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Introduction: To investigate the mechanism underlying the increased risk of
subsequent neurodevelopmental disorders in children born to mothers with
preeclampsia, we evaluated the neurodevelopment of offspring of a preeclampsia
rat model induced by the administration of N-nitro-L-arginine methyl ester (L-
NAME) and identified unique protein signatures in the offspring cerebrospinal fluid.
Methods: Pregnant rats received an intraperitoneal injection of L-NAME (250 mg/kg/
day) during gestational days 15–20 to establish a preeclampsia model. Behavioral
experiments (negative geotaxis, open-field, rotarod treadmill, and active avoidance
tests), immunohistochemistry [anti-neuronal nuclei (NeuN) staining in the
hippocampal dentate gyrus and cerebral cortex on postnatal day 70], and proteome
analysis of the cerebrospinalfluid onpostnatal day 5wereperformedonmaleoffspring.
Results: Offspring of the preeclampsia dam exhibited increased growth restriction at
birth (52.5%), but showed postnatal catch-up growth on postnatal day 14. Several
behavioral abnormalities including motor development and vestibular function
(negative geotaxis test: p < 0.01) in the neonatal period; motor coordination and
learning skills (rotarod treadmill test: p=0.01); and memory skills (active avoidance
test: p <0.01) in the juvenile period were observed. NeuN-positive cells in
preeclampsia rats were significantly reduced in both the hippocampal dentate gyrus
and cerebral cortex (p <0.01, p < 0.01, respectively). Among the 1270 proteins in the
cerebrospinal fluid identified using liquid chromatography-tandem mass
spectrometry, 32 were differentially expressed. Principal component analysis showed
that most cerebrospinal fluid samples achieved clear separation between
preeclampsia and control rats. Pathway analysis revealed that differentially expressed
proteins were associated with endoplasmic reticulum translocation, Rab proteins,
and ribosomal proteins, which are involved in various nervous system disorders
including autism spectrum disorders, schizophrenia, and Alzheimer’s disease.
Conclusion: The offspring of the L-NAME-induced preeclampsia model rats exhibited
key features of neurodevelopmental abnormalities on behavioral and pathological
examinations similar to humans. We found altered cerebrospinal fluid protein
profiling in this preeclampsia rat, and the unique protein signatures related to
endoplasmic reticulum translocation, Rab proteins, and ribosomal proteins may be
associated with subsequent adverse neurodevelopment in the offspring.
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1. Introduction

Preeclampsia (PE) affects 2%–8% of all pregnancies and is a

life-threatening complication that is accompanied by multi-organ

dysfunction. Uteroplacental mismatch attributed to abnormal

trophoblast invasion in early pregnancy is central to the

pathogenesis of PE (1). Placental syncytiotrophoblast stress-

derived factors and imbalance between pro- and anti-angiogenic

factors contribute to systemic endothelial dysfunction, followed

by clinical manifestations of new-onset hypertension and various

multi-organ damage (e.g., proteinuria, eclampsia, HELLP

syndrome, liver dysfunction, coagulation abnormalities, and

posterior reversible encephalopathy syndrome) (1, 2).

Long-term population-based cohort studies and meta-analyses

have accumulated evidence of various neurological and

neurodevelopmental disorders [e.g., cerebral palsy, periventricular

leukomalacia, intraventricular hemorrhage, autism spectrum

disorder (ASD), attention-deficit/hyperactivity disorder, intellectual

disability, cognitive disability, and anxiety] in offspring born to

mothers with PE (3–5). To date, many researchers have investigated

the mechanisms underlying adverse neurodevelopment in offspring

attributed to intrauterine exposure to PE using various animal

models of PE (3). Previous animal studies have demonstrated

various alterations in (1) neuroanatomy (e.g., reduced volumes of

cerebral neocortex, caudate–putamen, occipital lobe, and entorhinal

cortex) and vascularization (e.g., small diameter vessels) in the

central nervous system (6, 7); (2) the number and localization of

immune cells (e.g., microglia), apoptotic cells, and inflammatory

cytokines (8, 9); (3) neurogenesis, gliosis, and myelination (10); and

(4) protein expression both in quality and quantity by western

blotting and brain tissue pathology in the offspring of PE model

animals (3). However, the pathogenesis of the increased risk of

such disorders in offspring remains unclear (7, 11). In this study,

we sought to evaluate whether altered neurodevelopment in

offspring is observed in a PE rat model induced by N-nitro-L-

arginine methyl ester (L-NAME: a nonselective inhibitor of nitric

oxide synthase) and is consistent with clinical consequences in

humans. The L-NAME-induced PE rat model is recognized as a

typical PE model and is widely used for PE research (12).

In addition, alterations in cerebrospinal fluid (CSF) profiling in

offspring using an animal model of PE have not been described in

the literature. In general, CSF is not readily accessible compared

with other biofluids, including blood, saliva, and urine, in clinical

and experimental settings (13). However, CSF is the most

proximal to the central nervous system and includes brain-derived

components; therefore, it accurately reflects the disease-related

pathology of various neurological disorders and may represent a

promising matrix for the identification of clinical biomarkers and

unique protein profiling by proteome analysis (14–16).

Thus, we aimed to evaluate the neurodevelopment of the

offspring of the L-NAME-induced PE rat model and identify

unique protein signatures in the CSF of the offspring on postnatal

day (PND) 5. Although the technique of collecting CSF at this

early stage of life is challenging, protein profiling on PND 5

should directly reflect the effects of exposure to maternal PE

without the effects of various factors associated with the postnatal
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environment. This study may provide potential biomarkers of

neurological disorders in offspring as well as insights into the

biological pathways and mechanisms associated with such disorders.
2. Methods

2.1. Animal model

Pregnant Sprague-Dawley rats at gestational day (GD) 13 (8–12

weeks of age) were purchased from SLC Laboratory Animal Co. Ltd.

(Shizuoka, Japan) and bred at the Laboratory Animal Care Center of

Nagoya University. The rats were individually housed under

controlled temperature (25 °C) in a 12 h light/dark cycle with ad

libitum access to food and water. Rats were randomly assigned to the

PE (n = 6) and control (n = 7) groups. L-NAME was purchased from

Sigma-Aldrich (N5751-10G, Tokyo, Japan). Pregnant rats in the PE

group received an intraperitoneal (i.p.) injection of L-NAME

(250 mg/kg/day) from gestational days 15 to 20. Pregnant rats in the

control group received an i.p. injection of saline (250 mg/kg/day)

during the same period. Pregnant rats were allowed to deliver

normally, and pups were culled to eight (four males and four

females per litter, if possible) on PND 5 to minimize the impact of

litter size on subsequent experimental outcomes. In this study, pups

were fostered by their dams that received i.p. injections of L-NAME

or saline. Consequently, daily i.p. injections to dams could induce

additional stress. However, the stress was uniformly distributed

among the two groups, as both groups received an equal number of

i.p. injections. Male offspring were placed in separate cages at the

time of weaning (PND 21), and all subsequent experiments were

performed on male offspring only. Four behavioral experiments were

performed on PND 8–49. All rats were transcardially fixed with 4%

paraformaldehyde on PND 70, and brain tissue samples were

collected and stored at −30 °C in a cryoprotectant solution. Figure 1

shows the experimental protocol used in this study. All animal

experiments were performed in compliance with the guidelines for

animal care and use of laboratory animals, and the experimental

protocol was approved by the Institutional Animal Care Committee

(approval number: M210424).
2.2. Measurement of blood pressure and
urinary protein level

