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ARTICLE INFO ABSTRACT

Keywords: In mammafls, sfleep duratfion fis hfighest fin the earfly postnatafl perfiod of flfife and fis afitficafl for shapfing neurafl
Autfism ) cfircufits that controfl the deveflopment of compflex behavfiors. The prafirfie vofle fis a wfifld, hfighfly socfiafl rodent that
Sﬂe;? fragmentatfion serves as a unfique modefl for the study of compflex, specfies-typficafl socfiafl behavfiors. Prevfious work fin our flab-
RapA d i}e’;;:g:mem oratory has found that earfly flfife sfleep dfisruptfion (ELSD) fin prafirfie vofles durfing a sensfitfive wfindow of postnatafl

deveflopment fleads to flong flastfing changes fin socfiafl and cognfitfive behavfiors as weflfl as structurafl changes fin
excfitatory and finhfibfitory neurafl cfircufits fin the brafin. However, fit fis currentfly unknown how flater sfleep fis
fimpacted by ELSD, both shortfly after ELSD and over the flong term. Therefore, the afim of thfis study was to
descrfibe the effects of ELSD on flater flfife sfleep, compared to sfleep fin normaflfly deveflopfing prafirfie vofles. Ffirst, we
conducted tethered eflectroencephaflogram/eflectromyogram (EEG/EMG) recordfings fin juvenfifle prafirfie vofles
undergofing ELSD, compared to Controfl condfitfions. Second, we conducted 24 h of home cage tethered EEG/EMG
recordfings fin efither adoflescent or aduflt mafle and femafle prafirfie vofles that had prevfiousfly undergone ELSD or
Controfl condfitfions as juvenfifles. We found that, as aduflts, mafle ELSD prafirfie vofles showed persfistentfly flower REM
sfleep duratfion and femafle ELSD prafirfie vofles showed persfistentfly hfigher NREM sfleep duratfion compared to
Controfls, but no other sfleep parameters dfiffered. We concfluded that 1) persfistent effects of ELSD on sfleep finto
aduflthood may contrfibute to the socfiafl and cognfitfive defficfits observed fin aduflt vofles, and 2) sfleep dfisruptfion
earfly fin flfife can finffluence flater sfleep patterns fin aduflthood.

Vofle

et afl, 1997; Lfim et afl, 2004).

We have prevfiousfly shown that earfly flfie sfleep dfisruptfion (ELSD)
durfing a sensfitfive wfindow fin prafirfie vofle deveflopment (postnatafl week

In mammafls, sfleep duratfion, and fin partficuflar, rapfid eye movement 3) resuflts fin flong flastfing changes finboth socfiafl and cognfitfive behavfior as
(REM) sfleep, fishfighest finthe earfly postnatafl perfiod of flfife Thfis perfiod of aduflts (Jones et afl, 2019, 2021). Our method of ELSD durfing postnatafl
fincreased REM may be necessary to shape neurafl cfircufits that controfl the ~ day (P)14 to 21 usfing automated, gentfle cage agfitatfion at tfimed fintervafls
deveflopment of compflex behavfiors, such as specfiestypficafl socfiafl be- produced seflectfive reductfion fin rapfid eye movement (REM) sfleep, as
havfiors. Prafirfie vofles (Mficrotus ochrogaster) are an aflifidfiafl rodent spe-  Weflflas fragmentatfion finnon-REM (NREM) sfleep, whfifle aflflowfing pups to
cfies commonfly used to study socfiafl behavfior. In both the wffldand the ~ remafin otherwfise undfisturbed fin thefir home cages wfithout sfignfifficant
flaboratory, prafirfie vofles are beflfieved to form flong flastfing pafir bonds aflteratfions fin stress hormones or quantfity of parentafl care recefived
wfith opposfite sex mates, makfing them an fideafl modefl specfies to study (Jones et afl, 2019).
the underflyfing neurafl cfircufitry of socfiafl bondfing (Insefl et afl, 1995; We found that ELSD resuflted fin flong-term changes fin socfiafl and
Wriffifiams et afl,, 1992), as weflflas the varfious genetfic and envfironmentafl cognfitfive behavfiors fin prafirfie vofles as aduflts, fincfludfing reduced afffiflfi
factors that affect formatfion and mafintenance of socfiafl bonds (DeVrfies atfive huddflfing durfing the partner preference test (wfidefly regarded as a
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Abbrevfiatfions

REM Rapfid Eye Movement

ELSD Earfly Lfife Sfleep Dfisruptfion
EEG Eflectroencephaflography
EMG Eflectromyography

NREM  Non Rapfid Eye Movement
VA Veterans Affafirs

ANOVA  Anaflysfis of Varfiance

SEM Standard Error of the Mean
ASD Autfism Spectrum Dfisorder

flaboratory proxy of the pafir bond), as weflflas fimpafired fear extfinctfion (a
proxy for cognfitfive fflexfibfiflfity) (Jones et afl, 2019, 2021). At the
neuronafl flevefl, and consfistent wfith the socfiafl and cognfitfive behavfiorafl
defficfits above, we reported that ELSD afltered markers of both excfitatfion
and finhfibfitfion wfithfin the cortex, fincfludfing fincreased fimmunoreactfivfity
of finhfibfitory parvaflbumfin posfitfive finterneurons wfithfin the prfimary so-
matosensory cortex (Jones et afl, 2019), and fincreased dendrfitfic spfine
densfity fin flayer 2/3 of prefrontafl cortex (Jones et afl, 2021).

