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ARTICLE INFO ABSTRACT

Keywords: Introduction: One of the most compelling causes of perinatal mortality and morbidity is intrauterine growth
IUGGR . restriction (IUGR). IUGR is linked with numerous health challenges that last lifelong, including neuro-
VGLUT

developmental impairment and a high incidence of brain dysfunction. There is mounting evidence that places the
glutamatergic system at the center of the neurobiology and treatment of neurological diseases. Therefore, this
study investigated the effects of postnatal glutathione intervention on the spatial memory and the expressions of
vesicular glutamate transporter 1 (VGLUT1) in the hippocampus and the cerebellar cortex of No-nitro-L-arginine
methyl (L-NAME)-induced rat model of IUGR.

Materials and Method: Twelve adult female rats were divided into Control and L-NAME groups; each containing 6
female rats. The control group received a single daily dose of normal saline while the L-NAME group was
administered 50 mg/kg L-NAME daily from gestational day 9 until parturition. Offspring of the control rats were
given free access to feeds while offspring from the L-NAME group were assigned into 3 groups: G1: given free
access to feeds; G2 and G3 were administered 1.5 mg/kg body weight of glutathione from postnatal day (PND)
4-9 and PND 25-31 respectively. At the end of the intervention, Y-maze was conducted, and the rats euthanized
on PND 35. The brain sections were processed, and immunofluorescence staining was performed using the
Vectafluor Excel R.T.U Antibody Kkit.

Results: ITUGR caused a significant 31.1% decrease in spontaneous alternation percentage (SAP), while early
treatment with glutathione at PND 4-9 significantly (p < 0.01) increased SAP, while late treatment at PND 25-9
significantly decreased SAP compared to IUGR group. Furthermore, IUGR caused significant (p < 0.001)
downregulation in corrected total cell fluorescence (CTCF) of VGLUT1 in both the hippocampus and cerebellar
cortex. While treatment with glutathione caused upregulation in CTCF of VGLUT1 in the hippocampus and the
cerebellar cortex.

Conclusion: Our results showed that early intervention with glutathione has significant therapeutic potential via
upregulation of VGLUT1 expression in both hippocampus and cerebellar cortex, which positively correlated with
enhanced spatial memory in IUGR rat model.

Hippocampus
Cerebellar cortex
L-NAME
Glutathione

1. Introduction (Fleiss et al., 2019). The incidence of IUGR in high-income countries is
between 3% and 9% of pregnancies, but dreadfully high, up to 30% of

Intrauterine (fetal) growth restriction (IUGR, FGR) is a complicated pregnancies in low-income countries (Fleiss et al., 2019). Globally, there
obstetrics challenge caused by a multiple set of maternal and fetal are over 20 million Low birth weights (LBW) annually (UNICEF global
clinical pathologies. Common consequences of IUGR include neonatal database, 2012), with India, Pakistan, and Nigeria constituting about
mortality, stillbirth, poor neurological, and cardiovascular outcomes half of the LBW births (Black, 2015). The improved imaging techniques
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have increased our understanding of the clinical progression of IUGR
and its poor neurodevelopmental outcomes (Fleiss et al., 2019).

Mounting research evidence has placed the glutamatergic system at
the center of the neurobiology and treatment of diseases. This system is a
powerful neuronal excitotoxin acclaimed to prompt accelerated or
delayed neurotoxicity. Glutamatergic transmission is pivotal for regu-
lating neuronal activity. The stored glutamate (Glu) is released from the
synaptic vesicles by stimulation. The family of vesicular Glu transporters
in mammals comprises three highly homologous proteins: VGLUT1-3 is
responsible for the glutamatergic system’s homeostasis in the membrane
of synaptic vesicles. VGLUT1 is a biochemical marker of glutamatergic
neurons and glutamatergic synapses specifically (Orrego and Villa-
nueva, 1993; Sanacora et al., 2008; Krystal et al., 1999; Du et al., 2020),
and it is the most widely distributed in the cerebral and cerebellar
cortices and hippocampus (Wojcik et al., 2004). Therefore, VGLUT1
holds the key to unlock new ideas and unveils the pathogenesis and
preventive measures of many neurological diseases (Du et al., 2020).

Accumulating evidence shows the significant role of the cerebellum
in spatial navigation. This role has already been established at the hip-
pocampal navigation level using behavioral, electrophysiological, and
anatomical analyses in human and animal models (Rochefort et al.,
2013a, 2013b).