Blood pressure during pregnancy was non-invasively measured on

GD 14, 17, and 20 using an automatic blood pressure analyzer with a

tail-cuff device (BP-98AL; Softron, Tokyo, Japan) after the rats

received pre-training for blood pressure measurements once on GD

13 to acclimate the rats to the experimental equipment. The mean

value of five readings for each rat was recorded after the rats were

placed in a heating chamber maintained at 37 °C for approximately

5–10 min. Urinary samples were collected on GDs 14, 17, and 20,

and urinary protein levels (protein/Cre) were measured using the

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Tokyo,

Japan) and Creatinine ELISA kit (Exocell, Newtown Square,

Pennsylvania) according to the manufacturer’s instructions.
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FIGURE 1

Overview of the experimental protocol. Schematic representation of the experimental protocol. GD, gestational day; PND, postnatal day; CSF,
cerebrospinal fluid; IHC, immunohistochemistry.
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2.3. Behavioral experiments

All behavioral experiments were performed by the same

researcher who performed i.p. injections to the dams. However,

the rats were assigned consecutive numbers so that the group

assignment was unknown to the researcher. We performed four

behavioral experiments to assess the neonatal reflex (negative

geotaxis test) and three behavioral analyses of juvenile rats

(open-field test, rotarod treadmill test, and active avoidance test).

The experimental protocol is described in detail below.

2.3.1. Negative geotaxis test
Negative geotaxis is an innate postural response and a directional

movement against gravity. The negative geotaxis test is an early

behavioral test; it was performed on PND 8–11 in this study to

evaluate motor development and vestibular function and is

commonly used in the study of brain injury, central nervous system

diseases, and neurodevelopmental disorders (17, 18). Pups were

individually placed head-down on a sloped platform (30°), and the

latency to complete the geotaxis response was recorded. The results

of the negative geotaxis test were scored from 0 to 5 according to

latency, as previously described: 0 = no response during 60 s,

1 =≥60 s or falling down a slope, 2 = 45–60 s to complete the

geotaxis response, 3 = 30–45 s, 4 = 15–30 s, and 5 = <15 s (17). This

experiment presents a potential risk of bias because a researcher

could infer the group allocation if there is a significant difference in

body weight between the two groups during the experimental period.

2.3.2. Open-field test
The open-field test is widely used to assess locomotor activity,

anxiety-like behavior, and exploratory behavior in rodents (19).

The animal was placed in the middle of a square apparatus

(100 × 100 cm) with a grid of 20 × 20 cm squares on its base, and

its movements were recorded using a video camera for 5 min

(17). The following parameters were evaluated using an
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automated tracking system (ANY-maze Video Tracking System;

Stoelting Co., Wood Dale, IL, USA): (1) total distance moved

(m), (2) average speed (m/s), (3) time immobile (s), and (4)

entries in the central area (n). The open-field test was performed

on PND 35 (20).
2.3.3. Rotarod treadmill test
Rotarod treadmill test was performed to assess balance and

motor coordination in rodents on PND 42–43 (17, 21). Each rat

was placed on a rotating rod (47750; Ugo Basile, Gemonio,

Italy), which gradually accelerated the rotation speed from 5 to

40 rpm over 5 min. Two consecutive experiments were

performed for each rat, and the time spent on the rotating rod

between placement on the rod and falling off was recorded and

averaged (maximum 300 s).
2.3.4. Active avoidance test
An active avoidance test was performed to evaluate fear-

motivated associative learning and memory, as previously

described (17, 22). The test was conducted on PND 49 in an

automated shuttle box (Med Associates Inc., St. Albans, Vt.,

USA). The test consisted of 10 trials of conditioned stimulus

(light and buzzer tone) and aversive unconditioned stimulus

(foot shock). The average interval time between each trial was

30 s, ranging from 10 to 90 s. Over repeated trials, the rats

learned to avoid an aversive stimulus by changing the shuttle

box. The parameters were analyzed using the MED-PC IV

program (Med Associates Inc.). Learning performance was

evaluated using the avoidance rate in six consecutive sections.
2.4. Immunohistochemistry

After the completion of all behavioral experiments, the rats were

anesthetized with 5% isoflurane and i.p. somnopentyl (0.5 ml) on
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PND 70 and transcardially perfused with 4% paraformaldehyde. Brain

tissues were collected and fixedwith 4% paraformaldehyde, followed by

30% sucrose for cryoprotection. Tissues were cut into 50-μm sections

using a microtome throughout the brain every 600 mm. To evaluate

the hippocampal dentate gyrus and cerebral cortex, coronal sections

of the brain were examined (bregma −1.4 mm to −8.6 mm). The

sections were blocked with 0.6% H2O2 in phosphate buffered saline

(PBS), then blocked using 3% normal donkey serum with 0.1%

Triton-X100 in PBS for 30 min. Free-floating sections were stained

with anti-neuronal nuclei (NeuN; product No. MAB377; dilution 1:

400; Merck Millipore) and secondary antibody (1:1,000; biotinylated

donkey anti-mouse; Jackson ImmunoResearch Laboratories) (21). To

evaluate the whole hippocampal dentate gyrus and cortex, the

average numbers of tissue sections per brain were 8 and 12,

respectively. Cell counts for positive cells per unit volume (mm3)

were quantified using unbiased stereological counting techniques as

previously described (Stereo Investigator version 10 stereology

software, Micro Bright Field Europe EK, Magdeburg, Germany) (21).
2.5. Proteome analysis

CSF samples (PE [n = 10] and control [n = 10]) were obtained

on PND 5 as previously described (23, 24). CSF samples were

collected using transcutaneous cisterna magna puncture method

with a microcap with outer and inner diameters of 0.90 mm and

0.63 mm, respectively (20 μl, Drummond Scientific Company,

Broomall, PA, USA). After centrifugation, supernatants were

stored at −80 °C. Each sample was diluted with phosphate-

buffered saline to 0.5 μg protein/μl. Mass spectrometric analysis

was performed as previously described (25). Briefly, proteins from

CSF samples were processed for trypsin digestion for 16 h at 37 °C

after reduction reactions and alkylation. Liquid chromatography-

tandem mass spectrometry (LC-MS/MS) was performed to analyze

the peptides on an UltiMate3000 RSLCnano LC system (Dionex

Co., Amsterdam, Netherlands) in combination with an Orbitrap

Fusion mass spectrometer (Thermo Fisher Scientific Inc.,

Waltham, MA, USA). Reversed-phase chromatography was

performed with a linear gradient (0 min, 5% B; 100 min, 40% B)

of solvent A (2% acetonitrile with 0.1% formic acid) and solvent B

(95% acetonitrile with 0.1% formic acid). Peptide digests were

loaded onto a nano HPLC capillary column (15 cm length, 75 μm

i.d.) (Nikkyo Technos Co., Japan). Peptides were eluted at an

estimated flow rate of 300 nl/min. Then, they were injected into a

nanoelectrospray ion source for ionization.

A precursor ion scan was performed within a selected window of

400–1,600 mass to charge ratio (m/z) prior to MS/MS analysis.

