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Impact of Early Immune Challenge by LPS on Nitric Oxide Release
Dynamics in the Neonatal Rat Brain: Triggering Long-lasting Sex-
and Age-Related Affective Behavioral Alterations in Adolescence
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Abstract | Early-life immune challenges, like lipopolysaccharide (LPS) exposure, can induce lasting changes in brain
structure, neurochemistry, and function, a process known as “early-life programming.” These changes are associated with
neuropsychiatric disorders, including depression. While the nitric oxide (NO) pathway is implicated in depression,
how changes in NO kinetics impact sex-dependent affective behaviors has not been thoroughly investigated. This study
focuses on the effects of LPS-induced early immune challenge on NO release kinetics in the neonatal rat brain, as well
as the link between these effects and long-term sex- and age-related behavioral changes in adolescence. Two cohorts of
neonatal rats were used in the study. The first cohort included 80 male and female rats, which were sacrificed at various
times after LPS (250 pg/kg) or phosphate buffer saline (PBS) injection on postnatal day 2 (PND2). Brain regions were
collected for biochemical analysis. The second cohort consisted of 20 rats, with equal gender distribution, divided into
PBS- and LPS-injected groups. At PND60, these rats underwent behavioral tests (Open Field, Elevated Plus Maze,
and Forced Swim), followed by biochemical analysis of brain structures. The findings showed a prolonged elevation of
NO following the early immune challenge with LPS in males. Furthermore, behavioral assessments conducted dur-
ing adolescence demonstrated that male rats consistently showed more pronounced anxiety-like and depressive-like
behaviors with higher biomarker levels than females. Understanding these sex-specific NO release patterns and how
they affect adolescents could be crucial to understanding the neurochemical processes that underlie the development of
depression and other mental health disorders.
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INTRODUCTION

he neonatal period is a critical timeframe, during

which adverse events can significantly impact the de-
velopment of the central nervous system, thereby aftecting
behavior later in life (Dinel e£ a/.,2014). Studies on humans
and animals have shown evidence of a connection between
the immune system and several neuropathological disor-
ders, such as anxiety, depression, and cognitive dysfunctions,
which are thought to have a developmental origin (Ben-
mhammed ez a/., 2019). However, the pathways through
which these changes occur are still being explored. Indeed,
major depressive-disorder often manifests early during ad-
olescence, a period characterized by significant hormonal
fluctuations (Milivojevic and Covault, 2013) and the devel-
opment of brain regions such as the hippocampus, amygdala,
and prefrontal cortex (Patel ez a/., 2021; Nassiri ez al.,2023).

In this context, previous studies in our laboratory have
identified critical windows during development when the
immune system response to challenges, such as those in-
duced by lipopolysaccharide (LPS), can have significant ef-
fects on adult behavior (Berkiks ez a/.,2018; Benmhammed
et al., 2019; Abdeljabbar ez al., 2023). These effects may be
influenced by various factors, including the timing of the
immune challenge, the sex of the individual, and the specif-
ic brain regions affected.

Furthermore, the role of inflammatory cytokines, such
as interleukin-1p (IL-1pB), in mediating these behavioral
changes has been highlighted; previous studies have shown
that neonatal exposure to E. coli infection on postnatal
day 4, significantly increases inflammatory cytokines, such
as IL-1B and TNF-alpha 24 hours post-infection in the
serum (Schwarz and Bilbo, 2011; Nakagawa and Chiba,
2015). Interestingly, previous studies have found that nitric
oxide (NO) is involved in the cytotoxic effect of TNF-alpha
a on endothelial cells, suggesting that cytokine stimulation
of the production of NO may be a key mechanism through
which immune challenges can influence brain function and
ultimately impact behavior (Babri 7 a/., 2014). The study
found that nitric oxide synthase (NOS) inhibitors, specif-
ically L-NAME and aminoguanidine, as well as sildenafil,
exhibited antidepressant-like effects in mice subjected to
LPS-induced depressive-like behavior (Tomaz ez a/.,2014).
'The depressive-like behavior induced by LPS is time-de-
pendent, typically manifesting 24 hours after administra-
tion. This timing aligns with the peak of inflammatory re-
sponses and the subsequent behavioral changes observed
in the animal model (Bilbo and Schwarz, 2012). Under-
standing the neonatal immune system and its impact on
the brain is crucial during health and disease processes. As
a result, it is essential to investigate different markers of
inflammation in the newborn brain.

As known, NO is a significant indicator whose level can be
used to evaluate the kinetics of the inflammatory response
in damaged tissue (Ziaja ez a/., 2011) and can have pro-
or anti-inflammatory actions, as well as neuroprotective or
destructive effects, depending on its age-related expression,
acute or chronic expression, and concentration (Garry ez
al., 2015; Picon-Pages ez al., 2019). This paramagnetic gas
is naturally produced in different amounts during postnatal
development in an age-dependent manner under normal
physiological conditions (Ibouzine-Dine ez a/., 2024). Our
previous investigation revealed fluctuations in the levels of
NO in developing brains from postnatal days 1 to 8.

