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ABSTRACT

Objectives: This study aimed to investigate the effects of prenatal stress (PS) on hippocampus of early acute
pentylenetetrazole (PTZ)-kindled offspring in adolescence. Recognition memory, morphological changes and
synaptophysin levels in hippocampus were evaluated.

Methods: Restraint stress was induced to a group of pregnant dams and non-stressed (NA) group remained
undisturbed. Next, male and female offspring were divided as 1. PS-PTZ, 2. PS -control, 3. NA-PTZ and 4.
NA-control (n = 12 in each group). The object recognition test was performed following PTZ injection (45
mg/kg) on postnatal day 10 (P10). Brains were collected on postnatal day 35 (P35) to determine neuronal
density and synaptophysin expression by immuno/-histological studies. Further, oxidative stress products in
hippocampus were analyzed with different biochemical assays.

Results: PS impaired recognition memory in PTZ group significantly (p = 0.03); however, the impairment of
PS was reversible in control group compared to PTZ (p = 0.04). Furthermore, PS caused neuronal loss in CA1
(» =0.01) and decreased synaptophysin expression in the CA3 area of hippocampus in PTZ group (p = 0.03).
PS also increased the oxidative stress markers in PTZ group significantly (p < 0.05).

Conclusions: These results suggest that PS causes neurodevelopmental deficits in adolescent hippocampus
and recognition memory after early-life seizures prominently. However, the damage of only PS in adolescence
can be reversible. Therefore, the effects of PS in the adult hippocampus and other regions of brain need to be
further studied
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Traumas in embryonic development usually cause
major impacts in the neonatal period and later life
of the infant [1]. Prenatal stress (PS) especially in-
creases the tendency and frequency of seizures caus-
ing neurodevelopmental deficits in the brain [2]. PS

impairs the regulation of the hypothalamic-pituitary-
adrenal axis and decreases the seizure threshold
through glucocorticoid enhancement [3]. Furthermore,
suppression of the inhibitor GABAergic neurons and
constant depolarization of glutamatergic neurons [4,
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5] impairs the neonatal hippocampus through volume
loss, dendritic atrophy, suppression of synaptic trans-
mission [6, 7, 8]. Since the hippocampus is crucial for
learning and memory processing, the damage of PS
may cause cognitive deficits such as recognition prob-
lems in later life. However, recognition memory re-
quires multiple pathways such as visual, entorhinal
and perirhinal cortex. The role of hippocampus in
recognition process is not known well. In this case,
several studies indicated that PS increases seizure ac-
tivity or improves learning and memory retention as-
sociated with hippocampus [9, 10]. Nevertheless, that
improvement or impairment depends on timing, dura-
tion, intensity of PS and gender [1]. High levels of glu-
cocorticoids as a physiological response to PS
stimulate postsynaptic excitatory receptors by over-re-
leasing glutamate. Consequently, increased intracellu-
lar Ca+2 concentration leads to seizure susceptibility
and oxidative stress which may cause neuronal loss in
the developing hippocampus [11, 12]. However, the
long-term effects of PS and early acute seizure on the
oxidative stress markers, synaptic transmission and
neuronal denstiy of hippocampus need to be clarified.
Therefore, we investigated the effects of PS on hip-
pocampus of early acute pentylenetetrazole (PTZ) -
kindled offspring in adolescence. We aimed to under-
stand the cognitive, biochemical and histological out-
comes when hippocampus development is disrupted
by acute early life seizures following PS exposure.

METHODS

Animals

Adult female Wistar albino rats (200-400 g) were
obtained from Ege University, Laboratory of Animal
Research and Application Center. They were housed
with ad libitum food and water under 20-25Co,
12L/12D laboratory conditions. The estrous cycle of
female rats was determined by vaginal smear and they
were housed with male rats overnight. Next day, vagi-

nal plugs were observed and presumed as the first day
of pregnancy. Pregnant rats were divided into PS and
non-stress (NA) groups. After the birth, offspring (n =
12) in each group stayed in their home cages until
weaning and separated by their genders. Experimental
groups were conducted as 1. PS-PTZ, 2. PS-control,
3.NA-PTZ and 4. NA-control. This study was carried
out after the approval of the local ethical committee
(2017-082). The experimental design is shown in Fig.
1.

Prenatal Stress Procedure

Restraint stress was induced to a group of female
rats (n = 6) between day 12.5-17 of their gestations in-
dividually due to hippocampus begins to form on em-
bryonic day 12 in rats [14]. They were restrained in a
Plexiglass transparent cylinder (19 cm x 6 cm) three
times/day for 45 min under two bulbs (100W) as de-
scribed previously [15]. NA group of pregnant rats
was not disturbed.