Tandem MS was performed by isolation at 0.8 Th with a

quadrupole for high-energy collision dissociation fragmentation.

The normalized collision energy was 30%. Tandem mass

spectra were analyzed using an ion trap at a rapid scan rate. Only

precursors with charge states of 2–6 were sampled for MS/MS. The

dynamic exclusion duration was set to 15 s with 10 ppm tolerance.

Raw data were processed using Proteome Discoverer 1.4

(Thermo Fisher Scientific). A database search for protein

identification was performed using the Mascot search engine
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version 2.6.0 (Matrix Science Inc., Boston, MA, USA). Protein

identifiers (UniProt-KB accession numbers) and the corresponding

expression values of the two groups for each identified protein

were obtained from the dataset after filtering the rat database.

The data were converted to relative values, and proteins present in

<4/10 samples in each group were excluded from further analysis. The

data were then processed by quantile normalization using the

preprocessCore package (ver. 1.58.0) in the R software (ver. 4.2.2).

The relative protein values of the two groups were compared using

Welch’s t-test, and the False Discovery Rate (Benjamini-Hochberg

method) was calculated. While there is no universally established

definition for differentially expressed proteins in proteome analysis,

we defined differentially expressed proteins between the two groups

in this study based on the criteria of |log2 fold change (PE/control)|

>0.8 and q-value <0.05. The cut-off value was determined based on

the number of differentially expressed proteins for subsequent

enrichment analysis. A heat map of protein expression profiles was

created using Heatmapper (http://www.heatmapper.ca/) after

convertion to z-scores. The volcano plot illustrates differentially

abundant proteins. The logarithm to base 2 of the fold change (PE/

control) is plotted on the X-axis, and the negative logarithm to

base 10 of the q-value is plotted on the Y-axis. The vertical lines

indicate log2 fold change = ± 0.8, and the horizontal line denotes q-

value = 0.05. Enrichment analysis for Gene Ontology (GO) terms

was performed using Metascape (http://metascape.org) after

exclusion of unmapped differentially expressed proteins after

filtering the rat database. Principal component analysis (PCA) was

performed to visualize the distribution and combination of all

samples using the rgl package (ver. 0.110.2) (26).
2.6. Statistical analyses

Statistical analyses were performed using SPSS version 28.0

(SPSS Inc., Chicago, IL, USA) To compare the two groups,

Student’s t test and Mann-Whitney U test were performed for

parametric and non-parametric data, respectively. To analyze the

negative geotaxis and active avoidance tests, two-way repeated

measures analysis of variance (ANOVA) was used. Two-way

ANOVA was used to analyze the rotarod treadmill test. Fisher’s

exact test was used to compare the proportion of fetal growth

restriction (FGR) in the offspring. The sample size of each

experiment was not determined using a power calculation. We

established sample sizes of 6–7 dams in each group based on the

preliminary experiments to determine the dose of L-NAME that

would result in significant maternal hypertension and fetal growth

restriction. Statistical significance was set at p < 0.05.
3. Results

3.1. PE rat model induced by L-NAME
administration on GDs 15–20

The mean arterial pressures on GDs 14, 17, and 20 were measured

using the tail-cuff system (Figure 2A). The PE group showed a
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FIGURE 2

Maternal and offspring characteristics in the preeclampsia rat model induced by the administration of L-NAME. (A) MAP measured using the tail-cuff
system on GDs 14, 17, and 20 (n= 6–7). (B) Urinary protein level on GDs 14, 17, and 20 (n= 6–7). Urinary protein level was evaluated with albumin/
creatinine ratio (g/gCr). (C) Distribution of pup weight in the two groups. FGR was defined as birth weight falling below the 10th percentile based on
the control group in this study (=5.76 g). (D) Litter size. (E) Postnatal offspring growth before weaning on postnatal day 21. Data are shown as the
mean ± standard deviation. * indicates p < 0.05. PE, preeclampsia; MAP, mean arterial pressure; GD, gestational day; FGR, fetal growth restriction.
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significantly higher mean arterial pressure than the control group (p <

0.01, GD17; p < 0.01, GD20). Urinary protein levels were evaluated

using the albumin/creatinine ratio (g/g creatinine) (Figure 2B). The

urinary protein levels in the PE group were comparable to those in

the control group. We defined FGR as a birth weight below the 10th

percentile based on the control group in this study (=5.76 g). Pup

weight on PND 1 in the PE group was significantly lower and the

FGR ratio (52.5%) was significantly higher than that in the control

group (Figures 2C,E). There was no significant difference in the

litter size between the two groups (Figure 2D). Postnatal growth in

the PE group showed catch-up growth on PND 14 (Figure 2E).
3.2. Behavioral experiments of the PE model

Male offspring in the L-NAME-induced PE group were

evaluated for several neurological and neurodevelopmental

features. Negative geotaxis, open-field, rotarod treadmill, and active

avoidance tests were performed on PNDs 8–11, 35, 42–43, and 49,

respectively (Figure 1). To evaluate neonatal reflexes, we

performed a negative geotaxis test during the early postnatal

period. Scores on PNDs 8 and 9 were comparable between the

two groups; however, the scores of the PE group on PNDs 10 and

11 were lower than those of the control group (p < 0.01)

(Figure 3A). For the open-field test, we evaluated the total

distance traveled, average speed, time immobile, and central area

entries. However, no significant differences were observed between
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the two groups (Figures 3B–E). The time spent on the rotating

rod in the PE group was significantly shorter than that in the

control group in the rotarod treadmill test (p = 0.05) (Figure 3F).

The avoidance rate of the PE group was lower than that of the

control group in the active avoidance test (p < 0.01) (Figure 3G).
3.3 NeuN immunostaining and positive cell
counting in the hippocampus and cerebral
cortex

Brain sections obtained on PND 70 were evaluated and

compared between the two groups. Hematoxylin and eosin

staining revealed no gross anatomical alterations in the PE group

(data not shown). Figures 4A,C show representative images of

NeuN immunostaining in the hippocampal dentate gyrus and

cerebral cortex of the two groups. NeuN-positive cells in the PE

group were significantly reduced in both the hippocampal

dentate gyrus and cerebral cortex compared with those in the

control group (p < 0.01 and p < 0.01, respectively) (Figures 4B,D).
3.4. Proteome analysis of CSF samples in
male pups on PND 5

Among the 1270 proteins detected by LC-MS/MS, 622 proteins

were present in at least four samples among the 10 samples in each
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FIGURE 3

Behavioral experiments of the preeclampsia model. (A) Scores of negative geotaxis test on PNDs 8–11 (n= 20–23). (B–E) Open-field test on PND 35 (n=
30–36). Total distance moved (m), average speed (m/s), time immobile (s), and entries in central area (n) were evaluated by an automated tracking system.
The median is indicated by the horizontal lines. (F) Rotarod treadmill test on PNDs 42–43 (n= 30–35). The average time on the rotating rod was evaluated.
(G) Active avoidance test on PND 49 (n= 29–35). The trend of avoidance rates in six consecutive trials was presented. To analyze the negative geotaxis
and active avoidance tests, two-way repeated measures ANOVA was used. To analyze the rotarod treadmill test, two-way ANOVA was used. Data are
shown as the mean ± standard deviation. * and ** indicate p < 0.05 and p < 0.01, respectively. PE, preeclampsia; PND, postnatal day.
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group. A heat map with dendrograms of the samples and identified

proteins is presented in Figure 5A. PCA showed that most samples

achieved a clear separation between the PE and control groups in

three dimensions (Figure 5B). A volcano plot was created to

visualize the differentially expressed proteins (Figure 5C). A total

of 36 proteins were matched for the criteria (fold change and q-

value) of differentially expressed proteins, and 32 proteins were

identified as differentially expressed proteins after filtering the rat

database (Supplementary Table S1). Among the 32 proteins, 18

were upregulated and 14 were downregulated in the CSF of the

PE group compared with that of the control group. The

statistically enriched terms across the input protein lists and top-

level GO biological processes are presented in Figure 5D.

