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Abstract

This study investigated the effect of inflammation and MgSO,, pretreatment on be-
haviors caused by hyperthermia (HT) and the effect of these interventions on PTZ-
induced seizure a week later. In this experimental study, rat pups experienced
inflammation on postnatal day 10 (P10). On P18-19, the pups received either saline
or MgSO,, then subjected to hyperthermia. On P25-26, PTZ-induced seizure was ini-
tiated in the rats. Neonatal inflammation increased the susceptibility to HT-induced
seizure. Inflammation and HT increased the susceptibility to PTZ-induced seizure.
Pretreatment with MgSO, before hyperthermia decreased the susceptibility to both
HT- and PTZ-induced seizure. Furthermore, calcium and magnesium blood levels sig-
nificantly decreased compared to control rats. It can be concluded that neonatal in-
flammation potentiates while pretreatment with MgSO, attenuates HT-induced
seizures. Also, neonatal inflammation and HT potentiate PTZ-induced seizure initi-

ated one week later.
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1 | INTRODUCTION

Febrile seizures (FS) are the most common type of convulsive
events among children. Their prevalence has been estimated at
2%-5% in children from the age of 3 months up to 5 years (Hauser,
1994). This type of seizure is accompanied with pyrexia and is
not related to intracranial infection or past seizure history, but
is correlated with the elevation of body temperature (Gholipoor,
Saboory, Roshan-Milani, & Fereidoni, 2013). Studies suggest that

FS in childhood, especially if long-lasting, increases the risk of

Abbreviations: CH, control hyperthermia; CNS, central nervous system; CSF, cerebrospi-
nal fluid; FS, febrile seizures; GABA, gamma-aminobutyric acid; HIS, hyperthermia-in-
duced seizures; HT, hyperthermia; IL-1f, interleukin 1 beta; IP, intraperitoneally; LPS, lipo-
polysaccharides; MHP, magnesium-hyperthermia-PTZ; NH, nonhyperthermia; NMDA,
N-methyl-D-aspartic acid; P10, postnatal day 10; PTZ, pentylenetetrazol; TNF-«, tumor
necrosis factor alpha.

hyperthermia, inflammation, magnesium, neonatal, rat, seizure

temporal lobe seizures in adulthood (Papierkowski, Mroczkowska-
Juchkiewicz, Pawtowska-Kamieniak, & Pasternak, 1999; Rajab et
al., 2014). Various environmental and genetic factors, including
family history, mother’s disease during pregnancy, vaccines, and
the elevation of body temperature from causes such as viral and
respiratory infections and even hot baths can cause this kind of
seizures (Mashimo et al., 2010; Vestergaard et al., 2005). In spite
of several studies in this field, the mechanism of FS has not been
completely recognized yet.

Studies suggest that inflammatory processes in the central
nervous system (CNS) play an important role in the pathophysi-
ology of seizures. Several inflammatory mediators and cytokines
facilitate seizures with IL-1p apparently having a more import-
ant role than others (Auvin, Shin, Mazarati, & Sankar, 2010).

IL-1B acts by increasing the neuronal excitability (Galic, Riazi, &
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Pittman, 2012). Findings from clinical practice and from in vivo
and in vitro laboratory studies suggest that IL-1p and TNF-«
can increase seizure susceptibility and may be involved in ep-
ileptogenesis. Molecular mechanisms of these effects include
upregulation of glutamatergic transmission and downregula-
tion of GABAergic transmission (Galic et al., 2012; Riazi, Galic,
& Pittman, 2010). Omitting the receptor of IL-1p, a higher tem-
perature is needed to induce seizures. Furthermore, the inten-
sity of seizures is increased by the direct injection of IL-1p into
the brain. Lipopolysaccharides (LPS) induce the release of IL-1p;
and injection of lower doses of LPS causes seizures comparable
to kainic acid (Dubé, Brewster, & Baram, 2009; Zheng, Zhang,
Luo, & Zhu, 2011). Rats with defects in the expression of IL-18
receptors are more resistant to FS (Mazarati, 2005). The injec-
tion of TNF-a antibody into brain ventricles can block the effect
of LPS on seizure intensity in adulthood. Thus, the effect of LPS
on seizure intensity in adulthood can be associated with TNF-«
(Galic et al., 2008).

