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ABSTRACT
Back ground: N eonat al abstinenc e syndrom e (NA S) c aus es
signif icant morbidity , is asso ciat ed with costly and len gthy
hospitalization and is in creasing in pr eva lenc e. Evid enc e

sugg ests n eonates with NAS m ay h av e n eurodev elopment a l
problems lat er in life. Current pharmacotherap y is suboptima l

with no FDA approved treatm ents for NAS. We ex amin ed the
effect of postnat al ox ytocin (O T) treatm ent on survi val and
neurodevelopmenta l outcom es in rats prenat ally exposed to

opioids or benzodiazepines.
Methods: Spra gue-D awley rat da ms w ere in jected with

esc alatin g doses of morphine (10-50 mg/kg/da y) or diazepa m
(2-15 mg/kg/da y) throughout parturition. Rat pups thus
exposed r ec eiv ed subcutan eous inj ections of 2 m g/k g O T or

saline for the f irst 10 postnatal da ys. Survi val and body weight
were m easur ed. Another s et of expos ed r at pups r ec eiv ed

injections of salin e or 0.3, 1, or 2 mg/kg OT or s aline for the
f irst 10 postnatal days and survival and body weight wer e
mea sured for 30 days . N eurodev elopm ental outcomes wer e

assessed in animals surviving through adolescence.

Results: Postnatal O T tr eatm ent incr ea sed surviv al. O T
improved long-term learning and m emory proc ess es whil e
reducing b ehav ioral s igns of anxi ety in anim als pren atall y

exposed to morphine or diazepam.

Conclusions: Th ese f indings point to the potential of O T as a
novel treatment for NAS. Clinical trials appear to be warranted.

INTRODUCTION
Back ground: N eonata l abstinenc e syndrome (NAS) is a
constellation of signs of withdrawal caus ed by prenat a l
exposure psy choactiv e substanc es . N eonates with NA S

experi enc e centra l and autonomic n ervous s ystem dysfunction
which if untreated can result in s eizur es and death (1-3) .

Em erging evid ence a lso su gg ests th at neon ates with N AS h av e
a high er incid enc e of neurodevelopm ental problems lat er in
life(4) . Th e inciden ce of NA S ha s incr eas ed ov er f i vefold in th e

US, affectin g 8 n eonates per 1000 births and 27 cas es per 1000
NICU admiss ions (5) . In 2012, the aver ag e l ength of hospita l

stay for neonates born with NAS was approxim atel y 17 days
resulting in an annual cost burden to hospitals of around $1.5
billion (7) . No FDA approved treatm ents for NAS exi st .

Pharmacother apy consists of opioid-based tr eatm ent
(morphine, m ethadone, or buprenorphine) . Du e to the hi gh

rates of polysubstance us e in women using opioids during
pregnanc y, adjunctiv e m edications (e. g. clonidine ,
phenobarbital) ar eal so used to m ana ge NA S (8). Whil es eizur es

and mortalit y r ates hav e diminish ed subst antiall y with
pharmacolog ica l int erv ention, the current standard of car efor

NAS is suboptima l. In addition to the potential neurotoxic
effects of opioid- and barbiturate-ba sed tr eatm ents (9, 10) ,
transitioning to homecar e while neonat es still requir e

medic ations is problem atic c ausing l engthy hospital sta ys and
associated healthcare costs (11) .

The n europeptide ox ytocin (O T) reduces naloxon e-induced
morphine withdrawal in adult rats (12, 13) . An OT analo g

(carbetocin) has also been shown to all ev iat e anx iety ,
depression, and impair ed sociabi lity as sociat ed with opioid

withdrawal in adult rats (14) . Sever al early st ag e clini cal tria ls
highlight the abi lity of OT to reduc e withdrawal s ymptoms in
alcohol (15) and heroin (16) dependent adults. O T is produced

in the hypothal amus, it regulat es a complex array of
physiologic al and beh avioral proc ess es (17) . Thes e

neuromodulatory effects of O T hav e been shown to mitigat e
thedevelopm ent of addiction and ar el ink ed to improv em ents
in stress response and anxi ety in both adolesc ent anim a l

models and children (18, 19) . Th epresent study wa s d esign ed
to determine the effect of postnatal OT treatment in rats

prenatall y expos ed to opioids and benzodi azepin es. Us ing a
well-est ablished rat model of NA S, w e aim ed to d eterm ineth e
effect of OT on surviv al and long-t erm n eurodev elopment a l

outcomes in rats prenatally exposed to morphineor diazepam.