However, fit fis currentfly unknown how ELSD aflters sfleep earfly fin fkie
and whether ELSD resuflts fin flong-term sfleep changes fin prafirfie vofles.
Understandfing the flong-term effects of ELSD on sfleep flater fin ffie woufld
provfide finsfight finto the factors that shape the deveflopment and neurafl
controfl of heaflthy sfleep. Furthermore, characterfizfing the normafl
ontogeny of sfleep fin deveflopfing prafirfie vofles woufld provfide finsfight finto
the underflyfing bfioflogy of sfleep fin thfis naturaflfly occurrfing, hfighfly socfiafl
specfies, and coufld aflso potentfiaflfly enhance generaflfizatfion and
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transflatfion of resuflts to human sfleep and behavfior. In order to address
these scfientfiffic gaps, the afim of thfis study was to examfine the effects of
ELSD fin prafirfie vofles on thefir sfleep patterns flater fin flfife.

2. Methods

Usting skuflfl-based EEG combfined wfith nuchafl EMG, we coflflected
objectfive sfleep measures anaflogous to the human poflysomnography at 3
tfime pofints fin prafirfie vofle deveflopment: 1) durfing earfly flfie sfleep
dfisruptfion, 2) earfly adoflescence (7 days after Earfly Lfife Sfleep Dfisruptfion
(ELSD)), and 3) young aduflthood (11+ weeks after ELSD). Affl proced-
ures were approved by the Instfitutfionafl Anfimafl Care and Use Commfittee
at the Portfland VA Medficafl Center and were conducted fin accordance
wfith the Natfionafl Instfitutes of Heaflth Gufide for the Care and Use of
Laboratory Anfimafls.

Experfimental Desfign: Data was coflflected across three experfiments.
In Experfiment 1, juvenfifle prafirfie vofles were fimpflanted wfith EEG/EMG
eflectrodes and sfleep was recorded for 6 consecutfive days finthe mfidst of
efither ELSD (n = 2 femafle and n = 3 mafle) or Controfl (n = 3 femafle and
n = 2 mafle) condfitfions (Ffig. 1A). Thfis experfiment was conducted fin
order to descrfibe the fifffl sfleep phenotype produced by ELSD, fincfludfing
any potentfiafl habfituatfion to the ELSD paradfigm, fin young vofles. In
Experfiment 2, a separate cohort of ELSD (n = 6 femafle and n = 8 mafle)
or Controfl (n = 5 femafle and n = 5 mafle) prafirfie vofles were fimpflanted
wfith EEG/EMG eflectrodes and sfleep was recorded for 24 h durfing earfly
adoflescence (or approxfimatefly 7 Days after the compfletfion of ELSD or
Controfl sfleep manfipuflatfion; Ffig. 1B). In Experfiment 3, ELSD (n = 9 fe-
mafle and n = 10 mafle) or Controfl (n = 9 femafle and n = 10 mafle) prafirfie
vofles were fimpflanted wfith EEG/EMG eflectrodes and sfleep was recorded
for 24 h durfing aduflthood (approxfimatefly 11+ weeks after the

compfletfion of ELSD or Controfl sfleep manfipuflatfion; Ffig. 1C).

A Experiment 1: Juvenile Sleep During ELSD
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Ffig. 1. Experfimental desfign. Three experfiments were conducted to descrfibe sfleep fin prafirfie vofles durfing and after ELSD usfing EEG and EMG recordfings over 24-h bfins
durfing dfifferent deveflopmentaf]l wfindows. A) In experfiment 1, sfleep was recorded durfing ELSD or Controfl condfitfions for 6 consecutfive days. B) In experfiment 2, sfleep
was recorded after ELSD or Controfl condfitfions durfing earfly adoflescence. C) In experfiment 3, sfleep was recorded after ELSD or Controfl condfitfions dur-

fing aduflthood.
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Subjects: Subjects were mafle and femafle prafirfie vofles bred finhouse
at the VA Portfland Heaflth Care System and reared by both parents.
Subjects were housed fincflear poflycarbonate cages (27 cm x 27 cm x 13
cm) and housed fin temperature and humfidfity controflfled rooms on an
automated 14:10 flfight:dark cycfle (flfights on at 0700h). Anfimafls had ad
Ifibfitum access to a mfixed dfiet of rabbfit chow (LabDfiet Hfi-Ffiber Rabbfit),
corn (Nutrena Cfleaned Grafins), and oats (Grafinfland Seflect Grafins) and
water (water bottfles and/or hydrogefl) throughout the entfirety of &¥fl
three experfiments. Cotton nestflets and a wooden bflock or stfick for
chewfing enrfichment were added to each cage and repflaced weekfly wfith
cage change. No flfitter contrfibuted more than n = 2 anfimafls of the same
sex to any gfiven experfiment. The prafirfie vofle coflony orfigfinated from
Emory Unfiversfity derfived from ffiefld caught prafirfie vofles fin Klfffinofis
Coflony dfiversfity was mafintafined through generous bfi-annuafl donatfions
from researchers across the Unfited States, fincfludfing Dr. Lfisa McGraw at
North Caroflfina State Unfiversfity fin 2014, Dr. Karen Bafles at UC Davfis fin
2015, Dr. Zoe Donafldson at CU Bouflder fin2017, and Dr. Zuoxfin Wang at
Fflorfida State Unfiversfity fin 2019. Breeder pafirs were checked each
mornfing at flfights on for the presence of pups and the day of pup dfis-
covery was desfignated as postnatafl day (P)1. Vofles were weaned at P21
and socfiaflfly housed wfith same sex flfittermates (2-4/cage) unfifl testfing
(~P29, ~P100). Femafles and mafles were housed fin separate coflony
rooms and tested on separate days to avofid mafle finduced estrus fin fe-
mafle prafirfie vofles.

In Experfiment 1, two vofles were removed from anaflysfis because they
dfid not produce a fiflfl 6 days of useabfle sfleep data due to equfipment
maflfunctfion.