Prior research has demonstrated that NO levels can rise
quickly in response to an inflammatory trigger during the
second week of postnatal development. Early time points,
such as 2 and 6 hours, are usually chosen to assess the im-
mune system’s immediate reaction and the rapid generation
of NO. Later time points, such as 24 and 48 hours, are used
to examine how NO levels change as the inflammatory re-
sponse progresses (Ziaja e al., 2011). The impact of varia-
tions in NO kinetics on sex-dependent affective behaviors
has not been thoroughly investigated. We propose that the
kinetics of the NO response following a neonatal immune
challenge differ between males and females and that these
different NO levels will be associated with the develop-
ment of sex-specific emotional behaviors, such as anxiety
and depression, during adolescence. This study aimed to
map the temporal progression of the immune response by
measuring NO levels at various intervals (e.g., 2, 24, 48,
and 72 hours post-infection) and to investigate the link be-
tween these changes and long-term sex- and age-related
behavioral changes in adolescence.

MATERIALS AND METHODS

ANIMALS

Adultfemale Wistar rats,weighing 250-280 g,were obtained
from the Laboratory of Biology and Health at Ibn Tofail
University, acclimatized for one week in the presence of
male rats for mating purposes, and then individually housed
with unlimited access to food and water under controlled
environmental conditions (12-hour light-dark cycle from 7
PM to 7 AM and a temperature of 22 + 2°C); the newborn
rat pups were checked daily at 9:30 AM, with the day of
birth designated as postnatal day 0 (PNDO) for each pup.

All experimental protocols followed the ethical guidelines
published by the National Institutes of Health for the eth-
ical use of laboratory animals in research. The animal ethics
committee at Ibn Tofail University (ITU) authorized the
protocols used in these experiments. Biochemical studies

were carried out at I'TU’s Biology and Health Laboratory.
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LiPOPOLYSACCHARIDE ~ INJECTIONS  AND  TISSUE
DI1ssECTIONS

Male and female Wistar rats were utilized in our investi-
gation. On PND2, litters were normalized to 10 pups per
litter with an equal distribution of sexes (5 males and 5 fe-
males). Subsequently, they received a single intraperitoneal
(i.p.) injection of lipopolysaccharide (LPS) (from Escheri-
chia coli serotype 026:B6; L-3755, Sigma Aldrich, St. Lou-
is, MO; 250 pg/kg) (Berkiks ez al., 2018; Abdeljabbar ez al.,

2023), or an equivalent volume of PBS for control animals.

Cohort 1

% %o 3
7 7
! 2h 2an 4sh 72h
P2 A A A
P i.p.
Control group (n=40,PBS)

¥
Birth/PO

Tissue collection
LPS group(n=40,250 pg/kg)

sTR

B

, Biochemical assay
- No

°----;-} G -
Cohort 2
Enclosed Enclosed
o0
o
EPM .
% 7/
B
¢
o ror /
L N
i ' ' t + i 1 L4
o P'z P60 Pl P62 P64
"3 Qlp. " Behavioral Tests Biochemical assay: NO,TNFo

Control group (n=10,PBS)
LPS group(n=10,250 pg/kg)

Figure 1: Schematic of the study design and timeline
for the experimental process. Two cohorts of rats were
employed. In Cohort 1, male (' blue) and female (9 red)
Wistar rat pups were sacrificed at 2, 24, 48, and 72 hours
post-injection of either (lipopolysaccharide) LPS or PBS
(Phosphate Buffer Saline) at postnatal day 2 (P2). The
prefrontal cortex (PFC), striatum (STR), hippocampus
(HC), and hypothalamus (HY) were dissected to assess
nitric oxide (NO) levels. In the second cohort, male and
female rats were administered LPS at P2 and subjected to
three different behavioral tasks in the following order: open
field (OF), elevated plus maze (EPM), and forced swim test
(FST) at P60. After sacrifice, brain structures (prefrontal
cortex, striatum, hippocampus, and hypothalamus) were

collected to assess NO and TNFa levels.

Two cohorts of rats were employed (Figure 1). Cohort 1
was established to investigate the impact of LPS adminis-
tration on NO production across various brain regions. On
postnatal day 2 (P2), a total of 80 male and female rats were

sacrificed at 2 (males n = 5; females n = 5), 24 (males n = 5;
females n = 5),48 (males n = 5; females n = 5), and 72 hours
(males n = 5; females n = 5) post-injection of either LPS or
PBS. The PBS-treated animals were included as a control
group to account for any potential non-specific effects of
the injection procedure on NO production. The prefrontal
cortex, striatum, hippocampus, and hypothalamus were dis-
sected and homogenized using a Dounce homogenizer in
an ice-cold RIPA lysate solution containing 1 mM PMSF.
Subsequently, the homogenates underwent centrifugation
at 14,000 g for 15 minutes before NO level quantification.

