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Dysregulation of the kynurenine pathway (KP) of tryp-
tophan catabolism has been implicated in psychotic dis-
orders, including schizophrenia and bipolar disorder.
Kynurenic acid (KYNA) is a KP metabolite synthesized
by kynurenine aminotransferases (KATs) from its bio-
logical precursor kynurenine and acts as an endogenous
antagonist of /N-methyl-D-aspartate and o7-nicotinic ace-
tylcholine receptors. Elevated KYNA levels found in post-
mortem brain tissue and cerebrospinal fluid of patients are
hypothesized to play a key role in the etiology of cognitive
symptoms observed in psychotic disorders. Sleep plays an
important role in memory consolidation, and sleep dis-
turbances are common among patients. Yet, little is known
about the effect of altered KP metabolism on sleep—wake
behavior. We presently utilized a well-established exper-
imental paradigm of embryonic kynurenine (EKyn) ex-
posure wherein pregnant dams are fed a diet laced with
kynurenine the last week of gestation and hypothesized
disrupted sleep—wake behavior in adult offspring. We
examined sleep behavior in adult male and female off-
spring using electroencephalogram and electromyogram
telemetry and determined sex differences in sleep and
arousal in EKyn offspring. EKyn males displayed reduced
rapid eye movement sleep, while female EKyn offspring
were hyperaroused compared to controls. We determined
that EKyn males maintain elevated brain KYNA levels,
while KYNA levels were unchanged in EKyn females, yet
the activity levels of KAT I and KAT II were reduced. Our
findings indicate that elevated prenatal kynurenine expo-
sure elicits sex-specific changes in sleep—wake behavior,
arousal, and KP metabolism.

Key words: kynurenic acid/sex differences/REM sleep/
NREM sleep/tryptophan

Introduction

Disturbances in sleep are common in individuals with
psychotic disorders, including schizophrenia (SZ) and bi-
polar disorder (BD). Dysregulation of sleep is multifac-
eted and, compared to healthy controls, patients have a
higher incidence of sleep disorders, longer sleep onset la-
tency, decreased sleep efficiency, more fragmented sleep,
reduced sleep time, and overall poor sleep quality.' ¢ Sleep
disturbances often present before the hallmark clinically
diagnosable symptoms and may serve as strong predictors
for the manifestation of psychosis, mood, and cognitive
disturbances.!>”® Cognitive dysfunction is a core domain
of these disorders that remains undertreated, and unrav-
eling molecular mechanisms linking sleep disturbances
and core symptomology may lead to novel approaches to
alleviate these outcomes for patients.

The kynurenine pathway (KP) of tryptophan catab-
olism and its neuroactive metabolite kynurenic acid
(KYNA) have been implicated in the etiology of psy-
chotic disorders afflicted by cognitive disruptions.
Elevated KYNA levels, as found in the postmortem brain
and cerebrospinal fluid (CSF) of individuals with SZ and
BD?%*!¢, are hypothesized to adversely impact cognitive
function by inhibiting N-methyl-D-aspartate (NMDA)
receptors and o7 nicotinic acetylcholine (a7nACh) re-
ceptors.'2! KYNA is also an agonist for the aryl hydro-
carbon receptor and the G protein-coupled receptor 35,
both functional in the brain and periphery and highly
implicated in inflammatory processes.??2° The breadth of
receptor targets of KYNA, enzymatically derived from
kynurenine via kynurenine aminotransferase (KAT) en-
zymes (figure 1A),"® has various implications for the
nervous system. Studies with rodents have demonstrated
behavioral impairments, cognitive dysfunction, and
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Fig. 1. A simplified diagrammatic representation of the kynurenine pathway (KP), experimental design and timeline. (A) The KP of
tryptophan catabolism produces kynurenic acid (KYNA) from kynurenine via kynurenine aminotransferases (KATs). (B) Pregnant rat
dams were fed control (ECon) or kynurenine laced (EKyn) chow from embryonic day (ED) 15 until ED 22. Sleep recordings and tissue
collection for biochemical analyses were carried out in adult male and female offspring after postnatal day (PD) 56.

altered sleep—wake behavior after acute KYNA elevation
that are translationally relevant to understanding psy-
chotic disorders.**** Increases in endogenous KYNA
that impair memory formation, enhance arousal during
quiescent time and specifically reduce rapid eye move-
ment (REM) sleep,* thereby disrupting a stage of sleep
critical to memory processes.**

