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ABSTRACT

The high level of blood cortisol is one of key factors to identify major depressive disorder as
well as attention deficit hyperactivity disorder (ADHD) that may be mediated by the
dysregulation of brain-derived neurotrophic factor (BNDF) signaling during brain development.
As ADHD is a developmental neuropsychiatric disorder, it is possible that cortisol directly
affects the cellular signaling involved in neuronal growth and brain development. However, it
remains unclear whether and how elevation in cortisol levels during the prenatal period affects
brain functions and induces psychiatric disorders. | have previously reported that rat pups
(Corti.Pups) born from rat mothers repetitively injected with corticosterone (20 mg/kg/day)
during pregnancy exhibited increased plasma cortisol levels, deficits in spatial cognitive
functions, and ADHD-like behaviors during the post-weaning period. In this study, | aimed to
investigate the cellular mechanisms underlying cognitive dysfunction caused by
neurodevelopmental impairments induced by prenatal exposure to high cortisol levels. For this
purpose, | performed behavioral experiments to test learning and memory functions in juvenile
rat pups, electrophysiological studies to evaluate synaptic functions and cell physiology studies
to measure the expressions of neurodevelopment-associated proteins. Behavioral assessments of
juvenile Corti.Pups using the Morris water maze and Open field tests suggested a possibility that
their spatial learning and memory functions were neurophysiologically downregulated,
compared with normal rat pups (Nor.Pups). In the electrophysiological experiments to test
membrane excitability and synaptic plasticity in hippocampal CA1 neurons of Corti.Pups

(postnatal 13 ~ 18 days) using acute slice patch clamping, the synaptic responses to generate



excitatory postsynaptic currents were remarkably suppressed in Corti.Pups. Furthermore,
impairments in synaptic long-term potentiation in CA1 neurons, which is the cellular mechanism
to reflect the learning and memory formation, were observed in Corti.Pups. This memory
impairment was attributed to the remodeling of synaptic NMDA receptor subunits by the
augmentation of synaptic NR2B-mediated responses. These results provide evidence that
maternal cortisol imbalances and neuroendocrine dysregulation during pregnancy may directly
impair synaptic functions in their pups. Further, enzyme-linked immunosorbent assay revealed a
significant reduction in BDNF levels in the prefrontal cortex (PFC) and hippocampus (HPC) of
Corti.Pups, compared to that in Nor.Pups. In Western blot experiments, the expression level of
PSD-95 was significantly lower in both brain areas of Corti.Pups. Interestingly, mTOR and PKA,
which are well-established regulators of BDNF levels, were only less expressed in PFC of
Corti.Pups. These results indicate that cortisol potently downregulates developmental signaling
in the brain during prenatal and postnatal periods. This suggests that cortisol targets
neuroendocrine regulation involving catecholamines, such as dopamine, which is a key factor
initiating BDNF-mediated signaling cascades for brain development. Here, | provide
experimental evidence demonstrating that compared to Nor.Pups, Corti.Pups exhibit synaptic
loss and deficits in hippocampal neurons and those major cellular factors that contribute to
neuronal development in the PFC and HPC were significantly less expressed. This study clearly
provides evidence that cortisol downregulates synaptic development and functions to be
important for learning and memory by triggering neuroendocrine dysregulation during brain

development, which may contribute to ADHD pathogenesis.

Keywords : Cortisol, ADHD, Learning and memory, LTP, BDNF, NMDA receptor
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1. INTRODUCTION

Cortisol, which is frequently referred as the ‘stress hormone’, is secreted by the adrenal cortex
of the kidneys and its secretion is regulated by adrenocorticotropic hormone from the pituitary
gland. Cortisol promotes cardiorespiratory activities in a defense mechanism against stress,
helping people to act more agile and faster and to make clearer decision by increasing blood
sugar. However, excessive secretion of cortisol induced by chronic stress seriously increases
blood sugar and blood pressure and weakens the immune system, accelerating aging and disease
pathogenesis. Therefore, cortisol levels are commonly used as a major biomarker to determine
stress-induced neuropsychiatric disorders. In human studies, it was reported that the serum
concentrations of cortisol were higher in patients with major depressive disorder (MDD) than in
normal adults and that both serum cortisol and Hamilton Depression Rating Scale were
significantly recovered by treatment with the antidepressant, fluoxetine [1, 2]. Particularly, in a
previous report to examine the relationship between chronic stress to induce depression and hair
cortisol levels in adults, hair cortisol levels were increased in accordance with the increment of
depressive responses to stress [3]. These findings suggest that the high cortisol levels are
dominantly correlated with depressive symptoms in humans. In an animal study using female
rhesus macaques to investigate the correlation between stress and cortisol hypersecretion,

chronic stress increased depressive behaviors as well as hair cortisol levels [4].

Although several clinical and animal studies have demonstrated a direct relationship between
stress-induced cortisol elevation and neuropsychiatric disorders, other studies have reported

inconsistent findings, whereby executive functions did not significantly differ according to



cortisol levels between major depression (MD) and healthy control (HC) groups when
performing a prefrontal cortex (PFC) / cingulate-mediated executive functioning task (i.e. Stroop
test). However, the MD group exhibited impairments of verbal memory in a
hippocampal/mediotemporal-mediated verbal memory task (i.e. Paragraph Recall test) [5].
Therefore, further studies are required to determine whether the elevation of cortisol levels is
attributable to stress-induced MDD or results from dysfunction in neuroendocrine systems

during MDD induction.

There are also previous results to suggest evidence that cortisol levels are significantly
correlated with other neuropsychiatric disorders. The serum levels of cortisol in male children
with autism spectrum disorder (ASD) were significantly higher than those in the HC group.
Furthermore, in ASD groups, hair cortisol levels increased gradually according to the severity of
self-injurious behavior (SIB), compared to those in children not exhibiting SIB [6, 7]. In contrast,
compared to patients with MDD, patients with post-traumatic stress disorder (PTSD) and panic
disorder exhibited lower levels of hair cortisol and neuroendocrine dysregulation, and abnormal
cortisol responses were also observed in patients with anxiety disorder and schizophrenia [8-10].
These studies suggest that cortisol is directly or indirectly related to up- or downregulation of the
neuroendocrine system in various neuropsychiatric diseases. Based on these findings, additional
studies are required to identify if dysfunction of the neuroendocrine system as well as
dysregulation of cortisol secretion are sufficient and/or necessary to trigger the pathogenesis of
neuropsychiatric diseases. | have previously reported that prenatal exposure to high cortisol
induced attention deficit hyperactivity disorder (ADHD)-like symptoms in behavioral patterns of
young rats. The behavioral patterns were evaluated using forced swimming (FS), open field (OF),
elevated plus maze (EPM) and Morris water maze (MWM) tests during the immediate post-

weaning period. This analysis revealed obvious similarities with behavioral symptoms which are



generally observed in animal models of ADHD, characterized by hyperactivity, impulsivity,
impairments in learning and memory functions and inattention [11, 12]. In this regard, a clinical
study investigated the cortisol-mediated correlation between offspring and their parents. In that
study, authors demonstrated that in late adolescence, cortisol levels were higher in offspring of
parents with bipolar disorder (BD) than in offspring of healthy parents, indicating that elevated
cortisol levels may be a useful biomarker for identifying vulnerability to affective disorders [13].
Although excessive secretion of cortisol and neuroendocrine dysfunction are frequently
implicated in the pathogenesis of stress-induced MDD, clinical trials attempting to downregulate
cortisol levels seemed to be ineffective at reducing depressive symptoms in patients [14, 15].
This indicates that neuroendocrine dysregulation in the hypothalamic-pituitary-adrenal (HPA)

axis, but not absolute levels of cortisol, may be a key factor underlying MDD induction.

Animal studies have also focused on the importance of neuroendocrine regulation in
neuropsychiatric disorders. Stress-induced depression has been reported to result in
downregulation of tyrosine receptor kinase B (TrkB) and glucocorticoid receptors, which
regulate neuronal structure, function, and hormonal stress responses in PFC and hippocampus
(HPC) in male rodents [16, 17]. Furthermore, the expression levels of brain-derived neurotrophic
factor (BDNF), postsynaptic density protein 95 (PSD-95) and synaptophysin were significantly
reduced in depressive animal models exhibiting increased corticosterone levels [18].
Dysregulation of the neuroendocrine system, which is frequently observed in chronic stress-
induced depression, can be reversed by antidepressants in an animal model of depressions. A
previous study demonstrated that an antidepressant, Adansonia digitata L., dose-dependently not
only reversed weight loss, but also decreased depressive behaviors and plasma cortisol levels.
Also this antidepressant dramatically increased BDNF levels under chronic unpredictable mild

stress (CUMS)-induced depression [19]. These results strongly suggest that antidepressants may



be effective for reversing neuroendocrine dysregulation and depressive behaviors. In the other
study, levo-stepholidine (I-SPD), a specific dopamine D1 receptor (D1R) agonist, activated the
adenylyl cyclase (AC) / cyclic adenosine monophosphate (CAMP) / protein kinase A (PKA)
signaling cascade and increased the phosphorylation of mammalian target of rapamycin (MTOR)
via the PKA/mTOR signaling pathway. This promoted expression of synaptogenesis-related
proteins, such as PSD-95, synapsin | and GIuR1 in the PFC of a Sprague-Dawley (SD) rat
CUMS model [20]. These results indicate that synaptic alterations in specific brain loci may be
correlated with the interference of neural circuits contributing to negative emotions and
cognitive impairments. Therefore, there is a possibility that high cortisol-induced
downregulation of neurotransmitters and abnormal behavioral patterns may contribute to the

incomplete neurodevelopment in PFC and HPC, as previously reviewed [21].

Clinical studies examining gender differences in responses to stress protocols have
demonstrated that compared to men, women exhibited higher cortisol responses and expression
of the BDNF Val66Met polymorphism. These findings indicate that gender-specific mechanisms
may exist in women. In fact, prenatal stress-mediated effects from mothers are more likely to be
biologically transmitted to their children [4, 11, 22-26]. Nevertheless, it still remains unclear
whether and how maternal stress-induced dysregulation of cortisol secretion and neuroendocrine
function contribute to neurodevelopmental dysfunction and neuropsychiatric disorders in
children. Furthermore, the mechanistic relationship between maternal cortisol and ADHD-like
behaviors of offspring and correlation between neurodevelopmental dysfunction and

neuroendocrine dysregulation should to be elucidated [11].

Therefore, the present study aimed to identify the cellular mechanisms by which prenatal
exposure to high cortisol affects brain development and neuroendocrine systems underlying

behavioral and cognitive functions in rat pups and to elucidate the pathogenic mechanisms of



ADHD. To this end, I hired cell-physiological, electrophysiological, and behavioral methods,

using a rat model.