In the second cohort, 20 rats were utilized to explore the im-
pact of neonatal LPS administration on emotional behavior
during adolescence (PND60). To accomplish this, rat pups
treated with LPS and their respective controls at PND2
underwent three behavioral tests (open field, elevated plus
maze, and forced swimming) at PND60. After sacrifice,
brain structures (prefrontal cortex, striatum, hippocampus,
and hypothalamus) were collected for biochemical analysis.

BEHAVIORAL TESTS

To assess the influence of neonatal infection on affective
behavior, we employed the Open Field (OF), Elevated plus
Maze (EPM), and Forced Swimming Test (FST). These
tests were chosen to provide a comprehensive evaluation
of the behavioral consequences of the early-life immune
challenge. All behavioral responses were captured using a
camera for analysis.

OpPEN F1ELD TEST

The OF test was used to measure general locomotor activi-
ty and exploratory behavior, which can be indicative of un-
derlying anxiety levels. An open square field, measuring 1.2
meters on each side and enclosed by a 40-centimeter-high
white wall, was utilized to assess behaviors indicative of
anxiety and locomotor activity (Carola ez a/., 2002).

The field was divided into 25 squares, consisting of 9 cen-
tral and 16 peripheral squares, each measuring 20 by 20
centimeters. Animals were gently placed in the center of
the field and allowed to explore freely for 10 minutes. After
each session, the field was cleaned using 70% ethyl alcohol.
The parameters assessed included the total distance trave-
led (reflecting locomotor activity), time spent in the central
area, and the frequency of returns to the center (indicative
of anxiety levels).

ELEVATED PLUs MAZE TEST

The EPM was chosen to specifically assess anxiety-like
behavior by evaluating the natural aversion of rodents to
open, elevated spaces. An EPM test was conducted to
evaluate anxiety-like behaviors. This test consists of a plus-
shaped wooden maze with two open arms (50x10 cm) and
two enclosed arms of the same size. The enclosed arms have

O

October 2024 | Volume 12 | Issue 10 | Page 1978

Q-
Sols Links
OResearchers



OPENaACCESS

Advances in Animal and Veterinary Sciences

wooden walls 40 cm high, except at the center where the
arms intersect. The entire maze is elevated 50 cm above the
floor. During the test, each animal is placed at the center of
the maze, facing one of the enclosed arms, and allowed to
explore the maze freely for 5 minutes.

Anxiety-related measures include the time spent by a rat in
the open arms and the duration of stretching in the closed
arms. Between tests, the apparatus is cleaned using 70%

ethyl alcohol (Garcia e a/., 2005; Rhaimi ez al., 2023).

ForceDp Swim TEsT

Depressive mood symptoms were assessed using an FST.
Swimming sessions were conducted by placing rats in in-
dividual glass cylinders (height = 50 cm; diameter = 30 cm)
containing 30 cm of water at a temperature of 23 = 2°C.
During a session, rats were forced to swim in the cylinder
for 5 minutes, and their duration of immobility was record-
ed. A rat was considered immobile when it ceased all active
behaviors (e.g., struggling, swimming, and jumping) and
remained passively floating, making minimal movements
to maintain its nostrils above water. The latency to the first
bout of immobility was also recorded. Increased immobil-
ity time is interpreted as an increased depressive-like re-
sponse (a measure of depression) (Porsolt ez a/., 1978; Réus

etal.,2011).

MEASUREMENT OF BIOCHEMICAL PARAMETERS

After behavioral tests, animals were anesthetized with chlo-
ral (100 mg/kg). The four areas were rapidly dissected and
homogenized using a Dounce homogenizer in a lysis buffer
kept at an ice-cold temperature (RIPA lysate solution + 1
mM PMSF). The homogenates were centrifuged for 15 min
at 14000 g, and then TNFa and NO levels were measured.

NITRITE/NITRATE ASSAY

NO conversion to nitrite and nitrate in biological systems
enhances nitrite generation. Nitrite represents the stable
end product remaining after the auto-oxidation of NO.
'Thus, evaluating its levels in serum and tissue homoge-
nates is widely recognized as a dependable indicator of
NO activity (Naila ez al., 2021; Zghari et al., 2023; Brikat
et al., 2024; Harifi et al., 2024). In this investigation, we
quantified nitrite concentration utilizing the diazotization
method, which relies on the Griess reaction, in rat brain
tissue homogenates extracted from the prefrontal cortex,
hippocampus, striatum, and hypothalamus. This indirect

assay serves as a means to gauge NO production (Chao ez
al., 1992; El-Hamzaoui ez al., 2024).