As SZ and BD are considered neurodevelopmental
disorders in which inherited or idiopathic abnormalities
exist in early life yet symptoms manifest during young
adulthood,*** we developed the embryonic kynurenine
(EKyn) paradigm to experimentally recapitulate en-
hanced KP metabolism as seen with prenatal stress or in-
fection.** In the EKyn model (figure 1B), pregnant dams
are fed chow laced with kynurenine during the last week
of gestation, elevating KP metabolism and KYNA in the

fetal brain.** Several long-lasting, sex-specific, pheno-
types have been determined with this model, including
elevated brain KYNA in adult EKyn male offspring and
corresponding cognitive impairments.*>#4647 We pres-
ently hypothesize that EKyn exposure will elicit impair-
ments in sleep—wake behavior, specifically impacting
REM sleep and wakefulness patterns, as determined with
acute KYNA exposure.**

Sleep—wake behavior and sleep architecture, a quan-
tifiable measure of sleep quality and time spent in sleep
stages, were evaluated in both sexes of adult ECon and
EKyn offspring. By including sex as a biological vari-
able, we were able to capitalize our understanding of
sex-dependent mechanisms, which have been signifi-
cantly understudied in clinical studies.®® In rats, sleep
behavior was evaluated by telemetrically recording
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electroencephalography (EEG) and electromyography
(EMG) to quantify vigilance states, including REM
sleep, non-REM (NREM) sleep, and wake. Our notable
findings indicate that male EKyn offspring exhibit re-
duced REM sleep when KYNA levels are elevated in the
brain, while female EKyn offspring display prolonged
arousal. Taken together, our study highlights sleep dys-
function in EKyn offspring and emphasizes the contri-
bution of dysfunctional KP metabolism in sleep—wake
behavior.

Materials and Methods

Animals

Adult, pregnant Wistar rats (gestational age: 2 days) were
obtained from Charles River Laboratories and treated
with special diet (details below). Offspring used in ex-
periments were group housed in a facility fully accred-
ited by the American Association for the Accreditation
of Laboratory Animal Care. Animals were kept on a
12/12h light-dark cycle, where lights on corresponded
to zeitgeber time (ZT) 0 and lights off to ZTI12. All
protocols were approved by Institutional Animal Care
and Use Committees and were in accordance with the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

EKyn Treatment

From embryonic day (ED) 15to ED 22, dams received 30 g
of wet mash rodent chow laced with 100 mg kynurenine
(L-kynurenine sulfate, purity of 99.4%; Sai Advantium)
per day (EKyn) or control wet mash (ECon), as previ-
ously described.*# Upon birth, each dam received
normal rodent chow ad libitum. Offspring were weaned
on postnatal day (PD) 21, pair-housed by sex, and used in
experiments in adulthood (PD 56-85; figure 1B). The dis-
tribution of offspring from a single ECon or EKyn litter
was 1-2 rats per sex within each experimental cohort.
When necessary, additional ECon or EKyn litters were
added to yield a minimum of n = 6 litters per experiment.

Surgery

Under isoflurane anesthesia, animals were placed in a
stereotaxic frame and implanted with transmitters for
EEG/EMG telemetry (PhysiolTel HD-S02; Data Science
International) according to previously published proto-
cols.** The device was intraperitoneally implanted
through a dorsal incision of the abdominal area. An
incision at the midline of the head was made to secure
EEG leads to 2 surgical screws (Plastics One, Roanoke,
VA) inserted into 0.5-mm burr holes at 2.0mm ante-
rior/+1.5mm lateral and 7.0mm posterior/—1.5mm lat-
eral with dental cement. Two EMG leads were inserted
directly into the dorsal cervical neck muscle about 1.0 mm
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apart and sutured in place. The skin on top of the head
was sutured and animals recovered for >7 days before
experimentation.

Sleep Data Acquisition and Analysis

Sleep data were recorded in a quiet, designated room
where rats were undisturbed, during a 2-day period for
males or 4-day period for females to span the estrous
cycle using Ponemah 6.10 software (DSI). Digitized
signal data were scored offline with NeuroScore 3.0 (DSI)
in 10-s epochs as wake, NREM, or REM (see supplemen-
tary material). Transitions between vigilance states were
scored when 2 or more 10-s epochs of the new vigilance
state were noted. Vigilance state parameters assessed
were the total duration, number of bouts, average bout
length, and the number of transitions between vigilance
states. Home cage activity and body temperature were
also recorded.