Early Lfife Sleep Dfisruptfion: To dfisrupt sfleep earfly fin fifie (ELSD
group), home cages contafinfing prafirfie vofle flfitters wfith both parents
present were pflaced on a standard flaboratory orbfitafl shaker connected
to a tfimer programmed to turn on every 110 s for 10 s, thus provfidfing
gentfle agfitatfion to the entfire cage (110 rotatfions per mfinute). These
parameters of sfleep dfisruptfion are based on prevfiousfly vaflfidated studfies
conducted finmfice (Lfi et afl, 2014; Sfinton et afl., 2009) and prafirfie vofles
(Jones et afl, 2019). Wfith thfis method, prafirfie vofle pups remafin other-
wfise undfisturbed, parentafl care fis not dfisrupted, and markers of stress
are not fincreased (Jones et afl, 2019). Cage card hoflders were flocked
finto pflace to ffimft audfitory dfisruptfion durfing cage agfitatfion. Water
bottfles were removed and hydrogefl was provfided as an aflternatfive to
prevent spfiflflage durfing shakfing. Cages contafinfing controf] anfimafls were
housed fin the same room as the shakers and suppflemented wfith
hydrogefl but cages were not physficaflfly dfisturbed. In Experfiment 1, sfleep
was recorded durfing ELSD startfing on P20, as such, young vofles were
housed findfivfiduaflfly, wfithout parents, on the orbfitafl shaker aflong wfith
hydrogefl and softened food.

EEG/EMG electrode fimplantatfion: Custom made eflectrodes were
bufiflt for each anfimafl prfior to fimpflantatfion. Eflectrodes consfisted of an 8-
pfin femafle header socket (MfiflfilMax) wfith 4 sfiflver EEG fleads (A-M Sys-
tems, Inc) sofldered to the top row of pfins and 3 finsuflated sfiflver wfire
EMG fleads sofldered to the bottom row. To fimpflant eflectrodes, vofles
were anesthetfized wfith fisofflurane (3—5% finductfion, 1-3% mafintenance)
and afffixed fin a stereotaxfic frame (Kopf) customfized for prafirfie vofles.
Durfing surgery, the saflflwas exposed and 4 smaflfl hofles dififlfled (2 frontafl
and 2 parfietaf]) for the finsertfion of stafinfless-steefl screws sofldered to the
EEG wfires. EMG wfires were partfiaflfly strfipped of thefir finsuflatfion before
befing routed through the dorsafl neck muscfles. The entfire eflectrode was
secured to the saflfl usfing both dentafl cement and a smaflfl amount of
cyanoacryflate gflue. The anfimafl recefived subdermafl fflufids and carprofen
(5 mg/kg, fi.p.) before befing pflaced finto a cflean home cage on top of a
heatfing pad unffifl aflert and ambuflatory. Support heat, softened food,
hydrogefl, and extra nestflets were provfided durfing recovery (3-5 days).

Sleep Recordfings: Anfimafls were connected to custom bufiflt flfight-
wefight recordfing cabfles (Cooner wfire) vfia mafle header sockets and
gfiven enough sflack to move freefly. Data was coflflected from a Grass
ampflfiffier vfia AcqgKnowfledge software (BIOPAC). In Experfiment 1, sfleep
sfignafls were recorded for 6 consecutfive days startfing on P20. In
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Experfiments 2 and 3, anfimafls were recorded for 3 consecutfive days
startfing on approxfimatefly efither P29 (Experfiment 2) or P100 (Experfi-
ment 3) wfith the mfiddfle 24 h used for anaflysfis. In ¥l experfiments, an-
fimafls were aflflowed to accflfimate to the tethers for one day prfior to the
start of recordfings.

Sleep Scorfing: EEG/EMG sfignafls were converted to European Data
Format before befing scored offflfine for NREM and REM sfleep and Wake fin
4-s epochs across the fiflfl 24-h perfiod (SfleepSfign, Kfissefi Comtec). EEG
channefls were ffifltered wfith a hfigh-pass ffiflter at 0.75 Hz and EMG
channefls wfith a band-pass ffiflter from 20 to 50 Hz. Wake was deffined as
hfigh ampflfitude mfixed frequency EEG pafired wfith hfigh ampflfitude EMG.
NREM was deffined by hfigh ampflfitude, flow frequency EEG pafired wfith
flow ampflfitude EMG. REM was deffined by flow ampflfitude, hfigh frequency
EEG pafired wfith flow ampflfitude EMG wfith occasfionafl muscfle twfitches.
EDF ftifles were scored per the above crfiterfia automatficaflfly (SfleepSfign)
and then manuaflfly verfiffied and corrected by trafined experfimenters.
Brfief arousafls were deffined as < 3 epochs (12 s) of Wake fimmedfiatefly
foflflowfing > 3 epochs (12 s) of sfleep (NREM + REM). Wake bouts were
deffined as > 4 epochs of Wake fimmedfiatefly foflflowfing > 3 epochs of
sfleep (NREM + REM) (lfi et afl, 2014). Two measures of sfleep frag-
mentatfion were used foflflowfing the methods of an fidentficafl method of
sfleep dfisruptfion on aduflt mfice (Lfi et afl, 2014): 1) Average bout flength
for NREM and REM sfleep and 2) arousafl findex, whfich was caflcuflated by
combfinfing the totafl frequency of brfief arousafls and wake bouts per hour
of sfleep (NREM + REM) over the fiff1 24 h of recordfing for each day.