MATERIALS AND METHODS
Experi ment al anim als - Twenty-two nulliparous tim ed-pregnant g estational da y (G D)
two Sprague-Dawl ey r ats (~200g; approxim atel y 70 days of age; Charl es Riv er Labs ,
Hollister, CA) w ere utiliz ed to establish the NA S mod els. Another 26 nullip arous

timed-pregn ant Spra gue-D awl ey r ats w ere used as drugnaï ve surrogat es for rat pups
prenatally exposed to drugs (n=22) and to generate drug-naïve control animals (n=4).

Drugs - Morphine sulfat e, di az epam ( Sig ma Aldri ch, St . Louis, MO) and Oxytocin
(Phoenix Pharm ac eutical s Inc., Burling am e, CA) diluted in in 0.9% s aline for

subcutaneous (s.c.) injection.

Drug ad ministration and ass ess ment of surv iva l and body wei ght -Beginning on GD2 ,
dams r ec eiv ed esc alatin g da ily dos es of morphine (10-50 mg/kg/da y, s.c .) or
diazep am (2-15 mg/k g/day , s .c.) until p arturition. On the day of parturition (postnatal

day [PND] 0) , litt ers from treated d ams w ere cross-fostered to drug-na ïv esurrogat es .
All treat ed dams and drug naïv e pups wer e human ely euthaniz ed. On P ND1, each

litter (balanc ed for number of pups) was randoml y as sign ed to O T or sa line
treatm ent. In experi ment 1, each l itter was r andomly a ssign ed to rec eiv e s .c .
injections of either 2 mg/ kg/d ay O T or sa line for the f irst 10 day s. Survi val and body

weight w ere measured d aily us ing a c alibrat ed preci sion bal ance (Mettl er Toledo ,
Columbus, OH). In exp erim ent 2, ea ch litter was r andomly assi gned to rec ei ve s .c .

injections of eith er 0.3, 1, or 2 m g/k g/day O T or s alin efor the f irst 10 postnatal da ys .
Surviva l and body wei ghts wer em easured d aily for 30 days, after which anim als w ere
weaned . Survi ving anim als from exp erim ent 2 underwent beha vioral ass essm ents .

Blood was collected ~PND46 (see following) .

Behaviora l ass ays - Locomotor Assa y: On P ND 3, 6, 9, and 30, animals w ere
individually pl ac ed in a Sm artCag e (AfaSci, R edwood City, CA) for 5 minutes.
Distanc e tr av eled (cm) and r earin g counts wer e automatic all y quantif i ed by the

SmartCage software.

Light-Dark Box Test - A dark box (red transp arent enclosure with an openin g for
entry) was pl ac ed in oneh alf of a Sm artCag e Anxiet y- lik eb ehav ior was ass ess ed by
mea suring the tim e an anim al spends in the “Light Zon e” and the number of “Light

Zone” entries during a 10 minute period (20) .

Passiv e Avoidanc e Task- Ani mals wer e individuall y pl ac ed into th eop en ch amber of
the lightdark box after compl etely ent ering the preferr ed dark cha mber a mi ld foot
shock is d eli ver ed. Twenty-four hours later, m emory for thefoot-shock is ass ess ed by

measuring thelatency to enter the dark chamber during a 5 minuteperiod (21).
Social Intera ction Test:- Anim als wer e pla ced individu ally in a three-ch amber soc ia l

interaction apparatus attach ed to a SmartCa g e . The t est anima l was allow ed to
roam the ch amb er freely for 5 minutes whil e both chamb ers r em ained empty .
Animals th at showed a strong pr eferen ce for eith er of the two empty soc ia l

interaction ch ambers w ere eli minat ed. Anim als that d emonstrat ed unbiased
exploration of each chamb er w ere utiliz ed. A stran ger conspecif ic was plac ed in one

of the empty socia l inter action ch ambers and the t est anim al a llowed to explore
freely . To det ermin e a pref erenc e for soci al novelt y another strang er consp ecif ic was
placed in the s econd soci al inter action cha mber and the amount of time th e test

animal spent exploring each conspecif i c was measured o ver 5 minutes (So cial Nov elty
Test) . Soci al memory was ass ess ed 24 hours later by a gain pl acin g the anim al in to the

three-chamb er so cial inter action apparatus for 5 minutes then pl acin g the sa me two
conspecif ics in the soci al intera ction chamb ers and m ea suring the a mount of time
the test anim al spent in vesti gatin g ea ch consp ecif ic over 10 minutes (24h Socia l

Memory Test) (20).