2. MATERIALS AND METHODS

Animals

SD rats used in this experiment were bred in the animal facility of the Medical School of Jeju
National University. The environment of the breeding room was automatically controlled at a
temperature of 23 £ 3°C and humidity of 50 + 10%. The lighting system was set to repetitively
turn on and off for 12 hours a day. Food and water were provided ad libitum. One female rat and
one male SD rat were mated in a cage for breeding. All animal experiments and procedures were

performed with approval from the Animal Care and Use Committee of Jeju National University.

Drug treatment

Corticosterone (Sigma, St. Louis, MO, USA) was dissolved in normal saline (0.1% Tween 80;
Sigma, 0.9% NaCl; Sigma, in DW). Right after confirming the successful mating, 7 ~ 8-week-
old pregnant rats were subcutaneously injected with corticosterone (20 mg/kg) or normal saline

(as control) daily for 21 consecutive days until delivery (Fig. 1).



Table 1. Exposure to high cortisol during pregnancy reduces offspring weight.

pl p7 pl4 No. of Pups
Nor.Pup 7.74 +0.19 21.10 £ 0.91 41.90 + 1.65 10.00 + 0.71
Corti.Pup 6.03£0.15 k% 17.27 £0.53 %%k 31.40 & 0.89 =k 10.33 £ 1.51 NS

Data indicate the mean = S.E. **, p < 0.01, compared with Nor.Pups. NS, not significant.
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Figure 1. Experimental scheme of the rat model.
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Behavioral experiments

Behavioral experiments involving male and female pups were performed from postnatal day 35
to day 40. MWM and OF tests were conducted between 9:00 ~ 11:00 AM and 1:00 ~ 5:00 PM,
respectively. All rat pups were transferred to the testing room 30 min before the trial to habituate
to experimental conditions of air temperature 22 ~ 24°C. The test room was soundproof, and the
light intensity was set at 200 ~ 250 lux with overhead LED fluorescent lamps (20 watt). All
behaviors and locomotor activities of pups were recorded using action cameras (AS30 of Sony
and Yi of Xiaomi) and tracked for analysis using idTracker software (Ver. 4.97,

idtracker.es/home).
Morris water maze (MWM) test

Spatial cognitive function of rat pups was measured using the MWM test. The MWM test was
conducted using a metal cylinder chamber with 120 cm in diameter and 50 cm in depth. The tank
was filled with water suspended in non-toxic white paint to submerge a platform made of
transparent plexiglass. The water temperature was set to 24.0 + 1°C. The water height was
sufficiently deep such that rats were unable to touch the bottom. The hidden square platform
(400 cm?) was submerged 1 ~ 2 cm below the surface in the center of the north quadrant. The
second test was performed 10 minutes after the first test, and the final experiment was performed
24 hours later to evaluate short and long term-memory functions. Swimming activities were
monitored via an action camera mounted overhead, and recorded for analyzing via a tracking
program. All rat pups were allowed 300 seconds to find the hidden platform and tests were
immediately finished if rat pups found and stayed on the hidden platform for over 5 seconds.
The swimming latency and distance to reach the platform, and the spent time in the target

quadrant were analyzed and compared with each other group.



Open field (OF) test

Spontaneous locomotor activity was measured using the OF test. The OF box comprised a cube
without a ceiling (80 cm x 80 cm and height of 50 cm), which was constructed of white PVC
fomex (5 mm thickness). The bottom of the open cube was divided into 16 small squares using 3
horizontal and vertical lines and four small squares located in the center were defined as the
center area. The room temperature was set at 22 ~ 24°C. The test was performed once daily from
postnatal days 38 ~ 41 to 42 ~ 45, Rat pups were allowed to move freely in the box for 5 minutes
in each test, and after each test session, the OF box was cleaned thoroughly with a 70% ethanol
solution to remove the scent of previous test animals. Behavioral patterns of rat pups in the OF
test were evaluated by measuring the total travel distance, central travel distance, center-to-total

distance ratio, and movement velocity.

Tissue preparation for patch-clamping

Acute hippocampal slices were prepared from SD rat pups on the postnatal days 13 ~ 18. The
rats were decapitated under ether anesthesia, and the brains were immediately removed,
hemisected and placed in 0 ~ 4°C cutting solution containing (in mM): 125 NaCl, 2.5 KCl, 25
NaHCOs, 1.25 NaH,PO,, 25 glucose, 0.5 CaCl, and 5 MgCl, (pH 7.25). Sagittal slices (350 um)
were made using a vibratome (LEICA VT100S). During the preparation of acute slices, the
cutting solution was saturated by bubbling with 95% O, and 5% CO, for over 10 minutes. The
slices were transferred to normal recording solution containing artificial cerebrospinal fluid
(ACSF-external solution) and incubated at 35°C for 10 min. The recording solution contained
(in mM): 125 NaCl, 2.5 KCI, 25 NaHCO3, 1.25 NaH,PQ,, 25 glucose, 2 CaCl,, and 1 MgCl,
(pH 7.4). 5 UM 2-chloroadenosine was added for all recordings. All recordings were performed

at room temperature.



Electrophysiology

Acute hippocampal slices were transferred to a submerged recording chamber with a
continuous flow of the recording solution (continuously bubbled with 95% O, and 5% CO,) for
whole-cell patch-clamp recordings. The slices were visualized using a BX50 microscope
(Olympus, Japan) through a 40X water-immersed objective. Patch electrodes with 4—6 MQ tip
resistances were pulled using a PP-830 (Narishige, Japan) and then filled with the internal
solution containing (in mM): 20 KCI, 125 K-gluconate, 10 HEPES, 4 NaCl, 0.5 EGTA, 4 ATP,
0.3 TrisGTP, and 10 Phosphocreatin (pH 7.2, 290-320 mOsm). All electrophysiological
recordings were performed using a HEKA patch system (EPC9/2), and data acquisition and
analysis were performed using Pulse (HEKA, Germany) and IGOR Pro (Wavemetrics, Lake

Oswego, Oswego, USA) softwares.

Synaptic long-term potentiation (LTP) of hippocampal CAL neurons was induced by a pairing
protocol, which consisted of low frequency stimulation (4 Hz) paired with membrane
depolarization to 0 mV for 1 min. The synaptic responses were evaluated by measuring
excitatory postsynaptic current (EPSC)s that were triggered by repetitive stimulations (0.1 Hz)
applied to the Schaffer collateral (SC) pathway, and the synaptic potentiation was analyzed by

measuring EPSC amplitudes for 10 minutes before and 30 minutes after LTP induction.

To electrophysiologically measure and separate postsynaptic responses of each glutamate
receptor, total EPSCs of CA1 neurons were first measured at -65 mV holding potential in Mg*-
free external recording solution by stimulating SC pathway (0.1 Hz). The intensity of the
stimulation was adjusted so that EPSC amplitudes were approximately 100 pA. After recording
total EPSCs for 5 minutes, DNQX (15 uM), a a-amino-3-hydroxy-5-methyl-4-isoxazole

propionic acid receptor (AMPAR) blocker, was added to Mg*-free external recording solution to

10



isolate N-methyl-D-aspartate receptor (NMDAR)-mediated EPSCs. After confirming the effect
of DNQX by observing the complete blockade of AMPAR-mediated EPSCs (approximately 10
min after application), putative NR2A subunit-mediated EPSCs were acquired by adding
ifenprodil (3 uM), which is known to block NR2B-mediated EPSCs, to the Mg*-free external
solution containing DNQX. NR2A-mediated EPSCs were recorded for 20 min after washing
under ‘DNQX + ifenprodil’ and then, the remained EPSCs were finally blocked by adding APV

(10 uM) during the last 5 min for confirming that those were NR2A-mediated EPSCs.

For observing subthreshold and suprathreshold excitabilities of hippocampal CA1 neurons,
various current pulses were injected through recording pipettes under a current-clamp mode.
Current pulses applied to change membrane potentials were stepped from —200 pA to 200pA
with 50 pA steps and 800 ms duration. Subthreshold excitabilities were monitored by observing
membrane input resistance (R;,) and voltage sags during hyperpolarization, and suprathreshold
excitabilities were determined by measuring the frequencies of repetitive action potential (AP)s

at each positive current pulse injection and AP onset times.

Paired pulse facilitation (PPF) and the ratio of EPSC amplitude to stimulation intensity were
measured to evaluate the presynaptic and postsynaptic properties during the synaptic
transmission between SC pathway and CA1 neurons, respectively. PPF was measured by
inducing two EPSCs with 50 msec interstimulus intervals and quantified by averaging with the
amplitudes of 10 traces. Therefore, PPF values indicate the ratio of the second stimulus-evoked

EPSC peak to the first stimulus-evoked EPSC peak.

Enzyme- linked immunosorbent assay (ELISA)

BDNF levels in the PFC and HPC of rat pups were determined using BDNF Chemikine TM kit

(Millipore; CYT306). The assay was performed according to the manufacturer's instructions.

11



Brain tissues were collected from rat pups on postnatal days 7, 14 and 21. Standard and test
samples were incubated overnight at 4°C in a 96-well precoated dish with an anti-BDNF
polyclonal antibody. Standard curves were generated using known amounts of the growth factor.
The detection system included a biotinylated anti-BDNF monoclonal antibody with a
streptavidin-HRP conjugated solution. The chromogenic substrate solution of
tetramethylbenzidine was added to the plate and the reaction was stopped by adding the stop
solution provided in the kit. The changed colors induced by the oxidation—reduction reaction
were measured using a plate reader set at a wavelength of 450 nm. The standard curve for BDNF
provided a linear plot of absorbance versus concentration, which was used to determine BDNF

concentration in tissue samples.

CAMP concentrations were measured using the cyclic AMP XP ® Assay Kit (Cell Signaling
Technology). Acute PFC and HPC tissues were prepared from rat pups on postnatal day 1.
Tissue slices were frozen in liquid nitrogen, and homogenized on ice. cAMP concentrations
were determined in 100 pl of each supernatant according to the manufacturer’s instruction and

related to the respective protein content of each sample.

