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Abstract

Distinct abnormalities in kynurenine pathway (KP) metabolism have been reported in various
psychiatric disorders, including schizophrenia (SZ). Kynurenic acid (KYNA), a neuroactive
metabolite of the KP, is elevated in individuals diagnosed with SZ and has been linked to cognitive
impairments seen in the disorder. To further understand the role of KYNA in SZ etiology, we
developed a prenatal insult model where kynurenine (100 mg/day) is fed to pregnant Wistar rats
from embryonic day (ED) 15 to ED 22. As sex differences in the prevalence and severity of SZ
have been observed, we presently investigated the impact of prenatal kynurenine exposure on KP
metabolism and spatial learning and memory in male and female offspring. Specifically, brain
tissue and plasma from offspring (control: ECon; kynurenine-treated: EKyn) in prepuberty
(postnatal day (PD) 21), adolescence (PD 32-35), and adulthood (PD 56-85) were collected.
Separate cohorts of adult offspring were tested in the Barnes maze to assess hippocampus- and
prefrontal cortex-mediated learning and memory. Plasma tryptophan, kynurenine, and KYNA
were unchanged between ECon and EKyn offspring across all three ages. Hippocampal and frontal
cortex KYNA was elevated in male EKyn offspring only in adulthood, compared to ECon, while
brain KYNA levels were unchanged in adult females. Male EKyn offspring were significantly
impaired during acquisition of the Barnes maze and during reversal learning in the task. In female
EKyn offspring, learning and memory remained relatively intact. Taken together, our data
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demonstrate that exposure to elevated kynurenine during the last week of gestation results in
intriguing sex differences and further support the EKyn model as an attractive tool to study the
pathophysiology of schizophrenia.
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1. Introduction

Cognitive symptoms are a major feature of the neurodevelopmental disorder schizophrenia
(S2), yet current treatments do not adequately alleviate these aspects of the disorder.
Observed cognitive changes include impairments in hippocampus-mediated learning and
memory, which are associated with structural abnormalities and volumetric reductions in this
area (Arnold et al., 2015; Bobilev et al., 2019; Heckers et al., 1998; Li et al., 2015; Steen et
al., 2006; Tamminga et al., 2010). Sex differences in cognitive domains, including spatial
learning and memory (Jimenez et al., 2010; Joseph et al., 2013), have been observed in
individuals with SZ, and several animal models of the disorder have defined behavioral
differences between male and female subjects (Leger and Neill, 2016; Mendrek and
Mancini-Marie, 2016). While the occurrence of SZ does not differ significantly between
men and women, the growing number of studies suggesting sex differences in the clinical
characteristics and course of the illness highlights the need to better understand sex
differences and the mechanisms that mediate them.

Developmental animal models of SZ mimic brain insults that are sustained early in life, but
not fully aggravated until early adulthood (Jones et al., 2011). As the clinical onset of SZ
typically occurs after puberty, the long delay between the presumed neurodevelopmental
insult and the adult brain manifestation of illness is a key characteristic of SZ (Castle et al.,
1998; DeLisi, 2008; Kinney et al., 2010; Lieberman et al., 2001; Meyer and Feldon, 2010).
Risk factors associated with SZ, including stress and infections during prenatal development
(Brown and Derkits, 2010; Meyer and Feldon, 2010; van Os and Selten, 1998), result in the
activation of indoleamine 2,3-dioxygenase and tryptophan 2,3-dioxygenase and metabolism
of the essential amino acid tryptophan into kynurenine (Leklem, 1971), the premier
metabolite of the kynurenine pathway (KP)(Schwarcz et al., 2012). Kynurenine enters the
brain from the circulation and is then irreversibly transaminated to kynurenic acid (KYNA)
in astrocytes by kynurenine aminotransferase 11 (KAT I1) (Gal and Sherman, 1978; Guidetti
etal., 2007; Guidetti et al., 1997). Upon its release into the extracellular space, it acts as a
neuromodulator by antagonizing A-methyl-D-aspartate (NMDA) and a.7 nicotinic
acetylcholine (a7nACh) receptors, which are both prevalent in the hippocampus and have
been causally related to cognitive deficits in patients with SZ (Ben-Ari et al., 1997; Dwyer et
al., 2009; Timofeeva and Levin, 2011). Elevations in brain KYNA and its immediate
precursor kynurenine are observed in postmortem brain tissue and cerebrospinal fluid of
individuals with SZ (Erhardt et al., 2001; Linderholm et al., 2012; Miller et al., 2006;
Nilsson et al., 2005; Sathyasaikumar et al., 2011; Schwarcz et al., 2001), thereby implicating
the KP in the central nervous system pathology. Furthermore, preclinical studies acutely
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elevating brain KYNA levels support the notion that increased KYNA may contribute to
cognitive dysfunction and clinical relevance in SZ (Chess et al., 2009; Chess et al., 2007;
Erhardt et al., 2004; Pocivavsek et al., 2017; Pocivavsek et al., 2011; Shepard et al., 2003).