Tissue samples (500 pl) were dispensed into tubes, and an
equal volume of Griess reagent (1% sulphanilamide (1 ml)
and 0.1% N-1-naphthyl ethylenediamine dihydrochloride
(1 ml) in 2.5% orthophosphoric acid) was added to each

tube. Following a 30-minute incubation at room tempera-

ture, absorbance was recorded at 540 nm. The nitrite con-
centrations in the tissue homogenates were determined
via linear regression analysis, utilizing standard calibration
curves generated with sodium nitrite. Tissue nitrite levels
were expressed in pmol/g tissue.

TNFa Assay

The tumor necrosis factor-alpha (TNFa) content in the
homogenates of the prefrontal cortex, hippocampus, stria-
tum, and hypothalamus was measured using an appropriate
rat TNFa enzyme-linked immunosorbent assay (ELISA)
kit (Invitrogen KRC3011). The TNFa levels were subse-
quently expressed in pg/ml.

STATISTICAL ANALYSIS

All data were analyzed by two-way ANOVA, followed by
Bonferroni’s post hoc test for comparison between groups.
'The data were analyzed using two-way analysis of variance
(ANOVA) to assess the main effects of sex (male vs. fe-
male) and treatment (LPS vs. PBS), as well as any potential
interaction effects between these two factors. This two-way
ANOVA approach was selected because the experimental
design involved two independent variables (sex and treat-
ment) that could potentially influence the dependent varia-
ble NO levels. The data are represented as mean + standard
error of the mean (SEM) and illustrated by figures pro-
duced by the Graph Pad Prism 8 software (Graph Pad
Software Inc., La Jolla, California, United States). Signifi-

cant differences were considered at p < 0.05.

RESULTS AND DISCUSSION

KINETICS OF NO PRODUCTION IN RESPONSE TO
SysTEMIC IMMUNE CHALLENGE WITH LPS
Pre-FrONTAL CORTEX: In male rats, LPS injection led to
a robust and statistically significant increase in NO levels
compared to the PBS control group (F, ;, = 167.2, p <
0.0001), peaking at 2 hours (F; ,, = 32. 90 p < 0.0001).
During the next 48 hours, the levels of NO were sustained
for up to 48 hours before returning to baseline by 72 hours
compared to the control (Figure 2).

In female rats, LPS injection also resulted in a significant
increase in NO levels compared to the PBS control (F,
1= 142, p < 0.0001). The peak in NO levels in female
LPS-treated rats was observed at 2 hours, similar to the
males (F(:;, 1 =29.29,p < 0.0001). The elevated NO levels
in females returned to baseline by 48 hours, earlier than in
their male counterparts.

'The sex-dependent differences in NO response emerge
later, with males showing significantly higher NO levels
compared to females at the 48-hour time point, rather than

the initial 2-hour period.
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Figure 2: Kinetics of nitric oxide (NO) levels in the prefrontal cortex (PFC) of male (A) and female (B) rats following
a single intraperitoneal injection of either lipopolysaccharide (LPS) or phosphate-buftered saline (PBS) as a control over
72 hours in PND2. The significance level is 0.05.*p < 0.05 vs. PBS group, according to two-way ANOVA following post-

hoc (comparisons Bonferroni’s multiple comparisons test).
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Figure 3: Kinetics of nitric oxide (NO) levels in the striatum (STR) of male (A) and female (B) rats following a single
intraperitoneal injection of either lipopolysaccharide (LPS) or phosphate-buffered saline (PBS) as a control over 72 hours
in PND2. The significance level is 0.05. *p < 0.05 vs. PBS group, according to two-way ANOVA following post-hoc

(comparisons Bonferroni’s multiple comparisons test).

STRIATUM: In male rats, LPS injection led to a significant
increase in NO levels compared to the PBS groups (F,, ,, =
257.8,p < 0.0001), with the peak response occurring at the
2-hour time point (FG, 1) = 63.88,p < 0.0001). However,
the female rats exhibited a more sustained elevation of NO
levels compared to the control group (F, ., = 220.1, p <
0.0001) at 2 and 24-hour time points (F3 2 = 67.23,p
< 0.0001). After 24 hours, the NO level gradually decline
returning to baseline levels by the 48 and 72 hours. In
contrast, the PBS group maintains relatively stable and
low NO levels throughout the 72-hour time course. Also,
data shows a significant difference in striatal NO levels at
the 2-hour time point, with females exhibiting higher NO
concentrations than males at this early time point (Figure 3).

