) pups emit less USV calls compared to their 759 

littermates in response to maternal isolation (Moles, Kieffer, & D’Amato, 2004). Offspring 760 
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exposed to opioids in utero display changes in the opioid receptor system (Chiou et al., 2003; 761 

Ilona Vathy, Šlamberová, Rimanóczy, Riley, & Bar, 2003), which further supports our finding 762 

that offspring from morphine-exposed dams have profound changes in USV-related parameters. 763 

The functional role of brain-region specific changes in opioid receptor and endogenous opioid 764 

levels in areas such as the PAG merits further investigation. 765 

 In addition to changes in neonatal outcomes, offspring from morphine-exposed dams also 766 

display changes in baseline behavior during adolescence and adulthood. Although we found no 767 

significant differences in locomotion or depressive-like behavior, adolescent offspring from 768 

morphine-exposed dams displayed increased anxiety-like/compulsive-like behavior in the MBT. 769 

During adulthood, offspring from morphine dams displayed increased anxiety-like behavior in 770 

the EPM. Contrary to what we found, a few preclinical studies investigating the effects of 771 

prenatal morphine exposure found either decreased anxiety-like behavior or no changes in 772 

anxiety-related behaviors, which highlights how duration and dose of maternal morphine 773 

exposure can have seemingly opposite effects in offspring (Klausz et al., 2011; Tan et al., 2015). 774 

Interestingly, similar to our results of increased anxiety-like/compulsive-like behavior in 775 

offspring from morphine-exposed dams, male offspring from morphine-exposed parents 776 

displayed decreased percent open arm time in the EPM (Sabzevari et al., 2019; Vousooghi et al., 777 

2018), increased grooming, and increased marbles buried (Rohbani et al., 2019), suggesting 778 

increased anxiety-like/compulsive-like behavior. Together with our results, these data suggest 779 

increased behavioral vulnerability in male offspring from morphine-exposed dams, while there 780 

are no apparent changes in female offspring behavior. In clinical studies, few have investigated 781 

how prenatal exposure to opioids affects males and females differently.  782 
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The variability observed in preclinical findings is likely attributable, among other factors, 783 

to the inherent vulnerability and/or resiliency of sub-populations of newborns, and to the many 784 

differences in maternal drug exposure paradigms. These differences include dose of drug, 785 

duration and timing of exposure, and route of drug administration. This not only leads to 786 

pharmacokinetic and pharmacodynamic differences but also differentially impacts the stress 787 

experienced by the dam during treatment, a phenomenon that may lead to changes in offspring 788 

behavior. Similar discrepancies are also a consideration for retrospective clinical studies and can 789 

make cross-study comparisons difficult.  790 

Prenatal or early life stress can increase susceptibility to various behavioral 791 

manifestations in male rodents later in adulthood (Columba-Cabezas, Iaffaldano, Chiarotti, 792 

Alleva, & Cirulli, 2009; Lebow et al., 2019; Sarkar, 2015). In this context, prenatal opioid 793 

exposure and the experience of NOWS might also be viewed as a stressor capable of modifying 794 

behavior later in life. One potential explanation for observing changes in adulthood - and not 795 

adolescence - in male offspring could be that a more severe behavioral phenotype is unmasked 796 

among male offspring from morphine-exposed dams once all hormonal, chemical, and circuitry-797 

related changes have matured in adulthood (Sinclair, Purves-Tyson, Allen, & Weickert, 2014). 798 

Interestingly, a higher percentage (45% vs. 20% in control offspring) of male offspring from 799 

morphine-exposed dams were classified as having higher and more severe global behavioral 800 

scores during adulthood. Merhar et al. (2019) reported that 40% of opioid-exposed newborns 801 

exhibit significant brain alterations, suggesting that the disruption of key processes during the 802 

development of the nervous system might increase vulnerability to behavioral deficits later in 803 

life. Similar to the percentage value in the clinical data, our study finds that 39% of adolescent 804 

offspring and 41% of adult offspring from morphine-exposed dams fall under the ‘High’ GBS 805 
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classification, suggesting a more severe behavioral phenotype. Analyzing offspring behavior 806 

using a composite score might therefore help to identify vulnerable sub-populations of 807 

individuals that need additional non-pharmacological and/or pharmacological interventions At a 808 

minimum, such stratification might improve testing drug efficacy, as proposed by the Food and 809 

Drug Administration (FDA, 2019).  810 

Offspring exposed prenatally to morphine have altered sensitivity to drugs, including 811 

morphine, cocaine, and methamphetamine, and display changes in drug-reward related behavior 812 

(Akbarabadi et al., 2018; Chiang et al., 2014; Gagin et al., 1997; Glick et al., 1977; He, Bao, Li, 813 