Biochemical Analysis

For tissue collection, cohorts of experimentally naive
adult offspring were euthanized by CO, asphyxiation at
ZT6 and ZT18. Whole trunk blood was collected in tubes
containing K,-EDTA (0.15%), centrifuged to separate
plasma, and the brain was promptly removed. Samples
were frozen and stored at —80°C.

On the day of biochemical assays, the cortex was
weighed, sonicated (1:10, w/v) in ultrapure water, and
aliquoted for the determination of KYNA by high-
performance liquid chromatography (HPLC).*” Plasma
samples were thawed and diluted in ultrapure water
(tryptophan- 1:1000, kynurenine- 1:2, KYNA- 1:10).#
Briefly, 20 uL of acidified supernatant were injected into
a ReproSil-Pur C18 column (4 X 150 mm; Dr. Maisch
Gmbh) using a mobile phase comprised of 50 mM so-
dium acetate and 5% acetonitrile at a flow rate of 0.5 mL/
min. Tryptophan (excitation/emission wavelength
285/365 nm), kynurenine (365/480 nm), and KYNA
(344/398 nm) were detected in the eluate fluorometri-
cally (Waters Alliance, 2475 fluorescence detector) using
500 mM zinc acetate delivered after the column at a
flow rate of 0.1 mL/min at retention times of 11, 6, and
11 min, respectively.

Enzymatic assays to determine the activity of KAT
I and KAT II were adapted from previously published
protocols.® The rest of the brain, homogenized 1:5
(w/v) in ultrapure water, was diluted with homogeniza-
tion buffer, 5 mM tris acetate buffer pH 8.0 containing
50 pM pyridoxal 5’-phosphate (P5P) and 10 mM
p-mercaptoethanol, and dialyzed against the homog-
enization buffer overnight at 4°C. The next day, the
homogenate (1:20 final dilution) was combined with
separate reaction mixtures for KAT I (2 or 100 uM
L-kynurenine sulfate, 80 uM P5P, 80 uM pyruvate,
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and 150 mM AMP buffer pH 9.5) or KAT II (2 or
100 pM L-kynurenine sulfate, 80 uM P5P, 80 uM pyr-
uvate, and 150 mM tris acetate buffer pH 7.4) deter-
mination and incubated at 37°C for 2 hr. Blanks were
assessed by adding 1 mM aminooxyacetate to the reac-
tion. Addition of 50 uL of 6% perchloric acid stopped
the reaction, tubes were vortexed and centrifuged, and
the supernatant analyzed for KYNA via HPLC, as de-
scribed above.

Statistical Analysis

All statistical analyses were performed using Prism 8.0
(GraphPad Software), and all results are shown in the
supplementary statistical tables, including an overview
of the assumptions met in association with the statistical
tests. Normality was assessed with the Shapiro—Wilk test.
Homogeneity of variance was assessed by residual and
homoscedastity plots. When a parametric distribution
was not achieved, visual inspection of the data was per-
formed using Q-Q plots to confirm a relative bell-shaped
distribution and the absence of outliers. Telemetry data
were averaged across the recording days and 3-way
repeated-measures ANOVA were conducted with pre-
natal treatment and sex as between-subject factors and
time of day as a within-subject factor. Biochemical me-
tabolite data were analyzed by 3-way ANOVA with
prenatal treatment, sex, and phase as between-subject
factors. KAT enzyme assay data were analyzed sepa-
rately by sex using 3-way repeated-measures ANOVA to
address prenatal treatment and ZT as between-subject
factors and kynurenine concentration as a within-subject
factor. Analyses were followed up with appropriate 2-way

interactions; and analyses were focused on main effects
of prenatal treatment group and phase when interactions
were not statistically significant. Bonferroni’s correc-
tion was used for multiple comparisons with an adjusted
alpha for multiple comparisons. Statistical significance
was defined as P<.05.

Results

Prenatal Kynurenine Treatment Leads to Reduced
REM Duration and REM Bout Number in Adult Males

Rats cycle through sleep (REM and NREM) and
wake bouts in both the light phase (ZT0-12) and dark
phase (ZT12-24). To test our hypothesis that prenatal
kynurenine elevation impairs sleep, we analyzed durations
for each vigilance state in the light or dark phase of male
and female ECon and EKyn offspring. For REM dura-
tion, we determined a significant sex X prenatal treatment
interaction (£, =4.30, P = .047). In males, REM dura-
tion was significantly influenced by prenatal treatment
(F| ;= 12.13, P = .003). EKyn males had a —20% change
in REM duration during the light phase (P = .02) com-
pared to ECon males (figure 2A).