Hippocampus: In male neonatal rats, the LPS group shows
a significant increase in hippocampal NO levels compared

to the PBS control (F1 59 =312.5,p < 0. 0001) at all-time
points (2h,24h,48h 72h) 'The peak NO response is observed
at the 2-hour time point (F 6 = 39:33,p < 0. 0001), after
which the levels gradually decline but remain elevated
compared to controls throughout the 72 hours (Figure 4).

In the female rats, the LPS group also exhibits a significant
increase in hippocampal NO levels compared to the PBS
(F(L 1= 5949, p < 0.0001), reaching a peak at the 2-hour
time point, similar to the males (F(3’ 2= 13.62,p < 0.0001).
However, the temporal dynamics differ from the males.
'The elevated NO levels in the female LPS group return to
baseline by the 48-hour time point, whereas the male LPS
group maintains higher NO levels throughout the 72-hour
time course. The sex-dependent differences in NO show an
increase in NO levels in the male LPS group compared to
the female LPS group at a 2-hour time point. However, at
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Figure 4: Kinetics of nitric oxide (NO) levels in the hippocampus (HC) of male (A) and female (B) rats following a
single intraperitoneal injection of either lipopolysaccharide (LPS) or phosphate-buffered saline (PBS) as a control over
72 hours in PND2. The significance level is 0.05.*p < 0.05 vs. PBS group, according to two-way ANOVA following post-

hoc (comparisons Bonferroni’s multiple comparisons test).
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Figure 5: Kinetics of nitric oxide (NO) levels in the hypothalamus (HY) of male and female rats following a single
intraperitoneal injection of either lipopolysaccharide (LPS) or phosphate-buffered saline (PBS) as a control over 72 hours
in PND2. The significance level is 0.05. *p < 0.05 vs. PBS group, according to a two-way ANOVA following post-hoc

(comparisons Bonferroni’s multiple comparisons test).

the 24, 48, and 72-hour time points; there is no significant
difference in hippocampal NO levels between the male and
temale LPS groups.

HyporHAaLAMUS: In the male rats, the LPS group shows a
significantincrease (F, ;) =293,p <0.0001) in hypothalamic
NO levels compared to the PBS control at all time points
(2h, 24h, 48h, and 72h). The peak NO response is observed
at the 2-hour time point in the male LPS group (F, , =
9.102, p = 0.0002), after which the levels gradually decline
but remain elevated compared to controls throughout the
72 hours. In the female rats, the LPS group also exhibits
a significant increase (F, ,, = 64.00, p < 0.0001) in
hypothalamic NO levels compared to the PBS control, but
the temporal dynamics differ from the males. The female
LPS group reaches a peak in NO levels at the 2-hour time
point (F = 20.27, p < 0.0001), similar to the males.

(3, 32)

However, the increased NO levels in the female LPS group
return to baseline by the 48-hour time point, whereas the
male LPS group maintains higher NO levels throughout
the 72-hour time course. Also, data shows a significant

difference (F, ., = 39.55, p < 0.0001) in hypothalamic
NO levels between the male and female LPS groups at 24
and 48-hour time points. However, at the 48-hour time

point, the male LPS group shows significantly higher
NO levels compared to the female LPS group (Figure 5).

ImpacT OF EARLY IMMUNE CHALLENGE ON THE
ANXIETY-LIKE BEHAVIOR EVALUATED IN THE OF T

Our findings indicate that male rats treated with LPS ex-
hibited significantly higher levels of anxiety-like behaviors
compared to the control rats (F(1, o =27,3L p < 0,0001).
Specifically, the LPS-treated male rats spent less time in
the central area of the open field, made fewer entries into
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the center, and displayed lower overall locomotor activity
- all of which suggest elevated anxiety levels. In contrast,
the female rats show less significant differences in these
anxiety-related parameters between the LPS-treated and
control rats. These results highlight the sex-dependent na-
ture of the effects induced by LPS treatment, with the male
adolescent rats demonstrating a more pronounced anxie-
ty-like phenotype in the open field test compared to their

female counterparts (Figure 6).
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Figure 6: Behavioral performances of male and female rats
in the open field test. A) Total amount of time spent in the
central area (TCA) measured in seconds, B) Number of
entries into the center area (NCA), C) Locomotor Activity
(LA). The data are presented as means; + SEM. *p < 0.05

vs. PBS group; and *p < 0.05 vs. gender counterpart.