Western blot

PFC and HPC tissues were homogenized in ice-cold tissue lysis buffer. Protein extracts were
size-separated and electro-transferred onto immuno-blot PVDF membranes. Briefly, the PFC
and HPC tissues were separated from brains of rat pups on postnatal day 1 and dissociated by
trituration using pipettes and a Dounce-type tissue grinder (Kimble Chase). The clearances of
pestle A and B at this stage were 0.0028 ~ 0.0047 mm and 0.0008 ~ 0.0022 mm, respectively.
The homogenates were centrifuged at 14,000xg for 30 minutes. All procedures were conducted

at 4°C. The isolated proteins were quantified using a Bio-Rad protein assay dye, and the protein

12



concentration of the lysate was determined using the Lowry protein assay. Protein lysates (30
ug/lane) were resolved on a 10% SDS-PAGE gel, transferred onto PVDF membranes at 250 mA
for 75 min, and incubated with anti-mTOR (7C10) Rabbit mAb (1 : 1000, Cell Signaling, USA),
anti-PKA alpha polyclonal antibody (1 : 1000, Invitrogen, USA), anti-post synaptic density
protein 95 antibody, clone 6G6-1C9 (1 : 1000, Millipore, USA), or anti-p-Actin monoclonal
antibody (1 : 5000, Sigma, USA). After washing three times for 5 min with 0.5% TBS-tween,
membranes were probed with a secondary antibody anti-rabbit 1gG (1 : 5000) and anti-Mouse
IgG1 (1 : 5000) for 30 minutes at a room temperature. Finally, membranes were developed using
a kit (Thermoscience), and bands were visualized on Medical X-Ray Film blue (AGFA, Mortsel,
Belgium). Densitometric analysis was conducted using ImageJ software (NIH, Bethesda, MD,

USA).

Statistical analysis

Data analysis was performed using Excel (Microsoft, USA) and SPSS software. All data are
presented as mean values + standard error of mean (SEM). Statistical analysis was performed
using a Student’s t-test and two-way ANOVA, as appropriate. Statistical significance is indicated

as p value < 0.05 or < 0.01.
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3. RESULTS

To establish the animal model, one 7 ~ 8-week-old female rat and one 8 ~ 9-week-old male rat
were mated for 1 week for breeding. Corticosterone (20 mg/kg) was administrated
subcutaneously to 7 ~ 8-week-old female rats once daily during pregnancy immediately after
confirming fertilization and then rat pups born from them were defined as ‘Corti.Pups’. Rat pups
born from rat mothers that were treated with saline (0.9% NaCl) or untreated were defined
‘Nor.Pups’. Body weight of pups at postnatal 2 weeks was significantly lower in Corti.Pups than
in Nor.Pups (Table 1). I have previously reported that Corti.Pups revealed ADHD-like
symptoms with delayed cognitive functions in behavioral patterns observed during the post-
weaning period [11]. In the present study, | performed cell-physiological and
electrophysiological experiments to identify cellular mechanisms whether and how prenatal
exposure to high cortisol induced neurodevelopmental and cognitive dysfunctions to affect
learning and memory function. | here provide experimental evidence to demonstrate that
Corti.Pups have synaptic loss and deficits in functional properties of hippocampal neurons and
major cellular regulators contributing to neuronal development in PFC and HPC were

significantly less expressed, compared with Nor.Pups. The results are as following.

1. Impairment of long-term memory formation of Corti.Pups was observed in the MWM

test during post-weaning period

The MWM test is the most useful to evaluate learning and memory function based on spatial
cognitive performance in animal models. Animals are repeatedly placed in a pool of water and

forced to escape by finding a hidden platform. Changes of escape latency, moving distance, and
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velocity in the MWM water tank are analyzed to estimate learning abilities. The MWM tests
were performed using 5-week-old pups in this study. In the first test, pups were subjected to the
MWM test for 5 minutes. The second test was performed 10 minutes after the first test and the
final test was performed 24 hours after the first test. In the first test, both Nor.Pups and
Corti.Pups took a long time and moved a long distance to find the hidden platform, and
Corti.Pups showed slightly better performance, with significantly shorter escape time than
Nor.Pups (Fig. 2D and 3C, Escape Time, 1st test, Nor.Pup = 141.47 + 22.67 s, n = 8; Corti.Pup =
94.03+ 12.81s, n = 10; p < 0.05; Distance, 1st test, Nor.Pup = 29.41 £ 5.02 m, n = 8; Corti.Pup
=20.68 + 2.84 m, n = 10; n.s). In the second test after 10 minutes, escape time and moving
distance of both groups to reach the hidden platform were significantly reduced with no
significant differences between two groups, compared with the results of the first test (Fig. 2D
and 3C, Escape Time, 2nd test, Nor.Pup =21.35+ 4.50 s, n = 8; Corti.Pup = 18.55+ 3.06 s, n =
10; n.s; Distance, 2nd test, Nor.Pup =5.05+ 1.39 m, n = 8; Corti.Pup =4.19 + 0.98 m, n = 10;
n.s). This result indicated intact short-term memory in spatial cognition in both groups. In the
third test executed after 24 hours, Nor.Pups still exhibited significantly shorter escape time and
moving distance, similarly to the results of the second test. However, Corti.Pups exhibited
significantly longer escape time and moving distance compared to those of the second test,
resembling levels of the first test (Fig. 2D and 3C, Escape Time, 3rd test, Nor.Pup = 28.24 +
4.97 s,n=8; Corti.Pup = 71.47 £ 17.94 s, n = 10; p < 0.05; Distance, 3rd test, Nor.Pup =5.84 +
1.33 m, n = 8; Corti.Pup = 16.29 £ 4.40 m, n = 10; p < 0.05). These results suggested impaired
long-term memory formation in Corti.Pups. Figure 4 presents the average values of normalized
time and distance in the second and third tests relative to the results of the first test. Both
Nor.Pups and Corti.Pups demonstrated significantly shorter escape time and moving distance in
the second test. And then learning and memory functions were maintained in Nor.Pups till 24

hours, but Corti.Pups failed to exhibit complete memory formation in the third test (Fig. 4A,
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Time Ratio, 2nd/1st, Nor.Pup = 0.15 + 0.074, n = 8; Corti.Pup = 0.20 £ 0.045, n = 10; n.s;
3rd/1st, Nor.Pup = 0.20 + 0.060, n = 8; Corti.Pup = 0.76 + 0.28, n = 10; p < 0.05). This suggests

that long-term memory formation after learning tasks was impaired in Corti.Pups.
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Figure 2. Corti.Pups exhibited longer escape times in the MWM test.

A. Example traces of swimming activities of pups during three MWM tests. The 2nd and 3rd
tests were performed 10 minutes and 24 hours after the 1st test, receptively. B and C. The
individual changes of escape time of rat pups. D. The averaged values of escape times.
Corti.Pups exhibited significantly longer escape time than Nor.Pups in the 3rd test, almost
returning to the levels of the 1st test. Data indicate the mean + S.E. *, p < 0.05, compared with

each other group.
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Figure 3. Corti.Pups exhibited longer moving distance in the MWM test.

A and B. The individual changes of travel distance of rat pups. C. The averaged values of travel
distances. Both groups showed similar travel distances in the 1st and 2nd test. However,
Corti.Pups required a longer travel distance to find the hidden platform in the 3rd test, showing
the incomplete formation of long-term memory. Data indicate the mean £ S.E. *, p < 0.05,

compared with each other group.
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Figure 4. Corti.Pups exhibited the impairment of learning and memory in the MWM tests.

A and B. The average values of normalized time and distance of the 2nd and the 3rd tests based
on the results of the 1st test. Both of Nor.Pups and Corti.Pups showed significantly shorter
escape time and moving distance in the 2nd test. However, only Nor.Pups but not Corti.Pups
showed the complete memory formation in the 3rd test. C. Averaged swimming velocities of
both groups. Data indicate the mean + S.E. *, p < 0.05, compared with Nor.Pups; ¥, p < 0.05,

compared with 1st test. NS, not significant.
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2. Cognitive impairment in Corti.Pups revealed by behavioral analysis of target quadrant

movements

Figure 5 presents a comparison of target quadrant movement and annulus time between the
two groups. The target quadrant refers to the center of 45 degree-rotated north quadrant
containing the hidden platform, whereas annulus time refers to the time for the rat pups to first
step onto the hidden platform. Target quadrant times and travel distances in both groups were
significantly lower in the second test than in the first test. However, Corti.Pups exhibited
significantly longer time and distance to find and stay in the target quadrant in the third test,
compared to the second test (Fig. 5A and B, Target quadrant time, 3rd test, Nor.Pup =9.47
0.60 s, n=8; Corti.Pup =19.22 + 3.62 s, n = 10; p < 0.05; Target quadrant travel distance, 3rd
test, Nor.Pup = 1.54 £ 0.17 m, n = 8; Corti.Pup =3.78 + 0.86 m, n = 10; p < 0.05). These results
suggested that Corti.Pups exhibited significantly more untargeted movements compared to
Nor.Pups. Moreover, the first annulus time to reach the hidden platform was significantly shorter
in Corti.Pups in the first test, and both groups exhibited significantly shorter first annulus time in
the second test, with no differences between groups. However, Corti.Pups demonstrated a trend
for increased first annulus time in the third test, but this did not reach statistical significance (Fig.
5C, First annulus time, 1st test, Nor.Pup = 129.25 + 21.97 s, n = 8; Corti.Pup = 67.30 + 11.43 s,
n = 10; p < 0.05; 3rd test, Nor.Pup = 22.56 + 4.93 s, n = 8; Corti.Pup = 52.59 + 15.22 s, n = 10;
n.s). These results implied cognitive abnormalities and more untargeted movements in
Corti.Pups regarding spatial memory. For a more detailed analysis, | subtracted quadrant time
and first annulus time from escape time to identify the time taken to find the hidden platform in
target quadrant area (Fig. 6). In the first test, Corti.Pups exhibited significantly better
performances compared to Nor.Pups. In the second test, both groups required significantly

shorter times to enter the target quadrant and escape compared to the first test. However, in the
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third test, Corti.Pups exhibited significantly longer escape time after entering the target quadrant
compared to Nor.Pups (Fig. 6A, Escape time — Quadrant time, 1st test, Nor.Pup = 107.19 +
18.01 s, n =8; Corti.Pup = 67.90 £ 9.86 s, n = 10; p < 0.05; 3rd test, Nor.Pup = 18.77 £ 4.58 s, n
=8; Corti.Pup =52.25 + 14.61 s, n = 10; p < 0.05). In Figure 6B, the analysis of ‘Escape time —
First annulus time’ confirmed that Corti.Pups took longer to escape in the third test, even though
they quickly reached the hidden platform in the first test (Fig. 6B, Escape time — First annulus
time, 1st test, Nor.Pup = 12.22 + 5.95 s, n = 8; Corti.Pup = 26.73 £ 7.85 s, n = 10; p < 0.05; 3rd
test, Nor.Pup = 5.67 £ 0.14 s, n = 8; Corti.Pup = 18.89 £ 12.22 s, n = 10; p < 0.05). Taken
together with the data shown in Figure 2, the behavioral patterns of Corti.Pups implied the
deficits in learning and memory with more untargeted movements. These findings are consistent

with a previous study reporting ADHD-like behaviors and cognitive delay in Corti.Pups [11].
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Figure 5. Corti.Pups exhibited increased untargeted movement.