The imbalance between oxidants and antioxidants is at the heart of
oxidative stress. The import of oxidative stress state lies in the conse-
quential oxidative cellular damage and associated sequelae that com-
mences with cellular dysfunction and, ultimately, cell death (Ng et al.,
2008).

The oxidative stress mechanisms provide viable treatment targets
that might apply to multiple disorders, with dominant cellular antioxi-
dant glutathione (GSH) stands out as a promising candidate (Ng et al.,
2008). The need to understand IUGR pathological mechanisms is crucial
for tailoring therapies to prevent or treat IUGR, and in particular, to
reduce brain injury. Therefore, this study investigated the effects of
postnatal glutathione intervention on the spatial memory and the ex-
pressions of VGLUT1 in the hippocampus and the cerebellar cortex of
No-nitro-L-arginine methyl (L-NAME)-induced rat model of IUGR. This
model was chosen because, unlike many other models of hypertension, it
produced a dose-dependent hypertension in both non-pregnant and
pregnant rats, which is maintained throughout pregnancy. This sus-
tained hypertension leads to placental vascular abnormalities resulting
in impaired maternal-fetal exchanges and consequently IUGR.

2. Materials and methods
2.1. Animals

The Research and Ethical Committee of the Olabisi Onabanjo Uni-
versity, Ago-Iwoye, approved (OOU/IREC/2019/45) all animal experi-
ments performed in the present study. Twelve adult female Sprague-
Dawley rats with comparable weights (230-260 g) and 6 male rats
(320-360 g) were used in this experiment. This animal model was
chosen as it combines the advantage of the short reproductive cycle (22
days) of the rat with the ease of maintenance. Animals were allowed free
access to food and water in standard laboratory conditions throughout
the entire experiment. Female rats were paired with male rats in the
ratio of 2:1 and mated overnight for a maximum of 4 days; female rats
were examined the next morning. Mating was confirmed by the visu-
alization of spermatozoa in a vaginal smear and labeled as day O of
pregnancy.

2.2. Intervention

Following confirmation of pregnancy, rats were randomly assigned
two groups: group 1 served as a control group (no treatment or placebo).
Group 2 received daily L-NAME at a dose of 50 mg/kg/d by gavage,
beginning on day 9 of pregnancy and ending on day 19. The control
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group were given saline solution alone. Both groups were administered
once daily until parturition.

2.3. Monitoring

Blood pressure was measured using a tail-cuff BP monitor (MRBP,
IITC Life Sciences Inc., USA); the baseline systolic blood pressures were
obtained on gestation day 8. Blood pressure measurements were
repeated on and at gestational day (GD) 14 and 19. After the measure-
ment of blood pressure, rats were placed singly in metabolic cages for a
24-h urine sample. Proteinuria measured using Labtex, LabMaxPlenno,
Lagoa-Santa Brazil on GD 8, 14, and 19.

The rats in the control and LNAME were allowed to litter; after de-
livery, litters confirmed with IUGR from the LNAME mothers were
recruited for the study. Litters from the control rats were given food and
water ad libitum. The IUGR litters were randomly assigned into 3
groups; G1 served as the IUGR control litters; G2 litters were adminis-
tered glutathione from postnatal day (PND) 4-9; G3 litters were
administered glutathione from PND 25-31. Glutathione.

(GSH) was administered as (1.5 g /kg/ day i.p). GSH is a safe dietary
supplement, its lethal dose 50 (LD50) in rodents is more than 5 g/kg
(Weschawalit et al., 2017).

All litters were weighed daily during the period of administration to
monitor the effect of glutathione on body weight. At the end of the
intervention, the adolescent rats were subjected to neurobehavioral tests
and subsequently euthanized, and brains dissected and fixed in a
phosphate buffer formalin.

2.4. Drugs and reagents

Procurement of L-NAME was from Sigma, St Louis, MO, USA. Keta-
mine, xylazine, and temgesic were obtained from Sigma (ST. Louis MO,
USA). Vectafluor Excel R.T.U Antibody kit DyLight 488 Anti-Mouse IgG
(DK-2488) was purchased from Vector Laboratories (USA), Anti-
VGLUT1 (ab77822)was purchased from AbCam (AbCam, Cambridge,
MA).

2.5. Euthanization and sample preparation

Rats were anesthetized with a ketamine (125 mg/Kg body weight)
—xylazine (5 mg/Kg body weight). The brain tissues were transcardially
perfused and fixed with phosphate-buffered saline (PBS) followed by
10% Neutral buffered formalin (NBF) (Andrade-Valenca et al., 2008).
The excised brain tissues were then post-fixed in 10% NBF until further
analysis.