Statfistfics: Assumptfions were met for parametrfic testfing and group
dfifferences were anaflyzed wfith ANOVA (between group factors: Sex,
Sfleep Group). When the same anfimafl was tested at mufltfipfle tfime pofints,
repeated measures ANOVA were used (wfithfin group factor: day or age). If
spherficfity tests were vfioflated (Mauchfly’s), F vaflues were Greenhouse-
Gefisser corrected. For ANOVA, aflpha vaflues were set at 0.05. In
Experfiment 1, we were not powered to detect sex dfifferences and mafles
and femafles were anaflyzed together. Sfignfifficant finteractfions were fofl-
flowed up wfith findependent sampfle t-tests (two-tafifled) wfith aflpha vaflues
set at 0.0083 for Experfiment 1 and 0.025 for Experfiments 2 and 3
(Bonferronfi corrected for muflfipfle comparfisons).

3. Results

3.1. Experfiment 1-6 days of shaker sleep dfisruptfion

Young prafirfie voles acclfimate to sleep fragmentatfion durfing
ELSD: Sfleep fragmentatfion was quantfiffied usfing a combfinatfion of
Arousafl Index (# Brfief arousafls + # Wake Bouts/Totafl Sfleep Tfime) and
average NREM and REM bout flength for each 24-h perfiod.

Arousal Index: Repeated measures ANOVA (between group factor =
sfleep group; wfithfin subjects factor = recordfing day) findficated a
sfignfifficant day by sfleep group finteractfion F(5,40) = 4.022, p =
0.005. Foflflow-up findependent sampfle t-tests reveafled that arousafl
findex was onfly fincreased durfing ELSD on the ffirst fiffl day that anfi-
mafls were housed on the shaker (t(8) = 6.202, p < 0.001) wfith no
sfignfifficant dfifferences detected on other shaker days @flflp vaflues >
0.15; p < 0.0083 requfired for statfistficafl sfignfifficance after muflfipfle
comparfisons) (Ffig. 2).

NREM Average Bout Length: There were no sfignfifficant day by sfleep
group finteractfions on NREM average bout flength (repeated measures
ANOVA, Greenhouse-Gefisser corrected: F(2.3,18.3) = 2.808, p =
0.167) and no sfignfifficant mafin effects (between group effect of sfleep
group: F(1,8) = 0.135, p = 0.723) (Ffig. 2B).

REM Average Bout Length: There was a sfignfifficant day by sfleep group
finteractfion on REM average bout flength (repeated measures ANOVA,
Greenhouse-Gefisser corrected: F(1.84,14.72) = 4.37, p = 0.035) as
weffl as a mafin effect of group (between subjects factor: F(1,8) =
9.828, p = 0.014). Foflflow up t-tests reveafled that the average REM
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Sleep EEG/EMG Recordings (6 days)
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Ffig. 2. Experfiment 1: ELSD fin juvenfile voles acutely fragments REM and NREM sleep and chronfically reduces REM sleep duratfion. A) Arousafl Index (#
arousafls/totafl sfleep tfime) was fincreased onfly on the ffirst day of ELSD. B) Average flength of NREM sfleep bout each day of recordfing was not sfignfifficantfly reduced. C)
Average flength of REM sfleep bout was decreased the ffirst 3 days of ELSD. D) Tfime spent finWake across the entfire 6 days of ELSD was not sfignfifficantfly fincreased. E) No
change fin NREM sfleep amounts. F) REM sfleep amount were reduced across the entfire 6 days of ELSD. N = 5/group. Symbofl represents mean, error bars + SEM. *p <
0.0083 (p vaflue 0.0083 requfired for statfistficafl sfignfifficance after Bonferronfi correctfion); **p < 0.01 sfignfifficant effect of sfleep group (repeated measures ANOVA)

REM = rapfid eye movement; NREM = non-rapfid eye movement; ELSD = earfly flfie sfleep dfisruptfion.

bout flength was decreased on the shaker for the ffirst day onfly (day 1:
t(8) = 3.854, p= 0.005; day 2: t(8) = 2.622, p= 0.031; day 3: t(8) =
3.237,p= 0.012; day 4: t(8) = 1.658, p= 0.136; day 5: t(8) = 0.402, p
= 0.698; day 6: t(8) = 0.886, p = 0.401; p < 0.0083 requfired for
statfistficaf] sfignfifficance) (Ffig. 2C).

A

REM sleep duratfion fisreduced for entfire ELSD perfiod: Duratfion
fin each vfigfiflance state was caflcuflated as a percentage by dfivfidfing the
totafl tfime spent fineach state (Wake, NREM, REM) by the totafl recordfing
tfime for each day.

For &1l 3 +figfiflance states there were no sfignfifficant wfithfin subjects
finteractfions over the 6 days of ELSD (fllp vaflues> 0.728). There was a
trend towards fincreased tfime finWake finanfimaflson the shaker that dfid
not reach sfignfifficance (repeated measures ANOVA, between
subjects effect of sfleep group: F(1,8) = 5.055, p = 0.055) (Ffig. 2D).
There was not a sfignfifficant effect of housfing on the orbfitafl shaker on
NREM sfleep duratfion (between subjects effect of sfleep group: F(1,8)
= 1.185, p = 0.308) (Ffig. 2E). There was a mafin effect of sfleep group
on REM sfleep duratfion wfith vofles housed on the shaker durfing ELSD
spendfing sfignfifficantfly fless tfime fin REM sfleep compared to controfls
across the 6 days of recordfing (between subjects effect of sfleep group:
F(1,8) = 19.212, p = 0.002) (Ffig. 2F; see Tabfles S1 and S2 for mean

REM sfleep duratfion by sex).