Among these 32 differentially expressed proteins, Rab35, Rab3a,

Tcp1, Gstm1, Rack1, Il1rap, Ccdc60, Esam, and Psmb6 are

closely associated with neurological disorders including ASD,

schizophrenia, and Alzheimer’s disease. In addition, some

ribosomal proteins, including Rps15a, Rpl18, Rpl15, Rps3a,

Rpl22, and Rpl6, were significantly increased in the PE group.
4. Discussion

In this study, we sought to investigate the mechanism

underlying the increased risk of subsequent neurodevelopmental

and neuropsychiatric disorders in offspring attributed to

intrauterine exposure to maternal PE. We initially evaluated

whether the offspring of L-NAME-induced PE model rats
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manifested several neurological features similar to those in

humans, and then we evaluated the alterations in protein

profiling of CSF in the PE model. The main findings of this

study were as follows: First, offspring in the L-NAME-induced

PE model showed FGR, postnatal catch-up growth, and

neurological abnormalities (e.g., delayed neurodevelopment in the

early postnatal period [negative geotaxis], delayed motor

coordination and learning skills [rotarod treadmill], and poorer

memory skills [active avoidance test] in the juvenile period),

consistent with the clinical manifestations of children born to

mothers with PE. Second, significant pathological changes (e.g., a

decrease in neuronal cells in the hippocampus and cortex) and

altered protein profiling of the CSF were observed. Third, unique

protein signatures related to ER translocation, Rab proteins, and

ribosomal proteins were identified by proteome analysis of CSF.

Our study indicated that these alterations may cause adverse

neurological consequences later in life.

Several previous studies demonstrated that the offspring of the

L-NAME-induced PE model rats showed various abnormal

neuropathological findings including neurotoxicity, upregulated

expression of hippocampal glucocorticoid receptors, disrupted

neurogenesis, and acute neuronal damage (27–30); however, little

is known regarding whether this L-NAME-induced PE model

indeed shows changes in anxiety, cognition, and memory-related

behaviors. In this study, we found abnormalities in the negative

geotaxis, rotarod treadmill, and active avoidance tests, indicating

that the offspring of the PE model showed impaired

neurodevelopment in innate postural response, balance and
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FIGURE 4

NeuN immunostaining and positive cell counting of the hippocampus
and cerebral cortex. (A,C). Representative images (×5 and ×20–40) of
NeuN staining of the hippocampal dentate gyrus and cerebral cortex
on postnatal day 70. Scale bars = 200 μm (×5), 100 μm (×20), and
40 μm (×40). (B,D) Quantification of NeuN-positive cells (n= 5–12).
Results are expressed as mean ± standard deviation. * indicates p <
0.05. PE, preeclampsia; NeuN, anti-neuronal nuclei.

Nakamura et al. 10.3389/fped.2023.1168173
motor coordination, and fear-motivated associative learning and

memory. These results are consistent with two previous studies

that demonstrated impaired spatial learning and memory using

the water maze test in an L-NAME model (28, 29). In addition

to the L-NAME model, the offspring of the PE rat model

induced by drinking water with 1.8% sodium chloride during

pregnancy remained on the rotating rod for a significantly

shorter period than control rats (31). However, careful attention

is necessary to the numerous variations of the PE phenotypes in

each L-NAME-induced PE model. In contrast, the offspring of

another PE mouse model induced by arginine vasopressin

showed no difference in the latency of fall from the rod (6). In

agreement with our study, offspring in the arginine vasopressin

PE mouse model showed no adverse effects on open-field

behavior (6). The negative geotaxis test is an early behavioral test

to evaluate motor development and sensory, vestibular, and

proprioceptive functions and is useful and validated in the

setting of various neurological and neurodevelopmental disorders

(e.g., ASD and cerebral palsy) (18, 32).

To date, two studies have investigated the CSF profiling of

mothers with PE; however, to the best of our knowledge, no

studies have demonstrated alterations in CSF profiles in the

offspring. Ciampa et al. demonstrated that differentially

expressed proteins in the CSF of PE mothers converge to four

signaling molecules, including TGF-β, vascular endothelial
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growth factor A, angiotensinogen, and IL-6, suggesting that

neurological maternal complications of PE, such as eclampsia

and posterior reversible encephalopathy syndrome, are associated

with vascular remodeling, inflammation, neuronal growth,

signaling, and electrophysiology (33). Güzel et al. also

demonstrated that some differentially expressed proteins were

calcium-binding proteins, suggesting a close association between

PE and calcium-binding proteins (34). As with these two studies

on maternal CSF, investigation of CSF protein profiling in the

offspring of the L-NAME-induced PE model may facilitate the

elucidation of the mechanisms underlying subsequent

neurological disorders (35). In our study, heat map and PCA

analyses of the CSF protein profiles revealed significantly

different protein signatures between the PE and control groups.

Among the 32 differentially expressed proteins, Rab35, Rab3a,

Tcp1, Gstm1, Rack1, Il1rap (ASD) (36–40), Ccdc60, Esam

(schizophrenia) (41, 42), and Psmb6 (Alzheimer’s disease) (43)

are associated with various nervous system disorders. The RAB

family genes have been identified as ASD-associated genes (36,

44). Rab35 is involved in synaptic vesicle transport, and synaptic

disturbance is recognized as a molecular disruption in various

neurodevelopmental disorders, including ASD (36, 45). In

addition, we found significantly increased levels of some

ribosomal proteins in the CSF of the rats in the PE group.

Ribosomes are essential for the growth, development, and

function of all organisms and play a central role in protein

synthesis (46). Ribosomes are found in large numbers within

cells, and are composed of ribosomal RNA molecules and

associated ribosomal proteins that form a ribonucleoprotein

complex that drives the translation process. Altered ribosomal

protein synthesis can lead to impaired neuronal function,

disrupted synaptic connectivity, and accumulation of abnormal

protein aggregates in neurological conditions (47, 48). Growing

evidence has demonstrated that dysfunction of ribosomes can be

linked to a range of neurodegenerative disorders such as

Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral

sclerosis (48–50). Therefore, exposure to PE in utero may

increase the incidence of neuropsychiatric disorders by altering

ribosomal protein synthesis in the nervous system.