Magnesium has an inhibitory effect on postsynaptic potentials
and decreases the excitability of muscular fibers (Lee, Zhang, &
Kwan, 1996). Studies show that the increased entrance of calcium
ions into cells increases cell death and tissue degeneration in the
CNS (Kristian & Siesjo, 1998). As a result, magnesium may have a
protective effect in the CNS by blocking these channels (Heath
& Vink, 1997; Hoffman, Marro, McGowan, Mishra, & Delivoria-
Papadopoulos, 1994). Meanwhile, IL-18 increases the rate of cal-
cium entrance into cells and excitability by increasing the activity

of NMDA channels (Viviani et al., 2003). Magnesium is known as
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an NMDA channel blocker which decreases the entrance of cal-
cium ions into cells by blocking these channels (Fawcett, Haxby, &
Male, 1999). Although there is evidence for the effect of inflam-
mation on seizures (mostly excitatory) in the acute phase during
inflammation or immediately after it, its effect on seizure suscep-
tibility a week or more later is not yet clear. These time points
were selected because it is likely that a human child experiencing
inflammation during the neonatal period experience a seizure later
in life (for many reasons, including FS) either very soon after in-
flammation (e.g., in 2 months) or 2-3 years later. Therefore, this
study aimed to evaluate the effect of neonatal inflammation on
hyperthermia-induced seizures (HIS) 8-9 days later and the ef-
fects of these interventions on PTZ-induced seizures a week later.
The present study aimed to find out whether (a) pretreatment with
MgSO, before hyperthermia affects the HIS, (b) the effects of in-
flammation on HIS are transient during the inflammation or can
alter the incidence of seizures later in life, and (c) inflammation
at infancy and pretreatment with MgSO, prior to hyperthermia

affects PTZ-induced seizures later in life?

2 | MATERIALS AND METHODS

This study was approved by Medical Ethics Committee at Urmia
University of Medical Science, Urmia, Iran. All experimental pro-
tocols and procedures were followed according to the guidelines
of 1975 Declaration of Helsinki as reflected in the Guidelines of

Medical Ethics Committee, Ministry of Health, Iran.

TABLE 1 Classification of groups and interventions on rats subjected to current study

Groups

Nonhyperthermic =NH, n =8

Control hyperthermic =CH,
n=16

MgSO,=Mg,n =8

High LPS=HLPS, n = 16

Moderate LPS=MLPS, n = 16

HLPS + Mg, n=8

MLPS + Mg,n=8

Subgroups

Control-Seizure,n = 8

Control-Blood
sampling,n =8

HLPS-seizure,n = 8

HLPS-Blood

sampling,n = 8

MLPS-seizure,n =8

MLPS-Blood
sampling,n =8

Interventions

P10

Saline injection
14 ml/kg

Saline injection
14 ml/kg

Saline injection
14 ml/kg

Saline injection
14 ml/kg

LPS injection
400 pg/kg
LPS injection
400 pg/kg
LPS injection
100 pg/kg
LPS injection
100 pg/kg

LPS injection
400 pg/kg
LPS injection
100 pg/kg

P18-19

Blood sampling

Saline injection-hyperthermia
induction

Saline injection-hyperthermia
induction-blood sampling

MgSO, injection-hyperthermia
induction

Saline injection-hyperthermia
induction

Saline injection-hyperthermia
induction-blood sampling

Saline injection-hyperthermia
induction

Saline injection-hyperthermia
induction-blood sampling

MgSO, injection-hyperthermia
induction

MgSO, injection-hyperthermia
induction

P25-26

PTZ injection-be-
havior observation

PTZ injection-be-
havior observation

PTZ injection-be-
havior observation

PTZ injection-be-
havior observation

PTZ injection-be-
havior observation

PTZ injection-be-
havior observation
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2.1 | Animals