3.2. Experfiment 2: ELSD does not affect adolescent sleep

Sleep fragmentatfion: There were no flong term effects of Earfly Lfife

Sfleep Dfisruptfion on any of the sfleep fragmentatfion metrfics quantfiffied
here at adoflescence (mafin effect of sfleep group - arousafl findex: F(1,20) =
1.29, p = 0.270 (Ffig. 3A); NREM Avg Bout: F(1,20) = 0.435, p = 0.517
(Ffig. 3B); REM avg bout F(1,20) = 0.021, p = 0.886 (Ffig. 3C)). There
were aflso no sfignfifficant effects of sex on sfleep fragmentatfion fin prafirfie
vofles finadoflescence (arousafl findex, mafin effect of sex: F(1,20) = 0.002, p
= 0.961; NREM avg bout F(1,20) = 0.042, p = 0.839; REM avg bout F
(1,20) = 0.013, p= 0.911) and none of the group x sex finteractfion terms
were sfignfifficant @l p vaflues > 0.709).

Wake Duratfion: ELSD dfid not have a sfignfifficant effect on tfime spent fin
wake durfing adoflescence (mafin effect of sfleep group: F(1,20) = 0.952, p
= 0.341) (Ffig. 3D). Adoflescent femafles spent more tfime fin wake than
adoflescent mafles (mafin effect of sex: F(1,20) = 6.623, p = 0.018) and
the finteractfion was not sfignfifficant (F(1,20) = 0.689, p = 0.416).

NREM Sleep Duratfion: Adoflescent femafle prafirfie vofles spent sfignfiffi-
cantfly fless tfime fin NREM sfleep than mafles (mafin effect of sex: F(1,20) =
7.576, p = 0.012)(Ffig. 3E). There were no sfignfifficant effects of earfly flfie
sfleep group on NREM sfleep duratfion durfing adoflescence (mafin effect of
sfleep group: F(1,20) = 0.385, p = 0.542; sfleep group x sex finteractfion: F
(1,20) = 0.232, p = 0.635).

REM Sfleep Duratfion: The effects of ELSD on REM sfleep duratfion fin
adoflescent prafirfie vofles was not sfignfifficant (mafin effect of sex: F(1,20) =
0.162, p = 0.692; mafin effect of sfleep group: F(1,20) = 2.405, p =
0.137; sfleep group x sex finteractfion: F(1,20) = 2.266, p = 0.148)
(Ffig. 3F).

When stage percentage was compared between flfight and dark pe-
rfiods there were no sfignfifficant wfithfin subjects effects (repeated mea-
sures ANOVA, dtlp vaflues > 0.332) findficatfing that tfime fin Wake, NREM
sfleep, or REM sfleep dfid not dfiffer between the flfight and dark cycfle fin
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Ffig. 3. Experfiment 2: Adolescent sleep was not altered after ELSD. There were no flong-term effects of ELSD on measures of sfleep fragmentatfion durfing earfly
adoflescence fincfludfing arousafl findex (# arousafls/totafl sfleep tfime) (A), NREM average bout flength (B), or REM average bout flength (C). Adoflescent femafles spent more
tfime fin wake than mafles (D) and fless tfime fin NREM (E) but these were not affected by the ELSD procedure. F) there were no sfignfifficant changes fin REM sfleep tfime
durfing adoflescents after ELSD compared to Controfls. Sfleep and wake metrfics totafled over 24 h of EEG/EMG recordfings. Bar hefight fi mean, number finbars fis sampfle

sfize, error bars + SEM. *P < 0.00.05.

adoflescent prafirfie vofles.

3.3. Experfiment 3: ELSD reduces REM sleep duratfion fin adult males

Sfleep fragmentatfion: There were aflso no flong term effects of Earfly
Lfife Sfleep Dfisruptfion on any of the sfleep fragmentatfion metrfics quan-
tfiffied here at aduflthood (mafin effect of sfleep group - arousafl findex: F
(1,34)= 0.808, p= 0.375 (Ffig. 4A); NREM Avg Bout: F(1,34) = 0.047,p =
0.829 (Ffig. 4B); REM Avg Bout: F(1,34) = 2.298, p = 0.139) (Ffig. 4C).
However, fin contrast to adoflescence, fin aduflthood, femafles had more
consoflfidated NREM sfleep than mafles as evfidenced by reduced arousafl
findex (mafin effect of sex: F(1,34) = 6.173, p = 0.018) and fincreased
average NREM bout flength (F(1,34) = 4.565, p = 0.04) but not average
REM bout flength (mafin effect of sex: F(1,34) = 1.243, p = 0.273
(Ffig. 4C)). Consfistent wfith adoflescence, there were no sfignfifficant sex by
earfly flfife sfleep finteractfions fin aduflthood @flfl p vaflues > 0.219).

Wake Duratfion: In aduflthood, there was not a sfignfifficant mafin effect
of sfleep group: F(1,34) = 0.658, p = 0.423 and aduflt femafles spent fless
tfime fin wake than aduflt mafles (mafin effect of sex: F(1,34) = 6.448, p =
0.016). There was a sfignfifficant sfleep group by sex finteractfion fin aduflt
prafirfie vofles (F(1,34) = 6.710, p = 0.014) but foflflow up t-tests dfid not
reach sfignfifficance (mafles t(18) = 1.461, p = 0.161; femafles t(16) =
2.101, p = 0.052; p vaflue < 0.025 requfired for sfignfifficance after Bon-
ferronfi correctfion) (Ffig. 4D).

NREM Sleep Duratfion: In contrast to sex effects on NREM sfleep
observed fin adoflescence, there were no mafin effects of sex on NREM
sfleep duratfion fin aduflts (mafin effect of sex: F(1,34) = 2.191, p = 0.148).
There was a sfignfifficant sfleep group x sex finteractfion finaduflts (F(1,34) =
6.103, p = 0.019) wfith aduflt femafles showfing a trend towards
fincreased tfime fin NREM sfleep after ELSD than Controfls (t(16) = 2.226,
p = 0.041; p vaflue < 0.025 requfired for statfistficafl sfignfifficance after

Bonferronfi correctfion) (Ffig. 4E). We then flooked at NREM sfleep duratfion
by hour and found a sfignfifficant hour by sex finteractfion (repeated
measures ANOVA, f(23,759) = 1.804, p = 0.012) but no wfithfin subjects
effects of ELSD on REM sfleep @fffl p vaflues > 0.531) (Ffig. S1).