2.6. Immunofluorescence

Coronal section, starting from antero-posterior (AP) coordinate =
—2.52 mm to —3.48 mm posterior to the Bregma for CA3 region of the
hippocampus and AP coordinate = —6.00 mm to —7.50 mm posterior to
the Bregma for the cerebellum were excised (Paxinos and Watson,
2006).

Excised brain tissues fixed in 10% NBF were histologically processed
using the automated tissue processor (Leica TP1020) to ensure adequate
dehydration, clearing, and infiltration and subsequently embedded in
paraffin wax. Coronal Section (3 pm thick) of the paraffin blocked brain
samples were cut using a rotary microtome Leica RM2145 (Leica, Ger-
many), placed on the water bath (Leica HI1210) set at 37 °C to produce
sections free of folds. The sections were transferred to pre-coated slides
and gently blotted to avoid the formation of wrinkles, and the slides
were finally heated on the hot plate (Leica HI1220) set at 54 °C to ensure
proper adherence of tissue sections to the slide, hence hindering possible
fall-off during subsequent treatments. Sections were deparaffinized and
rehydrated through xylene and descending ethanol series and immersed
into preheated Vector antigen unmasking solution (H-3300), incubated
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for 20 min at 97 °C, and allowed to cool at room temperature. Sections
were then washed in 0.01 M phosphate-buffered saline (PBS) for 5 min.
Protein blocking was performed by incubating sections for 20 min with
2.5% Normal horse serum, with the excess serum from sections being
tipped off. Incubation with primary antibodies; mouse Anti-VGLUT1
overnight, diluted at 1:100. Sections were washed for 5 min in PBS
and incubated for 15 min with an amplifier antibody. The sections were
re-washed for 5 min in PBS and incubated for 30 min with VectaFluor
reagent. Sections were then washed for 5 min twice in PBS and mounted
in VectaShield mounting media containing 4’, 6-diamidino-2-phenylin-
dole (DAPI), and then allowed to cure at room temperature. Negative
controls were processed likewise, but the incubation with primary an-
tibodies was omitted.

2.7. Photomicrography and image quantification

Sections were viewed and images captured with an Axioscope Al
microscope (Carl Zeiss, Germany) around the CA3 region of the hippo-
campus. Photomicrographs were analyzed using custom-written scripts
for Fiji/ImageJ (NIH, Bethesda, MD, USA). The corrected total cell
fluorescence (CTCF) was calculated using the formula: CTCF = Inte-
grated Density — (Area of selected cell x Mean fluorescence of back-
ground readings) (Hammond, 2014).

2.8. Statistical analysis

Data were analyzed using Student t-test or one-way ANOVA followed
by Tukey’s posthoc test, where applicable using the GraphPad Prism
version 7.0 (GraphPad Inc, USA) statistical software package. Results are
expressed as mean £SEM, and p < 0.05 was considered significant.

3. Results
3.1. L-NAME-induced hypertension and proteinuria in pregnant mice

The mean SBP measured by tail-cuff methods and analyzed by a two-
way-ANOVA showed significant interaction [F (2, 24) = 66.17 p <
0.0001] between treatments and gestational days. Significant day effect
[F (2, 24) = 68/82 p < 0.0001] was also observed between the gesta-
tional days. In addition, significant treatment effect [F (1, 24) = 68.82 p
< 0.0001] was noted between the LNAME and the control. Tukey’s
posthoc test showed significantly (p < 0.0001) higher SBP for the IUGR
rats at GD 14 (129 + 5.4 mm Hg) and GD 19 (138 + 4.3 mm Hg)
compared to their respective controls (109 + 3.8 mm Hg and 111.4 +
2.9 mm Hg) (See Fig. 1a).

The proteinuria level assessed by a dipstick method and analysed by
a two way-ANOVA showed significantly interaction [F (2, 24) = 19.78
p < 0.0001] between treatments and gestational days. Significant day
effect [F (2, 24) = 22.73 p < 0.0001] was also observed between the
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gestational days. In addition, significant treatment effect [F (1, 24) =
53.1 p < 0.0001] was noted between the LNAME and the control.
Tukey’s post-hoc test showed significantly (p < 0.0001) higher for IUGR
rats at GD 14 (1.03 + 0.36 g/1) and GD 19 (1.27 £ 0.30 g/1) compared
to their respective controls (0.25 + 0.07 g/1 and 0.28 + 0.05 g/1) (See
Fig. 1b).