We evaluated how prenatal kynurenine elevation in-
fluences REM architecture by assessing the number of
bouts and bout duration. EKyn males exhibited a signifi-
cant decrease in the number of REM bouts (£ (= 5.11,
P = .038; figure 2B). In females, the number of REM
bouts was not impacted by EKyn treatment.

The average bout duration of a sleep state provides
information about the ability to remain within a given
phase. Analysis of the average duration of each REM
bout determined only a significant main effect of phase

A __male female B __male female C g0 Male female
**main effect of EKyn *main effect of EKyn = B [ | ECon
= * 2 L]
= c
£ 2 =
® EKyn
©
S s g =Y
g - 3
=1 ]
a oo © 3
=
w o0 =
4 H w
o 4
ol - - ol - ol -
Light Dark Light Dark Light Dark Light Dark Light Dark Light Dark
D . _male female E . _male female F . _male female
< *main effect of EKyn —_ *bh: EK -
_ o0 MY n phase x EKyn EIEcon
£ 8 =
£ ® 8 * 2
< @ ° — ® 200 ¢} . 5EKyn
k) 5 5 .
g o a
5 @ 5 5
a = o ¢ °§
= u [ RTE R
g : 5
=z [
=z

" Light Dark Light Dark *Light Dark

Light Dark - Light Dark Light Dark

Fig. 2. Prenatal kynurenine treatment alters rapid eye movement (REM) and non-REM (NREM) sleep in a sex-specific manner. Data
are represented by phase: (A) REM duration; (B) number of REM bouts; (C) average REM bout duration; (D) NREM duration; (E)
number of NREM bouts; (F) average NREM bout duration. Data are mean + SEM. Repeated-measures 2-way ANOVA analyses
followed by Bonferroni’s post hoc test: * P < .05; Data are mean + SEM; n = 6-11 litters per group.
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(F,,, = 57.5, P <.0001), with longer average durations,
independent of EKyn treatment, during the light phase

than the dark phase (figure 2C).

Prenatal Kynurenine Treatment Alters NREM Sleep
Architecture in Adult Females

Next, we sought to determine the effects of prenatal
kynurenine treatment on NREM sleep. NREM duration
was significantly phase dependent (males: F, . = 221.1,
P < .0001; females: F, , = 761.6, P < .0001); however,
NREM duration was not different between EKyn and
ECon offspring (figure 2D).

Analysis of the number of NREM bouts revealed
a prenatal treatment X phase interaction (F,; = 4.60,
P = .04; figure 2E). In males we found an approaching
trend in the interaction between prenatal treatment X
phase (F| ( = 4.43, P = .051) for NREM bout number.
NREM bout number (F, , = 5.59, P = .03) was signif-
icantly impacted by prenatal treatment and reduced by
22% in EKyn compared to ECon females (P = .04) during
the dark phase.

The average duration of each NREM bout was sig-
nificantly impacted by a phase X sex X prenatal treat-
ment interaction (Fl’30 = 4.72, P = .038) in addition to
the main effects of sex (F,,, = 6.86, P =.014) and phase
(FL30 = 29.16, P < .0001; figure 2F). In males, we de-
termined a phase X prenatal treatment interaction

A

W

(F 16
(F

1,14

=5.76, P = .029) that was not significant in females
=0.06, P = .81).

Prenatal Kynurenine Treatment Prolongs Bouts of
Wakefulness During the Dark Phase in Females

We next assessed the impact of prenatal kynurenine treat-
ment on wake parameters. Aside from a predicted main
effect of phase (Fl’30 = 769.8, P < .0001), no significant
interactions or main effects were observed for total wake
duration during either phase (figure 3A).

Prenatal kynurenine exposure changed the architecture
of wakefulness. Specifically, we found a significant interac-
tion between sex X prenatal treatment (F, ,, = 4.69, P =.038)
when we assessed the number of wake bouts (figure 3B).
EKyn treatment did not impact the number of wake bouts
in males (F, . = 0.65, P = .43); however, EKyn females had
significantly less wake bouts across both phases (£, |, = 4.92,
P =.043) and a 22% reduction in wake bouts compared to
ECon females during the dark phase (P = .048).