In an effort to evaluate the role of KYNA during prenatal development, we have established
a rodent embryonic kynurenine (EKyn) model (Alexander et al., 2013; Hahn et al., 2018;
Pershing et al., 2015; Pershing et al., 2016; Pocivavsek et al., 2019; Pocivavsek et al., 2014).
In the EKyn rat model, KYNA is increased during the last week of gestation, from
embryonic day (ED) 15 to ED 22, by adding kynurenine to chow fed to dams. Our previous
studies have focused exclusively on adult male offspring from EKyn mothers and
characterized extensive biochemical alterations and cognitive deficits in the EKyn males,
including contextual learning and memory (Pershing et al., 2016; Pocivavsek et al., 2019;
Pocivavsek et al., 2014), reversal learning in a set shifting task (Alexander et al., 2013;
Pershing et al., 2015), and attentional broad monitoring in a five-choice paradigm (Hahn et
al., 2018). We presently investigate sex differences for the first time in the EKyn model and
explore the trajectory of KP biochemical changes in both sexes of offspring during pre-
adolescence, adolescence and adulthood. Tryptophan, kynurenine and KYNA were
measured in the plasma and KYNA was measured in both the hippocampus and frontal
cortex. A male-specific increase in brain KYNA was determined only in adult EKyn
animals, thus we assessed sex differences in spatial learning and memory across training
days and reversal learning in the Barnes maze (Barnes, 1979) in adult offspring. Our
findings demonstrate that prenatal kynurenine elevation induces intriguing sex-specific
disruptions in learning and memory.

Materials and Methods

2.1 Animals

Adult, pregnant Wistar rats (gestational age: 2 days) were obtained from Charles River
Laboratories. All experimental animals were housed in a temperature control facility that is
fully accredited by the Association for Assessment and Accreditation of Laboratory Animal
Care (AAALAC) at the Maryland Psychiatric Research Center. The rats had constant and
unlimited access to food and water and were kept on a 12 hour light-12 hour dark cycle. All
protocols adhered to the Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee (IACUC) of the University of
Maryland School of Medicine.

2.2 Prenatal kynurenine treatment and experimental groups

Rodent chow was finely ground in a blender, and each dam was fed 30 grams of food each
day. Kynurenine (100 mg) was administered to EKyn dams each day from embryonic day
(ED) 15 to ED 22, as previously described (Pocivavsek et al., 2014)(Figure 1). The
kynurenine was thoroughly mixed into the dry powdered rodent chow and then combined
with water to produce a wet mash. The control (ECon) treatment dams received wet mash
alone. Both dams given kynurenine-treated mash and regular wet mash consistently ate all of
the food, demonstrating no difference in potential nutrition received during the last week of
gestation. After giving birth, each dam was given normal rodent chow pellets ad /ibitum on
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postnatal day (PD) 0. Special attention was given to ensure that prenatal treatment did not
disturb maternal behavior (Pocivavsek et al., 2014; Pocivavsek et al., 2019). Male and
female offspring were used in biochemical and behavioral experiments. Cohorts of offspring
were euthanized at PD 21, PD 32 - 35, and PD 56 — 85 for biochemical experiments and
separate cohorts were used in behavioral experiments. Due to the large number of
experimental outcomes (i.e. biochemical assessments at three ages and behavioral testing in
adulthood), the number males and females per litter was not always sufficient to fully
balance littermates across all endpoints. The distribution of offspring from a single ECon or
EKyn litter was 1 — 2 rats per sex for biochemical assays and 2 — 3 rats per sex for behavior.
When necessary, additional ECon or EKyn litters were added to yield a minimum of N = 6
litters per condition for biochemical experiments at each age and N = 16 offspring, from 9 —
10 litters, for behavioral experiments. Supplemental Table 1 indicates the number of samples
per experimental assay.

2.3. Sample collection

Brain and plasma were collected at PD 21, 32 — 35 and 56 — 85 during the light phase
(between zeitgeber time 3 and 9). Animals were euthanized by CO, asphyxiation, whole
blood was collected in tubes containing 25 ul K3-EDTA (0.15%) as an anticoagulant and the
brain was rapidly removed and frozen on dry ice. Blood was then centrifuged (300 x g, 10
min) and the supernatant plasma was transferred to new tubes, frozen on dry ice and all
samples were stored at —80°C until biochemical analysis.

2.4 Plasmatryptophan, kynurenine, and KYNA

Plasma samples were thawed and diluted in ultrapure water (tryptophan- 1:1000,
kynurenine- 1:2, KYNA- 1:10). Twenty-five uL of 6% perchloric acid were added to 100 pL
of each diluted preparation to acidify the sample. The precipitate was separated by
centrifugation (12,000 x g, 10 min) and the supernatant was analyzed by high performance
liquid chromatography (HPLC). Twenty pL of supernatant were injected into a ReproSil-Pur
C18 column (4 x 150 mm; Dr. MaischGmbh, Ammerbuch, Germany) using a mobile phase
comprising 50 mM sodium acetate and 5% acetonitrile (pH adjusted to 6.2 with glacial
acetic acid). The samples were run at a flow rate of 0.5 mL/min and detected using 500 mM
zinc acetate delivered after the column at a flow rate of 0.1 mL/min. Tryptophan (excitation/
emission wavelength of 285/365nm), kynurenine (excitation/emission wavelength of 365nm/
480nm), and KYNA (excitation/emission wavelength of 344nm/398nm) were detected in the
eluate fluorometrically (Waters Alliance, 2475 fluorescence detector, Bedford, MA) at
retention times of 11, 6 and 11 minutes respectively.