Pentylentetrazole Injection

Equal amount of male and female offspring from
different litters received diluted PTZ (45mg/kg) in
saline intraperitoneally on postnatal day 10 (Sigma
Aldrich-P6500) [16]. After the injection, they were
transferred to a transparent cage to observe behavioral
outcomes. 4 Tonic-clonic generalized seizures charac-
terized by myoclonic jerks, chewing scraping, contrac-
tions in all limbs, gradually decreasing tonic
movements and freezing were observed in all animals
for at least 1 hour following PTZ injection.

Object Recognition Test

Object recognition test was developed by En-
naceur and Delacour states that the animal learns the
object in natural conditions and retains information in
memory depending on discovery behavior without any
penalty or reward [17]. Object recognition test was
performed to 10 animals in each group. First day, the
animals were placed into a 60 x 60 x 40 box for 5 min

Vaginal N — Object Recognition Test
agna : cute Histochemist
Prenatal Stress Birth L ry
smear injection Immunohistochemistry
EO EIZ,S E17 PO P10 BlOChelnlstry
P35

Fig. 1. The experimental design. E = embryonic day, P = postnatal day.
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and expected to explore the box. Second day, two fa-
miliar objects were placed on different quadrants of
the box symmetrically and rats discovered the objects
for 10 minutes. Third day, the familiar object was re-
placed with a different shaped, sized and colored ob-
ject. The animals placed into the box to explore
familiar and novel objects for 10 minutes. All of the
trials were recorded and recognition time was meas-
ured by two different stopwatches and mean was con-
sidered. The box and objects were cleaned with 70%
alcohol between trials to avoid odor factor. Discrimi-
nation time was defined as when the animal ap-
proached the object less than 2 cm, sniffed, pawed and
self-cleaned alongside the object. The discrimination
index was calculated as follows: (Discrimination index
= (new object/total exploration) x 100.)

Immuno/-histochemistry and Image Analysis

The animals (n = 6) in each group were anes-
thetized and intra-cardiac perfusion was administered
with 4% formaldehyde in 0.1 M phosphate-buffered
saline (PBS) on P35. Brains were removed and
washed in 0.1 M cacodylate buffer after storing in 4%
formaldehyde in 0.1 M PBS for 3 days, respectively.
Next day, brain slices were embedded into paraffin and
sectioned (5 pum) for stainings. Firstly, Haematoxylin
& Eosin staining (Merck, Germany) was 5 used to ex-
amine morphological differences of hippocampal re-
gions. Secondly, another group of sections was
incubated with anti-synaptophysin (1:100, Sigma
Aldrich) primary antibody to detect synaptophysin, a
presynaptic protein localized in synaptic vesicles [13].
Next day, the sections were washed and incubated
with anti-mouse IgG (1:200, Sigma Aldrich) for 40
min. Finally, after DAB staining synaptophysin ex-
pressions were examined by light microscopy and mi-
crophotographs were captured (Olympus BX-51, light
microscope, Olympus C-5050 digital camera). Synap-
tophysin immunoreactivity and neuronal density were
examined in CAl and CA3 areas by Image J
(https://imagej.nih.gov/ij/). For this assessment, hip-
pocampus of each animal was randomly chosen for
unbiased counting and the average of 10 images from
different sections was obtained by two researchers to
ensure objectivity [18].

Biochemistry
Another group of brains (n = 5) was removed

without intra-cardiac perfusion and hippocampus was
dissected from each brain (n = 5). Further, tissues were
homogenized in phosphate buffer (0.5 M, pH:7.0),
(1/10:w/v) and homogenates were centrifuged for 5
min at 700 x g at 4 °C. Supernatants were collected
immediately to determine myeloperoxidase (MPO),
catalase (CAT) and thiobarbituric acid reactive sub-
stances (TBARS) levels. Tissue homogenates were in-
cubated with TBARS solution (0.12 M TBA in 15%
TCA and 1% HCI) for 30 min at 95 Co. TBARS levels
were calculated using 1,1,3,3, tetramethoxypropane
standard curve [19]. Hydrogen peroxide degradation
was recorded at 240 nm by spectrophotometry and
catalase activity was calculated [20]. MPO activities
were measured following these stages: Homogenates
were centrifuged at 10.000 rpm for 15 min. Pellets
were re-homogenized in 0.5% HETAB (hexade-
cyltrimethylammonium bromide) in PBS (50 mM, pH:
6.0) and centrifuged 10.000 rpm for 10 min. Super-
natants were added to a reactive solution containing
0.5 M o-dianisidine. Hydrogen peroxide solution (20
mM) was added and 6 absorbance was recorded at 492
nm with a microplate reader for 3 min with 15-sec in-
tervals. Finally, MPO activity was calculated using the
standard curve [21].