REM Sleep Duratfion: Aduflt femafles spent sfignfifficantfly more tfime fin
REM sfleep than aduflt mafles (mafin effect of sex: F(1,34) = 32.281, p <
0.001) and REM sfleep was reduced after ELSD fin mafles onfly (sfleep
group x sex finteractfion: F(1,34) = 9.734, p = 0.004; t(18) = 3.224,p =
0.005) (Ffig. 4F). We then flooked at REM sfleep duratfion by hour and
found a sfignfifficant hour by sex finteractfion (repeated measures ANOVA, f
(23,759) = 2.019, p = 0.003) but no wfithfin subjects effects of ELSD on
REM sfleep @flflp vaflues > 0.325) (Ffig. S1).

Aduflt vofles spent sfignfifficantfly more tfime awake durfing the dark
portfion of the flfight cycfle (57.89% Wake) compared to the flfight portfion
(53.67% Wake) (repeated measures ANOVA, wfithfin subjects effect of
flfight F(1,33) = 7.134, p = 0.012) and sfignfifficantfly fless tfime fin NREM
sfleep fin the dark (35.51%) compared to the flfight (39.39%) (F(1,33) =
8.583, p = 0.006) but there were no sfignfifficant finteractfions @flfl other p
vaflues > 0.395). REM sfleep tfime dfid not dfiffer between flfight and dark
perfiods (p = 0.382) (see Ffig. S1 for percentage duratfion fin each sfleep
stage by hour) and finteractfions were not sfignfifficant @fTflp vaflues > 0.08).

4, Dfiscussfion

In these experfiments, prafirfie vofle pups underwent ELSD or Controfl
condfitfions for one contfinuous week fin postnatafl deveflopment (postnatafl
week 3). We conducted sfleep EEG/EMG recordfings at three separate
deveflopmentafl tfimepofints fin order to descrfibe the effects of ELSD on
sfleep behavfior flater fin flfife We found that durfing the ELSD perfiod fitseflf,
REM sfleep quaflfity and quantfity are preferentfiaflfly dfisrupted. Further-
more, we found that ELSD generates flongflastfing effects on REM sfleep
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deveflopment fin mafle prafirfie vofles. These ffindfings may be reflevant to
human neurodeveflopmentafl dfisorders such as autfism spectrum dfisorder
(ASD) that feature fimpafirments fin both sfleep and socfiafl behavfior that
persfist finto aduflthood.

To our knowfledge, thfis study fis the ffirst descrfiptfion of prafirfie vofle
REM and NREM sfleep across deveflopment. Our resuflts from Experfiment 1
suggest that the amounts of REM and NREM sfleep fin young prafirfie
vofles mfirror sfleep tfimes found fin mfice, a simfiflar aftrficfiafl rodent specfies
(Maret et afl, 2011; Rensfing et afl, 2018). Interestfingfly, we observed
severafl notabfle sex dfifferences fin sfleep fin prafirfie vofles at both adofles-
cent and aduflt tfime pofints. For exampfle, femafle adoflescent vofles spent
stignfifficantfly more tfime fin Wake and fless tfime fin NREM sfleep than mafle
adoflescent vofles. Aflthough these sex dfifferences fin themseflves deserve
further expfloratfion, they were not fimpacted by ELSD per se.

Furthermore, we found that aduflt femafle vofles spent more tfime fin
REM sfleep than aduflt mafle vofles and thefir tfimfing of both REM and
NREM sfleep throughout the day dfiffered from mafles. Thfis ffindfing was
surprfisfing, and f& fin contrast to other pubflfished flfiterature on rats and
mfice reportfing efither decreased REM sfleep amounts fin femafles
compared to mafles (Fang and Ffishbefin, 1996; Yamaoka, 1980) or no sex
dfifferences fin REM sfleep amounts (Paufl et afl, 2006). REM sfleep
amounts are finffluenced by the estrous cycfle fin femafle rats (Yamaoka,
1980; Coflvfin et afl, 1968; Kflefinflogefl, 1983; Schwfierfin et afl, 1998; Swfift
et afl, 2020) but the effects of estrus on femafle mfice appears to be
mfinfimafl and strafin specfiffic (Koehfl et afl, 2003). Unflfike mfice and rats,
prafirfie vofles are mafle finduced ovuflators, and are assumed to be fin a
persfistent state of dfiestrus fifnot exposed to mafles (as was done finthese
sets of experfiments). Aflso, aduflt femafle vofles showed fless arousafls and

flonger NREM bouts compared to aduflt mafle vofles, suggestfing sex dfif-
ferences fin NREM sfleep consoflfidatfion.

4.1. Durfing the ELSD paradfigm fitself, sleep fragmentatfion f& only
transfiently fincreased, but total REM tfime f& persfistently decreased at the

expense of wake

Prevfious work fin our flab recorded sfleep on the shaker for 1 day fin
young prafirfie vofles and reported that ELSD reduces REM sfleep tfime and
fragments NREM sfleep compared to 1 day of recordfings fin that same
anfimaf] off the shaker (Jones et afl, 2019). Here, we expanded these
ffindfings fintwo ways: 1) we recorded from younger anfimafls more cflosefly
matched to the experfimentaf] age of our other ELSD experfiments and 2)
we recorded EEG/EMG for 7 consecutfive days (6 fiflfl 24-h perfiods for
anaflysfis) from age-matched anfimafls durfing efither ELSD or Controfl
condfitfions.