A and B. Averaged spent times and travel distances in the target quadrant. Corti.Pups stayed
significantly longer in the target quadrant during the 3rd test than Nor.Pups, possibly
demonstrating hyperactivities. C. Averaged first annulus times of two groups. In the 1st test, the
first annulus time to visit the hidden platform was significantly shorter in Corti.Pups than
Nor.Pups and both groups showed the reduced first annulus times without any differences in the
2nd test. However, Corti.Pups showed the slightly increased first annulus time in the 3rd test, but
not significant between two groups. Data indicate the mean + S.E. *, p < 0.05, compared with

Nor.Pups; , p < 0.05, compared with 1st test. NS, not significant.
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Figure 6. Corti.Pups exhibited cognitive decline in long-term trials in the MWM test.

A. Averaged values of ‘Escape time — Quadrant time’. In the 1st test, Corti.Pups exhibited
significantly faster performances than Nor.Pups, and in the 2nd test, both groups required
significantly shorter times to enter the target quadrant and then escape, compared with the 1st
test. However, in the 3rd test, Corti.Pups showed significantly longer escape times after entering
the target quadrant than Nor.Pups. B. The difference of escape time taken since the first annulus
visit. Corti.Pups showed significantly longer escape time despite the first annulus time was
significantly shorter in the first test, indicating the possibility of attention deficit. Data indicate
the mean = S.E. *, p < 0.05, compared with Nor.Pups; f, p < 0.05, compared with the 1st test.

NS, not significant.
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3. Corti.Pups exhibited hyperactive behaviors in OF test

The OF test is commonly used to measure the ability to adapt to open environments by
evaluating behavioral and gross locomotion, and exploratory behavior in rodent models. In this
study, | performed the OF test once daily for 3 days and analyzed movements of pups recorded
for 5 minutes in each test (Fig. 7). Compared to Nor.Pups, Corti.Pups exhibited significantly
longer total moving distance over 3 days, even though the total moving distances in both groups
decreased gradually over three days of tests (Fig. 8A, Total distance, dayl, Nor.Pup = 30.17 £
2.84 m,n=7; Corti.Pup = 38.57 £ 2.36 m, n = 8; p < 0.05; day3, Nor.Pup =14.20+ 2.79 m, n =
7; Corti.Pup = 24.26 £ 4.14 m, n = 8; p < 0.05). Interestingly, Corti.Pups did not exhibit a
significant reduction in moving distance in the center field following repeated tests, while
Nor.Pups exhibited a significant decrease of center moving distance on the second and third days
(Fig. 8B, Center distance, dayl, Nor.Pup=1.73£0.18 m,n=7; Corti.Pup =259+ 0.54 m, n =
8; n.s; day2, Nor.Pup =0.72 £ 0.20 m, n = 7; Corti.Pup =2.13 + 0.53 m, n = 8; p < 0.05; day3,
Nor.Pup = 0.64 £ 0.18 m, n = 7; Corti.Pup = 1.98 + 0.93 m, n = 8; n.s). Therefore, the ratio of
center moving distance to the total moving distance was significantly decreased in the Nor.Pup
group but not in the Corti.Pup group was significantly decreased on the second day. As the total
moving distance of both groups significantly decreased, the ratio of center moving distance to
total moving distance was not reduced on the third day (Fig. 9A, Center distance/total distance *
100, day2, Nor.Pup = 2.64 + 0.58, n = 7; Corti.Pup =5.75 = 1.07, n = 8; p < 0.05). In particular,
moving velocity was higher in Corti.Pups than in Nor.Pups, indicating that their hyperactivities
were being expressed (Fig. 9B, Velocity, dayl, Nor.Pup = 0.10 + 0.0095 m/s, n = 7; Corti.Pup =
0.13 + 0.0079 m/s, n = 8; p < 0.05; day2, Nor.Pup = 0.082 + 0.0088 m/s, n = 7; Corti.Pup = 0.11
+ 0.0097 m/s, n = 8; p < 0.05; day3, Nor.Pup = 0.047 + 0.0093 m/s, n = 7; Corti.Pup = 0.080 +

0.014 m/s, n = 8; p < 0.05). Overall, Nor.Pups demonstrated instinctive adaptability to the open

28



environment, which manifested as staying in corners and reduced total movement over repetitive
tests. However, Corti.Pups exhibited longer moving distance without a reduction in center area
movement, suggesting the expression of hyperactive behaviors as well as the deficits in

adaptability.
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Figure 7. Corti.Pups exhibited longer moving distances in the total and center areas than

Nor.Pups in OF test.

A. Example traces of spontaneous movements of rat pups in OF test. B and C. Individual

changes of the total moving distances of rat pups during three OF tests.
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Figure 8. Corti.Pups exhibited no reduction of the center moving distance over three OF

tests.

A. Averaged changes of the total moving distances during three OF tests. Corti.Pups showed
significantly longer total moving distances for three days than Nor.Pups. B. Averaged changes of
moving distances in the center area. Corti.Pups did not show any significant reduction of center
moving distances, while the significant decrease was observed in Nor.Pups in the second and

third days. Data indicate the mean £ S.E. *, p < 0.05, compared with Nor.Pups; 1+, p < 0.01,

compared with the first day.
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Figure 9. Different patterns of behavioral activities between Nor.Pups and Corti.Pups in

OF test.

A. The averaged ratio of center moving distance to the total moving distance. The ratio of center
moving distance of Corti.Pups was significantly higher in the second day than that of Nor.Pups.
B. Averaged changes of moving velocity of pups in OF test. Corti.Pups exerted the faster
velocities than Nor.Pups during three OF tests. Data indicate the mean £ S.E. *, p < 0.05,

compared with Nor.Pups; 1+, p < 0.01, compared with the first day.
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4. Incomplete formation of synaptic LTP was not completely formed in hippocampal CA1

neurons of Corti.Pups

The behavioral patterns of Corti.Pups shown in the MWM test revealed impaired learning and
memory functions (Fig. 2 ~ 6). To further investigate the mechanisms underlying these
behavioral phenomena at the neuronal level, | examined synaptic plasticity of CA1 neurons,
which is a well-established mechanism of memory formation in the mammalian hippocampi. |
examined synaptic LTP of EPSCs in hippocampal CA1 neurons using whole-cell voltage-clamp
recordings with acute brain slices. The hippocampal slices were acquired from postnatal day 14
~ 18 Nor.Pups and 13 ~ 18 Corti.Pups. This period is considered to encompass almost complete
growth of synaptic structure. | induced NMDAR- and Ca**-dependent synaptic LTP in CA1l
pyramidal neurons by applying a pairing protocol consisting of SC stimulations for 1 minute at 4
Hz with postsynaptic depolarization induced by holding the membrane potential at 0 mV in
voltage-clamp mode (Fig. 10A). After applying the pairing protocol to induce LTP, EPSCs were
recorded for 30 minutes and their amplitudes were compared between pre- and post-pairing
stimulation. In this experiment, Nor.Pups exhibited enhanced EPSC amplitudes, which persisted
for 30 minutes. This was the typical synaptic LTP pattern occurring during learning and memory
formation in mammalian hippocampi (Fig. 10B and 11). EPSCs recorded in hippocampal CAl
neurons of Corti.Pups also exhibited significantly enhanced amplitude in the early phase after
LTP induction. However, the enhancement of EPSC amplitude decreased gradually, and so the
potentiation almost completely disappeared in the late phase (Fig. 10B and 11). This indicated
that Corti.Pups failed to exhibit complete synaptic LTP in their hippocampi. Figure 12 presents
the normalized EPSC amplitudes recorded in the early phase (1 ~ 5 minutes) and late phase (26
~ 30 minutes) after LTP induction. Corti.Pups demonstrated early potentiation even though their

potentiation was less than that of Nor.Pups. However, at the late phase, the potentiation observed
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in Corti.Pups had returned to baseline levels, while Nor.Pups exhibited consistent potentiation of
EPSCs (Fig. 12, % Change of EPSC amplitude, 1 ~ 5 min, Nor.Pup =90.49+ 7.20,n =7,
Corti.Pup =42.57 £ 4.86, n = 12; p <0.01; 26 ~ 30 min, Nor.Pup =54.30 £ 3.14,n = 7;
Corti.Pup =5.18 + 2.23, n = 12; p < 0.01). Taken together, these results indicated that synaptic

LTP was not properly formed in hippocampal CAL neurons of Corti.Pups.
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Figure 10. Induction of NMDAR-dependent LTP in Nor.Pups and Corti.Pups.

A. Experimental schema for the conditioning stimulation to induce synaptic potentiation
between SC pathway and CA1 neurons. Synaptic LTP was induced by 4 Hz stimulation of the
SC pathway for 1 min paired with membrane depolarization at 0 mV holding potential. B.
Example traces of EPSCs recorded in CA1 neurons before and after LTP induction. The number
‘I’, ‘I, and ‘III’ are EPSCs recorded before, 1 minute and 28 minutes after LTP induction,

respectively, as marked in Figure 11.
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Figure 11. Incomplete LTP was observed in Corti.Pups.

The averaged changes of EPSCs amplitude in hippocampal CA1l neurons before and after
applying the pairing protocol to induce LTP (0 minute in X axis). Unlike Nor.Pups, the early

potentiation of EPSC amplitude of Corti.Pups was gradually decreased and almost disappeared

in the late phase (111).
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Figure 12. Comparison of potentiation in the early and late phases after LTP induction in

CA1 neurons between Nor.Pups and Corti.Pups.