Regarding the GO analyses based on these 32 differentially

expressed proteins, signal recognition particle (SRP)-dependent

cotranslational proteins targeting the membrane and RAB

geranylgeranylation were listed in the top two pathways. The

SRP-dependent cotranslational protein targeting the membrane is

associated with the cotranslational delivery of integral membrane

proteins for translocation into the endoplasmic reticulum (ER)

by an SRP (51). The inhibition of ER translocation promotes ER

stress (52), which enhances neuronal differentiation and is

related to ASD pathogenesis (53). Rab proteins, members of the

Ras superfamily, constitute the largest family of small GTPases.

Rab GTPases function as molecular switches that control

membrane trafficking to regulate the formation, transport,

tethering, and fusion of transport vesicles in various biological

processes, including neurological functions (e.g., synaptic

function, neurite growth and remodeling, and general nervous

system development) (54). Rab GTPase dysfunction including
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FIGURE 5

Distinct protein profiling of the cerebrospinal fluid in the preeclampsia and control groups. (A) Heat map with dendrograms of all identified protein
expressions in the PE and control groups. Each column and row denotes a patient sample and specific protein, respectively. Dendrograms for
samples and proteins are shown on the top and left of the heat map, respectively. (B) Principal component analysis shows the separation of samples
from the PE and control groups. (C) Differentially expressed proteins shown by volcano plot (fold change vs. q-value). Red dots represent
upregulated proteins (n= 20), blue dots represent downregulated proteins (n= 16), and gray dots represent no differentially expressed proteins (n=
586). (D). Gene ontology analyses of differentially expressed proteins (n= 32) by Metascape (top enriched term and gene ontology biological process)
after filtering the rat database. PE, preeclampsia; FC, fold change; PC, principal component; GO, gene ontology.
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impaired RAB geranylgeranylation (i.e., essential post-translational

modification that allows Rab proteins to interact with intracellular

membranes) is associated with the pathogenesis of

neurodegeneration (e.g., Alzheimer’s and Parkinson’s diseases)

and neurogenesis impairment (e.g., ASD) (55–59). These unique

protein signatures related to ER translocation and Rab proteins

in the PE model may be associated with subsequent

neurodevelopmental disorders in the offspring (54).
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The first strength of this study is that we evaluated the protein

profile of offspring CSF for the first time. In addition, we obtained

the CSF at an early stage of life (PND 5). Although CSF collection

on PND 5 requires practice and skills, it has been unaffected by

various postnatal factors (e.g., diet, dam, and various

environments) and may be better for evaluating CSF protein

profiling compared with that obtained in adults. Second, GO

analyses led to a new hypothesis that dysfunction of ER
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translocation and Rab GTPase may contribute to subsequent

neurodevelopmental disorders in offspring. Finally, although little

is known about the neurobehavioral abnormalities of offspring in

the L-NAME-induced PE model, except for the water maze test,

we performed several behavioral tests to evaluate

neurodevelopment.

This study has several limitations. First, we could not validate

the proteome analyses because the sample volume of the CSF

was quite small, and the protein concentration in the CSF was

considerably low (approximately 1/200) compared with that of

serum samples (60). Further study is required to identify

candidate proteins that may disrupt neurodevelopment and to

perform functional analyses. Second, there are many variations of

the L-NAME-induced PE model with respect to L-NAME dose,

route of administration, and duration of administration during

gestation. Our PE model did not perfectly exhibit all the features

of PE, including urinary protein levels which is a key feature of

PE. Therefore, some individuals may consider it a model of

gestational hypertension rather than a PE model. Although

numerous PE animal models have been established, such as the

adenovirus sFlt-1 model, angiotensin II-induced model, and

reduced uterine perfusion pressure model, none perfectly mimic

all the key features of PE (61). Finally, we evaluated the

neurological characteristics of only male, not female, offspring, to

omit the sex-differential effect and the effect of the estrous cycle

on behavioral experiments (62, 63). Further studies are warranted

to include female offspring to evaluate the sex-differential effect.

In conclusion, we demonstrated that the offspring in the L-

NAME-induced PE model exhibited key features of

neurodevelopmental abnormalities, such as delayed innate

postural response near birth, delayed motor coordination and

learning skills, and fear-motivated associated learning and

memory deficit, but not the features of anxiety in early

adolescence. This L-NAME model would be useful for the

evaluation of offspring neurodevelopmental consequences. In

addition, we observed altered CSF protein profiles in the PE

model, suggesting that the unique protein signatures related to

ER translocation, Rab proteins, and ribosomal proteins may be

associated with subsequent adverse neurodevelopment in the

offspring. Further research is necessary to discover and validate

candidate proteins that may disrupt subsequent neurodevelopment.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and

accession number(s) can be found below: https://repository.

jpostdb.org/, JPST002007.
Ethics statement

The animal study was reviewed and approved by The

Institutional Animal Care and Use Committee at Nagoya

University.
Frontiers in Pediatrics 09
Author contributions

NN, TU, YS, and TK contributed to the conception and design

of the study. NN, AO, KU, RM, and TS performed the animal

study. NN, TU, and KY performed statistical analyses. NN, TU,

SK, HM, KY, ST, YI, KI, HK, and TK were involved in analyzing

and interpreting the data. NN and TU drafted the first version of

the manuscript. AO, TS, KI, YS, MH, HK, and TK critically

reviewed the manuscript, and all authors approved the final

version of the manuscript. All authors contributed to the article

and approved the submitted version.
Funding

This study was supported by a grant from the Japan Society for

the Promotion of Science (JSPS KAKENHI 22K16857) and a

research grant from the Kanzawa Medical Research Foundation

and Yamaguchi Endocrine Research Foundation awarded to TU.
Acknowledgments

We are grateful to Sachiko Morisaki, Azusa Okamoto, and
Tomoko Yamaguchi for their skillful technical assistance, and
Kentaro Taki in the Division for Medical Research Engineering,
Nagoya University Graduate School of Medicine, for technical
support with proteome analysis.
Conflict of interest

The authors declare that the research was conducted in

the absence of any commercial or financial relationships

that could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their

affiliated organizations, or those of the publisher, the

editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fped.2023.

1168173/full#supplementary-material
frontiersin.org

https://repository.jpostdb.org/
https://repository.jpostdb.org/
https://www.frontiersin.org/articles/10.3389/fped.2023.1168173/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fped.2023.1168173/full#supplementary-material
https://doi.org/10.3389/fped.2023.1168173
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Nakamura et al. 10.3389/fped.2023.1168173
References
1. Magee LA, Nicolaides KH, von Dadelszen P. Preeclampsia. N Engl J Med. (2022)
386(19):1817–32. doi: 10.1056/NEJMra2109523

2. Ives CW, Sinkey R, Rajapreyar I, Tita ATN, Oparil S. Preeclampsia—
pathophysiology and clinical presentations. J Am Coll Cardiol. (2020) 76
(14):1690–702. doi: 10.1016/j.jacc.2020.08.014

3. Gumusoglu SB, Chilukuri ASS, Santillan DA, Santillan MK, Stevens HE.
Neurodevelopmental outcomes of prenatal preeclampsia exposure. Trends Neurosci.
(2020) 43(4):253–68. doi: 10.1016/j.tins.2020.02.003

4. Sun BZ, Moster D, Harmon QE, Wilcox AJ. Association of preeclampsia in term
births with neurodevelopmental disorders in offspring. JAMA Psychiatry. (2020) 77
(8):823–9. doi: 10.1001/jamapsychiatry.2020.0306