Blood collection and Biologic al As say s - Betw een P ND45 and 47, blood (~2 mL/ anima l)
was coll ected by t ermina l cardi ac puncture, i mm ediat ely c entrifuged at 5,000 RPM
for 5 minutes, and plasma ( ~1 mL/ani mal) stored at -70 C. Plasm a glucos e oxida se

lev els wer e m easur ed using an Ampl ex® Red Glucos e/Glu cose O xidas e Kit Assa y Kit
(uM/ml) [ Invitrogen , Eu gen e, OR]. Pl asm a corticost erone and aldost erone l ev els w ere

determin ed using comp etitiv e Enzym e I mmunoass ay kits (pg/ ml) [Th ermo Fi scher
Sci entif ic, Inc., Carlsbad , CA]. Pl ates w ere ana lyz ed using a microplat e reader
(SpectraMax M2 with SoftMax Pro7.1, Molecular Devices, San Jose, CA) .

Statistic al an alysi s - Survival wa s ass ess ed with Kaplan-Meier an alys es and the log-

rank (M antel-Cox) test. Two-way ana lysis of vari ance (AN OVA) for repeated m easures
was us ed for ov erall comp arisons of body w ei ght in exp erim ent 1 and for locomotor
activity in experim ent 2 with Tim e(postnatal da y) and Tr eat ment ( OT and S aline) as

factors. One-wa y ANOV A comparing treatm ent groups was used for body weight in
experi ment 2 and 3 and b ehavior al ass ess ments in exp erim ent 2. Post hoc an alys es

usingDunn et’s, Sid ak ’s, or Tukey’s multipl e compari son tests w ere performed . D ata
was analy zed using Exc el and GraphPad Prism (vers ion 8.0, GraphPad Software , San
Diego, CA). The signif icance level for two-sided analyses was set at P<0.05.

RESULTS
Experiment 1 -Survival and Body Weight
For pups expos ed to morphine, surv iva l s ignif ic antly improved with O T ( 2=7.029, P=0.008) (Figure 1a) . At PN D10, O T surviv al w as 18/18
(100%) compared to 12/18 (66.67%) saline treat ed anim als. Th ere was a si gnif icant differ ence in body weight b etween the treat ment

groups at PND8-10, with OT treated animals being signif icantly lighter (Figure 1b).

For pups exposed to diaz epa m, O T a lso signif i cantly i mproved survi val ( 2=5.924, P=0.0149) (Figure 2a) . At PN D10, 13/13 (100%) OT
treated anim als survi ved co mpared to 8/13 (61.5%) saline treat ed anim als . Sid ak’ s multipl e comp arisons test provid ed evidenc e for a
difference in body weight b etween th etreatm ent groups at P ND8 (P <0.0001), PND9 (P<0.0001), and PN D10 (P=0.0134) (Figure2b), with

oxytocin treated animals being signif icantly heavier.
Experiment 2 Survival, Body Weight and Neurodevelopmental measures.

For pups exposed to morphine, O T treatment si gnif ic antly reduc ed mortalit y ( 2=26.59, P<0.0001). Postnatal treatm ent with all three
doses of oxytocin was associ ated with improvements in surviv al (0.3 mg/k g, 2=6.66, P=0.0099; 1 mg/kg, 2=11.58, P=0.0006; 2 mg/kg ,

2=11.88, P=0.0006), compared to sal ine( Figur e 3a) . At PND30, 16/18 (88.89%) animals treated with 0.3 mg/ kg oxytocin and 18/18 (100%)
in each group of animals treated with 1 and 2 mg/kg oxytocin had survived , whereas only 9/18 (50%) saline treat ed anim als surviv ed. A

signif icant differenc e in body wei ght b etween OT and sa line treated was noted, with oxytoc in treated ani mals b eing si gnif icantly heavi er
than saline treated animals at PND30 (P’s<0.05 to <0.0001; Figure 3b).