Twenty virgin female Wistar rats (12-14 weeks old) were purchased from
the animal facility of Urmia University of Medical Sciences. Each female
rat was coupled with a male rat in the morning (8 a.m.) and removed the
next morning by observing the vaginal plug. Pregnant rats were placed
in groups of four per cage (20 x 32 x 43 cm) and kept in standard condi-
tions (12-hr light-dark cycle, light on 7 a.m., 22-24°C, and food and water
ad libitum). On the 21th day of pregnancy, each rat was transferred to a
separate cage and the same conditions were applied for all of them. The
day of maternal delivery was designated as postnatal day 1 (P1). To re-
duce the effect of unequal litter size on the development and growth of
pups, they were culled to eight both male and female pups were retained
in each litter. Also, the number of male and female pups was selected

equally in order to decrease the effect of sex differentiation.

2.2 | Study groups

On P10, interventions were started and two pups from each dam
were selected in each group; All the pups received either saline or li-
popolysaccharide (LPS) intraperitoneally (IP) at this time point (P10);
on P18 and P19, the pups were randomly divided into seven groups
as follows (Table 1):

(1) Nonhyperthermia (NH) (n = 8): on P18 and P19, anesthesia
was induced by ether and blood samples were immediately obtained
by heart puncture; (2) control hyperthermia (CH) (n = 16): the pups
received 14 ml/kg of saline IP; HT was induced 30 min later. After
HT, the rats were randomly divided into two subgroups (n = 8 each):
rats subjected to blood sampling from the heart immediately after
HT and rats subjected to PTZ-induced seizure on P25-P26; (3) mag-
nesium-hyperthermia-PTZ (MHP) (n =8): Pups received MgSO,
(270 mg/kg, IP) with an equal volume of saline 30 min before the HT.
Then, the rats were subjected to PTZ-induced seizure on P25-26;
(4 and 5) LPS groups, high dose of LPS (HLPS), and moderate dose
of LPS (MLPS): On P10, HLPS and MLPS (n = 16 each) received the
LPS of Escherichia coli 400 and 100 pg/kg with an equal volume of
saline, respectively. HT was induced on P18-19. Then, in half of the

rats in each group, blood samples were obtained right after HT. The
other half was subjected to PTZ-induced seizure on P25-P26; (6 and
7) Combination of Mg and LPS, HLPS + Mg and MLPS + Mg: LPS was
injected (similar to Groups 3 and 4) on P10. On P18-19, before HT,
the pups received (270 mg/kg, IP) of MgSO,. All the rats of these
groups were subjected to PTZ-induced seizure a week later.

2.3 | Induction of HT

HT-induced seizures were surveyed regardless of sex as a factor.
On P18 and P19, HT was induced by hot air current as previously
described by Baram, Gerth, and Schultz (1997) and Gholipoor et al.
(2013). Hot air was blown from the roof of the chamber at a distance
of approximately 40 cm above the rats. The container temperature
was monitored near the chamber wall by a digital thermometer.
To keep the temperature at the constant interval of 52-56°C, the
temperature inside the chamber was regulated at a desired level be-
fore the animal’s entrance. All the pups were kept in their dam until
30 min prior to the experiment. Each rat was weighed and received
an injection of either saline (14 ml/kg) or MgSO,, (270 ml/kg, IP) with
equal volumes. Then, the rats were moved to the chamber.

Immediately before and after HT, the core body temperature of
the rats was measured by a rectal probe. Behaviors of the rats were
monitored and recorded for 25 min and then categorized according
to Table 2.

