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IN THE IMMATURE RAT BRAIN

INTRODUCTION
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Status epilepticus (SE)-related neuronal degeneration and glial activation in different regions
of the developing rat hippocampus were investigated in an age- and time-dependent manner.
Wistar rat pups of postnatal day (P) 7, 15, and 21 were injected i.p. with lithium+pilocarpine
to induce SE or saline to make controls. Rats were sacrificed at 2, 12, 24 h, 3 days (d) and
7 d after SE induction. Neurodegeneration in the hippocampus was assessed by Fluoro-Jade B
staining. The expressions of the astrocyte marker (GFAP) and microglia marker (Iba-1)
were evaluated by immunohistochemistry. In P7 rats, there was no neuronal damage at any
time points in SE. Two hours after SE induction, the number of degenerating neurons in the
hippocampus significantly increased in the CA/ region of P15 rats and in both CA/ and CA43
regions of P21 rats. Degenerating neurons in the dentate gyrus appeared at 24 h after SE in
P15 and P21 rats. In P7 rats, there was no up-regulation of GFAP- or Iba-1-positive cells in
SE. The expression of GFAP was dramatically elevated at 12 h in the CA/ and CA3 regions
of P15 rats. The number of GFAP-positive cells did not increase in the dentate gyrus until 24
h after SE induction in P15 rats. In P21 SE rats, the mentioned index increased in the CA1,
CA3, and dentate gyrus at 2 h. The number of Iba-1-positive cells increased significantly in
the CA1, CA3, and dentate gyrus at 12 h in P15 rats and as early as at 2 h in P21 rats. These
findings suggest that SE-related neuronal damage and glial activation in the immature brain
are, in general, less intense than in the adult one, and the development of these processes
in different structures of the hippocampus demonstrates significant temporal and spatial
specificity.

Keywords: pilocarpine, epilepsy, hippocampus, gilal fibrillary acidic protein (GFAP),
Iba-1.
less vulnerable to irreversible seizure-induced dama-
ge, which indicates that the respective pathological

Status epilepticus (SE) is a life-threatening emergency
inducing high mortality. After successful rescue, per-
manent brain damage and the risk for the epilepsy de-
velopment are two main concerns. Neuronal death and
glial activation are characteristic pathological changes
after SE in the adult brain. Neuronal excitation during
SE triggers glial activation via various extracellular
signals such as glutamate, ATP, and IL-1B [1]. Acti-
vated glial cells might contribute to neuronal dam-
age by releasing inflammatory factors. An immature
brain is rather prone to seizure activity. It is, however,
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changes are age-dependent.

In our study, we observed pathological changes at
different time points in the immature rat hippocampus
after induction of the SE, to find the manner in which
neuronal degeneration and glial activation occur in the
developing brain.

METHODS

Animals. Male Wistar rats of postnatal day (P) 7,
P15, and P21 were purchased from the Shandong
University. P7 and P15 rat pups were housed with
their dams until weaning or sacrificed. P21 rats were
maintained in quiet uncrowded facilities and given
unlimited access to food and water. All rats were kept
in a room at constant temperature (23°C) and humidity
(60%) on a 12-h light schedule. Rats in each age group
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were divided into the SE and control groups.

Lithium+Pilocapine-Induced SE Model. All Wistar
rats of the SE group were injected intraperitoneally
(i.p.) with 127 mg/kg lithium chloride. After
18 to 24 h, P7, P15, and P21 rats were administered
i.p. with pilocarpine at dosages of 120, 80, and
60 mg/kg, respectively. Atropine (1 mg/kg) was i.p.
injected 30 min before pilocarpine. Animals of the
control group were given with the same volumes of
saline. Seizure activity was graded, as previously
described, according to the following manifestations
[2]: Mouth and facial movements corresponded to
level I, head nodding, to level II, forelimb clonus,
to level III, rearing with forelimb clonus, to level
IV, and rearing and falling with forelimb clonus, to
level V. Rats that exhibited grade-1V and V seizures
were included in the experiment. Seizures could be
terminated with 400 mg/kg i.p chloral hydrate. The
pilocarpine dosages used led to approximately 20%
mortality in rats of all groups. Finally, 50 rats were
included in the SE group, and 25 rats were included
in the control group. Both groups were further divided
into subgroups and sacrificed at 2, 6, and 24 hours and
3 or 7 days after the SE induction.