Consfistent wfith our prevfious work, we found that juvenfifle prafirfie
vofles housed on an orbfitafl shaker experfienced sfignfifficantfly reduced
REM sfleep duratfion compared to Controfl vofles (Jones et afl, 2019).
Durfing ELSD fin prafirfie vofles, REM average sfleep bout flengths were
shorter than controfls, but onfly transfientfly so. Furthermore, usfing an
arousafl findex (Lfi et afl., 2014) to quantfify arousafls from sfleep, we found
that the orbfitafl shaker onfly fincreased arousafls for the ffirst day of sfleep
dfisruptfion fin young prafirfie vofles. Thfis fis fin contrast to resuflts reported
by Ifiet afl, 2014) fin aduflt mfice sfleep dfisrupted for 4 contfinuous weeks.
Our method of sfleep dfisruptfion fis fidentficafl to the method descrfibed by Ifi
et afl, 2014) fin aduflt mfice, however, Ifiet afl found chronfic sfleep frag-

mentatfion, resufltfing fin shorter sfleep bouts and fincreased arousafl findex
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sustafined across the fiflf]l perfiod of sfleep dfisruptfion. Here we report that
juvenfifle prafirfie vofles accflfimate to the sfleep fragmentatfion effect of ELSD
but do not accflfimate to the REM sfleep reductfion. Thfis may be specfiffic to
prafirfie vofles as a specfies, or fitmay be specfiffic to thfis perfiod fin earfly flfife

4.2. ELSD cause both age- and sex-specfiffic changes finsleep later fin lfife

We examfined prafirfie vofles at two tfime pofints after ELSD or Controfl
condfitfions, and found that ELSD caused flongflastfing effects on REM
sfleep flater finfiie— but onfly finmafles. ELSD dfid not affect sfleep patterns fin
adoflescent anfimafls. However, ELSD caused decreased REM sfleep fin
aduflt mafles, compared to age- and sex-matched controfls. Notabfly, ELSD
effects on REM sfleep were absent fin femafles.

Prevfious research has shown that cflomfipramfine treatment from
P8-P21, a method that reduces REM sfleep by 45-70%, fin mafle rats aflso
resuflted fin flong flastfing REM sfleep abnormafifitfies, aflthough the sfleep
changes were fin the opposfite dfirectfion of our resuflts (fincreased REM
sfleep fin aduflts) (Vogefl et afl., 1990). Foflflow up work usfing finstrumentafl
finstead of pharmacoflogficafl REM sfleep deprfivatfion (>80% decrease fin
REM sfleep) from P14-P21 finrats aflso fleads to fincreased REM sfleep as
aduflts (Feng and Ma, 2003). Whfifle thfis coufld be due to specfies effects or
dfifferfing degrees of earfly flfif sfleep dfisruptfion, thfis work supports our
hypothesfis that earfly flfie REM sfleep fis fimportant for the deveflopment of
aduflt sfleep and socfiafl behavfior.

The tfimepofint chosen for both earfly flfif sfleep dfisruptfion and aduflt
sfleep phenotypfing fin these studfies mfirrors the tfimfing of our prevfious
work descrfibfing socfiafl and cognfitfive defficfits fin aduflt mafles after ELSD.
The same ELSD paradfigm descrfibed fin thfis work resuflts fin flong flastfing
changes to socfiafl and cognfitfive behavfior fin prafirfie vofles when tested as
aduflts (reduced pafir bond behavfior fin mafles and fimpafired cognfitfive
flexfibfiffity fin both sexes) (Jones et afl, 2019, 2021). Pharmacoflogficafl
treatment wfith cflomfipramfine to reduce REM sfleep at varyfing neonatafl
wfindows has reveafled that treatment durfing P12-17 and P14-20 resuflted
fin fimpafired sexuafl behavfior fin aduflt mafle rats (reduced mounts, fin-
tromfissfions, and ejacuflatfions) (Feng et afl, 2001). Instrumentafl REM
sfleep deprfivatfion finrats from P14-P21 aflso fleads to sexuafl, aggressfive,
and flocomotor behavfior fimpafirments (Feng and Ma, 2003). ELSD usfing
an fidentficafl method of fintermfittent cage agfitatfion from P14-P21 finmfice
fled to aduflt fimpafirments fin socfiafl and anxfiety flfie behavfior fin genetfi-
caflfly vuflnerabfle mfice that were aflso sex specfiffic (Lord et afl, 2022).
These resuflts provfide further support of the fimportance of earfly flfie REM
sfleep on the deveflopment of, not onfly socfiafl and cognfitfive behavfiors, but
aflso sfleep behavfiors. Despfite transfient effects of sfleep fragmentatfion
durfing the ffirst day of ELSD, thfis effect resoflved over the next 6 days of
the ELSD paradfigm whfifle totafl REM tfime remafined persfistentfly
decreased over the entfirety of the weekflong ESLD protocofl.

The exact rofle that ELSD pflays fin shapfing the underflyfing neurafl
cfircufitry reflevant to both sfleep and socfiafl behavfior fis sfifflunknown. It fis
§fiffl unknown whether the combfinatfion of ontogenetfic REM sfleep
changes observed fin mafle prafirfie vofles that underwent ELSD fleads to
flong term REM sfleep reductfion fin aduflthood and subsequent fimpafir-
ments fin socfiafl bondfing behavfior or fif flong flastfing REM sfleep dfistur-
bance exfist after ELSD findependent of socfiafl and cognfitfive fimpafirments.