2.5 Brain KYNA

On the day of the assays, the frontal cortex and hippocampus were dissected on wet ice,
weighed and sonicated in ultrapure water (1:10, w/v for all brain areas). Twenty-five pL of
25% perchloric acid were added to 100 pL of each diluted preparation. The precipitate was
separated by centrifugation (12,000 x g, 10 min) and 30 pL of the supernatant were analyzed
using HPLC as described above to detect KYNA.
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2.6 Barnes maze

Behavioral analysis was performed in a separate cohorts of adult, PD 56 — 85, offspring. A
Barnes maze acquisition paradigm was used to assess hippocampus-dependent spatial
learning and memory. The maze consists of an elevated circular platform (122 cm) with
twenty holes around its edge (10 cm hole). Nineteen of these holes are false bottomed, while
only one leads to an actual escape box (Rosenfeld and Ferguson, 2014). The maze was
surrounded by a white curtain and extra-maze visual cues. All rats were habituated to the
Barnes maze 3 days before the start of the training trials. During the habituation trials, a rat
was placed in the escape box for 2 minutes to acclimate to the box, and then the rat was
given time to explore the maze until it entered the escape box or 5 minutes had elapsed; if
the rat did not enter the escape after 5 minutes, it was gently guided into the box. After
spending an additional 15 seconds there, the rat was returned to its home cage. The training
trials of the Barnes maze consisted of 2 trials per day for 3 consecutive days with an inter-
trial interval of 4 hours each day. Animals were tested at the same times of day across the 3
acquisition days. First a rat was placed in the center of the maze and given up to 5 minutes to
locate the escape box. If the animal did not enter within the 5-minute period, it was gently
guided to the escape box and kept there for 15 seconds. On the fourth day, animals were
tested in two reversal trials, to engage frontal cortex function, separated by a 4 h inter-trial
interval, wherein the escape box was moved approximately 180 degrees. All behavior was
recorded using Any-Maze Behavioral Tracking software. For acquisition trials, escape
latency, errors committed, mean speed, distance traveled, and search strategy were analyzed.
For the reversal trials, the number of entries into the previous escape box location was also
recorded. Acquired data were averaged across the 2 trials for each respective testing day.
Errors were defined as looking into, sniffing, or walking across a false-bottomed hole.
Search strategy was categorized into 3 categories: direct, serial and random (Betancourt et
al., 2017; Locklear and Kritzer, 2014; Rosenfeld and Ferguson, 2014), with direct being the
most efficient strategy and random being the least efficient (Table 1).

2.7 Statistical Analysis

Biochemical experiments: For assessment of biochemical data (plasma tryptophan,
plasma kynurenine, plasma KYNA, hippocampal KYNA, frontal cortex KYNA),
comparisons were made using three-way analysis of variance (ANOVA). For each analysis,
age, sex, and prenatal condition and possible interactions were assessed. Three-way ANOVA
was conducted first, then analyses were followed up with the appropriate two-way
interactions. Further analyses were focused on the main effects of age, sex, and prenatal
condition. Where appropriate, significant effects were followed up with the Bonferroni post
hoc test.

Behavioral experiments: Barnes maze acquisition training data (escape latency, distance
traveled, errors, and speed) were analyzed using a three-way repeated measures ANOVA
with prenatal treatment group and sex as between-subject factors and testing day as a within-
subject factor. Within treatment groups, significant main effect of day was followed up with
Bonferroni post hoc test. Between treatment groups on different days, post hoc analysis was
assessed with uncorrected Fisher’s LSD. Reversal day data (entries into previous escape
location, escape latency, distance traveled, errors, speed) were analyzed using a two-way
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ANOVA with prenatal treatment group and sex as between-subject factors. Where
appropriate, significant effects were followed up with the Bonferroni post hoc test. Search
strategy differences in the Barnes maze were analyzed using a Chi-square distribution test.

In all analyses, statistical significance was defined as P < 0.05. All statistical functions were
completed using GraphPad Prism 8.0.
3. Results

3.1 Prenatal kynurenine treatment does not impact postnatal peripheral KP metabolism

Tissues from male and female offspring of EKyn and ECon dams were tested for tryptophan,
kynurenine and KYNA at prepuberty (PD 21), early adolescence (PD 32 — 35), and during
early adulthood (PD 56 — 85) to determine the impact of prenatal kynurenine treatment on
KP metabolism across postnatal development. Tryptophan in the plasma was not impacted
by three-way age X sex X prenatal condition interaction (F2 9o = 0.7, P = 0.49) (Figure 2A).
In addition, no significant two-way interactions were determined for plasma tryptophan (age
Xsex: Fpo0=1.2, P =0.29; age X prenatal treatment: F» g9 = 0.7, P = 0.50; sex X prenatal
treatment: F1 g0 = 0.2, P = 0.70). Levels of tryptophan in the plasma were however
significantly impacted by age (F2 g0 = 50.2, P < 0.0001) and sex (F1 g9 = 4.8, P < 0.05)
alone, but not by ECon vs EKyn prenatal treatment (F1 g9 = 1.0, P = 0.32).