Tissue Preparation. Rats of both groups were per-
fused transcardially with chilled PBS followed by 4%
paraformaldehyde. The brains were taken off, manu-
ally dissected from the calvarium, and immersed in
4% paraformaldehyde for 24 h at 4°C before paraffin
embedding. Embedded brains were sectioned coronal-
ly with a microtome into 5 mm-thick sections and col-
lected on gelatin-coated microscope slides.

Fluoro Jade B Stain. The slides were first im-
mersed in a solution containing 1% sodium hydr-
oxide in 80% alcohol (20 ml of 5% NaOH added to
80 ml absolute alcohol) for 5 min. This was followed
by a 2 min-long-stay in 70% alcohol and 2 min in dis-
tilled water. The slides were then transferred to 0.06%
potassium permanganate for 10 min and rinsed in dis-
tilled water for 2 min. After 20 min in 0.0004% Fluo-
ro Jade B staining solution, the slides were rinsed for
1 min in each of three distilled-water washes and then
placed on a slide warmer set at approximately 50°C,
until they were fully dry. Finally, the tissue was exa-
mined using an epifluorescent microscope with blue
(450-490 nm) excitation light.

Immunohistochemistry. Hippocampal sections
were incubated with diluted mouse anti-GFAP antibody
(1:100; Millipore Corporation, USA) or mouse anti-
Ibal antibody (1:100; Epitomics Inc., USA) overnight
at 4°C. Subsequently, they were exposed to HRP-
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conjugated anti-mouse antibody (1:200; ZSGB-
BIO, China). After treatment with DAB (ZSGB-
BIO, China), the slides were counterstained with
hematoxylin and mounted with permanent mounting
medium. Immunohistochemical staining was observed
under a light microscope. An image-Pro Plus 6.0 set
was used for quantitative analysis of GFAP- and Iba-1-
positive cells.

Statistical Analysis. Numerical values were ex-
pressed as means + s.d. for each group; SPSS 11.0 was
used for all statistical analyses. The ¢-test was per-
formed to compare the SE and control groups for Flu-
oro Jade B and immunohistochemistry; P values less
than 0.05 were considered statistically significant.

RESULTS

Fluoro Jade B. In the SE P7 age group, there were no
positive cells at all time points. In the SE P15 group,
there were some positive cells in the CA/ zone at 2 h,
12 h, 24 h, 3d, and 7 d. No positive cells were seen in
the CA3 region in the P15 group at any time interval.
There were positive cells in the dentate gyrus at 24 h,
3d, and 7 d in P15 rats in the above status. In the SE
P21 group, there were positive cells in the C4/ and
CA3 zones at 2 h, 12 h, 24 h, 3 d, and 7 d. In SE P21
rats, positive cells were observed in the dentate gyrus
only at 24 h, 3 d, and 7 d (Fig. 1; Table 1).

Immunohistochemistry. There was no significant
difference in the number of GFAP-positive cells
between the control and SE groups at all five time
intervals in P7 rats. In SE P15 rats, the numbers of such
cells in the CAI and CA3 regions were significantly
greater at 12 h, 24 h, 3 d, and 7 d after SE, while this
index was higher in the dentate gyrus at 24 h, 3 d and
7 d. In the SE P21 group, GFAP-positive cells were
more numerous at all time points in the CA1, CA3, and
dentate gyrus (Fig. 2; Table 2).

In the P7 group, the number of Iba-1-positive cells
did not differ significantly between control and SE
groups at any time. Iba-1-positive cells were more
numerous at 12 h, 24 h, 3 d, and 7 d in the CA1, CA3
and dentate gyrus in the SE P15 group. The respective
values were greater in P21 SE than in the control at 2
h,12h,24 h,3 d, and 7 d in the CAI, CA3, and dentate
gyrus (Fig. 3; Table 3).