& Sui, 2010; Jiang, He, Wang, & Sui, 2011; Ramsey et al., 1993; Sadat-Shirazi et al., 2019; Shen 814 

et al., 2016; Timár et al., 2010; Wang, Yao, Li, Nie, & He, 2017; L. Y. Wu et al., 2009). Nygaard 815 

et al. (2020) showed that although there were no significant differences in alcohol consumption 816 

in a one-year span in adults whose mothers misused heroin, a significantly higher proportion of 817 

those individuals reported misusing alcohol during their lives. To date, no preclinical study 818 

seems to have established a relationship between in utero morphine exposure and offspring 819 

alcohol use. Although we hypothesized that offspring exposed to pre- and perinatal morphine 820 

would have higher ethanol intake and preference, we surprisingly found that male offspring from 821 

morphine-exposed dams had lower 2-hour ethanol intake, compared to male control offspring, 822 

despite no changes in alcohol preference. ‘Front-loading’ behavior, wherein the largest amount 823 

of ethanol consumed is observed toward the onset of EtOH access, is thought to reflect increased 824 

motivation to experience the rewarding effects of ethanol (Darevsky et al., 2019; Linsenbardt & 825 

Boehm, 2014; Rhodes et al., 2007; Salling et al., 2018; Wilcox et al., 2014), and, therefore, it is 826 

tempting to speculate that early exposure to morphine changes the subjective reward to ethanol. 827 

Among other mechanisms, alcohol leads to hypothalamic activation and increased levels of 828 
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glucocorticoids which modify reward-related behaviors by stimulating mesencephalic 829 

dopaminergic transmission and increasing norepinephrine (NE) levels in the prefrontal cortex 830 

(PFC) (Piazza & Le Moal, 1997). Reduced drinking in morphine-exposed male offspring at the 831 

2-hour timepoint might be due to hypoactivity of the stress response and/or hypothalamic-832 

pituitary-adrenal (HPA) axis, which has been shown to be dysregulated in rodent offspring 833 

exposed to in utero morphine (Klausz et al., 2011; Laborie et al., 2005; Rimanóczy et al., 2003; 834 

Romana Šlamberová, Rimanóczy, Riley, & Vathya, 2004). Further studies are needed to 835 

understand the influence of maternal morphine exposure on HPA axis function, and 836 

consequently the effects on ethanol use. It is still unclear how alterations in fetal development by 837 

gestational opioids compound with other factors, such as stress or subsequent drug exposure, 838 

manifest in adulthood. 839 

 840 

5 - Conclusion 841 

The data presented supports the hypothesis that prenatal-perinatal morphine exposure 842 

alters offspring behavior. Although not modeled in our study, important factors that influence 843 

and can exacerbate human offspring outcomes include: mother’s poly-drug use, socioeconomic 844 

stress experienced by pregnant mothers, and stressors experienced by the offspring. Questions 845 

left to be answered include whether or not stress during adolescence and/or adulthood can “push” 846 

offspring exposed prenatally to opioids from the ‘moderate’ behavioral severity phenotype to the 847 

‘high’ category, and whether stress can alter adolescent and adult drug reward sensitivity, 848 

including commonly used drugs like ethanol and tobacco products.  849 

 850 

 851 
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Figure legends: 1369 

 1370 

Figure 1:  1371 

Experimental schemes for maternal morphine exposure and offspring behavioral 1372 

evaluation. A. After a week of habituation to 0.2% saccharin, female mice drank from a single 1373 

bottle containing either 0.2% saccharin or 0.2 % saccharin + morphine. Mice were then 1374 

transitioned to a C2BC paradigm that lasted throughout mating, gestation, and the first week 1375 

after delivery. On PND 7, offspring were cross-fostered (CF) to drug-naïve dams and were 1376 

subsequently tested in various behavioral paradigms during both adolescence and adulthood. B. 1377 

Evaluation of offspring behavior prior to weaning (PND 0 – 28) was conducted before and after 1378 

cross-fostering and included observation of spontaneous activity (moving mouse icon) on PND 1379 

3, recording of ultrasonic vocalizations (microphone icon) on PND 6 and PND 8, and 1380 

measurement of body weight (scale icon) on PND 3, 5, 7, 9, 11, 13, 15.  1381 

GD = Gestation Day; Mor= morphine; Sacc=saccharin; H2O= water; PND= Postnatal Day; 1382 

C2BC= continuous two-bottle choice  1383 

 1384 

Figure 2:  1385 

Validation of the paradigm for maternal morphine exposure.  (A & B) Morphine 1386 

consumption and physical signs measured in female breeders while having access to a single 1387 

bottle containing morphine (forced morphine exposure). A. Forced morphine intake during the 1388 

initial phase of treatment, when morphine dams’ solution is ramped up from 0.1 mg/mL 1389 

morphine to 0.2 mg/mL morphine, respectively (n=11). B. Total physical signs in morphine-1390 

exposed dams at baseline (pre-treatment), and 8 hours after withdrawal from forced morphine 1391 
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exposure (n=10). (C-E) Morphine intake and physical signs during the C2BC paradigm. C. 1392 