A pairing protocol induced incomplete synaptic LTP in CAl neurons of Corti.Pups. Both
induction and maintenance of LTP were significantly suppressed by the exposure to high cortisol

condition during a neonatal period. Data indicate the mean + S.E. **, p < 0.01, compared with

each other group.
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5. Higher ifenprodil-sensitivity of NMDARs in CA1 neurons of Corti.Pups

As synaptic LTP induced by the pairing protocol is NMDAR-dependent, incomplete LTP
induction indicates that the synaptic composition of NMDAR subunits may differ from typical
representation during brain development. Therefore, | observed electrophysiologically
glutamatergic responses which were required for LTP in CAL neurons by comparing the
functional expression levels of AMPARs and NMDARs. To determine the AMPAR/NMDAR
ratio in postsynaptic sites of CA1 neurons, EPSCs were evoked by biphasic electric pulses
delivered to SC pathway of the HPC. Total ‘AMPAR + NMDAR’-mediated EPSCs were
measured in Mg”*-free external solution by opening NMDARSs at the resting membrane potential
(RMP). Next, pure NMDAR-mediated EPSCs were isolated by adding 15 uM DNQX to block
AMPARs. NR2A-mediated EPSCs were measured by adding 3 uM ifenprodil to block NR2B-
containing receptors. Subsequently, 50 uM APV was added to the external solution to confirm
whether the last EPSCs were mediated by NR2A-containing NMDARs (Fig. 13A). This protocol
enable electrophysiological confirmation of the composition of glutamate receptors in
postsynaptic CA1 neurons [29]. For this experiment, EPSCs were recorded in hippocampal CAl
neurons of postnatal days 16 ~ 18 in both groups. The Mg?**-free external solution was flowed
into the recording chamber containing a brain slice from 10 minutes before recording and EPSCs
were measured for 5 minutes at -65 mV holding potential as a control. And then, DNQX was
added for 10 minutes during continuous recording of EPSCs. Next, ifenprodil was added for 20
minutes, and finally washed out with external solution containing DNQX and APV for 5 minutes
(Fig. 13B). As results, no differences were observed in the total currents between the two groups.
Furthermore, isolated NMDAR-mediated EPSCs following the addition of DNQX did not differ
between groups. However, after the addition of ifenprodil, EPSC amplitudes were significantly

reduced in Corti.Pups compared to that in Nor.Pups. This indicated that in CA1 neurons,
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ifenprodil-sensitive receptors containing NR2B subunits were more highly expressed in
Corti.Pups than in Nor.Pups (Fig. 13A and B). The AMPAR and NMDAR, which was analyzed
by measuring DNQX-sensitive components, were not significantly different between the two
groups. However, ifenprodil-sensitivity was significantly higher in Corti.Pups than in Nor.Pups,
suggesting that Corti.Pups exhibited a higher expression of NR2B-containing NMDARS in
hippocampal CA1 neurons (Fig. 14 A and B, Normalized ratio, AMPAR EPSC, Nor.Pup = 0.59
+0.038, n = 10; Corti.Pup =0.62 + 0.036, n = 6; n.s; NMDAR EPSC, Nor.Pup = 0.33 £ 0.043, n
=10; Corti.Pup = 0.35 + 0.036, n = 6; n.s; Ifen. not sensitive, Nor.Pup = 0.66 + 0.098, n = 10;
Corti.Pup =0.38 + 0.071, n = 6; p < 0.05; Ifen. sensitive, Nor.Pup = 0.34 £ 0.098, n = 10;
Corti.Pup =0.62 + 0.071, n = 6; p < 0.05). These results demonstrated that the switching of
NMDAR subunits in postsynaptic sites, which typically occurs during the neurodevelopmental

period, was deficient in Corti.Pups.
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Figure 13. Changes of EPSC amplitude recorded in Mg?**-free external solution.

A. Example traces of EPSCs observed in each condition. B. The averaged changes of EPSCs
amplitudes during recording. Higher sensitivity to ifenprodil in CAL neurons of Corti.Pups was

observed in this experiment, indicating the different subunit composition of NMDARSs or

impairment of subunit switching during brain development.
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Figure 14. Postsynaptic transmission in Corti.Pups exhibited greater NR2B-mediated

responses without any differences in AMPA/NMDA ratio.

A. The averaged ratios of AMPAR and NMDAR EPSCs. There were no differences of EPSC
amplitudes of both AMPARs and NMDARs between two groups. B. The averaged ratios of
ifenprodil-sensitive NMDAR EPSCs. Corti.Pups showed significantly higher sensitivity to

ifenprodil in CA1 EPSCs. Data indicate the mean + S.E. *, p < 0.05, compared with each other

group.
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6. RMP, whole-cell capacitance (WC) and AP threshold of hippocampal CA1 neurons in

Nor.Pups and Corti.Pups

As deficient synaptic switching during the early postnatal period indicated
neurodevelopmental dysfunction, | next investigated the electrophysiological properties of
hippocampal CA1 neurons to compare differences in neuronal properties between Corti.Pups
and Nor.Pups using a whole-cell patch clamping. | collected data from hippocampal CA1
neurons of postnatal days 16 ~ 18 pups exhibiting 9 ~ 12 pF of WC, a measurable indicator of
cell size, and excluded data that did not fulfill these criteria. Analysis of the correlation between
RMP and WC revealed that RMP values of both groups were located within a similar range, but
Corti.Pups exhibited a right-biased tendency for WC (Fig. 15), suggesting that the volume of
CAL neurons was larger in Corti.Pups than in Nor.Pups (Fig. 15B, WC, Nor.Pup = 10.67 + 0.13
pF, n = 23; Corti.Pup =11.10 £ 0.10 pF, n = 22; p < 0.01; RMP, Nor.Pup =-62.61 + 0.86 mV, n
= 23; Corti.Pup = -62.59 + 1.32 mV, n = 22; n.s). Further, | recorded and compared the threshold
of APs in both groups by progressively elevating the membrane potential by applying a lamp
current pulse, a protocol that enables accurate measurement AP threshold. AP threshold was
slightly but significantly lower in Corti.Pups than in Nor.Pups (Fig. 16A and B, Action potential
threshold, Nor.Pup = -45.56 + 0.84 mV, n = 31; Corti.Pup = -47.67 £ 0.75 mV, n = 26; p < 0.05).
The significant differences in WC and AP threshold but not in RMP between two groups
highlighted different expression levels of membrane proteins affecting neuronal excitability of

hippocampal CA1 neurons between Corti.Pups and Nor.Pups.
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Figure 15. CAl neurons of Corti.Pups exhibited normal RMP levels and greater WC.

A. The distribution plot of RMP and WC values. Using current-clamping in hippocampal CA1
neurons, RMP and WC were measured and compared between two groups. B. The averaged
RMP and WC values of two groups. Corti.Pups showed significantly higher WC than Nor.Pups,
while no differences were observed in RMP values. This means indicates that Corti.Pups may

have different membrane properties in hippocampal CA1 neurons. Data indicate the mean + S.E.

** p <0.01. NS, not significant.
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Figure 16. Hippocampal CA1 neurons of Corti.Pups exhibited lower AP threshold.

A. Example traces of APs firing induced by the injection of a ramp current pulse in CA1 neurons,
showing the difference of AP threshold between two groups. B. Individual and averaged values
of AP threshold. Corti.Pups exhibited slightly but significantly lower threshold of APs then

Nor.Pups. Data indicate the mean = S.E. *, p < 0.05.
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7. Subthreshold and suprathreshold properties of CA1 neurons in rat pups

The current clamping method is an electrophysiological test used to measure the membrane
excitability of neurons. This approach provides a useful tool to observe changes in membrane
potentials and characteristics of AP firing by applying step-by-step current pulses. The applied
current pulse consisted of square current pulses with 50 pA steps ranging from -200 to 200 pA
with a duration of 800 ms (Fig 17A and 19A). This protocol commonly enables the analysis of
major factors affecting membrane excitabilities of neurons in the subthreshold and
suprathreshold ranges. | measured and compared the rate of AP firing and on-set time of APs
between the two groups within the suprathreshold range based on RMP levels (Fig. 17 and 18).
In levels above 100 pA injections, AP firing rates recorded in CAL neurons were significantly
lower in Corti.Pups than in Nor.Pups (Fig. 17B, Number of action potential/800 ms, 100 pA inj.,
Nor.Pup = 13.27 £ 0.80, n = 15; Corti.Pup = 10.33 + 0.85, n = 18; p < 0.05; 150 pA inj., Nor.Pup
=18.87 + 0.75, n = 15; Corti.Pup = 15.94 + 0.70, n = 18; p < 0.01). However, the on-set time of
the first AP fired by 100 pA current injection did not show any significant differences between
the two groups (Fig. 18B, On-set Time, Nor.Pup = 45.42 + 13.86 ms, n = 16; Corti.Pup = 36.34
+ 6.45 ms, n = 17; n.s). The lower firing rates of APs observed in Corti.Pups indicated that their
hippocampal CA1 neurons might have reduced capacity to fire APs with the given current
injections, compared with those in Nor.Pups. The reason underlying the lack of differences in
on-set time between the two groups may be due to the differences in WC and AP threshold
presented in Figure 15 and 16. Indeed, | observed a lower AP threshold in Corti.Pups suggesting
that their neurons were supposed to have shorter on-set time for AP firing. However, the larger
WC of Corti.Pups sufficiently delayed AP firing. Based on RMP levels, negative current
injections revealed hyperpolarizing properties of neuronal membranes by measuring voltage sags

depicting the participation of hyperpolarization-activated cation channels (I, channels) and by

45



calculating R;, indicating the expression density of cell membrane channel proteins (Fig. 19 and
20). Compared to Nor.Pups, Corti.Pups exhibited significantly smaller voltage sags at the
current injection range of -50 ~ -200 pA and their differences were statistically significant. This
result suggested significantly lower expression of I, channels, which prevent membrane
hyperpolarization, in Corti.Pups than in Nor.Pups. In particular, these results meant that CA1
neurons of Corti.Pups have poor regulatory functions to adjust membrane excitability, as the
expression level of I, channels is related to the capacity to block membrane hyperpolarization
and regulate membrane excitability (Fig. 20A, Voltage sag, -50 pA inj., Nor.Pup = 2.22 + 0.25
mV, n = 15; Corti.Pup = 1.39 + 0.19 mV, n = 18; p < 0.05; -100 pA inj., Nor.Pup =5.12 + 0.51
mV, n = 15; Corti.Pup = 3.04 + 0.36 mV, n = 18; p < 0.01; -150 pA inj., Nor.Pup = 7.42 + 0.65
mV, n = 15; Corti.Pup =4.72 £ 0.44 mV, n = 18; p < 0.01; -200 pA inj., Nor.Pup = 8.77 £ 0.75
mV, n = 15; Corti.Pup =5.90 = 0.52 mV, n = 18; p < 0.01) [30]. However, unlike the difference
observed in voltage sags, there was no significant difference in R;, between Nor.Pups and
Corti.Pups (Fig. 20B, Rj,, -50 pA inj., Nor.Pup = 174.33 + 17.00 mQ, n = 15; Corti.Pup = 146.94
+ 10.48 mQ, n = 18; n.s; -100 pA inj., Nor.Pup = 153.31 + 13.92 mQ, n = 15; Corti.Pup =
128.09 £ 7.38 mQ, n = 18; n.s; -150 pA inj., Nor.Pup = 144.86 + 12.93 mQ, n = 15; Corti.Pup =
118.76 £ 5.26 mQ, n = 18; n.s; -200 pA inj., Nor.Pup = 139.19 + 12.75 mQ, n = 15; Corti.Pup =
114.13 £ 5.42 mQ, n = 18; n.s). This indicates that bilipid membrane properties may also be

weakened in Corti.Pups, which exhibit lower expression of membrane proteins.
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Figure 17. AP firing rates of CA1 neurons observed in the suprathreshold ranges.