Ther e was a si gnif ic ant difference b etween the treat ment groups at PND6 only, with ani mals tr eat ed with 1 and 2mg/kg O T exhibiting
great er lo comotor acti vity, comp ared to salin e( Figur e4a) . No Treatm ent m ain effect for r earing beh avior w as s een during th eLoco motor

Assa.

Passiv e A voidanc e Ta sk ; Ther ewas no differenc e b etween treatm ent groups on t est da y, but anima ls treated with 2 mg/ kg O T mainta ined

a si gnif icant differ enc ebetw een tr aining and test for laten cy to enter th edark cha mber, sug gesting that this treatment group was th eonly
group that adequately l earn ed the task (Fi gure 4d). Ther e were no statisti call y signif ic ant differenc es between treat ment groups on the

Social Novelty Test.
Blood corticosterone, aldosterone and glucose oxidase.

Ther ew as a signif i cant tr eatm ent effect (F(3,57)=5.988, P=0.0013) on glucose oxid as e l ev els , with all OT treatment groups h avin ghi gher
glucose oxidase levels, compared to saline. Plasma corticosterone and aldosterone did not differ between treatment groups (Table 1).

For pups expos ed to diaz epa m prenat ally , OT signif ic antly i mproved surv iva l ( 2=10.12, P=0.0176; Figur e5a) . Follow-up tests r ev eal ed that
treatm ent with 1 mg/kg and 2 mg/k g improv ed surviv al, co mpared to sa line ( Tabl e 1) . One d am in the 1 m g/k g treatm ent group was

infanticidal at PND3, all her pups were remo ved from the analy ses . Surviv al in anim als treated with 0.3 mg/kg O T was no dif ferent than
saline tr eat ed anima ls. At PND30, 8/8 (100%) animals treated with 1 mg/kg OT and 16/16 (100%) animals treated with 2 mg/kg O T had

survived co mpared to 11/16 (68.75%) animals treat ed with 0.3 mg/k g O T and 10/16 (62.5%) animals treated with sal ine. Th ere wa s a
signif icant treatm ent effect for body weight at PND30 (F(3,41)= 5.018, P=0.0047). Animals treated postnatall y with 0.3 and 2, but not 1
mg/kg OT, were signif icantly lighter than animals treated with saline at PND30 (Figure 5b).

A Ti me x Treatm ent intera ction (F(9,185)=1.937, P=0.0492) and Tim e(F(3,185)=76.45, P<0.0001) and Treatm ent (F(3,185)=11.75, P<0.0001)

main effects for dist ance trav el ed during the Locomotor Ass ay w ere s een. Th ere was a s ignif ic ant differenc e b etween ani mal s treated with
0.3 mg/k g OT comp ared to s alin e at PND3 and ani mals treated with 2 m g/k g OT comp ared to s alin eat PND 3, 6, and 30 (Figure 6a,b) , with
the OT treated anima ls trav eling l ess dist anc e compar ed to saline tr eat ed anim als. Once ag ain, a Tim e x Treatm ent interaction

(F(9,185)=2.843, P=0.0037) and Time(F(3,185)=47.28, P<0.0001) and y and therewere no differences between groups at any time point.
Light-Dark Box Test ; Th ere wa s a si gnif icant treatment effect for time spent in the li ght chamb er during the (F(3,57)=3.695, P=0.0168).

Animals treated with 0.3 mg/kg OT spent signif icantly more time in the light chamber, compared to saline treated animals (Figure 4b).

Animals treated with 1 mg/kg OT entered the light chamber more often than saline treated animals (Figure 4c) .

A Ti me( F(1,56)=32.91, P<0.0001) effect was seen, but no Treatm ent main effect or intera ction was not ed for laten cy to enter the cha mber
previously as sociat ed with a foot shock in th e Treatm ent (F(3,185)=13.27, P<0.0001) main effects for rearing b eha vior during the

Locomotor Assay wer enoted. Ther ewa s eviden ce for a signif i cant differen ceb etween anima ls treated with 2 m g/k g O T compar ed to salin e
at PN D3 and betw een ani mals treated with 2 mg/ kg or 1 mg/ kg OT comp ared to s aline at PN D30 (Fi gure 6c,d) , with O T treat ed anim als
exhibiting less rearing behavior.