5. Dachew BA, Mamun A, Maravilla JC, Alati R. Pre-eclampsia and the risk of
autism-spectrum disorder in offspring: meta-analysis. Br J Psychiatry. (2018) 212
(3):142–7. doi: 10.1192/bjp.2017.27

6. Gumusoglu SB, Chilukuri ASS, Hing BWQ, Scroggins SM, Kundu S, Sandgren JA,
et al. Altered offspring neurodevelopment in an arginine vasopressin preeclampsia
model. Transl Psychiatry. (2021) 11(1):79. doi: 10.1038/s41398-021-01205-0

7. Kay VR, Rätsep MT, Figueiró-Filho EA, Croy BA. Preeclampsia may influence
offspring neuroanatomy and cognitive function: a role for placental growth factor†.
Biol Reprod. (2019) 101(2):271–83. doi: 10.1093/biolre/ioz095

8. Pellicer B, Herraiz S, Leal A, Simón C, Pellicer A. Prenatal brain damage in
preeclamptic animal model induced by gestational nitric oxide synthase inhibition.
J Pregnancy. (2011) 2011:809569. doi: 10.1155/2011/809569

9. Katoh Y, Iriyama T, Yano E, Sayama S, Seyama T, Kotajima-Murakami H, et al.
Increased production of inflammatory cytokines and activation of microglia in the
fetal brain of preeclamptic mice induced by angiotensin II. J Reprod Immunol.
(2022) 154:103752. doi: 10.1016/j.jri.2022.103752

10. Mallard EC, Rees S, Stringer M, Cock ML, Harding R. Effects of chronic
placental insufficiency on brain development in fetal sheep. Pediatr Res. (1998) 43
(2):262–70. doi: 10.1203/00006450-199802000-00018

11. Barron A, McCarthy CM, O’Keeffe GW. Preeclampsia and neurodevelopmental
outcomes: potential pathogenic roles for inflammation and oxidative stress? Mol
Neurobiol. (2021) 58(6):2734–56. doi: 10.1007/s12035-021-02290-4

12. Gatford KL, Andraweera PH, Roberts CT, Care AS. Animal models of
preeclampsia: causes, consequences, and interventions. Hypertension. (2020) 75
(6):1363–81. doi: 10.1161/HYPERTENSIONAHA.119.14598

13. Johnson SK, Sexton JD. Cerebrospinal fluid: physiology and utility of an
examination in disease states. In: Post TW, editors. Uptodate. Waltham: UpToDate
(2022). (Accessed January 16, 2023.).

14. Teunissen CE, Verheul C, Willemse EAJ. Chapter 1 - The use of cerebrospinal
fluid in biomarker studies. In: Deisenhammer F, Teunissen CE, Tumani H, editors.
Handbook of clinical neurology. Elsevier (2018). p. 3–20.

15. Wichmann TO, Damkier HH, Pedersen M. A brief overview of the cerebrospinal
fluid system and its implications for brain and spinal cord diseases. Front Hum
Neurosci. (2022) 15. doi: 10.3389/fnhum.2021.737217

16. Graff-Radford J, Gunter JL, Jones DT, Przybelski SA, Schwarz CG, Huston J,
et al. Cerebrospinal fluid dynamics disorders. Relat Alzheimer Biomarkers Cognit.
(2019) 93(24):e2237–46. doi: 10.1212/WNL.0000000000008616

17. Saito A, Matsui F, Hayashi K, Watanabe K, Ichinohashi Y, Sato Y, et al.
Behavioral abnormalities of fetal growth retardation model rats with reduced
amounts of brain proteoglycans. Exp Neurol. (2009) 219(1):81–92. doi: 10.1016/j.
expneurol.2009.04.012

18. Ruhela RK, Soni S, Sarma P, Prakash A, Medhi B. Negative geotaxis: an early age
behavioral hallmark to VPA rat model of autism. Ann Neurosci. (2019) 26(1):25–31.
doi: 10.5214/ans.0972.7531.260106

19. Seibenhener ML, Wooten MC. Use of the open field maze to measure locomotor
and anxiety-like behavior in mice. J Vis Exp. (2015) 96:e52434. doi: 10.3791/52434

20. Suzuki T, Sato Y, Kushida Y, Tsuji M, Wakao S, Ueda K, et al. Intravenously
delivered multilineage-differentiating stress enduring cells dampen excessive
glutamate metabolism and microglial activation in experimental perinatal hypoxic
ischemic encephalopathy. J Cereb Blood Flow Metab. (2021) 41(7):1707–20. doi: 10.
1177/0271678X20972656

21. Kitase Y, Sato Y, Arai S, Onoda A, Ueda K, Go S, et al. Establishment of a novel
fetal growth restriction model and development of a stem-cell therapy using umbilical
cord-derived mesenchymal stromal cells. Front Cell Neurosci. (2020) 14. doi: 10.3389/
fncel.2020.00212

22. Ichinohashi Y, Sato Y, Saito A, Ito M, Watanabe K, Hayakawa M, et al.
Dexamethasone administration to the neonatal rat results in neurological
dysfunction at the juvenile stage even at low doses. Early Hum Dev. (2013) 89
(5):283–8. doi: 10.1016/j.earlhumdev.2012.10.007

23. Mahat MY, Fakrudeen Ali Ahamed N, Chandrasekaran S, Rajagopal S,
Narayanan S, et al. An improved method of transcutaneous cisterna magna
Frontiers in Pediatrics 10
puncture for cerebrospinal fluid sampling in rats. J Neurosci Methods. (2012) 211
(2):272–9. doi: 10.1016/j.jneumeth.2012.09.013

24. Rodríguez-Fanjul J, Fernández-Feijóo CD, Camprubí MC. A new technique for
collection of cerebrospinal fluid in rat pups. J Exp Neurosci. (2015) 9:37–41. doi: 10.
4137/JEN.S26182

25. Ushida T, Kotani T, Moriyama Y, Hindmarch CCT, Cotechini T, Imai K, et al.
Postpartum alterations following inflammation in rat pregnancy: a discovery
proteomic analysis. Reproduction. (2021) 161(5):513–22. doi: 10.1530/REP-20-0388

26. Jolliffe IT, Cadima J. Principal component analysis: a review and recent
developments. Philos Trans R Soc A. (2016) 374(2065):20150202. doi: 10.1098/rsta.
2015.0202

27. Ijomone OK, Erukainure OL, Shallie P, Naicker T. Neurotoxicity in pre-
eclampsia involves oxidative injury, exacerbated cholinergic activity and impaired
proteolytic and purinergic activities in cortex and cerebellum. Hum Exp Toxicol.
(2021) 40(1):158–71. doi: 10.1177/0960327120946477

28. Zhu H, Zhu W, Hu R, Wang H, Ma D, Li X. The effect of pre-eclampsia-like
syndrome induced by L-NAME on learning and memory and hippocampal
glucocorticoid receptor expression: a rat model. Hypertens Pregnancy. (2017) 36
(1):36–43. doi: 10.1080/10641955.2016.1228957

29. Zhu H, Zhu W, Hu R, Wang H, Ma D, Li X. Developmental and functional brain
impairment in offspring from preeclampsia-like rats. Mol Neurobiol. (2016) 53
(2):1009–19. doi: 10.1007/s12035-014-9060-7