A. Example traces of AP firing patterns triggered by positive currents injection of 50 to 200 pA.
B. The average rates of APs firing in CA1l neurons of two groups. Corti.Pups showed
significantly lower firing rates in 100 and 150 pA injections, compared with Nor.Pups. Data

indicate the mean + S.E. *, p < 0.05; **, p < 0.01, compared with each other group.
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Figure 18. On-set times of APs did not differ significantly between Corti.Pups and

Nor.Pups.

A. Example traces to measure the on-set time to the first AP fired by 100 pA current injection. B.
The averaged values of on-set times. No differences were observed between two groups. NS, not

significant.
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Figure 19. Voltage sags during membrane hyperpolarization were smaller in Corti.Pups

than in Nor.Pups.

A. Example traces of membrane potential changes by injecting negative currents of -50 to -200
pA. B. The formula to calculate R;, with the changes of membrane potentials by current

injections.
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Figure 20. Voltage sags of membrane potential induced by hyperpolarization were

significantly smaller in Corti.Pups than in Nor.Pups.

A. Averaged voltage sags. Corti.Pups showed significantly smaller voltage sags at -50 ~ -200 pA
ranges of current injections than Nor.Pups. B. Averaged R;,. There was no statistical significance
in different R;, between Nor.Pups and Corti.Pups. Data indicate the mean + S.E. *, p < 0.05; **,

p < 0.01. NS, not significant.
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8. Postsynaptic responses but not presynaptic functions of CAL neurons were weakened in

Corti.Pups

My analysis confirmed partial differences in the electrophysiological properties of neuronal
membranes of hippocampal CA1 neurons between Nor.Pups and Corti.Pups. Next, the properties
of EPSCs, which were evoked by external stimulations applied to the SC pathway, were again
observed to evaluate if the presence of distinct characteristics in the synaptic transmission of
CAL neurons, focusing on their presynaptic and postsynaptic functions (Fig. 21 ~ 23). In this
experiment, | set artificially the amplitude of EPSCs within 50 ~ 150 pA by adjusting
stimulation intensity. Therefore, there were no differences in the amplitude of EPSCs between
the two groups (Fig. 21A and 22A, EPSC amplitude, Nor.Pup = 95.84 + 6.91 pA, n = 13;
Corti.Pup =101.64 = 6.70 pA, n = 16; n.s). However, quantification of EPSC amplitudes by
comparing the correlation with stimulation intensity revealed that significantly stronger
stimulations were required to induce EPSCs in Corti.Pups than in Nor.Pups (Fig. 22 B,
Stimulation Intensity, Nor.Pup = 0.064 £ 0.0093 mA, n = 13; Corti.Pup =0.11 + 0.016 mA, n =
16; p < 0.05). This indicated that AMPAR-medicated EPSCs for a given stimulation intensity
were weaker in Corti.Pups than in Nor.Pups (Fig. 21B and 22C, EPSC/Intensity Ratio, Nor.Pup
=1.88+0.24,n =13; Corti.Pup = 1.27 £ 0.19, n = 16; p < 0.05). Moreover, this result provided
evidence that weak postsynaptic responses to synaptic inputs in Corti.Pups might result in
incomplete LTP presented in Figure 10. For evaluating presynaptic activities of CA1 neurons, |
measured PPFs of EPSCs, which reflect the capacity for neurotransmitter secretion by inducing
the accumulation of neurotransmitters at synaptic cleft with paired stimulations (Fig. 23). PPFs
consisted of two EPSCs evoked by applying two consecutive stimuli with an interval of 50 ms,
and its ratio was calculated using the difference of amplitudes between the first and second

EPSCs. As a result, there was no difference in PPF analysis of EPSCs between the two groups
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(Fig. 23B, 2nd stimul., Nor.Pup =1.70 £ 0.11, n = 8; Corti.Pup = 1.75+ 0.13, n = 10; n.s).
These findings suggest that the weakened synaptic transmission and incomplete LTP pattern

observed in Corti.Pups may be attributed to postsynaptic sites and associated functions.
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Figure 21. Corti.Pups required stronger stimulation for inducing EPSCs as large as those

of Nor.Pups (individual data).

A. The correlation between EPSC amplitude and stimulation intensity in CA1 neurons. B.
Sample traces of EPSCs evoked by the stimulation with the similar intensity in both groups.

Corti.Pups exhibited smaller EPSCs than Nor.Pups.
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Figure 22. Corti.Pups required stronger stimulation to induce EPSCs as large as those of

Nor.Pups (averaged data).

A. The average of EPSC amplitudes. The amplitudes of EPSCs were experimentally adjusted
with 50 to 150 pA. B. The average of stimulation intensity to evoke similar EPSCs. Corti.Pups
required significantly greater stimulations to induce EPSCs. C. The averaged ratio of EPSC
amplitudes to the stimulation intensity. The ratio of EPSC/intensity in Corti.Pups was

significantly lower than that of Nor.Pups. Data indicate the mean £ S.E. *, p < 0.05.
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Figure 23. PPFs did not differ between the two groups.

A. Example traces of two EPSCs evoked by two consecutive stimuli with an interval of 50 ms in

hippocampal CA1 neurons. B. Normalized PPFs. These were not different between two groups,

indicating no alterations in presynaptic properties of Corti.Pups.
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9. The levels of BDNF in the PFC and HPC during neurodevelopment were lower in

Corti.Pups and Nor.Pups

| have previously reported that elevating maternal cortisol levels during pregnancy significantly
influenced cortisol levels of offspring measured postnatally [11]. As described above, | observed
incomplete LTP formation and aberrant switching of the NR2B to NR2A subunits in Corti.Pups.
Moreover, the postsynaptic response was weaker in Corti.Pups than in Nor.Pups, suggesting a
delay and/or dysregulation in the neurodevelopmental processes in Corti.Pups. Therefore, I tried
to compare the expression levels of BDNF, a well-established regulator of neurodevelopment.
ELISA assay of relative BDNF expression levels in PFC and HPC tissues extracted from
postnatal day 7, 14 and 21 brains, revealed that BDNF levels in both brain areas were
significantly lower in Corti.Pups than in Nor.Pups (Fig. 24, BDNF level in Prefrontal cortex, p7,
Nor.Pup =50.12 + 1.42 , n = 6; Corti.Pup = 20.36 £ 1.82 , n = 8; p < 0.01; p14, Nor.Pup = 97.14
+252,n=9; Corti.Pup =94.21 + 8.58 ,n = 6; n.s; p21, Nor.Pup =71.19 + 3.27 ,n = 6;
Corti.Pup =41.77 £ 1.90 , n = 8; p < 0.01; BDNF level in Hippocampus, p7, Nor.Pup = 89.17
2.12 ,n=6; Corti.Pup =49.68 + 3.17 ,n=8; p < 0.01; p14, Nor.Pup =222.95+ 5.76 ,n=9;
Corti.Pup =176.95+ 6.28 , n = 6; p < 0.01; p21, Nor.Pup =92.24 + 2.89 , n = 6; Corti.Pup =
58.20 £ 1.49 , n = 8; p < 0.01). These results suggested that abnormally elevated cortisol levels
during the neonatal period negatively affected the expression of BNDF, which is necessary for

brain development.

56



O Nor.Pup

B Corti.Pup

% sk

p21

pl4

* %

p7

120 ;

(

(=]
=
n

= = = =
= b=l =t (o]

V) X810 [RlUoIfald Ul [2A3] ANAY

*
* o
a
%*
* =
=
T
N L
Fe *
5 § * >y
Z O
Om
2 = 2 = 2 o
I & i =
('n'v) sndwesoddiy ur [aAs] ANGE

57



Figure 24. BDNF levels were significantly lower in Corti.Pups than in Nor.Pups.

A. The average of BDNF levels measured in PFC. These were significantly lower in postnatal 7
and 21 in PFC of Corti.Pups. B. The average of BDNF levels measured in HPC. These were
significantly lowered in Corti.Pups during postnatal three weeks. Data indicate the mean + S.E.

** p < 0.01, compared with each other group.
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10. The expression of major factors for synaptic developments was downregulated by high

cortisol

It was confirmed that BDNF expression in brain tissues was lower in Corti.Pups than in
Nor.Pups. Next, to compare the expression levels of BDNF-regulated/regulating proteins
implicated in neurodevelopment between Corti.Pups and Nor.Pups, PFC and HPC tissues were
extracted from postnatal day 1 brains, and the amount of proteins in each tissue was analyzed
using Western blot. | first measured the expression levels of mTOR, which is involved in growth
and metabolic regulation of eukaryotic cells, and then its upstream regulator, PKA. | confirmed
that in PFC, the expression levels of both mTOR and PKA were significantly lower in
Corti.Pups than in Nor.Pups, while no difference was observed in HPC tissues (Fig. 25 and 26, %
of MTOR, Hippocampus, Nor.Pup = 100 £ 15.97 %, n = 8; Corti.Pup = 115.98 + 20.64 %, n = 8;
n.s; Prefrontal cortex, Nor.Pup = 100 + 11.54 %, n = 8; Corti.Pup =51.40+ 8.80 %, n=8; p <
0.01; % of PKA, Hippocampus, Nor.Pup = 100 + 10.79 %, n = 8; Corti.Pup = 106.29 + 11.49 %,
n = 8; n.s; Prefrontal cortex, Nor.Pup = 100 + 8.15 %, n = 8; Corti.Pup = 54.78 £ 7.37 %, n = 8;
p <0.01). These results provided evidence that the structural and functional development of

brain was impaired due to prenatal exposure to high cortisol levels.
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Figure 25. mTOR was significantly lower in the PFC of Corti.Pups.

A. Data show protein expression patterns of mTOR, PKA and PSD-95 in PFC and HPC between
the two groups. B. mTOR was significantly lower in the PFC of Corti.Pups, indicating that
cortisol-mediated dysregulation may affect brain development. Data indicate the mean + S.E. **,

p <0.01.
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Figure 26. PKA was significantly lower in the PFC of Corti.Pups.