A signif ic ant treat ment effect wa s s een for a mount of timesp ent in theli ght-zoneduring the Light-D ark Box Test (F(3,41)=4.043, P=0.0131).

Animals treated with 1 mg/k g and 2 mg/kg OT sp ent more time in the li ght chamb er compared to salin e treat ed anim als (Fi gure 6e). A
statistica lly signif i cant differ ence betw een tr eatm ent groups was noted for thenumber of light chamb er entries in the Light-D ark Box Test
(F(3,41)=3.991, P=0.0139) . Animals treated with 2 mg/kg OT entered thelight chamber less often than saline treated animals (Figure 6f) .

A Tim e x Treatm ent intera ction (F(3,56)=3.222, P=0.0293) and Time (F(1,56)=48.61, P<0.0001) and Treatment (F(3,56)=3.393, P=0.024)

main effects for l atenc y to enter the cha mber pr eviously asso ciat ed with a foot shock was s een in theP assiv e Avoidanc e Ta sk. Th ere was a
signif icant differ enc e b etween anim als treat ed with 2 m g/k g and 0.3 mg/ kg O T, with these anim als showing gr eat er entry lat enci es
compared to saline (Figure 6g) .

A signif i cant tr eatm ent effect ( F(3,28)=5.782, P=0.0033) for social novelt y on th e Socia l Int eraction Test w as seen. Anim als tr eat ed with 2
mg/kg OT spent signif icantly moretime investigating a novel stranger during the Social Novelty Test, compared to saline (Figure 6h).

A si gnif icant tr eatm ent effect (F(3,41)=3.754, P=0.0180) on glucose oxida se l ev els was noted. Anim als tr eat ed postnat ally with 0.3 and 2 ,
but not 1 mg/k g OT, had signif i cantly lower glucos e o xidas e l ev els comp ared to sal ine tr eat ed anima ls. Pl asm a corticosterone and

aldosterone did not differ between treatment groups (Table 1) .
Experiment 3.

In control animals born to drug naïve dams, th ere wer e no differences in survi val b etween treatm ent groups, with all anim als surviv ing
throughout theexperi ment. A si gnif ic ant treatm ent effect for body wei ght was seen at PND30 (F(3,51)=5.0410, P=0.0039) . Animals treated

with 0.3 mg/k g OT wer esi gnif icantly li ghter co mpared to sal ine. Th ere wer eno differen ces in body w eight b etween ani mal s treated with 1
or 2 mg/kg oxytocin compared to saline (Table 1).

DISCUSSION/CONCLUSION
Our data sugg ests O T treatment si gnif icantl y improves surv iva l in rats prenatall y exposed to
morphine or diaz epa m. O T treatm ent also positiv ely inf luenc es the developm ent of both
social and non-socia l l earnin g and m emory process es and r educ es b ehav ioral signs of anxi ety

in animals pren atall y expos ed to morphine or diazepam . Mortality for human neonates
treated for NA S has declined substanti ally a s a r esult of pharm acologi c tr eatm ent protocols ,

prenatal exposure to opioids still has th e potentia l to result in d eath and si gnif ic ant
perturbations of development, in cluding del ay ed growth and behavior al problems (2, 3, 22-
24). The mechanism s by which O T improves survi val remains unclear, postnatal O T treatm ent

results in improv ed surviv al in a gen etic mouse mod el of neonata l hypophagi a by inducing
feeding (25) and r educing brain injury in a rat mod el of p erinat al asphyx ia (26) . In the study ,

pup mortality is restricted to approxim atel y the first 10 postnatal days, sug gestin g that this
phenomenon is driven by acute drug withdrawal.