Plasma kynurenine analysis revealed no three-way age X sex X prenatal condition
interaction (F 97 = 1.0, P = 0.36)(Figure 2B). Levels of kynurenine were also not impacted
by any two-way interaction (age X sex: (F2.97 = 0.3, P = 0.72); age X prenatal treatment:
(F2,07 = 1.2, P =0.30); sex X prenatal treatment: (F1 g7 = 0.06, P = 0.81)). A main effect of
age (F2.97 = 19.5, P < 0.0001), but not sex (F1 g7 = 0.7, P = 0.42) or prenatal treatment (F1 o7
=0.07, P =0.79) was found for plasma kynurenine.

Similarly, plasma KYNA was not impacted by a three-way age X sex X prenatal condition
interaction (F5 9g = 1.6, P = 0.20)(Figure 2C). No significant two-way interactions were
observed for plasma KYNA levels (age X sex: (Fp 9g = 1.3, P = 0.27); age X prenatal
treatment: (Fp gg = 0.3, P = 0.71); sex X prenatal treatment: (F1 gg = 0.1, P = 0.72)). Plasma
KYNA was impacted by age (F2,9g = 16.4, P < 0.0001), but not sex (F1 ¢9g = 1.1, P = 0.29) or
prenatal treatment (Fq gg = 0.3, P = 0.60). There were no significant post-hoc findings.

3.2 Brain KYNA levels are altered in EKyn offspring in a sex- and age-dependent manner

Levels of KYNA were assessed in the hippocampus and frontal cortex to determine the
impact of prenatal kynurenine treatment on brain KP metabolism. In the hippocampus, a
significant three-way age X sex X prenatal treatment interaction was observed (F3 101 = 3.6,
P < 0.05)(Figure 3A). In addition, two-way analysis revealed a significant sex X prenatal
treatment interaction (F1 191 = 4.4, P < 0.05), but no impact of age X sex (F2 101 =2.8,P =
0.06) or age X prenatal treatment (F, 101 = 2.4, P = 0.10). A main effect of age on
hippocampal KYNA (F2 101 = 16.9, P < 0.0001) was found, but not of sex (F1 101 =2.5,P =
0.12) or prenatal treatment (F1 101 = 0.3, P = 0.57). Post-hoc analysis revealed a significant
difference at PD 56 between ECon and EKyn males (P < 0.01), with KYNA levels elevated
1.9-fold in the hippocampus of EKyn male offspring.

Neurobiol Learn Mem. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buck et al.

Page 7

We also assessed KYNA levels in the frontal cortex of ECon and EKyn offspring across the
lifespan. No three-way interaction between age X sex X prenatal treatment was determined
(F2,08 = 2.8, P =0.06) (Figure 3B). Significant age X sex (F2 98 = 4.4, P < 0.05), age X
prenatal treatment (F, g5 = 4.0, P < 0.05) and sex X prenatal treatment (F1 gg = 6.0, P < 0.05)
interactions were observed, but there was no main effect of age (F, gg = 1.5, P = 0.22), sex
(F1,08 = 0.8, P =0.38) or prenatal treatment (F1 gg = 0.4, P = 0.55). At PD 21, female, but
not male, EKyn offspring had significantly lower levels of KIYNA compared to controls (P <
0.05). In contrast, KYNA levels in the frontal cortex of male EKyn offspring were elevated
2.0-fold compared to controls at PD 56 (P < 0.05). This finding was not observed in female
offspring, indicating sexually dimorphic developmental trajectories following prenatal
kynurenine treatment.

3.3 Hippocampus-dependent learning deficits on the Barnes maze in prenatal
kynurenine-treated rats

To assess hippocampus-dependent learning and memory, adult ECon and EKyn animals
were trained in the Barnes maze task for 3 consecutive days. Maze acquisition was assessed
with escape latency, distance traveled, false escape entry errors, and mean speed. The
latency to entering the escape box was not impacted by a three-way day X sex X prenatal
treatment interaction (F» 128 = 0.2, P = 0.8) or by subsequent two-way analyses including
day X sex (Fp 12 = 0.03, P = 0.98), day X prenatal treatment (F5 10 = 1.6, P = 0.2) and sex
X prenatal treatment interactions (F1 g4 = 0.4, P = 0.52) (Figure 4A). Sex did not
significantly impact escape latency during acquisition trials in the Barnes maze (F1 g4 = 3.6,
P = 0.06), however there was a main effect of training day (F 126 = 30.5, P < 0.0001) and
prenatal treatment (F1 g4 = 10.6, P < 0.01). Post-hoc analyses revealed both male and female
EKyn rats had longer escape latency times on trial days 2 and 3 (P < 0.05) compared to
ECon controls. Additionally, both male and female ECon animals showed significantly
lower escape latencies by day 2 compared to day 1 (P < 0.01), while EKyn animals did not
have significantly lower escape latencies on either day 2 or 3 compared to day 1 of
acquisition training.