30. Tachibana R, Umekawa T, Yoshikawa K, Owa T, Magawa S, Furuhashi F, et al.
Tadalafil treatment in mice for preeclampsia with fetal growth restriction has neuro-
benefic effects in offspring through modulating prenatal hypoxic conditions. Sci Rep.
(2019) 9(1):234. doi: 10.1038/s41598-018-36084-x

31. Muzyko EA, Perfilova VN, Suvorin KV, Tyurenkov IN. Change in physical
performance indicators of the progenies of rats with experimental preeclampsia in
early and late pharmacological correction by GABA derivatives. Bull Sib Med.
(2021) 20(1):98–104. doi: 10.20538/1682-0363-2021-1-98-104

32. Ho D, Sanches EF, Sizonenko SV. Early neurodevelopmental reflex impairments
in a rodent model of cerebral palsy. Int J Dev Neurosci. (2022) 82(8):814–22. doi: 10.
1002/jdn.10235

33. Ciampa E, Li Y, Dillon S, Lecarpentier E, Sorabella L, Libermann TA, et al.
Cerebrospinal fluid protein changes in preeclampsia. Hypertension. (2018) 72
(1):219–26. doi: 10.1161/HYPERTENSIONAHA.118.11153

34. Güzel C, van den Berg CB, Koopman S, van Krugten RJ, Stoop M, Stingl C, et al.
Cerebrospinal fluid of preeclamptic and normotensive pregnant women compared to
nonpregnant women analyzed with mass spectrometry. ACS Omega. (2020) 5
(50):32256–66. doi: 10.1021/acsomega.0c03910

35. Tumani H. Physiology and constituents of CSF. In: Deisenhammer F, editors.
Cerebrospinal fluid in clinical neurology. Cham: Springer International Publishing
(2015). p. 25–34.

36. Jang WE, Park JH, Park G, Bang G, Na CH, Kim JY, et al. Cntnap2-dependent
molecular networks in autism spectrum disorder revealed through an integrative
multi-omics analysis. Mol Psychiatry. (2023) 28(2):810–21. doi: 10.1038/s41380-022-
01822-1

37. Wong CC, Meaburn EL, Ronald A, Price TS, Jeffries AR, Schalkwyk LC, et al.
Methylomic analysis of monozygotic twins discordant for autism spectrum disorder
and related behavioural traits. Mol Psychiatry. (2014) 19(4):495–503. doi: 10.1038/
mp.2013.41

38. Rahbar MH, Samms-Vaughan M, Saroukhani S, Bressler J, Hessabi M, Grove
ML, et al. Associations of metabolic genes (GSTT1, GSTP1, GSTM1) and blood
mercury concentrations differ in Jamaican children with and without autism
Spectrum disorder. Int J Environ Res Public Health. (2021) 18(4):1377. doi: 10.3390/
ijerph18041377

39. Longo F, Klann E. Reciprocal control of translation and transcription in autism
spectrum disorder. EMBO Rep. (2021) 22(6):e52110. doi: 10.15252/embr.202052110

40. Yoshida T, Yasumura M, Uemura T, Lee SJ, Ra M, Taguchi R, et al. IL-1 receptor
accessory protein-like 1 associated with mental retardation and autism mediates
synapse formation by trans-synaptic interaction with protein tyrosine phosphatase
δ. J Neurosci. (2011) 31(38):13485–99. doi: 10.1523/JNEUROSCI.2136-11.2011

41. Tiwari AK, Zai CC, Müller DJ, Kennedy JL. Genetics in schizophrenia: where are
we and what next? Dialogues Clin Neurosci. (2010) 12(3):289–303. doi: 10.31887/
DCNS.2010.12.3/atiwari

42. Davis AP, Grondin CJ, Lennon-Hopkins K, Saraceni-Richards C, Sciaky D, King
BL, et al. The comparative toxicogenomics Database’s 10th year anniversary: update
2015. Nucleic Acids Res. (2015) 43(Database issue):D914-20. doi: 10.1093/nar/gku935

43. Tao L, Zhu Y, Wang R, Han J, Ma Y, Guo H, et al. N-myc downstream-regulated
gene 2 deficiency aggravates memory impairment in Alzheimer’s Disease. Behav Brain
Res. (2020) 379:112384. doi: 10.1016/j.bbr.2019.112384

44. Woodbury-Smith M, Deneault E, Yuen RKC, Walker S, Zarrei M, Pellecchia G,
et al. Mutations in RAB39B in individuals with intellectual disability, autism spectrum
frontiersin.org

https://doi.org/10.1056/NEJMra2109523
https://doi.org/10.1016/j.jacc.2020.08.014
https://doi.org/10.1016/j.tins.2020.02.003
https://doi.org/10.1001/jamapsychiatry.2020.0306
https://doi.org/10.1192/bjp.2017.27
https://doi.org/10.1038/s41398-021-01205-0
https://doi.org/10.1093/biolre/ioz095
https://doi.org/10.1155/2011/809569
https://doi.org/10.1016/j.jri.2022.103752
https://doi.org/10.1203/00006450-199802000-00018
https://doi.org/10.1007/s12035-021-02290-4
https://doi.org/10.1161/HYPERTENSIONAHA.119.14598
https://doi.org/10.3389/fnhum.2021.737217
https://doi.org/10.1212/WNL.0000000000008616
https://doi.org/10.1016/j.expneurol.2009.04.012
https://doi.org/10.1016/j.expneurol.2009.04.012
https://doi.org/10.5214/ans.0972.7531.260106
https://doi.org/10.3791/52434
https://doi.org/10.1177/0271678X20972656
https://doi.org/10.1177/0271678X20972656
https://doi.org/10.3389/fncel.2020.00212
https://doi.org/10.3389/fncel.2020.00212
https://doi.org/10.1016/j.earlhumdev.2012.10.007
https://doi.org/10.1016/j.jneumeth.2012.09.013
https://doi.org/10.4137/JEN.S26182
https://doi.org/10.4137/JEN.S26182
https://doi.org/10.1530/REP-20-0388
https://doi.org/10.1098/rsta.2015.0202
https://doi.org/10.1098/rsta.2015.0202
https://doi.org/10.1177/0960327120946477
https://doi.org/10.1080/10641955.2016.1228957
https://doi.org/10.1007/s12035-014-9060-7
https://doi.org/10.1038/s41598-018-36084-x
https://doi.org/10.20538/1682-0363-2021-1-98-104
https://doi.org/10.1002/jdn.10235
https://doi.org/10.1002/jdn.10235
https://doi.org/10.1161/HYPERTENSIONAHA.118.11153
https://doi.org/10.1021/acsomega.0c03910
https://doi.org/10.1038/s41380-022-01822-1
https://doi.org/10.1038/s41380-022-01822-1
https://doi.org/10.1038/mp.2013.41
https://doi.org/10.1038/mp.2013.41
https://doi.org/10.3390/ijerph18041377
https://doi.org/10.3390/ijerph18041377
https://doi.org/10.15252/embr.202052110
https://doi.org/10.1523/JNEUROSCI.2136-11.2011
https://doi.org/10.31887/DCNS.2010.12.3/atiwari
https://doi.org/10.31887/DCNS.2010.12.3/atiwari
https://doi.org/10.1093/nar/gku935
https://doi.org/10.1016/j.bbr.2019.112384
https://doi.org/10.3389/fped.2023.1168173
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Nakamura et al. 10.3389/fped.2023.1168173
disorder, and macrocephaly. Mol Autism. (2017) 8:59. doi: 10.1186/s13229-017-0175-
3