Statistical Analysis

IBM SPSS Statistics 22.0 was used for statistical
analysis. One-way ANOVA and post hoc Bonferonni
tests were performed in normal distributed data ac-
cording to Shapiro-Wilk test. Mann-Whitney test was
used to compare PTZ and hypoxia subgroups in PS
and NA groups for non-parametric data. The signifi-
cance was considered as p < 0.05 and data is shown
as mean + standard error of the mean (S.E.M.)

RESULTS

Object Recognition Test

The discrimination index revealed that NA-PTZ
group discriminated the new object better than PS-
PTZ group (p = 0.03). However, the control offspring
of the PS group (76.88 £ 9.95) discriminated the new
object better than PS-PTZ group (p = 0.04, 42.91 +
8.87) significantly. The object discrimination was
worse in PTZ group compared to control for both PS
and NA groups (Fig. 2). There was no statistical sig-
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Fig. 2. Discrimination index of object recognition test. PS de-
creased the object discrimination in PTZ group and increased
in control significantly (n=10 in each group). *p = 0.04 vs PS-
PTZ, **p = 0.03 vs NA-control

nificance between PS and NA in the control group.

Haematoxylin & Eosin (H&E)

CA1 and CA3 areas of hippocampus were exam-
ined to compare morphological differences (Fig. 3a
and Fig. 3b). Gliosis and characteristic oligoden-
droglial nuclei were quite evident in PS group. Neuron

CAl

Non-Stress

a Prenatal Stress

Control

loss was especially prominent in the CA1 area of PS-
PTZ group significantly (p = 0.015) (Table 1). Further,
large cavities between glias were observed and 7 glio-
sis in alveus proved the developmental deficits, espe-
cially in CAl. There was not a statistical difference
between groups in CA3.

Synaptophysin Expressions

Synaptophysin immunostaining was performed on
CA1l and CA3 in each group and indicated as mean
percentage. Post hoc test revealed that PS reduced
synaptophysin immunoreactivity in CA3 of PTZ
group (p = 0.03, 38.60 + 0.86), contrary it increased
synaptophysin in control group significantly (p = 0.02,
38.11 + 1.14). There was no significant difference be-
tween groups in CA1 even though the mean percent-
age of PS-control was higher than NA-control (Fig. 4a
and Fig. 4b).

TBARS, MPO and CAT Levels

The current data demonstrated that PS increased
TBARS (p = 0.04) and MPO levels (p =0.01) in PTZ
group significantly. Although the means of NA groups
were higher than PS, there was not a statistical differ-
ence between CAT levels (Table 2). Furthermore, there
was no statistical difference between PTZ and control
groups in NA offspring. The results of biochemical as-
says proved that lipid peroxidation and oxidative stress
were higher in PS-PTZ group significantly.

CA3

b Prenatal Stress Non-Stress

Fig. 3. Pyramidal layers of CA1 and CA3 areas H&E staining shows the morphological differences in the pyramidal layers
in CA1 (a) and CA3 (b) regions. Neuron loss in PTZ group of PS was seen by arrows in CA1 (scale bar=50 pm, the magnifi-

cation is 20%)
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Table 1. Quantitive measurement of the neuronal density by H&E staining

Groups (n =5) CAl CA3
Prenatal Stress (PS)

PTZ 129.83 £21.818* 188.17 £26.077
Control 281.17 £ 25.375 223.17+£21.917
Non-Stressed (NA)

PTZ 235.33 £45.238 329.50 = 33.985
Control 285.83 £25.088 683.50 + 60.668

Data is presented as mean + standard error of the mean (S.E.M.). CA1 and CA3 areas detected in hippocampus of each animal
under light microscopy (20x magnification) and these areas were randomly chosen. The average of 10 images from different
sections was obtained and counted by two researchers using Image J (https://imagej.nih.gov/ij/). PTZ = pentylenetetrazole, *p
=0.015 vs NA-control

CAl CA3
50 60
45
40 T 20
1
® . o
p 35 < § 0 M .
= 30 =
g g ;
3 25 3 30
] ]
E s g%
10
10
5
0 0
PTZ Control PTZ Control
W Prenatal Stress [0 Non-Stress W Prenatal Stress [0 MNon-Stress

Fig. 4. Synaptophysin immunoreactivity. Synaptophysin positive areas were measured on 20x microphotographs by two re-
searchers using Image J and the result is showed as a mean percentage. PS decreased the immunoreactivity in the CA3 region
of the PTZ group and increased in control offspring significantly. There was no statistical significance between groups in the
CA1 region. *p = 0.03 vs NA-PTZ, **p = 0.02 vs PS-PTZ

Table 2. TBARS, MPO and CAT levels.