The latency of each behavioral stage was determined, and the
total score of seizure was calculated. For example, if a rat showed
one behavior from an identical stage, the score for that stage would
be considered and, for several behaviors of a stage, the score for that
stage would be multiplied by the number of behaviors, and eventu-
ally all of the values were summed. In this study, because tonic-clonic
seizures were not observed, they were ignored in the calculation of
the total score (Gholipoor et al., 2013). For instance, if the rat showed
hyperactivity (Stage 1), ataxia (Stage 2), rotational motion (Stage 3),
and tremor (Stage 3), the total score would be 1 +2+(3x2)=9.
Total score (TS) = 3(S.NB), where S stands for stage and NB denotes
for the number of behaviors in that stage. Latency to Stages 2 and 3

TABLE 2 Hyperthermia behaviorsin
rats

Normal explorative behavior

Hyperactive behavior, jumping,

Sudden complete immobility

Unsteady, jerky gait

Running in tight circles (approx 2

Whole-body shaking

Contractions of hindlimbs and

forelimbs with reduced

Stage Behavior Description
0 Normal
1 Hyperactivity
and rearing
2 Immobility ataxia
(duration: 3-10 s)
3 Circling
circles/s)
Shaking
Clonic seizures
consciousness
4 Tonic-clonic convulsions

Continuous tonic-clonic
convulsions
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of HT-induced seizures and the TS of seizure among the groups were
compared. Unfortunately, due to lack of sufficient instruments, EEG

recording was not performed in this study.

2.4 | PTZ-induced seizure

On P25-26 between 8 and 11 a.m., all the rats were weighed, in-
jected with PTZ (45 mg/kg, IP), and transferred to a glass chamber
(30 x 30x30 cm) to evaluate their behaviors. The behaviors of each
rat were monitored for 90 min. The seizure score of each rat was
determined and classified according to the five-stage scale proposed
by Racine et al. and Hashemi, Ebrahimi, Saboory, and Roshan-Milani
(2013): 0 = normal; 1 = immobilization, sniffing; 2 = head nodding,
facial, and forelimb clonus (short myoclonic jerk); 3 = continuous
myoclonic jerk, tail rigidity; 4 = generalized limbic seizures with kan-
garoo posture or violent convulsion; and 5 = continuous generalized
seizures (tonic or clonic-tonic convulsions).

Latency to first convulsion behavior, first tonic-clonic sei-
zure, duration and number of tonic-clonic seizures, and TS of sei-
zure (sum of all behavioral stages) were observed and recorded
(Saboory, Ebrahimi, Roshan-Milani, & Hashemi, 2015). In addition,
in rats which had more than one episode of tonic-clonic seizure,
the sum of all behavioral levels was multiplied by the number of
tonic-clonic seizures to calculate TS. For instance, if a rat showed
the 4th stage of seizure, its seizure score would be measured as
1+ 2+3 + 4=10andifit showed tonic-clonic seizure (Stage 5) twice,
its seizure score would be measured as (1 + 243 + 4+5) x 2 = 30.
Also, the duration and time of each behavioral stage were re-
corded for every rat (Gholami, Saboory, & Roshan-Milani, 2014;
Saboory, Gholami, Zare, & Roshan-Milani, 2014).

2.5 | Collecting blood samples

Rats that were subjected to blood sampling were anaesthetized with
the inhalation of ether. Afterward, blood samples were obtained
by direct heart puncture. The samples were centrifuged at 3,000 g

at 4°C for 15 min. Then, the serum was kept at -80°C until serum

TABLE 3 Mean of body temperature
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concentrations of Ca?*, Mg?*, TNF-a (kit profile), and IL,-B (kit pro-

file) were measured using ready-to-use ELISA kits.

2.6 | Data analysis

Data distribution was controlled using the Shapiro-Wilk test. Data
related to the number of tonic-clonic seizures and latency of tail
tremor which were not normally distributed were analyzed using the
Kruskal-Wallis test. The rest of the data had normal distributions.
Therefore, one-way and two-way analyses of variance (ANOVAs)
were employed for multiple comparisons. If necessary, the Tukey post
hoc test was used for between-group comparisons. The results were

expressed as mean + SEM, and p < 0.05 was considered significant.

3 | RESULTS

3.1 | HT behaviors

Results of core body temperature and weight are illustrated in
Table 3. Body temperature increased during HT but did not exceed
41°C. In terms of HT behaviors, rats had a normal exploratory be-
havior after entering the chamber (Stage 0) which quickly changed
to hyperactivity. Rats frequently showed jumping and rearing (Stage
1). Then, all activities stopped and rats stayed motionless for a while
(Stage 2). Some rats repeated the behaviors of Stage 2 (oral automa-
tism) without showing first-stage behaviors. Most rats had imbal-
ance in motions (Stage 2) or circular motion (Stage 3). Tail tremor was
observed in the group that had received LPS. No rat experienced
tonic-clonic seizures (Stage 4) or died in HT. Furthermore, behaviors
did not necessarily occur in order of staging.