3.2. Glutathione remediates IUGR associated spatial memory impairment

One-way ANOVA showed a significant [F (3, 20)=16.91,
p = 0.0005] difference between the groups means. While Tukey’s mul-
tiple comparisons tests showed significant (p < 0.01) decrease in the
spontaneous alternation percentage (SAP) in the IUGR (44.3. % loss) and
IUGR+Glutathione PND25-31(38.4% loss) rats, when compared to the
control rats. Early treatment (IUGR-+Glutathione PND4-9)caused sig-
nificant (p < 0.01) constituting about 50% increase in SAP when
compared with the IUGR rats as shown in Fig. 2a.

Alternate arm return (AAR) using Y maze is use to test for memory
impairment. The percentage of impairment is calculated as ({AAR/total
number of entry-2} X100). We observed a significant increase in the
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Fig. 2. Percentage spontaneous alternation and alternate arm return in
adolescence IUGR mice.Each point represents mean +S.E.M, with a significant
difference at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***)&p < 0.0001 (****).
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percentage impairments at p < 0.0001 in the IUGR rats compared to the
control. However, both early and late treatment with glutathione
significantly (p < 0.0001) reduced the percentage impairments, see
Fig. 2b.

3.3. Glutathione enhances relative brain weights in IUGR rats

A significant decrease (p < 0.01) accounting for 20.6% and 22.3%
loss in the relative brain weights was observed in the IUGR and
IUGR-+Glutathione PND25-31 groups, respectively, when compared to
the control. While a significant increase (p < 0.05) in the relative brain
weights was noted in the IUGR+Glutathione PND4-9 group when
compared to the IUGR group, see Fig. 3.

3.4. Early treatment with GSH mitigates the IUGR induced downregulated
expressions of VGLUT1 in

(a) the hippocampus

One-way ANOVA showed a significant [F (3, 20)=68.20,
p < 0.0001] difference between the groups means. While Tukey’s mul-
tiple comparisons tests showed significant (p < 0.0001) downregulation
in corrected total cell fluorescence (CTCF) of positive VGLUT1 cells
expression in the hippocampus of the IUGR (65.5% loss), IUGR-+
Glutathione PND4-9 (37.7% loss), and IUGR-+Glutathione PND25-31
(53.8% loss), rats when compared to the control rats. Significant
(p = 0.0101) constituting about 37.3% upregulation in CTCF positive
VGLUT1 cells expression in the hippocampus of IUGR+ Glutathione
PND4-9 was noted when compared with the IUGR rats as shown in
Fig. 4.

(a) the cerebellar cortex.

One-way ANOVA showed a significant [F (3, 19)=8.831,
p = 0.0007] difference between the groups means. While Tukey’s mul-
tiple comparisons tests showed significant (p < 0.006) downregulation
in corrected total cell fluorescence (CTCF) of positive VGLUT1 cells
expression in the cerebellum of the IUGR rats by about 36.9% when
compared with the control; Significant (p = 0.0019) downregulation
accounting for about 28.0% loss of CTCF in IUGR+Glutathione
PND25-31 when compared with Glutathione PND4-9. We also noted
significant upregulation in CTCF positive VGLUT1 cell expression
constituting about 28.1% increase CTFC in the hippocampus of IUGR
+ Glutathione PND4-9 when compared with the IUGR rats, as shown in
Fig. 5.

4. Discussion
The intrauterine fetal environment could provide perfect or adverse

conditions for neurodevelopment (Shallie and Naicker, 2019). Our
findings showed IUGR caused impaired spatial memory, reduced
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Fig. 3. Percentage spontaneous alternation and alternate arm return in
adolescence IUGR mice.Each point represents mean +S.E.M, with a significant
difference at p < 0.05 (*) & p < 0.01 (**).
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relative brain weight, and downregulated expression of VGLUT1 in the
hippocampus and cerebellar cortex in adolescent rats. These results
could be due to the poor neurodevelopmental outcomes associated with
IUGR (Fleiss et al., 2019). There is a significant increase in neuro-
developmental deficits, such as cognitive and learning impairments, and
cerebral palsy in infants born with IUGR (Fleiss et al., 2019). This study
induced a symmetrical rat model of IUGR, which affected both the brain
and the body weights, as shown by the significantly reduced relative
brain weights in the IUGR group. This model does not spare the brain
from the damaging effects of IUGR during brain development and is
associated with worse neurological outcomes. Damaging stimuli during
development, such as IUGR, affect the trophic actions of secreted factors
such as serotonin, tryptophan, GABAergic synapse, and glutamate
metabolism. All these alter brain development trajectories, leading to
loss of cells, processes, and factors that are vital building blocks of the
brain. Ultimately, this impairs microglia’s normal function in promoting
proliferation, pathfinding, myelination, and synaptogenesis (Fleiss et al.,
2019; Pedroso et al., 2019).