ImpacT OF EARLY IMMUNE CHALLENGE ON THE
ANXIETY-LIKE BEHAVIOR EVALUATED IN THE EPM

The results from the elevated plus maze test demonstrate
that the male adolescent rats displayed more pronounced

anxiety-like behaviors compared to the female rats. Specif-
ically, the male rats spent significantly less time in the open
arms compared to the control rats, made fewer entries into
the open areas, and exhibited lower overall locomotor ac-
tivity levels within the test environment (F(L &) = 5,592,
p = 0,0209). These findings parallel the previous obser-
vations from the open field test, further highlighting the
sex-dependent nature of the anxiety-related responses in
this rodent model. Collectively, the data suggests the male
adolescent rats exhibited heightened levels of anxiety-like
phenotypes across multiple behavioral measures, in con-
trast to their female counterparts (Figure 7).
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Figure 7: Behavioral performance of male and female
rats measured in the elevated plus maze test. A) Total
amount of time spent in the open arms (TOA), measured
in seconds; B) Number of entries in the open arms (EOA);
C) Locomotor Activity (LA). The data are presented as
means + SEM. *p < 0.05 vs. PBS group; and *p < 0.05 vs.

gender counterpart.
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Figure 9: Concentrations of nitric oxide (NO) in different regions of male and female rat brain. A) NO level in the
prefrontal cortex (PFC). B) NO level in the hippocampus (HC) .C) NO level in the striatum (STR). NO level in the
hypothalamus (HY). The data are presented as means + SEM. *p < 0.05 vs. PBS group; and #p < 0.05 vs. gender counterpart.

ImpACT OF EARLY IMMUNE CHALLENGE ON
DEPRESSIVE-LIKE BEHAVIOR EVALUATED IN THE FST
Our results showed that the male rats exhibited high-
er levels of immobility time in the forced swimming test
compared to control rats, suggesting a more pronounced
behavioral despair or depressive-like phenotype (F, . =
8,052, p = 0,006). In contrast, the female rats showed a
smaller increase in their total time of immobility compared
to the control, indicating a sex-dependent eftect of the LPS
treatment on this particular behavioral measure (Figure 8).
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Figure 8: Behavioral performance of male and female
rats measured in the forced swimming test. Total time
of immobility (TI), measured in seconds. The data are
presented as means; + SEM. *p < 0.05 vs. PBS group; and

#p < 0.05 vs. gender counterpart.

ImpacT OF EARLY IMMUNE CHALLENGE ON NO AND
TNFA LEVELS IN DIFFERENT REGIONS OF THE RaAT
BRrAIN

Errect oF NO LEVELS:In the prefrontal cortex, both the
male and female rats showed an increase in NO levels
following LPS treatment compared to their respective
control. However, the increase was more pronounced in
the male rats compared to the female rats (Figure 9A).
Similarly, in the hippocampus, the male rats showed a
significant increase in NO concentrations (F(L 9 = 5,483,
p = 0,0325) with LPS treatment, while the female rats
showed a relatively smaller increase (Figure 9C). The same
pattern was observed in the striatum (Figure 9B) and
hypothalamus (Figure 9D), where the male rats displayed a
robust increase in NO concentrations with LPS treatment,
while the female rats showed a relatively smaller increase.

Errect oF TINFA LEVELS: The results demonstrate a
clear sex-dependent difference in the neuroinflammatory
response to LPS treatment in adolescent rats. In the
prefrontal cortex (Figure 10A), the male rats showed a
significantly higher TNFa level in the LPS-treated group
compared to the control (F(l, 1o = 1218, p = 0,0030). In
contrast, the female rats did not exhibit a significant

difference in PFC TNFa levels between the LPS and PBS
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Figure 10: Concentrations of TNF alpha (TNFa) in different regions of male and female rat brain. A) NO level in the
prefrontal cortex (PFC). B) NO level in the hippocampus (HC) .C) NO level in the striatum (STR). NO level in the
hypothalamus (HY'). The data are presented as means + SEM. *p < 0.05 vs. PBS group; and *p < 0.05 vs. gender counterpart.

(Figure 10C), where the male LPS-treated rats displayed
a more pronounced increase in TNFo concentrations
compared to male control rats. The same trend continued
in the striatum (Figure 10B) and hypothalamus (Figure
10D), with the male LPS-treated rats demonstrating
a greater elevation in TNFa levels compared to their
controls. Also, the data reveals a sex-dependent difference
in the neuroinflammatory response, where the adolescent
male rats showed a markedly greater elevation in the levels
of the pro-inflammatory mediator TNFa compared to the
adolescent female rats across the examined brain regions.

These findings extend previous studies that have re-
ported sex-specific differences in neuroinflamma-
tory responses to immune challenges. While earli-
er work has focused on cytokine profiles, our results
reveal that the temporal and regional patterns of NO
production also exhibit robust sex differences, which
may have important implications for understand-
ing neuropsychiatric disorders with known sex biases.