PKA expression was significantly lower in the PFC of Corti.Pups, indicating that cortisol-
mediated dysregulation negatively affects developmental Ca?* signaling. Data indicate the mean

+ S.E. **, p<0.01.
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11. PSD-95 expression was lower in the PFC and HPC of Corti.Pups

The notable decrease in expression levels of BDNF, PKA, and mTOR, which play dominant
roles in the neurodevelopmental process, suggested a possibility of abnormal synaptic
development in Corti.Pups. Additionally, the electrophysiological results of LTP patterns,
NMDAR switching and AMPAR-mediated EPSCs indicated abnormal development of
postsynaptic sites in Corti.Pups. Therefore, the expression levels of PSD-95 were measured
using Western blot and compared with each other group. As a result, PSD-95 expression levels
in PFC and HPC were significantly lower in Corti.Pups than in Nor.Pups (Fig. 27, % of PSD-95,
Prefrontal cortex, Nor.Pup = 100 + 14.14 %, n = 8; Corti.Pup = 63.43 £ 12.66 %, n = 8; p < 0.05;
Hippocampus, Nor.Pup = 100 + 15.78 %, n = 8; Corti.Pup = 48.85 + 22.26 %, n = 8; p < 0.05).
These results suggested that downregulation of G protein-coupled receptor (GPCR) signaling
might occur due to lower PKA expression in Corti.Pups. And then, the downregulation of
MTOR and expression of CAMP response element-binding protein (CREB) may have
contributed to a decrease in BDNF and PSD-95 expression. This serial cascade of
neurodevelopmental downregulation in Corti.Pups may explain why Corti.Pups exhibited

incomplete memory formation and synaptic switching (Fig. 11 and 13).
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Figure 27. PSD-95 in the PFC and HPC was significantly lower in Corti.Pups.

PSD-95 was significantly less expressed in PFC and HPC of Corti.Pups, indicating that cortisol-
mediated dysregulation negatively affects synaptic development and function. Data indicate the

mean + S.E. *, p <0.05.
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12. cAMP levels in PFC of were significantly lower in Corti.Pups than in Nor.Pups

Since PKA downregulation seemed to result in a decrease of PSD-95, | needed to investigate
the downregulation of cAMP which activates GPCRs responsible for intracellular signaling.
Using ELISA assay, the expression levels of CAMP in the PFC and HPC of postnatal day 1 pups
were compared between Nor.Pups and Corti.Pups. CAMP expression levels in the PFC were
significantly lower in Corti.Pups than in Nor.Pups, while there was no difference in the HPC
(Fig. 28, cAMP level in Hippocampus, Nor.Pup = 1.87 + 0.0055, n = 12; Corti.Pup =1.86 =
0.0078, n = 12; n.s; cCAMP level in Prefrontal cortex, Nor.Pup = 1.81 + 0.0073, n = 12; Corti.Pup
=1.74 £ 0.014, n = 12; p < 0.01). These results suggested that PKA downregulation due to a
decrease of CAMP expression might negatively affect downstream cellular signaling, resulting in

postsynaptic dysfunction in Corti.Pups.
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Figure 28. cAMP, an upstream regulator of PKA, was significantly lower in PFC of

Corti.Pups.

A. The average of CAMP levels measured in PFC. Corti.Pups showed significantly less cCAMP

expression in PFC. B. The average of CAMP levels measured in HPC. There was no difference

between two groups. This indicates that cAMP/PKA interaction may be especially

downregulated in PFC of Corti.Pups. Data indicate the mean £ S.E. **, p < 0.01.
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4. DISCUSSION

I have previously reported that Corti.Pups born from rat mothers treated with continuous
corticosterone (20 mg/kg) injection during pregnancy, exhibited increased plasma cortisol levels,
deficits of spatial cognitive functions, and ADHD-like behaviors during the post-weaning period
[11]. In this study, | aimed to investigate the cellular mechanism of cognitive dysfunction caused
by neurodevelopmental impairment, which was induced by prenatal exposure to high cortisol
levels. To this end, | performed behavioral experiments to test learning and memory functions in
juvenile rat pups, electrophysiological studies to evaluate synaptic function and cell-
physiological studies to measure the expression of neurodevelopment-associated proteins. My
results demonstrated that Corti.Pups exposed to high cortisol levels, exhibited behavioral deficits
in learning and memory formation, incomplete synaptic LTP in CAL neurons, and delayed
postsynaptic development at the neuronal level. The characteristics of Corti.Pups different from
Nor.Pups are summarized as follows. 1) Corti.Pups exhibited deficits in long-term memory
formation after learning tasks as indicated by longer time and distance to escape in the third
MWM test. 2) Target quadrant and annulus times were not reduced in the third MWM test
unlike Nor.Pups, indicating reduced attention and learning ability. 3) In the OF test, Corti.Pups
exhibited hyperactive behaviors with less adaptability, as indicated by longer moving distances
in the total and center areas and faster velocity compared to those in Nor.Pups. 4) In
electrophysiological studies using whole-cell patch clamping with postnatal days 13 ~ 18
hippocampal slices, synaptic LTP formation of CA1 neurons was impaired in Corti.Pups. 5) In

electrophysiological analysis of the synaptic composition of NMDAR subunits, an ifenprodil-
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sensitive component was more observed in Corti.Pups than in Nor.Pups. 6) The amplitude of
AMPAR-mediated EPSCs was smaller in Corti.Pups than in Nor.Pups under the same intensity
of stimulation. 7) In cell physiology experiments, the expression levels of BDNF, mTOR, PKA,
PSD-95, and cAMP, which are critical for neuronal development, in the PFC were significantly
lower in Corti.Pups than in Nor.Pups. 8) Expressions of BDNF and PSD-95, which are
important for the expression of postsynaptic receptors, in the HPC were lower in Corti.Pups than

in Nor.Pups.

The MWM test is a representative experimental technique for evaluating memory formation
through cognitive learning and repetitive tasks. In this test, rodents are required to find a hidden
platform in a swimming pool and results are closely associated with NMDAR-dependent
synaptic plasticity of the HPC at the cellular level [27]. According to the results acquired from
the MWM test in this study, Corti.Pups exhibited significantly longer escape time and moving
distance to find the hidden platform in the third test performed 24 hours after the first test,
compared with Nor.Pups. This strongly implied incomplete formation of long-term memory.
This memory impairment was consistent with the results reported by previous studies
demonstrating behavioral patterns of Alzheimer’s disease model mice with cognitive
dysfunction [31, 32]. Specifically, both groups in this study did not exhibit any differences in
their performance to find the hidden platform in the second test executed 10 minutes after the
first test, indicating that Corti.Pups did not have deficits in short-term memory formation.
However, Corti.Pups failed to exhibit complete long-term memory formation in the third test
after 24 hours (Fig. 2 and 3). Nevertheless, in both the current and previous studies, the temporal
difference between short- and long-term components of learning and memory was not clearly
defined. However, only Nor.Pups but not Corti.Pups maintained the memory formation in the

third test after 24 hours, indicating that memory consolidation was induced normally in
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Nor.Pups after short-term memory formation. This result observed in Nor.Pups was consistent
with previous studies reporting that memory consolidation after learning is required for the long-
lasting memory formation [33-35]. These findings clearly suggest a possibility that memory
consolidation after short-term memory formation did not occur in Corti.Pups. There is a previous
report separately evaluating distinct behavioral performance according to short- and long-term
memory formation in adult rats with postoperative cognitive dysfunction caused by sevoflurane
anesthesia [36]. Compared to Nor.Pups, Corti.Pups exhibited anxiolytic behavior and
hyperactivity in the MWM test, indicated by significantly longer time and distance in the target
guadrant in the third test. Moreover, the longer first annulus time in the third test indicated

inferior cognitive ability and attention in Corti.Pups than in Nor.Pups (Fig. 5).

The OF test is a method to evaluate locomotion and anxiety-like behaviors based on the
behavioral patterns of rodent models by exposing them to a novel open space. This enables
observation of behavioral changes that are associated with stress-induced anxiety disorders [37,
38]. The moving distances of two groups demonstrated a decreasing tendency over repetitive
trials, but Corti.Pups consistently exhibited a longer moving distance and a faster velocity
compared to Nor.Pups. These results revealed hyperactivity patterns that were consistent with
the MWM test results. Furthermore, analysis of the center ratio indicated that Corti.Pups lacked
adaptive ability to a novel environment (Fig. 8 and 9). As shown in Figure 9A, the center
distance/total distance ratios of Corti.Pups remained consistently high without a significant
reduction of center moving distance over three days, indicating their anxiety-like behaviors. In
contrast, Nor.Pups demonstrated a significant reduction in center/total ratio on the second test
day, indicating proper adaptation to the OF environment. On the third test day, the center/total
ratio again increased in Nor.Pups because the total distance decreased significantly in the final

experiment together with a reduction of center moving distance. In this regard, the different
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behavioral patterns of juvenile Corti.Pups observed in the MWM and OF tests suggest possibly

abnormalities in neurophysiological functions in both the PFC and HPC.

A number of neuroscientists have attempted to electrophysiologically identify the cellular
mechanisms of memory formation in associated with behavioral patterns in the MWM test. For
example, in a previous study evaluating the memory function of adolescent rats following early
maternal separation-induced stresses, EPSP-LTP in the HPC was incomplete and spatial learning
and memory function in the MWM test were impaired [39]. The other study examining the
effects of intracerebroventricular injection of gangliosides, which are major components of the
cell membrane related to neurophysiological function, revealed improvements in spatial learning
and memory in the MWM test and ATP-induced LTP of hippocampal CAL neurons in rats [40].
Furthermore, the modulation of synaptic plasticity is closely associated with neuropsychiatric
and neurodegenerative diseases. Previous reports have demonstrated that stress attenuated LTP
in the rodent hippocampi, and synaptic toxicity of amyloid-p peptide caused excessive increase
in intracellular Ca®* via activation of endoplasmic reticulum and NMDARSs, thereby attenuating
LTP and PSD-95 function in Alzheimer's disease [41-43]. Additionally, it was reported that LTP
induction in hippocampal CA1 neurons weakened by exposure to corticosterone was restored by
inhibiting the increase of intracellular Zn** with effusol treatment [44]. Therefore, it was
necessary to elucidate the cellular mechanisms underlying the deterioration in learning and
memory of Corti.Pups observed in the MWM test by measuring LTP patterns of hippocampal
CAL neurons. In this experiment, | demonstrated that the synaptic plasticity of CA1 neurons
were crucially weakened in Corti.Pups during early development, compared to those in Nor.Pups

(Fig. 11 and 12).