DISCUSSION

Available reports concerning the effects of status epi-
lepticus on the immature brain were focused on cer-
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Fig. 1. Fluoro Jade B staining at 24 h after
SE. A) CA3 region in P7 rats, B) CA3 region
in P15 rats, C) CA3 region in P21 rats, D)
CAl region in P7 rats, E) CA1 region in P15
rats, F) CA1 region in P21 rats.

Puc. 1. Pe3ynbrartn 3ab6apBiieHHs Timokamma
Fluoro Jade B uepe3 24 roja micist iHAYKIIiT
CIIJICITUYHOTO CTaHy.

F i g. 2. GFAP staining in the hippocampus at 3 d after SE in P15
rats. A) CA3 region, control, B) CA3 region, group SE, C) CAl
region, control, D) CA1 region, group SE, E) dentate gyrus, control,
F) dentate gyrus, group SE.

P u c. 2. Pe3ynprati iMyHOTICTOXIMI9HOTO 3a0apBICHHS TilIOKaMITa
mono GFAP uepes Tpu 1o0u micns iHAYKII{ eMiICITUYHOTO CTaTyCcy
y I15-ugypsr.

tain specific aspects such as recurrent seizures, EEG,
neuronal death, and mossy fiber sprouting. It should
be mentioned that studies of neuronal death and glial
activation in this state are still patchy. In our experi-
ments, we found that there was no SE-related neuro-
nal damage or glial activation in the hippocampus of
P7 rats. Degenerating neurons in the hippocampus ap-
peared at 2 h after SE induction in P15 and P21 rats.
Astrocytes and microglia were activated at 12 h after
SE in P15 animals and at 2 h in P21 rats.

Results of Fluoro Jade B staining suggest that
the neonatal brain is more resistant to SE-related
neurodegeneration; significant changes could only be
detected after postnatal day 15. There are several possible
mechanisms that could explain different vulnerability
to SE within different developmental stages. Status
epilepticus produces neuronal damage mostly by
excessive activation of glutamate receptors. Functional
studies in the rat indicated that the glutamate receptor
density appears to peak around P10 [3]. Thus, increased
expression of functional glutamate receptors is likely
to play a major role in increased vulnerability of the
brain only after two weeks of life. Immediate early gene
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TABLE 1. Density of Fluoro-Jade B-positive cells in the hippocampus in P15 and P21 rats

Tao6uauual. HlineHicTs K1iTHH, N03uTUBHUX 010 Fluoro-Jade B, y rinoxamni mypsar Bikom P15 Tta P21

P15 P21
Time after
induction of 2h 12h 24 h 3d 7d 2h 12h 24 h 3d 7d
the SE
CAl 742 14+3 17+4 18+3 19+4 12+2 19+4 20+6 2245 23+6
CA3 Neg Neg Neg Neg Neg 11+1 14+£3 18+4 19+£5 21£3
DG Neg Neg 8+1 7£2 11+2 Neg Neg 10£2 12+4 1543
Footnotes. Numbers of positive cells (means + s.d.) per 0.25 mm? area are shown. Neg corresponds to the absence of positive cells
TABLE 2. Density of GFAP-positive cells in rats of different ages
Taoauusa?2. HinsHicTs KIiTHH, N03UTUBHUX 1010 GFAP, y mypsT pizHoro Biky
Age | Region | Group | 2h 12h 24 h 3d | 7d
Contr. 24.4+2.9 23.8+5.1 26.4+4.2 24.8+£2.6 27.3£4.0
cal SE 25.34£3.5 24.2543.0 25.6£3.9 25.0£5.2 26.2+3.5
P7 CA3 Contr. 22.0£2.7 22.7£3.6 23.4+43.1 25.7+5.1 24.94+4.3
SE 20.8+3.1 23.4+5.6 22.5+5.0 26.2+3.5 25.9£3.0
Contr. 27.842.3 29.5+4.6 30.6+5.0 34.7+£3.7 35.0+£3.3
b6 SE 26.8+2.2 31.1£3.7 32.3+4.5 35.7+4.1 32.3£3.0
CAl Contr. 27.4+4.1 28.6+3.4 28.1+4.3 29.6+4.4 30.1+4.2
SE 29.7+4.3 37.6+2.6* 39.1+3.9* 40.3+3.0* 45.8+3.5%
P15 C43 Contr. 25.244.5 26.8+3.7 27.6+£3.8 29.6+3.3 30.5+4.0
SE 24.5£3.0 34.5+3.5% 36.4+3.6* 44.3+4 2% 42.3+4 1%
DG Contr. 34.443.0 32.3+3.8 35.9+4.7 33.1+£3.5 33.6+£3.8
SE 32.4+2.9 35.3+£2.8 44.2+4 5% 49.8+3.1* 55.3+4.7%
CAl Contr. 29.1£4.0 30.0£3.6 31.2+3.5 32.8+4.0 35.6+4.2
SE 36.5+4.2% 36.0£3.2* 39.24+4.5% 49.7+5.6* 40.3+4.0*
P C43 Contr. 31.4+4.9 33.6+4.1 32.3+3.9 35.7£3.6 34.7+4.3
SE 37.6+5.3* 39.54+3.5* 42.9+3.6* 47.6+5.1* 49.6+3.6*
DG Contr. 34.8+2.7 36.8+4.0 33.6+£2.9 35.1£3.2 34.9+4.6
SE 45.6+5.0* 44.2+4 3% 47.1+4.2% 46.4+5.5% 49.9+4.7*