3.2 | Prophylactic effect of MgSO, on HT-induced
seizure on P18-19

To evaluate the effect of MgSO, on HT-induced seizure, behav-
iors were compared between CH and Mg groups. Data related to

latency to Stages 2 and 3 and the total score of seizure (TS) were

. ~ Body weight(g) at Body weight(g) at
beforleI and afterbhy:jperth'eLTlataFle;li;‘) Base T (°C) Final T (°C) P18-19 P25-26
aswellas metan ody weight a Groups Mean + SE Mean * SE Mean % SE Mean * SE
and P25-26 in rats

NH — 27.50+0.75 —

CH 36.02 +0.15 40.06 £0.18 27.05+0.85 47.18 £ 1.08
MgSO, 36.04 +£0.21 39.84 +£0.13 27.83+0.98 48.93 +1.75
HLPS 3597 +£0.24 39.43+0.11 27.75+1.25 46.75+0.31
MLPS 35.86+0.18 39.63+0.22 27.00 +1.38 45.31 +1.03
HLPS + Mg 35.93+0.14 39.88 +0.16 2698 £ 1.16 47.00 £ 1.04
MLPS + Mg 35.98 £0.12 39.51+0.17 28.50 +0.96 48.16 +1.32

Notes. CH: control hyperthermia; HLPS: high-dose LPS; MLPS: moderate dose LPS; NH:

nonhyperthermia.

There was no significant difference between groups in terms of body T and body weight at the same

stage (one-way ANOVA).
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analyzed by two-way ANOVA for two factors of LPS and MgSO,.
In terms of latency to Stage 2, the effect of LPS (F(1, 43) = 29.92,
p < 0.001) and MgSO, (F(1, 43) = 27.07, p < 0.001) was significant.
The LPS*MgSO, interaction was also significant (F(1, 43) = 13.98,
p = 0.001). In terms of latency to Stage 3, the effect of LPS was sig-
nificant (F(1, 43) = 33.32, p < 0.001) and MgSO, (F(1, 43) = 34.69,
p < 0.001) was significant. The LPS*MgSO, interaction was also sig-
nificant (F(1,43) = 6.27, p = 0.016). Moreover, in terms of TS, the ef-
fect of LPS (F(1, 43) = 18.32, p < 0.001) and MgSO,, (F(1, 43) = 19.91,
p < 0.001) was significant, but the LPS*MgSO,, interaction was not.
To compare these seizure behaviors within experimental groups,
baseline ANOVA and Tukey'’s post hoc test were performed. Latency
to Stages 2 and 3 of seizure was significantly higher (p = 0.002,
one-way ANOVA and Tukey) in the Mg group than in the CH group
(Figure 1). Furthermore, the TS of seizure was significantly lower in
the Mg group compared with the CH group (Figure 2).

3.3 | Effect of neonatal inflammation and
pretreatment with MgSO, on HT-induced seizure

Latency to Stage 3 in HLPS + Mg and MLPS + Mg groups signifi-
cantly increased (p = 0.01) compared with HLPS and MLPS groups
(Figure 1). Also, the TS of seizure was significantly higher in HLPS
and MLPS groups than HLPS + Mg and MLPS + Mg groups (p = 0.01
and p = 0.03, respectively) (Figure 2).

Tail tremor was observed only in LPS groups. This behavior con-
sisted of continuous and intense shaking of the tail which appeared
after placing the rats in the HT chamber. Pretreatment with MgSO,, sig-
nificantly increased latency to tail tremor in relevant groups (Figure 3).

3.4 | Effect of HT on blood calcium and
magnesium levels

Data related to blood Ca?*, Mg?", IL1-B, and TNF-a-o levels were an-

alyzed by two-way ANOVA for two factors of LPS and hyperthermia.