Analysis of the distance traveled during Barnes maze acquisition revealed a main effect of
testing day (Fy 4 = 32.17, P < 0.0001), but not of sex (F1 64 = 0.01, P = 0.94) or prenatal
treatment (F1 g4 = 3.6, P = 0.06) (Figure 4B). There were no significant interactions between
day X sex (Fp 12g = 0.8), P = 0.44), day X prenatal treatment (F, 128 = 0.5, P = 0.62), sex X
prenatal treatment (F1 g4 = 0.1, P = 0.76) or a three-way day X sex X prenatal treatment
(F2,128 = 0.4, P = 0.66). Male EKyn animals traveled a greater distance compared to ECon
on day 2 (P < 0.05), however there were no significant differences between female ECon and
EKyn rats. Distance traveled was lower by day 2 compared to day 1 for both male (P < 0.05)
and female (P < 0.01) ECon rats. Female EKyn rats (P < 0.05) also traveled a significantly
shorter distance by the second day of testing, while male EKyn animals did not have
significant improvements in the total distance traveled until day 3 (P < 0.05).

Barnes maze performance was also assessed by the number of errors or entries into false
escape options before entering the actual escape box. We determined a significant main
effect of day (F5, 108 = 45.2, P < 0.0001) but not of sex (F1 4 = 0.3, P = 0.57) or prenatal
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treatment (F1 g4 = 1.5, P = 0.43) (Figure 4C). No significant interactions between day X sex
(F2,128 = 0.9, P = 0.43), day X prenatal treatment (F, 128 = 0.2, P = 0.81), sex X prenatal
treatment (Fq g4 = 1.4, P = 0.24) or day X sex X prenatal treatment (F, 125 = 0.2, P = 0.83)
were found. Total errors were lower by day 2 compared to day 1 for male ECon (P < 0.05),
female ECon (P < 0.01) and female EKyn rats (P < 0.05), while male EKyn rats did not have
significantly fewer errors in the acquisition trials of the Barnes maze until day 3 (P < 0.05).

The mean speed at which rats completed acquisition trials in the Barnes maze was
significantly impacted by day (F2 128 = 4.7, P < 0.05) and prenatal treatment (Fy g4 = 9.0, P
< 0.01) but not sex (F1 64 = 3.7, P = 0.06) (Figure 4D). There were no significant interactions
between day X sex (Fp,12g = 1.1, P =0.34), day X prenatal treatment (F5 108 = 2.1, P = 0.12),
sex x prenatal treatment (Fq g4 = 0.7, P = 0.41) or day X sex X prenatal treatment (Fy 128 =
1.0, P = 0.36). Of note, it was the female ECon animals that were significantly faster than
female EKyn animals on day 2 (P < 0.001) and day 3 (P < 0.05) while there were no
significant differences between male ECon and EKyn animals.

3.4 EKyn impairments and sex differences on Barnes maze reversal trials

Reversal learning in the Barnes maze was tested on the fourth day, after 3 consecutive
acquisition days. For this protocol, we also assessed the number of attempted entries into the
previous escape location. A main effect of prenatal treatment on number of entries into the
previous escape location was observed (F1 g4 = 12.7, P < 0.01) but there were no significant
effects of sex (Fy 64 = 4.5, P = 0.06) or sex X prenatal treatment interaction (F1 64 = 0.1, P =
0.77) (Figure 5A). Male EKyn offspring entered the previous escape more often than the
male ECon offspring (P < 0.05) while the female EKyn and ECon offspring were not
significantly different. Escape latency during the reversal trials was significantly affected by
sex (Fq61 = 4.8, P <0.05) and prenatal treatment (Fy g1 = 11.1, P < 0.01), but no significant
interaction of sex X prenatal treatment was observed (F1 g1 = 0.36, P = 0.55) (Figure 5B).
Male EKyn animals had significantly higher escape latencies compared to male ECon
animals (P < 0.05), while female EKyn animals were not significantly different from female
ECon animals.

During the reversal trials, distance traveled was also significantly impacted by prenatal
treatment (Fq g4 = 8.0, P < 0.01) but not sex (Fy 64 = 2.9, P = 0.1) or sex X prenatal treatment
interaction (F1 g4 = 0.5, P = 0.46) (Figure 5C). In this case, EKyn females traveled
significantly greater distance than ECon females (P < 0.05) while EKyn and ECon males did
not differ significantly. For total number of errors during the reversal trials, significant main
effects of sex (Fy 63 = 6.6, P < 0.05) and prenatal treatment (F1 g3 = 8.9, P < 0.01) were
found, but there was no significant sex X prenatal treatment interaction (F1 3 = 1.3, P =
0.25) (Figure 5D). Male EKyn rats committed more errors than the ECon males (P < 0.05)
whereas the number of errors committed between EKyn and ECon females did not
significantly differ.
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3.5 EKyn rats continue to utilize random search strategy on the Barnes maze more than