Footnotes. Contr. and SE are controls and status epilepticus groups, respectively. Difference is significant compared with the control group
(P <0.05) in a specific region in each age group. Other designations are similar to those in Table 1.

responses could be determinants of neuronal survival;
such responses in the immature and mature brains are
dissimilar. For example, there is no c-fos transcription
in the neonatal hippocampal and cortical structures after
kainic acid (KA)-induced SE. At the same time, c-fos
induction could be detected after postnatal day 13 [4].
Greater GABA synthesis [5] and less mitochondrial
oxidative stress [6] under SE conditions in the immature
brain are also possible mechanisms providing higher
resistance of the immature brain to SE.

May be, a more important finding is that neurons
in different regions of the hippocampus respond in
a dissimilar manner to excitation signals. Neurons

NEUROPHYSIOLOGY / HEUPO®U3UOIOTUSA.—2015.—T. 47, Ne 1

in the CA/ and dentate gyrus degenerated after SE
in both P15 and P21 rats, whereas the CA3 region
underwent neurodegeneration only in P21 rats. Intrinsic
characteristics of hippocampal neurons could explain
this age-dependent and region-specific mode of changes.
Vulnerable neurons have higher expression of the genes
related to stress. The CAI neurons in organotypic cultures
maintained in vitro have a higher level of oxidative
activity under baseline conditions when compared with
the CA3 neurons [7]. As was reported, extracellular
potassium regulation was less effective in the CA/
compared to the CA3 region in immature rabbits after
repetitive stimulation [8]; this is why the CA4/ region
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Fig. 3. Iba-1 staining in the hippocampus at 3 d after SE in P15
rats. A) CA3 region, control, B) CA3 region, group SE, C) CAl
region, control, D) CA1 region, group SE, E) dentate gyrus, control,
F) dentate gyrus, group SE.

P u c. 3. Pe3ynbraté iMyHOTICTOXIMIYHOTO 3a0apBIeHHS TilloKaMIa
mozo Iba-1 gepes Tpu 100U micas IHIYKIIT €MIJICITUYHOTO CTaTyCy
y II15-mypsr.

is more vulnerable to such excitation. The neuronal
excitability reaches the level typical of mature animals
in the CA1 region after postnatal day 14, while inhibitory
processes did not reach such level even several weeks
later [9]. The development of synaptic inhibition lag in
the CAI compared to the CA3 can explain preferential
CAl damage in 2-week-old animals [10].