To understand the impaired spatial memory noted in our study, we
assessed GLU’s role by examining the expression of VGLUT1. In healthy
states, Glu plays a significant role in synaptic plasticity, learning, and
memory, and it is vital in the pathophysiology of neurological diseases.
The downregulated expression of VGLUT1 in the hippocampus and the
cerebellum observed in this study could be due to the vital role VGLUT1
plays in the learning and memory, principally by affecting synaptic Glu
transport and long-term potentiation (Cheng et al., 2011; Du et al.,
2020). Moreover, it can affect the development of various neurological
diseases (Hermann and Chopp, 2012; Castillo et al., 2003; Hossmann,
2006; Du et al., 2020). The hippocampus and the cerebellar network is
implicated in the emergence of goal-directed actions from the
Spatio-temporal organization of self-motion information (Babayan et al.,
2017). In this network, the cerebellum supports learning of the
sequence, taking into account contextual information from the hippo-
campus. In contrast, the hippocampus reciprocates by prompting pre-
vious events’ memory to differentiate intersections in sequence-based
navigation (Babayan et al., 2017; Rochefort et al., 2013a, 2013b;
Rondi-Reig et al., 2014).

Currently, there are no effective medical interventions for IUGR, so
we initiated an early and late postnatal intervention with an antioxidant.
Antioxidant’s choice was predicated based on a previous study that
implicated oxidative stress in fetal programming as supported by
epidemiological evidence of oxidant indices and low birth weight in
preeclampsia (Roberts and Lain, 2002). Therefore, oxidative stress may
be a connecting link between intrauterine insult and programming
consequences after birth (Thompson and Al-Hasan, 2012). In selecting a
suitable treatment that targets oxidative stress, the wide variability in
antioxidant properties must be considered.

In this study, we selected GSH as a suitable target for IUGR induced
oxidative stress. Our results indicated that early postnatal (PND 4-9)
treatment with GSH was able to ameliorate the adverse effect of [IUGR on
spatial memory, relative brain, and on the expression of VGLUT1. PND
4-9 corresponds to the peak brain growth spur (Most active period of
brain development). This period also signifies the most venerable period
(Bockhorst et al., 2008; Semple et al., 2013), and invariably affect the
normal development of the hippocampal and cerebellar structures with
the attendant’s impairments observed in this study. While late treatment
(PND 25-31) corresponds to the period of structural maturation
(Maximum volume of gray matter and cortical thickness), which
represent the later and inactive period of brain development (Tsujimoto,
2008; Bansal and Zoeller, 2008; Semple et al., 2013). This late inter-
vention, however, could not produce any significant remedial effect.
Glutathione is mechanistically the most generic cellular antioxidant,
which enhances its appeal as a treatment target in the absence of a
definite understanding of more fundamental oxidative stress mecha-
nisms (Ng et al., 2008). The generation of reactive oxygen species (ROS)
is usually balanced by the cell’s antioxidant defense mechanisms, which
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Fig. 4. Representative images showing CA3 region labeled by vesicular glutamate transporter 1 (VGLUT1) immunofluorescence in the hippocampus (scale bar:
100 um). Mean hippocampal VGLUT1 corrected total Cell fluorescence. Each bar represents mean +S.E.M, with a significant difference at p < 0.05 (*) &

p < 0.0001 (****).
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Fig. 5. Representative images showing cortical layers labeled by vesicular glutamate transporter 1 (VGLUT1) immunofluorescence in the cerebellum (scale bar:
100 um). Mean cerebellar VGLUT1 corrected total Cell fluorescence. Each bar represents mean +S.E.M, with a significant difference at p < 0.05 (*) & p < 0.01 (**).

maintains its redox state and is vital in physiological regulation in both
the embryo and fetus (Ng et al., 2008). Thus, antioxidants provide a
promising remedial pathway to neuroprotection in symptomatic treat-
ment and might be a promising pathway.

In conclusion, IUGR remains a global health care issue. Our results
showed that early intervention with GSH; an antioxidant provides a
promising remedial pathway to neuroprotection and symptomatic
treatment via the upregulation of VGLUT1 expression in both hippo-
campus and cerebellar cortex; which positively correlated with
enhanced spatial memory in the IUGR rat model.
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