ECon rats

Analysis of video track plots obtained during acquisition and reversal trials of the Barnes
maze allowed for assessment of the search strategies by which animals located the escape
box. Representative track plots of all treatment groups and across days of the Barnes maze
are shown in Figure 6. As described in Table 1, animals used either random, serial or direct
search strategies to find the escape location. During the first day of training on the Barnes
maze, all animals utilized almost exclusively random and serial search strategies to find the
escape location (Figure 7). Day 1 search strategy was significantly impacted by prenatal
treatment for the male (C2 (2) = 7.4, P < 0.05) but not female rats (C2 (2) = 4.6, P = 0.1), as
measured by Chi-squared comparison. On the second and third days of training, both male
and female ECon rats abandoned the random strategy in favor of the more efficient serial
and direct strategies, but the EKyn rats typically failed to do so. This resulted in a significant
effect of prenatal treatment on search strategy for training day 2 in both sexes (Male: C2 (2)
=6.6, P < 0.05, Female: C2 (2) = 7.2, p < 0.05) and training day 3 for males (C2 (2) = 8.1, P
< 0.01) but not females (C2 (2) = 5.6, P = 0.06). On the reversal day, most animals utilized a
serial strategy to find the new escape location, and there were no significant differences in
search strategy between groups.

4. Discussion

We presently assessed hippocampus-dependent spatial learning and memory, prefrontal
cortex-mediated reversal learning, and KP metabolism in both sexes of offspring from
mothers that were treated with kynurenine prenatally. Using the Barnes maze, we
determined stark acquisition learning and memory impairments in male EKyn offspring and
deficiencies in reversal learning in both male and female EKyn animals. Specifically, in the
brain, we saw increased KYNA in the hippocampus and frontal cortex of adult male EKyn
offspring, but no changes in the EKyn females derived from the same litters. These are our
first reported indications of sex differences in the long-term impact of prenatal kynurenine
elevation in rats, suggesting a male-specific vulnerability to KYNA elevation and cognitive
dysfunction.

The EKyn model was designed to recapitulate the impact of late gestational exposure to
insults such as stress (Notarangelo and Schwarcz, 2016), sleep loss (Baratta et al., 2020),
maternal immune activation (Clark et al., 2019), and others that induce an increase in KP
metabolism and elevate fetal brain KYNA during the last week of gestation (Ortega et al.,
2020; Pocivavsek et al., 2014). While it is known that kynurenine can cross both the
placental (Goeden et al., 2017) and blood-brain barrier (Fukui et al., 1991) and be converted
to KYNA, the exact mechanism by which KYNA accumulates prenatally has not been
determined (Notarangelo et al., 2019). Despite prenatal exposure, our present data indicate
that this KYNA increase disappears after birth and does not return until adulthood,
indicating a post-pubertal change. Our studies with cross-fostered ECon and EKyn offspring
demonstrate that maternal behavior does not influence later biochemical and behavioral
outcomes (Pocivavsek et al. 2019). However, given that dams have been found to treat male
and female offspring differently in the nest, any sex-specific confounds should be further
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investigated (Hao et al., 2011; Kosten & Nielsen, 2014). Given the male-specific KYNA
change seen in adult offspring, we speculate a role of circulating androgens that may leave
male animals more susceptible to KP metabolism disruptions (Baratta et al., 2018).
Furthermore, the finding that tryptophan and kynurenine levels in the blood were not
different in adulthood in EKyn rats indicates that the increased KYNA was a result of
changes in KP metabolism within the brain (Gramsbergen et al., 1997). Future studies will
investigate this and other possible mechanisms to uncover the cause of this sex-specific, and
age-specific, result.

We have previously observed hippocampal learning impairments in EKyn rats on the passive
avoidance paradigm and Morris water maze (Notarangelo and Pocivavsek, 2017; Pocivavsek
etal., 2019; Pocivavsek et al., 2014). Specifically, in the water maze task, which relies on
spatial navigation across multiple acquisition days, we found that male EKyn rats displayed
an increased escape latency from the second day of training onwards. The stark similarities
in training deficiencies reported presently after the second day of training further support the
notion that male EKyn rats have difficulties in spatial learning and memory. The Barnes
maze allowed us to challenge the animals with a reversal trial as well, and we determined
that both male and female EKyn offspring were impaired compared to controls. These
findings provide further support that EKyn offspring are impaired in cognitive flexibility, a
prefrontal cortex-dependent function (Pershing et al., 2015). Of note, differences in behavior
between EKyn and ECon offspring may also be influenced by non-mnemonic factors that
may influence learning and memory, such as broad monitoring deficits and a narrowed
attentional focus (Hahn et al. 2018).