Not only neuronal degeneration but also glial
activation are age-dependent. Microglia and astrocytes
in the rat hippocampus were not activated until
two weeks after birth. These gliocytes types were
simultaneously activated at 12 h in P15 rats and at 2 h in
P21 rats after SE induction, which means that microglia
and astrocytes are involved in the pathological
process in SE practically simultaneously. The precise
mechanism of seizures-related glial activation remains
unknown. After neuronal excitation, an increased
extracellular K™ concentration and various signals (such
as glutamate, ATP, and calcitonin gene-related peptide)
are possible factors triggering microglial activation [1,
11-13]. IL-18, produced mainly by activated microglia,

TABLE 3. Density of Iba-1-positive cells rats of different ages

A B
C D
E F

Taoanuysa3. llinbHicTs KIITHH, HO3UTUBHUX 1040 Iba-1, y mypsaT pi3Horo Biky

Age | Region | Group 2h 12h 24 h 3d 7d
CAl Contr. 78+1.2 8.1+1.3 92+1.7 13.4+2.1 16.9+3.2
SE 8.4+ 1.8 82+ 1.6 10.0+2.7 152+25 145+1.9
p7 CA3 Contr. 87+ 1.7 84+ 1.4 10.0+2.1 13.1+23 13.6+2.0
SE 6.8+2.0 79+ 1.6 11.2+2.8 13.8+2.8 148 +2.1
DG Contr. 44+0.9 6.9 +0.8 73+1.1 9.7+1.6 11.3+£1.5
SE 5.1+1.3 52+1.0 7.7+2.0 11.4+2.0 10,0+ 1.4
cal Contr. 18.5+2.6 23.8+2.9 245+3.0 294+32 32.8+3.9
SE 194+3.2 28.2+3.3% 36.7+3.7* 39.7+4.2% 442+ 4.6*
PI1S CA3 Contr. 153+3.1 18.7+3.4 19.6 4.0 22.6+3.4 27.4+2.7
SE 16.7+3.6 242+ 2.9*% 26.4+3.0% 33.4+£2.4% 38.8£4.0*
DG Contr. 11.7+1.8 126+1.4 18.7+2.1 229+24 273+ 1.8*
SE 13.1£2.6 19.2 +£3.3% 25.2+3.4% 32.6 £2.6% 37.0+4.8*%
cAl Contr. 31.5+24 35.6+3.2 36.8+3.5 37.4+£4.1 409+4.6
SE 39.0 + 3.0* 46.3 +2.9* 49.1+3.1* 53.9+3.9*% 58.1 £5.0*
Pl C43 Contr. 255+1.8 243 +2.1 26.7+24 33.7+3.5 343+3.7
SE 37.2+3.7* 39.7+ 3.8* 38.1+2.3% 51.3+3.0% 55.7+3.6*
DG Contr. 289+ 2.1 29.3+2.6 35.5+3.7 36.1+4.2 394+3.6
SE 37.8+2.4% 373+2.6* 402+ 2.1* 55.0+£2.5* 59.6 +4.2%

Footnote. Designations are similar to those in Table 2.
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is one of the most powerful inducers of reactive
astrogliosis [14]. Swann et al. [10] reported that, after
penicillin-induced epileptogenesis, the extracellular K*
concentration in the CA43 region of hippocampal slices
taken from 9- to 16-day-old rats is higher than that in
more mature rats (30-35 days old). This finding seems
to be contradictory to our observation of quiescent glial
cells in P7 rats. Oxidative substances from degenerating
neurons are, however, also strong stimulators of glial
activation, and this explains well the inactivated status
of glial cells in the immature brain.

Furthermore, glial activation showed a region-
specific pattern at different time points after SE.
In our experiments, astrocytes were activated at
12 h in the CA1 and CA3 regions and later (at 24 h)
in the dentate gyrus of P15 rats. Astrocytes in all
three regions in P21 rats were activated 2 h after SE
induction. Microglial cells were activated in the CA1,
CA3, and dentate gyrus at 12 h after SE in P15 rats
and at 2 h after such influence in P21 rats. Whether
glia activation leads to neuronal death, or neuronal
death results in long-term glial activation after SE,
has not been clarified in previous studies. In our
research, neuronal degeneration was detected earlier
than glial activation in the CA region in P15 rats,
while glial cells were activated earlier than neuronal
injury developed in the dentate gyrus in P21 rats.
Microglia and astrocytes were all activated in the CA3
region at 12 h after SE in P15 rats, but no degenerating
neurons were observed at any time point in this region.
According to this time-sequence analysis, we suppose
that the cause/effect relationship between neuronal
death and glial activation depends on the region
specificity, time point, and developmental stage. In
addition, glial activation without neuronal death in the
CA3 region in P15 rats suggests that there must be
some factor other than glial activation precipitating
neuronal degeneration.