Morphine intake in the C2BC paradigm during weeks 2-8. (n=10-11/week) * p<0.05, **p<0.01 1393 

compared to Week 2; # p<0.05, ## p<0.01 compared to Week 3.  D. Total physical signs for 1394 

morphine-exposed dams while morphine sated in the C2BC paradigm and 8 hours after 1395 

withdrawal from morphine (n=10).  E. Comparison of total physical signs in control, saccharin-1396 

drinking dams and morphine-drinking dams 8 hours after morphine withdrawal in the C2BC 1397 

paradigm (n=12,10).  1398 

** p<0.01, ***p<0.001, **** p<0.0001; Mor= morphine, WD= withdrawal, C2BC= continuous 1399 

two-bottle choice, Sacc=saccharin 1400 

 1401 

Figure 3: 1402 

Behavioral outcomes in PND 2-15 pups before and after cross-fostering. A. PND 3 morphine 1403 

offspring exhibited greater physical signs than control offspring (n=12,13). B. Offspring body 1404 

weight before and after cross-fostering (PND 3-15); (10-18 litters/PND). C. Average number of 1405 

USV syllables before and after CF (litter n= 9,7). D. Average delta time (s), or time duration, of 1406 

each USV call (n= 9,7). E. Average delta frequency (Hz), or frequency range of each USV call 1407 

(litter n= 9,7). F. Average center frequency (Hz), or middle frequency for each USV call (litter 1408 

n= 9,7). G. Average low frequency (Hz) for each USV call (litter n= 9,7). H. Average high 1409 

frequency (Hz) for each USV call (litter n= 9,7). PND= postnatal day, CF= Cross-Fostered. 1410 

# indicates main effect: # p<0.05, ## p<0.01, ### p<0.001, #### p<0.0001; * indicates post-hoc 1411 

significance: * p<0.05  1412 

 1413 

Figure 4:  1414 
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Sex-specific changes in baseline behavior in adolescent offspring from morphine-exposed 1415 

dams. A. Experimental scheme showing the sequence of behavioral tests for the analysis of PND 1416 

28-49 adolescent offspring. B. Average number of total physical signs in control and morphine-1417 

exposed offspring (n=46, 36). C. Average number of marbles buried in the Marble Burying Test 1418 

(MBT) (n=37, 34). D. Average distance travelled (m) in the Open Field Arena (OFA) (n=36, 36). 1419 

E. Average center distance ratio in the OFA (n=36, 36). F. Average open arm entry ratio in the 1420 

Elevated Plus Maze (EPM) (n=36, 37). G. Average immobility time (s) in the Tail Suspension 1421 

Test (TST) (n=28, 30). H. Average global behavioral score (GBS) calculated as the summation 1422 

of all the z-scores for each behavioral test for each animal (n=28, 29). Percent of offspring from 1423 

control and morphine-exposed dams (I), and male (J) and female (K) offspring that classified as 1424 

high, moderate, and low scorers based on their global behavioral score for baseline behavior. 1425 

**p<0.01 1426 

PND = postnatal day; SS = somatic signs; Blue symbols = males; Pink symbols = females 1427 

 1428 

Figure 5:  1429 

Sex-specific changes in baseline behavior of adult offspring from morphine-taking dams. A. 1430 

Experimental scheme for the analysis of adult offspring in a battery of behavioral tests.  B. 1431 

Average baseline total physical signs observed in offspring (n=19, 17). C. Average marbles 1432 

buried in the Marble Burying Test (MBT) (n=19, 18). D. Average distance travelled (m) in the 1433 

Open Field Arena (OFA) (n=19, 18). E. Average center distance ratio in the OFA (n=19, 18). F. 1434 

Average time in the open arms of the Elevated Plus Maze (EPM) (n=19, 18). G. Average open 1435 

arm entry ratio in the EPM (n=19, 18). H. Average immobility time (s) in the Tail Suspension 1436 

Test (TST) (n=19, 18). I. Average global behavioral scores (GBS) calculated as the summation 1437 
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of all the z-scores for each behavioral test for each animal (n=19, 18). Percent of control and 1438 

morphine-exposed offspring (J), male (K), and female (L) offspring that classified as high, 1439 

moderate, and low scorers based on their GBS for baseline behavior.  1440 

**p<0.01; SS = somatic signs; Blue symbols = males; Pink symbols = females 1441 

 1442 

Figure 6:  1443 

Ethanol 2-hour intake and preference for male and female offspring in the I2BC paradigm. 1444 

A. Schematic of the adult ethanol I2BC experimental timeline after mice underwent baseline 1445 

adolescent behavioral testing. (B & C) Average 2-hr ethanol intake (g/kg) (B) and preference 1446 

(%) (C) for male offspring during weeks 1-10 of ethanol drinking (n=14). (D & E) Average 2-hr 1447 

ethanol intake (g/kg) (D) and preference (%) (E) for female offspring during weeks 1-10 of 1448 

ethanol drinking (n=12). 1449 

# p<0.05 main effect of dam treatment for ‘Acquisition’ and ‘Fading’ phase; * indicates post-hoc 1450 

significance: * p<0.05 1451 

PND = postnatal day; MBT = marble burying test; OFA = open field arena; EPM = elevated plus 1452 

maze; TST = tail suspension test; I2BC = intermittent two-bottle choice 1453 

 1454 
 1455 
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