We also determined a clear sex differences in Barnes maze performance between EKyn
offspring. EKyn females were slower during the trials, but did not commit more errors,
suggesting that females have more subtle deficiencies that relate to motor deficits or
motivational impairments. Continued reliance on the less efficient random search strategy by
EKyn offspring throughout the acquisition trials, rather than the more efficient serial and
direct strategies (Betancourt et al., 2017; Rosenfeld and Ferguson, 2014), was also starker in
EKyn males compared to EKyn females. While male rodents and humans tend to perform
better on spatial memory tasks (Leger and Neill, 2016; Simpson and Kelly, 2012; Yuan et al.,
2019), the observed resilience in female rats is consistent with other perinatal insult models
(Andersen and Pouzet, 2004; Bath et al., 2017) and further supports our EKyn model as a
viable tool to investigate the cognitive effects of perinatal disruptions.

The stark, and consistent, learning and memory impairments in adult male EKyn offspring
may be related to the significant elevation in brain KYNA compared to controls. KYNA is
an antagonist of NMDA and a7nACh receptors, which are both highly expressed from early
development throughout the brain (Ben-Avri et al., 1997; Dwyer et al., 2009; Falk et al.,
2002; Jantzie et al., 2015) and have been shown to play an outsized role in learning and
memory (Levin et al., 2006; Robbins and Murphy, 2006). Recent studies have attempted to
tease apart the individual roles of each receptor in spatial working memory. While knockout
of the a.7nAch receptor does not lead to spatial memory deficits in rodents (Azzopardi et al.,
2013; Paylor et al., 1998), an inducible knockdown model produces spatial memory
impairments on the Morris water maze in rats (Curzon et al., 2006), and administering the
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a7nAChR positive modulator galantamine reverses cognitive flexibility deficits after early
life kynurenine exposure (Alexander et al., 2013; Alexander et al., 2012). Additionally,
pharmacological inhibition and inflammation-induced loss of the NMDA receptor lead to
impairments in spatial memory on the Barnes maze (Malikowska-Racia et al., 2018; Zhang
et al., 2017) and the Morris water maze (Bye and McDonald, 2019; Ferretti et al., 2007;
Liang et al., 1994), indicating that antagonism of both receptor targets of KYNA lead to
impairments in cognitive function. While female animals displayed mild behavioral
impairments as well, this was not accompanied by an increase in their brain KYNA.
Previous studies have indicated that male EKyn offspring exhibit structural differences in the
form of reduced dendritic spine density and deficiencies in glutamate release (Pershing et
al., 2015; Pocivavsek et al., 2019). If present in female offspring, these changes may
underlie the behavioral deficiencies observed in the absence of altered KYNA levels.

The sex differences observed in this study are intriguing given that they are in agreement
with trends seen in SZ cognitive deficits and prevalence (Aleman et al., 2003; Leger and
Neill, 2016; Mendrek and Mancini-Marie, 2016; Wickens et al., 2018), but it remains
unclear why males are more susceptible to prenatal kynurenine elevation. One possibility is
that males are more susceptible to prenatal disruptions in general. Multiple studies observing
the effect of prenatal stress or maternal inflammation on offspring have shown male-specific
behavioral, biochemical, and morphological alterations (Brunton and Russell, 2010; Carney,
2019; Hunter et al., 2019; Mueller and Bale, 2007; Mueller and Bale, 2008; Roussel et al.,
2005; Zuena et al., 2008). Prenatal stress has been found to decrease expression of the X
chromosome-linked gene O-linked N-acetylglucosamine transferase, which is normally
expressed twice as much in females than males, indicating a possible role of sex-linked
genes in male vulnerability (Howerton and Bale, 2014; Howerton et al., 2013). On the other
hand, the observed sex differences may be due to inherent differences in KP metabolism
(Baratta et al., 2018) or hippocampal neurogenesis (Yagi and Galea, 2019). Future studies
are necessary to unravel the true mechanism behind these sexually-dimorphic results.

In an effort to determine if brain KP changes are reflected in the periphery, we also
measured levels of tryptophan, kynurenine and KYNA in the plasma. Unlike in the central
nervous system, peripheral changes to KP metabolism were not observed. This underscores
the fact that peripheral measurements do not reflect brain changes and, to get an accurate
picture of what is occurring in the brain, direct measurements need to be taken (Plitman et
al., 2017; Sellgren et al., 2019). Special consideration should also be given to the time of day
during which samples are collected as we learn more about the impact of circadian phase on
the relationship between KYNA and behavior (Lewis et al. 2019; Rentschler et al. 2019).

The protocol used here systemically elevated kynurenine, so it is important to consider the
alternative arm of the kynurenine pathway when interpreting these results. Kynurenine can
also be converted by the enzyme kynurenine-3-monooxygenase (KMO) into 3-
hydroxykynurenine and quinolinic acid, both of which have been found to act within the
central nervous system (Schwarcz et al., 2012). While it is possible that these metabolites
could play a role in the observed results, prenatal administration of a KMO inhibitor, Ro 61—
8048, produced behavioral results similar to ours, as well as alterations in NMDA receptor
subunit composition and hippocampal synaptic plasticity (Forrest et al., 2013a; Forrest et al.,
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2013b; Forrest et al., 2015; Khalil et al., 2014), reinforcing the idea that this is a KYNA-
driven effect.