The average wake bout duration was significantly im-
pacted by a phase X sex X prenatal treatment interaction
(FL30 = 6.01, P = .020), as well as a sex X prenatal treat-
ment interaction (Fl’30 = 5.64, P = .024; figure 3C). Sex-
specific analysis determined a phase X prenatal treatment
interaction in females (F' e 7.18, P = .018), that was not
observed in the males (F, = 0.38, P = .55). Strikingly,
EKyn treatment increased the duration of each wake
bout in females (F,,, = 6.93, P = .02) but not males
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Fig. 3. Prenatal kynurenine treatment prolongs wakefulness and reduces activity in females. Data are represented by phase: (A) wake
duration; (B) number of wake bouts; (C) average wake bout duration; (D) a heat map depicting relative cage activity levels per 1-h bin;
(E) relative cage activity by phase. Data are mean = SEM. Repeated-measures 2-way ANOVA analyses followed by Bonferroni’s post hoc
test: *P < .05, **P < .001; Data are mean +* SEM; n = 6-11 litters per group.

1324



Prenatal Kynurenine Elevation Elicits Sex-Dependent Changes in Sleep and Arousal During Adulthood

Table 1. Impact of EKyn treatment on number of transitions to and from each vigilance state. The number of transitions to and from
each vigilance state during ZT 0-12 (light phase, white) and ZT 12-24 (dark phase, gray) are shown. Data are represented as mean *
SEM. NREM: non-rapid eye movement. REM: rapid eye movement. Data are mean = SEM. Repeated-measures 2-way ANOVA. Main
effects for EKyn treatment are shown with a red box and Bonferroni’s post hoc test differences between ECon and EKyn are shown as *P

<.05, **P < .01; n = 6-11 per group

ECon Male EKyn Male ECon Female EKyn Female
Wake to NREM 132.0 £5.7 138.2+4.8 149.2 + 7.1 134.2 + 7.2%
82.1£53 82.0+7.4 913*64 68.1£4.9
REM to Wake 389+39 374 +3.0 413£54 433 %27
28.3+3.8 213£1.8 17322 27.7+27
REM to NREM 1.8+0.7 26117 41t14 13.2 + 3 2%%*
1.9+0.5 1.2£0.5 09+04 45%13
NREM to Wake 86.1 £ 6.1 101.3 £4.3 154.2 +16.3 142.6 + 15.2
61.0£5.1 60.2 £ 6.7 75.1£6.3 50.4 6.0
NREM to REM 494 £3.1 399+£2.8 46.2 £ 6.4 482 +39
26.0£2.0 224 %21 16.7+223 19.7£22
(F,,,=0.55, P = .47). EKyn females had 1.4-fold longer ~ observed for females (F, , = 5.61, P = .033) as well as a

1,16 .
average wake bout duration compared to ECon females

(P = .0016) during the dark phase, suggesting consoli-
dated wakefulness.

Prenatal Kynurenine Treatment Alters Activity Levels
and Temperature in a Sex-Dependent Manner

To complement sleep—wake behavioral analyses, ac-
tivity and core body temperature were collected during
telemetric recordings. Relative cage activity was signif-
icantly impacted by several interactions, including sex
X prenatal treatment (F, , = 5.44, P = .027), phase X
sex (F,; ;o = 1.87, P =.008) and phase X sex X prenatal
treatment (F,, ., = 1.85, P =.009; figure 3D). When rel-
ative cage activity was assessed per phase (figure 3E), we
determined that EKyn treatment significantly impacted
the cage activity of females (F, |, = 8.40, P = .01) but
not males (F, . = 0.88, P = .36). EKyn females were
42% less active during the light phase (P = 0.03) and
18% less active during the dark phase (P = 0.04) com-
pared to controls.

Core body temperature was significantly impacted
by phase (F,, , = 6.75, P < .0001) and sex (F) , = 4.67,
P = .039; supplementary figure 1A). Body temperature
was significantly higher during the dark phase when the
rats were also more active (supplementary figure 1B).

Prenatal Kynurenine Exposure Influences Sleep—Wake
Transitions

Prenatal kynurenine treatment differentially impacted vig-
ilance state transitions in males and females. For males, a
main effect of prenatal condition was found for NREM—
REM transitions (¥, = 7.09, P =.017) and REM-wake
transitions (qum =17.21, P =.016). For females, a main ef-
fect of prenatal condition was observed for wake-NREM
transitions (F, , = 5.22, P = .039). For REM-NREM
transitions, a phase X prenatal treatment interaction was

main effect of prenatal condition (F, |, = 7.13, P = .018).
Post hoc analyses revealed a 10% decrease in wake—
NREM transitions (P = .03) during the dark phase and
a 226% increase in REM-NREM transitions (P = .003)
during the light phase in EKyn females compared to con-
trols (table 1).