4.3. Possfible relevance of early Ifife sleep dfisruptfion to human ASD

There fis a flarge and growfing body of research descrfibfing sfleep
probflems fin patfients dfiagnosed wfith ASD. The majorfity of thfis work
descrfibes dfiffficufltfies wfith finfifiatfing and/or mafintafinfing sfleep (Krako-
wfiak et afl., 2008; Rfichdafle and Prfior, 1995; Schreck and Muflfick, 2000)
as weflfl as decreased tfime fin REM sfleep (Buckfley et afl, 2010; Dia-z-
Romart et afl, 2018). Thfis earfly fkie sfleep phenotype fin chfifldren wfith
ASD mfirrors the sfleep dfisturbance experfimentaflfly created wfith the ELSD
paradfigm fin the current study.

In patfients wfith ASD, sfleep probflems persfist throughout deveflop-
ment and finto aduflthood (Gregory and Sadeh, 2016; Kocevska et afl,
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2017) and may fincrease as young chfifldren grow oflder (Humphreys et afl.,
2014; Verhoeff et afl, 2018). Aduflts wfith ASD reveafl probflems fflfifing
asfleep (flonger sfleep flatency) and frequent nfight awakenfings as weflf] as
reduced tfime fin NREM sfleep and reduced rapfid eye movements durfing
REM sfleep. (Lfimoges et afl, 2005). Whfifle our ELSD paradfigm dfid not
resuflt fin flong term reductfions fin NREM sfleep, ELSD mafles (but not fe-
mafles) spent fless tfime fin REM sfleep than thefir age and sex matched
counterparts. It fis fimportant to pofint out that we dfid not ffind reduced
sfleep tfime fin adoflescent prafirfie vofles prevfiousfly subjected to ELSD. Thfis
fiindfing may be fin flfine wfith human research examfinfing sfleep fin oflder
chfifldren and adoflescents wfith ASD reportfing fincreased daytfime sfleepfi-
ness and oversfleepfing combfined wfith nfighttfime probflems wfith sfleep
mafintenance (Gofldman et afl, 2012; Tesfaye et afl, 2021). Ffinaflfly, other
research has pofinted to adoflescence befing a unfique tfime that does not
necessarfifly show flfinearfity fin other behavfiorafl trajectorfies (revfiewed fin
(Casey et afl, 2008)).

Research reflated to sex dfifferences fin sfleep and ASD fis mfixed. Whfifle
some studfies report fincreased sfleep dfisturbances fin femafles wfith ASD
throughout deveflopment (Hartfley and Sfikora, 2009; Jovevska et afl,
2020) others suggest that mafle sex contrfibutes to the severfity of sfleep
dfisruptfion or the assocfiatfion between sfleep and ASD symptomoflogy
(Humphreys et afl, 2014; Sare and Smfith, 2020; Sfivertsen et afl, 2012).
Our studfies suggest that both mafles and femafles are susceptfibfle to sfleep
dfisruptfion usfing the ELSD paradfigm, however our resuflts suggest that
femafles may be more refiflfient to deveflopfing flastfing behavfiorafl fimpafir-
ments (both socfiafl and sfleep) as a resuflt of thfis earfly flfif sfleep dfisruptfion
than mafles.

As research fin aduflts wfith ASD suggest that the presence and/or
degree of aduflt sfleep dfisturbance correflates wfith the severfity of autfism
symptomoflogy (Saré and Smfith, 2020; Schreck et afl., 2004; Sfikora et afl,,
2012; Tayflor et afl, 2012; Veatch et afl, 2017) the mfiflder socfiafl pheno-
type assocfiated wfith femafle ELSD vofles compared wfith mafles (Jones et
afl,, 2019) fis perhaps consfistent wfith the flack of sfleep dfisturbances fin
aduflt ELSD femafles.

4.4. Potentfial lfimfitatfions, and fimplficatfions

There are severafl flfimfitatfions of the current work to be consfidered
when finterpretfing the data presented here. Importantfly, sfleep was
recorded from tethered EEG and EMG eflectrodes that requfire sfingfle
housfing fin order to avofid damagfing cabfles. Prafirfie vofles are hfighfly so-
cfiafl rodents and fit fis possfibfle that thfis perfiod of sfingfle housfing finfflu-
enced thefir naturafl sfleep behavfior. We aflso dfid not conduct socfiafl or
cognfitfive testfing fin these experfiments, future work wffl examfine corre-
flatfions between socfiafl bondfing and cognfitfive flexfibfiflfity and REM sfleep
measurements. Ffinaflfly, our studfies conducted fin Experfiment 1 were not
powered to detect sex dfifferences durfing ELSD and juvenfifle EEG/EMG
recordfings were conducted at a flater (P20-26), aflbefit overflappfing tfime
perfiod as the ELSD conducted fin Experfiments 2 and 3 (P14-21). It fis
fimportant to know fif sfleep fis affected equaflfly fin mafles and femafles
durfing the ELSD paradfigm. Aflthough the sampfle sfize was smaflfl for each
sex, we dfid not observe any notabfle sex dfifferences to support expandfing
the anfimafl usage for thfis experfiment. Future work usfing wfirefless
teflemetry devfices to acqufire EEG and EMG sfignafls durfing sfleep wfflbe
consfidered to more thoroughfly track sfleep ontogeny from the begfinnfing
of the ELSD perfiod finto young aduflthood finboth mafle and femafle prafirfie
vofles thereby expandfing on the deveflopmentafl tfime pofints chosen here.

5. Conclusfion

We ffind that earfly flfie sfleep dfisruptfion for 1 week durfing postnatafl
deveflopment fin the hfighfly socfiafl prafirfie vofle rodent chronficaflfly reduces
REM sfleep duratfion and has flong flastfing effects on the flater deveflopment
of REM sfleep fin aduflt mafles. Combfined wfith our prevfiousfly pubflfished
research descrfibfing flong term effects on mafle socfiafl bondfing behavfior
after earfly flife sfleep dfisruptfion, these resuflts mfirror many of the
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behavfiorafl and sex specfiffic haflflmarks of autfism spectrum dfisorder.
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