'The present studies highlight the significant impact of early
immune challenge on NO production in different regions
of the rat brain. Additionally, we investigated the correla-
tion between these neurochemical changes and behavio-

ral alterations observed during adolescence. The results of
the first study reveal some key aspects of NO production
in neonatal animals during an early immune challenge by
LPS. The findings showed that both male and female rat
pups exhibited significant increases in NO levels across all
examined brain regions following LPS injection on PND2.
However, the timing and magnitude of these NO chang-
es varied between the sexes and different brain areas. The
study provides important insights into the sex-specific and
region-specific patterns of NO production in the develop-
ing brain during an early immune insult.

'The results of the first study reveal some key aspects of NO
production in neonatal animals during an early immune
challenge by LPS. The findings showed that both male
and female rat pups exhibited significant increases in NO
levels across all examined brain regions following LPS in-
jection on PND2. However, the timing and magnitude of
these NO changes varied between the sexes and difterent
brain areas. The study provides important insights into the
sex-specific and region-specific patterns of NO production
in the developing brain during an early immune insult.

Our previous research showed variations in NO levels
in developing brains from postnatal days 1 to 17 (Ibou-
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zine-Dine ef al., 2024). Previous research has found that
the amount of NO generated varies by brain area, with
the cortex, hippocampus, hypothalamus, substantia nigra,
and amygdala producing the most (Chachlaki ez a/., 2017).
Some studies have shown that substantial regional difter-
ences in brain NO levels have been observed in response to
the LPS challenge. For example, the degree of NOS inhi-
bition varied markedly between brain regions within each
hemisphere and correlated with their ventricular proximi-
ty to the site of NOS expression (Salter ez a/., 1995). Our
findings revealed that in the prefrontal cortex, both male
and female rats exhibited a robust and significant increase
in NO levels following LPS injection but the temporal
patterns differed, with males showing a more prolonged
elevation of NO that persisted for up to 48 hours, while
temales returned to baseline by 48 hours. Similar to the
prefrontal cortex, both sexes showed an increased NO level
after LPS injection in the hypothalamus. Previously, it was
demonstrated that the PFC exhibits a heightened neuroin-
flammatory response to LPS challenge in the context of
stress, as evidenced by the increased production of proin-
flammatory cytokines (Cerqueira ez a/., 2007), other study
demonstrated that the hypothalamus also plays a key role
in the neuroimmune response to LPS, as evidenced by the
induction of inflammatory gene expression such as iNOS
(Cazareth ez al., 2014; Adzic ef al., 2015). In the striatum,
Females displayed a more prolonged increase in NO levels,
remaining elevated at both 2 and 24 hours after LPS injec-
tion. In contrast, males showed a peak increase at 2 hours,
returning to baseline by 48 hours. Our results suggest that
NO may serve as an important mediator of sex differences
in the neuroinflammatory response to immune challenges
in the brain. The striatum is known to express high lev-
els of neuronal NO synthase (nNOS); however, previous
studies have shown that dopamine (DA)-glutamate inter-
actions in the striatum can stimulate nNOS activity, lead-
ing to increased NO production (Park and West, 2009). In
female rats, the augmented and prolonged NO response
in the striatum following LPS exposure may contribute
to sex differences in the regulation of motor function and
the susceptibility to neuropsychiatric disorders associated
with striatal dysfunction (Reis ez o/, 2017). Additionally,
we found that in the striatum, males exhibited a signifi-
cant increase in NO that was sustained for up to 48 hours
after LPS treatment, whereas females showed a more tran-
sient elevation that returned to baseline by 24 hours (]Jin e#
al., 2017; Reis et al., 2017). Also, our results demonstrated
sex-dependent differences in NO levels in response to LPS
treatment in the hippocampus. Specifically, in the 2-hour
time point post-injection, the male LPS group exhibited
a more pronounced increase in NO levels compared to the
temale LPS group. Our findings align with a recent study
that examined sex differences in the temporal dynamics of
TNFua levels following an immune challenge. The research-
ers found that while both male and female mice exhibited

peak TNFa concentrations at 6 hours post-challenge, this
heightened response persisted for at least 24 hours only in
the male mice. In contrast, female mice showed a more rap-
id elevation and faster resolution of cytokine activity com-
pared to their male counterparts (Finnell ez a/.,2023). These
results suggest that sex influences not only the magnitude
but also the kinetics of the neuroimmune response, with
males demonstrating a more prolonged pro-inflammatory
state following immune activation.