As a central concept of learning and memory, formation of synaptic LTP is dependent on Ca**

and NMDARs. According to previous studies assessing synaptic plasticities in hippocampi of 2
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~ 3-week-old rats, LTP induction initially involved the interaction of calmodulin and Ca*
introduction through NMDARSs, and metabotropic glutamate receptor-dependent long-term
depression was induced by intracellular Ca** influx through L-type Ca®* channels without
NMDAR activation [45, 46]. NMDARs consist of two obligatory NR1 subunits and two
regulatory subunits. As a regulatory component, NR2B subunits are highly expressed in
NMDARs immediately after birth. Throughout development, these subunits are gradually
replaced with NR2A subunits within postnatal 3 weeks [47]. In a previous study, NMDARs
containing NR2A or NR2B subunits played a critical role to determine the direction of synaptic
plasticity [48]. One study examined the contribution of NR2A- or NR2B-containing NMDARsS
to LTP induction in corticostriatal slices of 13 ~ 14-day-old rats and reported that induction of
LTP by a high-frequency protocol required the activation of NR2A-containing NMDARs, but
not NR2B-containing NMDARs [49]. In addition, a study on the regulation of Rabphilin3A
(Rph3A), which participates in stabilization of NMDARS in postsynaptic membranes via
forming a complex of NR2A and PSD-95, reported that inhibition of Rph3A and NR2A/Rph3A
complex blocked LTP induction as well as spatial memory [50]. Thus, although still remains
controversial, NR2A subunits after developmental switching are required for the induction of
synaptic LTP in hippocampal CA1 neurons at postnatal weeks 2 ~ 3. In this study, the higher
ifenprodil-sensitivity of NMDAR-EPSCs in CAL neurons of Corti.Pups indirectly implies higher
expression of NR2B-containing receptors in postsynaptic sites, suggesting impaired subunit
switching (Fig. 14). Since NMDAR subunit switching is a key process in postsynaptic
development and for synaptic plasticity, it is likely that the incomplete LTP observed in

Corti.Pups was attributed to the impaired switching of NMDAR subunits.

In these electrophysiological experiments comparing the neuronal membrane properties

between the two groups, | did not focus on the kinetics of specific membrane proteins to
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dominantly determine membrane properties and excitability, although | observed differences in
WC, AP threshold, firing rates in depolarization and voltage sags in hyperpolarization.
Membrane proteins such as ion channels and receptors play functionally critical roles to regulate
membrane excitability in neurons. The activation of many types of ion channels and receptors
are involved in the regulation of neuronal osmotic pressure and loss of ion homeostasis.
Particularly, Na* channels and glutamate-gated ionotropic NMDARs or AMPARSs are key
pathways for ions flux during neuronal damages [51]. Therefore, it is possible that membrane
functions to regulate intracellular components were downregulated in Corti.Pups, which
exhibited a higher WC with no difference in R, (Fig. 15 ~ 17 and 20). Additionally, the lower
AP threshold in Corti.Pups possibly indicates the existence of differences in composition and
substrate characteristics of Na* channels and A-type K* channels [29]. More details about these
issues should be addressed in further studies. The significantly lower firing rates of APs in CAl
neurons of Corti.Pups suggest that the distribution of cation channels may differ between groups
(Fig. 17). The significant difference between the two groups was also observed at the
subthreshold level. Smaller voltage sags during membrane hyperpolarization were observed in
Corti.Pups, compared with those in Nor.Pups, suggesting lower expression of I, channels in
Corti.Pups (Fig. 20) [30]. One previous report demonstrated that the membrane properties of
neurons were predominantly determined by lipid-protein interactions in the plasma membrane.
Phosphatidylserine in the cell membrane stabilized Na'-K* ATPase, but phosphatidylcholine or
phosphatidylethanolamine rendered them unstable [52]. In this regard, the similarity in
membrane R;, of CAL neurons between the two groups, even with differences in firing rates and
voltage sags, suggests further analysis to identify not only membrane proteins but also lipid

substrates.

As previously mentioned, synaptic transmission and plasticity are dependent on both pre- and
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postsynaptic Ca®* modulation in CA1 neurons [53]. In this study, | confirmed that compared to
Nor.Pups, the greater intensity of stimulation was required to produce the similar amplitude of
EPSCs in Corti.Pups (Fig. 22). However, the PPFs of EPSCs did not exhibit any differences
between the two groups, suggesting that the presynaptic release of neurotransmitters were
similar between groups [54]. In conjunction with the results of NMDAR composition shown in

Figure 14, these results indicate possible impairment of postsynaptic functions in Corti.Pups.

Steroid-mediated dysregulation of the neuroendocrine system, which affects
neurodevelopment, is involved in ADHD pathogenesis. Accordingly, it is crucial to target the
changes of major factors regulating intracellular signaling cascades of neurodevelopment in PFC
and HPC. BDNF, a major factor that regulates neurodevelopment, plays crucial roles in neuronal
formation and growth, synaptic plasticity, and neuroprotective mechanisms during brain
development. BDNF activates CAMP via the PKA-CREB-BDNF signaling cascade, which then
activates the mTOR complex1 that regulates protein synthesis and cellular metabolism in
neurons [55-57]. In particular, a previous study investigating the relationship between endocrine
dysregulation and biological markers in patients with type-2 diabetes and depression, reported a
close correlation between increased blood cortisol levels and decreased BDNF levels [58].
Furthermore, abnormal regulation of the neuroendocrine system was observed in
neuropsychiatric diseases caused by environmental factors. A previous study examining the
pathogenesis of ADHD and ASD caused by fine particulate matter pollution, reported a decrease
in neuronal viability and downregulation of PKA and CREB phosphorylation by the toxic effects
of pollution in the HPC of animal models. Further, neuronal apoptosis and synaptic damages
were dramatically alleviated by increasing the expression of PKA, CREB and BDNF [59].
Another report investigated the antidepressant effects of Adansonia digitata L., to reverse the

dysregulation of the neuroendocrine system. In a CUMS mouse model of depression, Adansonia
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digitata L., exhibited antidepressant effects by increasing BDNF levels and decreasing blood
cortisol levels in a dose-dependent manner, thereby reducing depressive behavioral patterns in
the OF, sucrose preference, tail suspension, and novel object recognition tests [19]. In this study,
| provided evidence that abnormal signaling cascades in neurons might be due to the
neuroendocrine dysregulation during neuronal development, thus negatively affecting
postsynaptic development and LTP formation in Corti.Pups. BDNF was significantly decreased
in both the PFC and HPC of Corti.Pups, suggesting the existence of physiological and structural
deficits in synapses (Fig. 24). In particular, there is a possibility that BNDF-mediated
abnormalities in the PFC might cause ADHD-like behaviors and cognitive decline in Corti.Pups.
Consistent with these results, it has been reported that maternal stress during pregnancy
increased the risk of fetal neurodevelopmental and postnatal neuropsychiatric problems
correlated with the PFC and HPA-axis [60]. Moreover, it is well-established that monoaminergic
dysfunction in the PFC is associated with ADHD, BD, PTSD, and depression. In particular, it
has been previously reported that dopaminergic dysregulation in the PFC of female rats during
early adolescent was strongly involved in ADHD pathogenesis [61]. In contrast, in a clinical
study examining the role of the HPA axis in patients with ADHD, cortisol levels were lower in
patients with ADHD than in healthy controls. Consequently, this phenomenon was due to
downregulation of the HPA axis [62]. Taken together, these findings indicate that exposure to
high cortisol levels during brain development can induce dysregulation of the neuroendocrine
system, affecting the functional and structural formation of synapses during development of the
rodent brain. The development of synaptic structure is completed before birth. During this period,
a major protein that plays a critical role in the complete formation of synaptic structure is PSD-
95, whose expression is regulated by BDNF. In this study, | confirmed lower expression of PSD-
95 in the PFC and HPC of Corti.Pups (Fig.27). Accordingly, I quantified expression levels of

mTOR and PKA, which act upstream of BDNF and PSD-95. In the comparison of protein
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expression levels between Nor.Pups and Corti.Pups, | confirmed that PKA and mTOR
expression in the PFC was significantly lower in Corti.Pups than in Nor.Pups. However, their
expressions in HPC did not differ between the two groups (Fig. 25 ~ 27). In the HPC of
Corti.Pups, the lower expression levels of BDNF and PSD-95, but not PKA and mTOR suggest
the existence of another signaling pathway that regulates hippocampal development (Fig. 27).
Consequently, this may explain the decreased postsynaptic function of hippocampal CAl
neurons in Corti.Pups. According to immunofluorescence analysis in a previous report, the
expression of NR2A and PSD-95 in CA1, CA3, and DG neurons of rat hippocampi were
gradually but critically increased at postnatal day 0 to 56, highlighting the importance of PSD-95
in hippocampal development [63]. The postsynaptic downregulation of CA1 neurons induced by
the lower expression of PSD-95 in Corti.Pups is consistent with previous results observed in
CAL1 neurons of damaged hippocampi that occurred memory dysfunction [64]. Moreover, in a
previous report on learning and memory impairments caused by perinatal hypoxia, the
reduction of PSD-95 and NMDAR subunits by CREB phosphorylation in CA1 neurons on
postnatal day 10 was crucially associated with the deterioration in long-term spatial learning and
memory, which was restored by D1/D5R activation [65]. Taken together, the lower expression
of BDNF and PSD-95 and higher expression of NR2B-containing NMDARSs in HPC of
Corti.Pups may be the major factors disrupting synaptic LTP. Accordingly, these results suggest
a possibility that cortisol-mediated dysregulation of neuroendocrine system negatively affects
the expression of neurodevelopment-associated proteins, resulting in developmental deficits in
the brain regions involved in cognitive learning and memory function. Indeed, there is
experimental and clinical evidence that cortisol-induced dysregulation of the HPA-axis and
abnormal D1R expression in the PFC, which downregulates downstream pathways, may lead to

neurodevelopmental psychiatric disorders such as ADHD [65, 66].
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In this study, I confirmed that the expression levels of cCAMP and PKA, which are key players
during PFC development, were downregulated by excessive cortisol, and the expression levels of
MTOR, PSD-95 and BDNF were also decreased in Corti.Pups (Fig. 26 and 28). These cortisol-
induced negative effects possibly cause incomplete synaptic plasticity by perturbing synaptic
development in major brain loci in Corti.Pups, thus triggering the pathogenesis of
neurodevelopmental psychiatric disorders such as ADHD (Figure 29). Further studies on
monoaminergic regulation and associated signaling that are involved in the pathogenesis of
neurodevelopmental neuropsychiatric disorders, may reveal novel therapeutic mechanisms
through focusing on major factors that contribute to neurodevelopmental signaling cascades and

neuroendocrine regulation.
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Figure 29. An expected pathogenic mechanism of neurodevelopmental disorder induced by

cortisol dysregulation during brain development.
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