Hyperthermicbehaviors (P 18-19)

,E 24 4 B CH

£ 224 *

E_ 20 4 O Mg

? 181 E HLPS

a ig 1 B HLPS+Mg
N 14

& 15 & MLPS

% 10 @ MLPS+Mg
2

>

(%)

c

[7]

]

©

-

NN

i L ST

Latency to stage 2

Latency to stage 3

FIGURE 1 Latency to stages 2 and 3 of HT-induced seizure
in control hyperthermia, MgSO,,, high- and moderate-dose LPS,
HLPS + Mg, and MLPS + Mg groups was analyzed by one-way
ANOVA and Tukey tests; *significant difference with control
hyperthermia (p < 0.05); *significant difference with HLPS;
"significant difference with MLPS (p = 0.01); and &significant
difference with Mg group (p < 0.04)

In terms of Mg2+, the effect of LPS (F(1, 26) = 6.7, p = 0.016) and
that of hyperthermia (F(1, 26) = 15.86, p < 0.001) were significant.
However, the LPS*hyperthermia interaction was not significant.
In terms of Ca?*, the effect of hyperthermia was significant (F(1,
26) = 6.88, p = 0.014) while that of LPS and the LPS*hyperthermia
interaction were not. To compare blood Ca®* and Mg2+ levels within
experimental groups, baseline ANOVA and Tukey’s post hoc test
were performed. HT decreased blood Ca?* and Mg?* levels in all the

groups but some decreases were insignificant (Figure 4).

3.5 | Effect of HT on blood IL1-$ and TNF-a-a levels

IL1-pand TNF-a-a were comparedin NH, CH, HLPS, and MLPS groups.
In terms of TNF-a-a, data analysis by two-way ANOVA (LPS and hy-
perthermia) revealed that the effect of hyperthermia was significant
(F(1,20) = 4.6, p = 0.044) while that of LPS and the LPS*hyperthermia

Hyperthermic behaviors (P18-19)

16 -
14 -
12 -
10 *
8 -
6
4 4
2
o

Total score

CH Mg HLPS HLPS+Mg MLPS
groups

MLPS+Mg

FIGURE 2 Total score of HT-induced seizure in control
hyperthermia and MgSO,,, high- and moderate-dose LPS,

HLPS + Mg, and MLPS + Mg groups was analyzed by one-way
ANOVA and Tukey tests; *significant difference with CH;
#significant difference with HLPS (p = 0.01); "significant difference
with MLPS (p = 0.03); and &significant difference with Mg group
(p < 0.01)

Hyperthermic behaviors (P 18-19)

Tail tremor latency
(min)

HLPS HLPS+Mg
groups

MLPS

MLPS+Mg

FIGURE 3 Latency to tail tremor behavior in 18- to 19-day-old
rats which experienced inflammation at P10; #significant difference
with HLPS (p < 0.01); *significant difference with MLPS (p < 0.02).
There was no significant difference between high- and moderate-
dose LPS (HLPS and MLPS) groups (Kruskal-Wallis and all pairwise
comparisons)
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interaction were not. In terms of IL1-B, no significant effect was de-
tected. In order to compare blood TNF-a-a levels within experimental
groups, baseline ANOVA and Tukey’s post hoc test were conducted.
The induction of HT decreased TNF-a-a compared with the NH
group. There was a significant difference in TNF-a-a level between
NH and CH groups (p = 0.04). The difference between NH and both
LPS groups was also significant (p = 0.008) (Figure 5).

3.6 | PTZ-induced seizure on P25-26

After the injection of PTZ, the behaviors of rats were accurately
monitored. The movements of some rats were primarily slow, and
some had no movements (Stage 1). In addition, some others had un-
intentional head movements (Stage 2). Another commonly observed
behavior in rats was the sudden opening of legs and arms. This be-
havior was considered as Stage 3. Also, the stiffening of the tail and
face or anterior limb clonus (Stage 3) was observed in some rats.
Some rats entered Stage 4 which includes severe seizure and un-
intentional jumps, while some entered Stage 5 which encompasses
steady tonic-clonic seizure and loss of consciousness. The rats did
not necessarily demonstrate all the stages in the mentioned order.
Sometimes a rat entered a stage without entering the previous one
or demonstrated a stage for several times. Tonic-clonic seizures
were not seen in some rats and occurred more than once in some
others. None of the rats died at the time of or after treatment with
PTZ.