Basal sex differences were observed for the following
transitions: wake-NREM (sex X prenatal treatment:
F|,,=4.58, P=.04), REM-wake (phase X sex: F ; =4.24,
P = .048), REM-NREM (phase x sex: F,, = 15.73, P
< .004; sex: F = 10.84, P = .0025), and NREM-wake
(phase X sex: F, . = 28.19, P < .0001; sex: F1,30 = 14.05,

1,30
P = .0008).

Sex, Not Prenatal Kynurenine Treatment, Influences
REM and NREM Spectral Power

We determined that prenatal kynurenine exposure did not
adversely impact spectral power during REM or NREM
sleep. However, sex- and phase-dependent alterations are
shown in supplementary figure 2. Brain KYNA is ele-
vated in EKyn males during the light phase, while EKyn
females have reduced activity of KAT I and II.

To pinpoint possible biochemical changes contributing
to the manifestation of sleep behavior changes in EKyn
offspring, tissues from male and female offspring were
collected in the middle of the light phase, ZT6, and in
the middle of the dark phase, ZT18, to assess KP me-
tabolism. KYNA in the cortex was significantly impacted
by a sex X prenatal treatment interaction (£, ;; = 5.102,
P =.03). Specifically, during the light phase, EKyn males
had 36% increase in levels of brain KYNA (F, . = 4.61,
P = .04). Of note, EKyn females did not exhibit signifi-
cant alterations in brain KYNA (figure 4A).

In males, activity of KAT I (figure 4B) and KAT II
(figure 4C) were not influenced by prenatal treatment.
However, in females, we determined a significant inter-
action between the time at which the tissue was collected
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Fig. 4. Brain KYNA is elevated in male EKyn offspring and KAT activity is reduced in female EKyn offspring. (A) Brain KYNA; (B) Brain
KAT I activity; (C) Brain KAT II activity; (D) plasma tryptophan; (E) Plasma kynurenine; (F) Plasma KYNA were assessed at ZT 6 and
ZT18. Data are mean £ SEM. Repeated-measures ANOVA with Bonferroni’s post hoc test: *P < .05, *** P < .001; n = 7-8 per group.

and prenatal treatment for both KAT I (F,,, = 5.27,
P =.03) and KAT II (F,,, = 7.29, P = .01) activity in the
brain. Specifically, at ZT 6, post hoc analyses revealed sig-
nificantly lower activity of KAT I (P = .0001) and KAT
IT (P = .0003) in EKyn females. Tryptophan (figure 4D),
kynurenine (figure 4E), and KYNA (figure 4F) in the
plasma were not significantly impacted by EKyn treat-

ment or time of tissue collection.

Discussion

The etiology of SZ and BD points to the prominence
of KP dysregulation®!*153 and sleep disturbances,*®53
which often precede the onset of psychosis and are asso-
ciated with symptom severity.!>>>” Elevated KYNA has
been implicated in cognitive disturbances; thus, we pres-
ently used the KYNA hypothesis-derived EKyn model
in rats to investigate the role of KP dysregulation on
sleep—wake behavior. We determined aberrant KP metab-
olism and identified sex-specific changes in vigilance state
parameters in EKyn offspring. Increased brain KYNA
levels and reduced REM durations were found in male
EKyn offspring, while reduced brain KAT activity and
a hyperaroused phenotype were determined in EKyn fe-
males compared to controls.

From a translational perspective, paradigms that reca-
pitulate elevated prenatal KYNA*##38-6!1 and behavioral
endophenotypes that are relevant for psychotic disorders
are imperative. Our study provides translational perspec-
tives around sleep and arousal systems, specific research
domain criteria, and furthers our ability to uncover mech-
anisms contributing to psychopathology, with the added
benefit of homogeneity within the rodent subjects.®
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Clinical studies in patients with SZ show an array of
sleep dysfunction across the spectrum of first-episode,
unmedicated, and medicated patients.>>® In line with our
present findings, modest decreases in REM duration have
been reported in unmedicated patients, while NREM dis-
ruptions, pinpointing to architecture changes, have been
more consistently noted.®*%” Poor sleep quality, reduced
activity, and insomnia are common to patients with SZ
and BD, and female patients endorsed more sleep dis-
turbances.®*%% Within clinical studies, inconsistencies
among vigilance state parameters may be attributable
to antipsychotic treatments and differences in subjective
and objective analysis of sleep in individuals with psychi-
atric illness.**7°