Importantly, there were also significant sex differences in
inflammatory mediators at baseline (without LPS chal-
lenge) in the neonatal animals (Hedley ez a/., 2023; Ibou-
zine-Dine ez al., 2024). The present study’s discrepancies
could be related to the PND period by which LPS was ad-
ministrated, beyond dose. For example Berkiks ¢z a/. (2018)
demonstrated that administering LPS to rats at a dose of
250 pg/kg on PND 14 increased cytokine levels and ROS
after 48 hours. The results of the second study further re-
inforce the hypothesis that the sex-specific differences in
the neurochemical response, particularly the prolonged el-
evation of NO following the early immune challenge with
LPS, serve as a critical underlying mechanism driving the
subsequent emergence of long-lasting, sex-dependent anx-
iety-like and depressive-like behaviors in adolescent rats.
Male rats consistently showed more pronounced anxie-
ty-like behaviors and higher immobility times in the FST,
while female rats demonstrated less variability in these pa-
rameters. This suggests that the sex-dependent differences
in the long-term anxiety-like and behavioral despair-relat-
ed outcomes observed in this model may be attributable
to the prolonged elevation of NO levels, specifically in the
male rats, during the neonatal period following the early
life immune challenge. These findings correlate with Babri
et al. (2014) which found that postnatal exposure to high
doses of the inflammatory cytokine TNF-a increased anx-
iety- and depression-related behaviors in adult male mice
but decreased anxiety without affecting depression in adult
temale mice. Intriguingly, the sex-specific impact on emo-
tional behaviors observed in the current study, as well as
the previous research using a different inflammatory chal-
lenge, suggests that the adolescent immune challenge may
have the capacity to perturb the normative development of
neural circuits underlying emotional regulation in a sex-de-
pendent manner (Granata ez a/., 2022).

Additionally, our results of neurochemical analysis revealed
increased NO levels in both male and female rats across the
examined brain regions. However, the response is notably
sex-dependent, with male rats consistently exhibiting more
pronounced increases in NO concentrations compared to
their female counterparts. This suggests that male rats may
have a heightened neurochemical response to early immune
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ent difference in the neuroinflammatory response, where
the adolescent male rats showed a markedly greater eleva-
tion in the levels of the pro-inflammatory mediator TNFa
compared to the adolescent female rats in the prefrontal
cortex, hippocampus, striatum, and hypothalamus. The el-
evated TNFa levels in the male rats may contribute to the
more pronounced increases in NO observed in this group.
TNFa is known to stimulate the production of NO, a key
inflammatory signaling molecule in the brain (Koenig e#
al., 2018; Nonoguchi ez al., 2022). Therefore, the sex-de-
pendent differences in the neuroinflammatory response,
as evidenced by the divergent patterns of TNFo and NO,
suggest that the male adolescent rats mounted a more ro-
bust neurochemical reaction to the LPS challenge. Previ-
ous research has indicated that oxidative and nitrosative
stresses (O and NS) play a significant role in the develop-
ment of anxiety-like disorders. In this context, it has been
found that anxiolytic medications reduce NO levels in an-
imals (Arabi ef al.,2021). Extensive evidence indicates that
the activation of the neuro-immune response and neuroin-
flammation is crucial in the pathophysiology of mood dis-

orders, including anxiety (Abelaira ez a/., 2021).

Previous research has demonstrated sex differences in the
neuroimmune response, with males typically exhibiting a
more robust neuroinflammatory response to immune chal-
lenges compared to females (MacRae ez a/., 2015; Nelson
and Lenz, 2017). A study by Hedley ez a/. (2023) showed a
distinct sex-specific response in the expression of all meas-
ured inflammatory mediators in the brainstem, at both the
neonatal (day 7) and adolescent (day 60) time points. Also,
some studies suggest that the hypothalamus is particularly
sensitive to changes in NO signaling during inflammation,
exhibiting higher NOS activity compared to other brain
regions (Burfeind ez 4/, 2016). Inducible NOS (iNOS) is
robustly activated in hypothalamic macrophages during
chronic inflammation, leading to the production of NO
and contributing to hypothalamic inflammation (Lee ez /.,

2018).

CONCLUSIONS AND
RECOMMENDATIONS

In summary, this biochemical investigation reveals more
precise information on NO kinetics in the prefrontal cor-
tex, the striatum, the hippocampus, and the hypothalamus
of female and male rats. It also revealed the timing of crit-
ical changes in NO levels during postnatal development.
'These findings provide important insights into the sex-spe-
cific and region-specific patterns of NO production in the
developing brain during an early immune insult, and how
these neurochemical changes may contribute to the subse-
quent emergence of sex-dependent behavioral alterations.
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NOVELTY STATEMENT

'This study uniquely demonstrates that early immune chal-
lenges, specifically LPS exposure during the neonatal peri-
od, lead to sex-specific alterations in NO production that
are critical for the development of long-lasting anxiety-like
and depressive-like behaviors in adolescent rats. By eluci-
dating the differential kinetics of NO levels in male and
female brains and correlating these changes with distinct
behavioral outcomes, this research provides new insights
into the neurobiological mechanisms underlying sex dif-
ferences in the neuroimmune response and their implica-
tions for understanding the etiology of affective disorders.
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