3.6.1 | Latency of first seizure behavior

Data analysis by two-way ANOVA (LPS and MgSO,) revealed that
the effect of LPS (F(1, 43) = 11.6, p = 0.001) and that of MgSO,, (F(1,
43) = 39.7,p < 0.001) were significant. Moreover, the LPS*MgSO,, in-
teraction was significant (F(1, 43) = 7.07, p = 0.011). To compare this
variable within experimental groups, baseline ANOVA and Tukey's
post hoc test were conducted. Pretreatment with MgSO,, before HT
increased the latency to first seizure behavior (Figure 6).

12
11 A
10 A
9
8 4
74
6
5 -
4 -
3
2
1 -

B NH
B CH
O HLPS
3 MLPS

Ca or Mg blood levels (mg/dI)

FIGURE 4 Comparison of calcium and magnesium blood levels
in nonhyperthermia, control hyperthermia, high LPS, and Moderate
LPS groups: *significant difference with NH group (p < 0.05, one-
way ANOVA and Tukey)
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3.6.2 | Latency to first tonic-clonic seizure

Based on the data analysis by two-way ANOVA (LPS and MgSO,),
the effect of MgSO, was significant (F(1, 43)=6.17, p = 0.017).
Nevertheless, the effect of LPS and the LPS*MgSO,, interaction were
not significant. Baseline ANOVA and Tukey's post hoc test were per-
formed in order to compare this variable within experimental groups.
Latency to first tonic-clonic seizure was lower in LPS groups than
the CH group but it was not statistically significant. Pretreatment
with MgSO, significantly increased latency to first tonic-clonic sei-

zure compared with relevant control groups (Figure 7).

3.6.3 | Duration of tonic-clonic (TC) seizure

Data related to the duration of TC seizure were analyzed by two-way
ANOVA for two factors of LPS and MgSO4. The effect of MgSO,
was significant (F(1, 43) = 5.4, p = 0.025). However, the effect of
LPS and the LPS*MgSO, interaction were not significant. Baseline
ANOVA and Tukey’s post hoc test were performed to compare the
duration of TC within experimental groups. The duration of TC sei-
zure was significantly higher in the HLPS group than the CH group.
Pretreatment with MgSO,, significantly reduced the duration of TC
seizure in all groups compared to relevant controls (Figure 8).

3.6.4 | Number of TC seizure

Data analysis by the Kruskal-Wallis test indicated that the Mg group
had the least and the HLPS group had the most frequent TC seizures
(Figure 9).

3.6.5 | Total score of PTZ-induced seizure

Based on the data analysis by two-way ANOVA (LPS and MgSO,),
the effect of LPS (F(1, 43) = 8.6, p = 0.005) and that of MgSO,, (F(1,

12 4

10 4

Mean of TNF-0. concentration (pg/ml)

: — A =

CH HLPS MLPS
Serum TNF-a

FIGURE 5 TNF-a-a serum level in 18- to 19-day-old rats that
experienced an acute inflammation at P10; *significant difference
with CH (p = 0.04); #significant difference with HLPS and MLPS
groups (p < 0.008). Baseline analysis was performed by one-way
ANOVA and Tukey
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FIGURE 6 Latency to first PTZ-induced seizure in 25- to
26-day-old rats that experienced inflammation at P10 and HT at
P18-19; *significant difference with CH (p = 0.001); *significant
difference with HLPS (p = 0.04); and "significant difference with
MLPS (p = 0.03). There was no significant difference between CH
and LPS groups (one-way ANOVA and Tukey)
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FIGURE 7 Latency to first tonic-clonic seizure in 25- to 26-day-
old rats that experienced inflammation at P10 and HT at P18-19;
*significant difference (p = 0.04) with CH group; *significant
difference with HLPS (p < 0.05); and "significant difference with
MLPS (p = 0.03). Data were analyzed by one-way ANOVA and
Tukey test