45. Sheehan P, Waites CL. Coordination of synaptic vesicle trafficking and turnover
by the Rab35 signaling network. Small GTPases. (2019) 10(1):54–63. doi: 10.1080/
21541248.2016.1270392

46. Lafontaine DLJ, Tollervey D. The function and synthesis of ribosomes. Nat Rev
Mol Cell Biol. (2001) 2(7):514–20. doi: 10.1038/35080045

47. Endo R, Chen YK, Burke J, Takashima N, Suryawanshi N, Hui KK, et al.
Dysregulation of ribosome-associated quality control elicits cognitive disorders via
overaccumulation of TTC3. Proc Natl Acad Sci U S A. (2023) 120(12):e2211522120.
doi: 10.1073/pnas.2211522120

48. Wang W, Nag S, Zhang X, Wang MH, Wang H, Zhou J, et al. Ribosomal
proteins and human diseases: pathogenesis, molecular mechanisms, and therapeutic
implications. Med Res Rev. (2015) 35(2):225–85. doi: 10.1002/med.21327

49. Ding Q, Markesbery WR, Chen Q, Li F, Keller JN. Ribosome dysfunction is an
early event in Alzheimer’s Disease. J Neurosci. (2005) 25(40):9171–5. doi: 10.1523/
JNEUROSCI.3040-05.2005

50. Ding Q, Markesbery WR, Chen Q, Li F, Keller JN. TDP-43 transports ribosomal
protein mRNA to regulate axonal local translation in neuronal axons. Acta
Neuropathol. (2020) 140(5):695–713. doi: 10.1007/s00401-020-02205-y

51. Zimmermann R, Eyrisch S, Ahmad M, Helms V. Protein translocation across the
ER membrane. Biochim Biophys Acta. (2011) 1808(3):912–24. doi: 10.1016/j.bbamem.
2010.06.015

52. McKibbin C, Mares A, Piacenti M, Williams H, Roboti P, Puumalainen M, et al.
Inhibition of protein translocation at the endoplasmic reticulum promotes activation
of the unfolded protein response. Biochem J. (2012) 442(3):639–48. doi: 10.1042/
BJ20111220

53. KawadaK,Mimori S. Implication of endoplasmic reticulum stress in autismSpectrum
disorder. Neurochem Res. (2018) 43(1):147–52. doi: 10.1007/s11064-017-2370-1
Frontiers in Pediatrics 11
54. Hutagalung AH, Novick PJ. Role of rab GTPases in membrane traffic and
cell physiology. Physiol Rev. (2011) 91(1):119–49. doi: 10.1152/physrev.00059.
2009

55. Arrazola Sastre A, Luque Montoro M, Lacerda HM, Llavero F, Zugaza JL. Small
GTPases of the rab and arf families: key regulators of intracellular trafficking in
neurodegeneration. Int J Mol Sci. (2021) 22(9):4425. doi: 10.3390/ijms22094425

56. Shi M-M, Shi C-H, Xu Y-M. Rab GTPases: the key players in the molecular
pathway of Parkinson’s disease. Front Cell Neurosci. (2017) 11. doi: 10.3389/fncel.
2017.00081

57. Ng EL, Tang BL. Rab GTPases and their roles in brain neurons and glia. Brain
Res Rev. (2008) 58(1):236–46. doi: 10.1016/j.brainresrev.2008.04.006

58. Guadagno NA, Progida C. Rab GTPases: switching to human diseases. Cells.
(2019) 8(8):909. doi: 10.3390/cells8080909

59. Zhang W, Ma L, Yang M, Shao Q, Xu J, Lu Z, et al. Cerebral organoid and mouse
models reveal a RAB39b-PI3K-mTOR pathway-dependent dysregulation of cortical
development leading to macrocephaly/autism phenotypes. Genes Dev. (2020) 34(7-
8):580–97. doi: 10.1101/gad.332494.119

60. Tumani H, Huss A, Bachhuber F. Chapter 2 - The cerebrospinal fluid and
barriers – anatomic and physiologic considerations. In: Deisenhammer F,
Teunissen CE, Tumani H, editors. Handbook of clinical neurology. Elsevier
(2018). p. 21–32.

61. Seki H. Animal models of preeclampsia: an examination of usefulness and
limitations based on the metabolic domino theory. Hypertens Res Pregnancy. (2017)
5(2):52–8. doi: 10.14390/jsshp.HRP2017-015

62. Chari T, Griswold S, Andrews NA, Fagiolini M. The stage of the estrus cycle is
critical for interpretation of female mouse social interaction behavior. Front Behav
Neurosci. (2020) 14. doi: 10.3389/fnbeh.2020.00113

63. Lovick TA, Zangrossi H. Effect of estrous cycle on behavior of females in rodent
tests of anxiety. Front Psychiatry. (2021) 12. doi: 10.3389/fpsyt.2021.711065
frontiersin.org

https://doi.org/10.1186/s13229-017-0175-3
https://doi.org/10.1186/s13229-017-0175-3
https://doi.org/10.1080/21541248.2016.1270392
https://doi.org/10.1080/21541248.2016.1270392
https://doi.org/10.1038/35080045
https://doi.org/10.1073/pnas.2211522120
https://doi.org/10.1002/med.21327
https://doi.org/10.1523/JNEUROSCI.3040-05.2005
https://doi.org/10.1523/JNEUROSCI.3040-05.2005
https://doi.org/10.1007/s00401-020-02205-y
https://doi.org/10.1016/j.bbamem.2010.06.015
https://doi.org/10.1016/j.bbamem.2010.06.015
https://doi.org/10.1042/BJ20111220
https://doi.org/10.1042/BJ20111220
https://doi.org/10.1007/s11064-017-2370-1
https://doi.org/10.1152/physrev.00059.2009
https://doi.org/10.1152/physrev.00059.2009
https://doi.org/10.3390/ijms22094425
https://doi.org/10.3389/fncel.2017.00081
https://doi.org/10.3389/fncel.2017.00081
https://doi.org/10.1016/j.brainresrev.2008.04.006
https://doi.org/10.3390/cells8080909
https://doi.org/10.1101/gad.332494.119
https://doi.org/10.14390/jsshp.HRP2017-015
https://doi.org/10.3389/fnbeh.2020.00113
https://doi.org/10.3389/fpsyt.2021.711065
https://doi.org/10.3389/fped.2023.1168173
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Altered offspring neurodevelopment in an L-NAME-induced preeclampsia rat model
	Introduction
	Methods
	Animal model
	Measurement of blood pressure and urinary protein level
	Behavioral experiments
	Negative geotaxis test
	Open-field test
	Rotarod treadmill test
	Active avoidance test

	Immunohistochemistry
	Proteome analysis
	Statistical analyses

	Results
	PE rat model induced by L-NAME administration on GDs 15–20
	Behavioral experiments of the PE model
	NeuN immunostaining and positive cell counting in the hippocampus and cerebral cortex
	Proteome analysis of CSF samples in male pups on PND 5

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