Groups (n = 6) TBARS CAT MPO
(nmol/mgprt) (U/mgprt) (U/mgprt)

Prenatal Stress (PS)

PTZ 3.99 +1.08* 044 +0.15 0.50 £ 0.009™

Control 2.69 £0.62 0.38 £0.15 0.06 £0.01

Non-Stressed (NA)

PTZ 2.13+0.25 0.45+0.06 0.13+0.04

Control 2.79+£0.21 0.24+0.10 0.05+0.02

Data is shown as mean + standard error of the mean (S.E.M.). In PS groups, values of TBARS, CAT, and MPO in PTZ group
were higher than in control group. TBARS = thiobarbituric acid reactive substances, CAT = catalase, MPO = myeloperoxidase,
PTZ = pentylenetetrazole. *p = 0.04 vs NA-PTZ, **p =0.01 vs NA-PTZ
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DISCUSSION

PS is a risk factor for the occurrence and progres-
sion of seizures [22]. Therefore, it may lead to many
neurodevelopmental and cognitive deficits in the de-
veloping brain. In this study, it was questioned
whether PS causes neurodevelopmental deficits and
recognition impairment in hippocampus of adolescent
offspring with acute PTZ-kindling in early life. In this
context, CA1 and CA3 regions of the hippocampus
were examined regarding the detection of synaptic
transmission and morphological changes. TBARS,
MPO and CAT assays were conducted to demonstrate
lipid peroxidation and antioxidant levels of the whole
hippocampus. Furthermore, the object recognition test
was performed to investigate recognition abilities and
whether the hippocampus involves in the recognition
process.

PS has different impacts on the hippocampus
which is crucial for memory processing. However, the
effects of PS on recognition memory of adolescent rats
with early-life seizures are not known well. Ahmadi
et al. [23] demonstrated that PTZ-kindled rats have
exploratory deficits on object recognition. Current re-
sults similarly showed that recognition memory of
PTZ-kindled rats was impaired associated with the
neuron loss and reduced synaptophysin levels in CA1.
Indeed, H&E staining showed that CA1 was more vul-
nerable than CA3 to the effects of PS. In contrary, PS
increased the object discrimination in control group
compared to PTZ-kindled group regarding synapto-
physin levels in CA3. PS caused neuronal and synaptic
damage in PTZ group, however that damage was re-
versible in the control group. These results referred
that the long-term effects of PS enhance or reduce cog-
nitive capabilities depending on seizure activity in the
adolescent brain [9, 10]. Another important finding
was that hippocampus is essential for the object recog-
nition process. However, it is not the primary area for
memory storage and retention since the entorhinal,
perirhinal, and visual cortex are involved in possible
mechanisms [24-27]. Therefore, despite the deficits in
hippocampus PS increased the discrimination index in
control group. Further, these regions of the cortex must
be investigated to understand effects of PS on recog-
nition memory.

TBARS, CAT, and MPO levels were determined
to investigate lipid peroxidation and oxidative stress.

Several studies revealed that stress in the prenatal pe-
riod increases TBARS, which is an end-product of
lipid peroxidation [28-30]. Besides that, seizure activ-
ity also increases lipid peroxidation [31, 32]. Similarly,
this study demonstrated that PS increases TBARS and
MPO levels in PTZ group significantly. However there
was no significance between NA groups. These results
referred to epileptic seizures are associated with in-
creased oxidative damage [33] due to reperfusion in-
jury as well as the polymorphonuclear leukocyte
recruitment in the brain [34, 35]. Consequently, in-
creased oxidative damage and insignificant levels of
catalase indicated that PS causes developmental dis-
ruptions by changing the oxidant & antioxidant bal-
ance of brain [36].

CONCLUSION

Consequently, PS disrupted recognition memory,
neuronal density and synaptic transmission in hip-
pocampus of PTZ group in adolescence. Further stud-
ies are needed to understand the effects of PS in adult
brain and other possible mechanisms as well as gender
differences. This study provided a multidisciplinary
evidence for the effects of PS on the recognition mem-
ory and hippocampus of adolescent rats with early
acute PTZ-kindling.
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