In conclusion, this study presents an impairment in hippocampus and prefrontal cortex-
dependent memory after prenatal kynurenine elevation, and in male rats, this impairment is
greater and coupled with elevations in hippocampus and frontal cortex KYNA. These
findings highlight important sex differences in susceptibility to early life insults and confirm
a link between KYNA and cognitive deficits. Ongoing investigations are continuing to
utilize various pharmacological approaches to attenuate behavioral deficits in EKyn rats by
interfering with de novo KYNA synthesis or function (Pocivavsek et al., 2019).
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a7nACh a7 nicotinic acetylcholine

ECon Embryonic control

ED Embryonic day

EKyn Embryonic kynurenine

KAT 11 Kynurenine aminotransferase 1l
KMO Kynurenine-3-monooxygenase
KP Kynurenine pathway

KYNA Kynurenic acid

NMDA N-methyl-D-aspartate

PD Postnatal day
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Highlights
. Kynurenine-laced food was fed to pregnant rats during the last week of
gestation
. Male, but not female, offspring from kynurenine fed mothers displayed

elevated brain kynurenic acid during adulthood

. Male offspring exposed to elevated prenatal kynurenine have significant and
distinct impairments in learning and memory compared to females
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Figure 1.
Schematic representation of experimental design and timeline. Pregnant rats were fed a

control (ECon) or kynurenine-laced (EKyn) chow with 100 mg kynurenine per dam per day
from embryonic day (ED) 15 until ED 22. Upon birth, normal rodent chow was fed to all
male and female offspring. Biochemical analysis was conducted at prepuberty (postnatal day
[PD] 21), in early adolescence (PD 32 — 35), and early adulthood (PD 56 — 85). Behavioral
testing in the Barnes maze was performed in adult animals.
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Figure 2.
Plasma levels of tryptophan, kynurenine and KYNA in pre-pubertal (PD21), adolescent (PD

32 - 35), and adult (PD 56 — 85) offspring are not altered by prenatal exposure to kynurenine
(EKyn). (A) Plasma tryptophan: no significant three-way age x sex x prenatal condition
interaction; significant main effect of age and sex, but not prenatal treatment. (B) Plasma
kynurenine: no significant three-way age x sex x prenatal condition interaction; significant
main effect of age, but not sex or prenatal treatment. (C) Plasma KYNA: no significant
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three-way age x sex x prenatal condition interaction; significant main effect of age, but not
sex or prenatal treatment. All data are mean £ SEM. N = 6 — 12 litters per group.
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KYNA is elevated in the hippocampus and frontal cortex of adult male, but not female EKyn
offspring. (A) Hippocampal KYNA: Significant three-way age x sex x prenatal condition
interaction, significant sex x prenatal condition interaction; significant main effect of age,

but not sex or prenatal treatment. (B) Frontal cortex KYNA: no significant age x sex X

prenatal condition interaction; significant age x sex, age x prenatal treatment, sex x prenatal
treatment interactions. All data are mean + SEM. Post-hoc comparisons indicate *P < 0.05,

**P < 0.01. N =6 — 12 litters per group.
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Figure 4.
Spatial learning and memory deficits in adult EKyn rats. Animals were tested in the Barnes

maze during adulthood (PD 56 — 85). Acquisition testing occurred across 3 days with the
mean = SEM of 2 trials per day shown. (A) Escape latency: main effect of training day and
prenatal condition, but not sex. (B) Distance traveled: main effect of testing day, but not sex
or prenatal treatment. (C) Errors committed: main effect of testing day, but not sex or
prenatal condition (D) Average speed: main effect of testing day and prenatal condition, but
not sex. All data are mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. N = 16 — 20 per
group.
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Figure 5.
Reversal learning impairments in adult EKyn rats. After three days of acquisition learning in

the Barnes maze, the escape location was altered to assess reversal learning. (A) Entries into
the previous escape location: main effect of prenatal treatment, but not sex. (B) Escape
latency: main effect of both prenatal treatment and sex. (C) Distance traveled: main effect of
prenatal treatment, but not sex. (D) Errors committed: main effect of both prenatal treatment
and sex. All data are mean = SEM. *P < 0.05. N = 16 — 20 per group.
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Figure 6.

Representative track plots of rats tested in the Barnes maze across the three acquisition days
and the reversal learning day. Escape location is circled in blue and, for the reversal learning

day, the previous escape location is circled in red.
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Figure 7.
EKyn rats use less efficient search strategies in the Barnes maze. Stacked bar graphs

depicting percentages of rats per group that utilized random, serial, or direct search
strategies in finding the escape box across the four testing days. Analysis reveals that EKyn
rats used the less efficient random strategy more often than the ECon rats. All data are mean
+ SEM. *P < 0.05. N = 16 — 20 per group.
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Table 1.

Search strategy definitions.

Strategy Description

Measure

Direct Make less than 3 errors within 2 holes from the escape OR make less than 3 errors followed by course correction directly
toward escape location

Serial Make at least 3 errors (>50 % are sequential) with less than 2 changes of direction

Random Make at least 3 errors (<50% are sequential) OR make at least 3 errors with 2 or more changes of direction
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