Although locomotor hyp eracti vity is widel y utili zed as m easure of a cute anta gonist-
precipitat ed opioid withdrawal in anim al mod els of NA S (27), our data suggests locomotor

hyperacti vity i s not neces saril y exhibited during the lat er sta g es of opioid withdrawal sinc e OT
had no effect at PND3, 9, or 30. In fa ct, signif ic antly increas ed locomotor activ ity w as s een at
PND6 in anima ls prenat ally expos ed to morphine. In contrast, O T si gnif icantly r educed

locomotor hypera ctivity at PN D3, 9, and 30 in anim als pr enata lly exposed to dia zep am ,
highlighting both an a cute and long-ter m effect of O T. Th e clinic al manifestation of

benzodiaz epine withdrawal are not wel l understood in th e n eonate and are further
complicat ed by the dram atica lly dif fer ent pharma cokin etic prof ile of this drug in neon ates
compared to adults. Although morphineh as a si mil ar half - life in hum an adults and neonat es ,

diazep am has a half - life of approximat ely 30 hours in adults and up to 31 days in neonates
(28) . The pharmaco kineti c differenc es of thes e drugs is evid ent in the pres ent study when

comparing mortal ity between morphine exposure and dia zep am. Clini call y, neon ates
concomitantly expos ed to benzodi az epines and opioids are at hi gher ris k of developing s ev ere
withdrawal symptoms neces sitating pharm acologi cal interv ention (29) . Ther e are currently no

specif ic treat ments for neon atal b enzodiaz epin e withdrawal, so phenobarbita l is often used in
conjunction with opioids (30). Novel pharma cotherap eutic options that mitig ate the us e of

opioids of phenobarbital which are saf ewill be of great utility . In addition th ey ma y ha ve the
potential to mitig ate the n eg ativ e impa ct of prenatal and postnatal drug exposure on long-
term neurodeve lopmenta loutcomes. In thes etting of in creased met abolic d em and, neon ates

with NAS can experi enc e hypophagi a or hyperphagi a, but body weight is comparabl e to the
gen eral population during their f irst year (31) . In this study, OT treat ment signif i cantly

increas es body w eight in the f irst 30 postnatal days in anim als expos ed to morphine
prenatall y. In contrast , a si gnif icant d ecr eas e in body w eight w as not ed for anim als prenat ally
exposed to di az epam and treated postnata lly with OT . Further, glucos eox idas e l ev els followed

the sa me tr end as body wei ght in adol esc ent ani mal s prenat ally exposed to morphine or
diazep am with l ev els high er in ani mal s pr enatal ly exposed to morphine but low er in anim als

exposed to di azep am. Previous r es earch has shown that postnat al O T in creases body w ei ght
and blood glucose l ev els and reduc es stres s hormones in adult rats expos ed to food
restriction prenat ally (32) . In contrast, early treat ment with O T h as b een shown to c ause

transient inhibition of body weight gain in adolesc ent rats that recov er ed after c essation of
treatm ent (18). Clinically , OTh as b een proposed as a treatm ent for both hypophagia in infants

and hyperpha gi a and obesity in old er p ediatric and adult populations (33) . It i s uncl ear
whether OT has metabolic effects.
Research shows that earl y treatm ent with O T improv es co mplex b ehavior al proc ess es in

various sp eci es includin g r ats (34), mi ce (35) , monk eys (36), and hum an infants (33) . Results
indicated that postnat al treatment with O T r educed si gns of anxi ety and improvements in

memory.

Although a positi ve trend w as obs erved on most measures, th e ext ent to which OT imp acted

behaviora l outcom es differ ed dep ending on th epren atal drug exposure . Without theus eof a
drug naïve control group for the various behavioral ass ays , it is cha llen ging to det ermin e if

exposure to morphine or di az epam negati vel y i mpact ed n eurodev elopment al functioning .
Pre-clinica l r es earch highli ghts OT’s modulatory effects across a ran ge of neuroch emi ca l
processes imp act ed by drugs of abuse including c entral monoa miner gic acti vity and control of

neural tonicit y through regulation of glutam ater gic and GABAer gic functioning (17) . Giv en the
additional evid ence that O T r educes si gns of acut eopioid withdrawal and el ev ations in cortiso l

in adult h eroin dep endent inp atients (16) , future res earch should exa mine the effect of
postnatal O T treat ment on stress hormones during acute phas eof drug withdrawal in ani ma l
models of NA S. In conclusion, we provide the f irst eviden ce for a potential ther apeutic v alue

of OT in the treatment of NA S. Postnat al O Ttreatm ent results in signif ic ant i mprovem ents in
survival and long-term neurodevelopm ental outcom es in rats pr enatal ly exposed to opioids

and benzodiaz epines . If succ essfully trans lat ed into clinica l studies, O T has the potenti al to
signif icantly improve thetreatment paradigm for NAS.
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