Thus, pathological changes after SE in the immature
brain differ from those in the adult brain. Neuronal
degeneration and glial activation in the hippocampus
demonstrate age, time, and regional specificity. De-
tailed observations in our research probably can pro-
vide some help for further studies of the pathological
processes in the immature brain under SE conditions.
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IHAYKOBAHI EINNUIENITUYHUM CTATYCOM VYIIKO/-
JKEHHS TIIIOKAMITIA B HE3PIJIOMY MO3KY II[YPIB

! Jlikapus KBiny npu IlangoncekomMy yHiBepcuteTi, UKiHaHb
(Kurait).

PeszwowMme

JocniokyBanyu 3ajJekXHICTh JereHepanii HeilpoHIB Ta aKTHBa-
uii rii, ingykoBanux enigentudHuM crarycom (EC) y pizHux ni-
JSTHKaX Tilokamma LiypiB BiJ BiKy TBapHMHH 1 yacy Miclisi PO3BH-
tky EC, mo po3suBaetscs. Llypsram minii Bictap (moctHaranbHi
i I17, 115 ta [121) BHYTpilIHBOOUYEPEBUHHO iH €KYBaJU Cillb
nitito+minokapnin s inaykuii EC abo ¢izionoriunuit po3unx
JUIst cTBOpeHHs KoHTpouto. [Ilypsar mignaBanu eBranasii yepes
2, 12, 24 ron ta depe3 Tpu abo cim ai6 micas inaykuii EC. He-
fpoaereHepanito B rinokamIli BUSBJISUTH 32 JOIIOMOTO0 3a0apB-
nenHst ®nyopo-Jxeitn b. PiBHi excupecii Mmapkepa acTpOLUHTIB
GFAP Ta mapkepa mikporiii Iba-1 ouniHtoBanu 3 BUKOPUCTaAHHIM
iMmyHoricToxiMiunux meroniB. ¥ I17-mypsar B EC Oynb-sikoro
YIIKO/DKCHHSI HEHPOHIB Ha yciX Bigpi3Kkax 4yacy He BHUSBISIO-
cs. Uepes 2 rox micias inaykuii EC KinpKicTh AereHepyrOUnx
HellpoHiB y rimokamii mypst [115 icToTHO migBumIyBajgacs B
30Hi CA1, a'y IT12-mypst ue BinOyBanocs B 30Hax CAI i CA3.
VY mypsr 115 ta [121 gerenepyrodi HellpoHU B 3yOuacTiii 3BU-
BHHI 3’ sBIsiucs yepe3 24 roa. Y mypst [17 He cocTepiranocs
30inpmenHs KinbkocTi GFAP- a6o Iba-1-mo3uTUBHMX KIiTHH,
symosienoro EC. Excupecis GFAP y mypsr I115 nyxe cunbHO
3pocTtana B 30HaX CAI ta CA3 yepe3 12 rox. Y Toit xe 4ac y
TaKUX MIypsT HE BiAMidasnocs 30inbUIeHHS iIMyHOPEAKTUBHOCTI
nporo Oinka B 3yOuactiit 3BuBuHI. Y mypst [121 nanuii ingexc
30inpmyBaBcst B 30oHax CAI, CA3 Ta 3ybuacTiii 3BUBUHI BKe
gepe3 2 rox micias inayknii EC. Kinekicte Iba-1-no3utuBHuX
KJIITHUH Y TPbOX 3raflaHUX PErioHax iCTOTHO 30iJMbIIyBajach y
mypst [115 uepes 12, a 'y tBapun [121 — Bxe yepe3 2 rox. Lli pe-
3yJIbTaTH BKa3ylOTh Ha Te, 110 noB’s3aHi 3 EC ymkomKeHHs He-
HpOHIB Ta aKkTUBaLis il B HE3P1JIOMY MO3KY B I[IJIOMY € MEHII
IHTEHCHUBHUMH, HI)K Y JIOPOCIIOMY, @ PO3BUTOK JaHHX MPOIECiB
y rinokammi € cneuiuHuM y IPOCTOPOBOMY Ta 4aCOBOMY ac-
HEeKTax.
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