The conspicuous sex differences in the EKyn model
may elucidate neurobiological underpinnings that
present clinically in cognitive domains in male and fe-
male patients.”>”7* We determined that EKyn males have
reduced REM duration, recapitulating findings wherein
REM duration is reduced with acute kynurenine chal-
lenge.** EKyn males also transitioned less frequently
from NREM to REM, suggesting a difficulty in initiating
REM. As REM theta oscillations play an important role
in procedural and contextual memory consolidation,* the
evidence of reduced REM duration supports cognitive
dysfunction characterized in EKyn males.*’” As the activa-
tion of cholinergic receptors can promote the generation
of theta oscillations in the septohippocampal forma-
tion,” 78 the transient increase in KYNA during the light
phase in EKyn males may inhibit cholinergic activation,'®
thereby disrupting REM sleep.”” Future studies will fur-
ther our understanding of aberrant sleep and investigate
intricacies of sleep spindles that are critical for memory
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consolidation and reduced in patients with SZ78 8! yet
acknowledged as a technical limitation presently.

EKyn females display distinct changes in sleep and
arousal; however, they do not present sustained elevation
in KYNA in the brain.** Sex differences and the role of
sex hormones in sleep have been well characterized in ro-
dents, with studies demonstrating that estrogen modulates
female rodent sleep homeostasis and increases wakeful-
ness during the dark phase.’*$28 Presently, female EKyn
offspring exhibited enhanced arousal by having fewer
NREM and wake bouts and longer wake bout durations
than ECon offspring, indicative of an insomnia-like phe-
notype, which is common among women suffering from
psychiatric illness.®>%¢ Interestingly, EKyn females also
exhibited less activity during the dark phase, perhaps
indicating psychomotor slowing, which could be classi-
fied as a depressive symptom?®’ or alternatively a sign of
avolition, a core negative symptom of SZ.% While the im-
pact of prenatal kynurenine elevation in females remains
elusive, we recently demonstrated that female EKyn off-
spring also do not have the same cognitive dysfunction as
male EKyn offspring.*” As female patients with SZ often
present with symptoms at a later age than males,** fu-
ture studies will investigate the trajectory of sleep dys-
function in our model.

To explore the mechanistic phenomena in brain
KYNA, we assessed the activity of KYNA synthesizing
enzymes KAT I and KAT II in the brain and determined
decreases in both enzymes in the female EKyn. The es-
tradiol derivative estradiol disulfate has been charac-
terized as a potent inhibitor of both KAT I and KAT
I1,°" and perhaps circulating estrogen in the EKyn female
are providing a protective effect on KYNA dynamics
throughout early adulthood. We presently did not control
for stages of the estrous cycle, an important consideration
for future studies that target KAT II to inhibit KYNA
formation.®*'*> We must also thoroughly consider the
contribution of the kynurenine-3-monooxygenase arm
of the KP, which generates 3-hydroxykynurenine and
quinolinic acid (QUIN) when interpreting future re-
sults.®* Given that female rats show conspicuous arousal
patterns, without brain KYNA alterations, evaluating
brain contents of QUIN may provide mechanistic in-
sight as alterations in KP have notably been implicated in
mood disorders.*

In summary, prenatal kynurenine treatment in rats
during the last week of gestation elicited distinct sex-
dependent changes in sleep-wake behavior and architec-
ture and brain-specific changes in KYNA. Our findings
further support the role of the KP with respect to the
neurodevelopmental hypothesis of psychotic illnesses®**
and highlight important translationally relevant sex dif-
ferences. As previously shown, peripheral KP metabolism
does not readily translate to metabolic activity observed in
the brain,*#**’ and, so, to get an accurate understanding
clinically, direct central nervous system measurements

of KP metabolites should be assessed.”™’ Continuing
studies are aimed at identifying therapeutic avenues for
reducing KYNA synthesis to improve sleep and cogni-
tion in addition to investigating how sex differences in KP
metabolism may influence therapeutic trajectories.

Supplementary Material

Supplementary material is available at Schizophrenia
Bulletin.
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