43) =14.1, p = 0.001) were significant, while the LPS*MgSO,, inter-
action was not. Baseline analysis by one-way ANOVA showed that
pretreatment with MgSO, significantly decreased while severe in-
flammation in neonatal period significantly increased the TS of seizure
compared with the CH group. Furthermore, the difference between
MLPS and HLPS groups and the difference between Mg group and
both HLPS + Mg and MLPS + Mg groups were significant (Figure 10).

4 | DISCUSSION

In this study, rat pups were studied for early-life inflammation and the
effect of MgSO, on HT- and PTZ-induced seizures. Blood samples
were obtained to measure Ca?*, Mg?", IL1p, and TNF-a-a concen-
trations. Findings of this study indicated that neonatal inflammation
increased the susceptibility to HT-induced seizure. Inflammation and
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FIGURE 8 Tonic-clonic seizure duration in 25- to 26-day-old
rats that experienced inflammation at P10 and HT at P18-19;
*significant decrease (p = 0.02) in Mg group and a significant
increase (p = 0.04) in HLPS group compared with CH group;
#significant difference with HLPS; "significant decrease compared
with MLPS (p = 0.04); @significant difference (p = 0.049) with high-
dose HLPS. Data were analyzed by one-way ANOVA and Tukey
tests
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FIGURE 9 Number of PTZ-induced tonic-clonic seizure in

25- to 26-day-old rats that experienced inflammation at P10 and
HT at P18-19; *significant difference with CH group (p = 0.035);
and *p = 0.027 with Mg group. Pretreatment with MgSO, in
inflammation groups insignificantly decreased number of seizures
(Kruskal-Wallis and all pairwise comparisons)

Number of tonic—clonic seizure

MLPS  HLPS+Mg MLPS+Mg
Groups

HT potentiated the PTZ-induced seizure, while pretreatment with
MgSO, attenuated the susceptibility to both hyperthermia- and
PTZ-induced seizure. In addition, both neonatal inflammation and
HT reduced Ca?*, Mg?*, and TNF-a-« concentrations.

4.1 | Effect of MgSO, on HT-induced seizure

It is reported that the magnesium level in CSF does not change sig-
nificantly up to 4 hr after receiving MgSO,, (Brewer, Parra, Borel,
Hopkins, & Reynolds, 2001). In one study, the effect of MgSO, on
brain defects caused by ischemia was investigated in rats. Results sug-
gested that the complications of hypoxic ischemia were significantly
decreased in the group receiving MgSO, in the first hour, while the ef-
fect was not significant 2 hr later (Spandou et al., 2007). Fuchs-Buder,
Tramer and Tassonyi (1997) reported that CSF Mg2+ level was moder-
ately increased 30 min after receiving MgSO,, in patients who had un-
dergone anesthesia and received MgSO,, (60 mg/kg, IV) in bolus form.
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FIGURE 10 Total score of PTZ-induced seizure in 25- to
26-day-old rats that experienced inflammation at P10 and HT

at P18-19; *significant difference with Mg (p = 0.01) and HLPS

(p = 0.02) groups; @significant difference with MLPS (p = 0.04) and
HLPS + Mg (p = 0.001); and Ssignificant difference with HLPS + Mg
(p = 0.03) and MLPS + Mg (p < 0.05). Data were analyzed by one-
way ANOVA and Tukey tests

It was also gradually increased up to 240 min after MgSO,, injection.
Moreover, MgSO,, causes a decrease in the complications of preec-
lampsia and an increase in seizure threshold in rats with preeclampsia
by decreasing neuronal inflammation and keeping CSF permeability
constant (Johnson et al., 2014). The main mechanism of the effects of
MgSO, on CNS is not clearly understood. However, Mg?* is known as
an NMDA receptor blocker which decreases the entrance of calcium
into cells and depresses synaptic transmission (Chou et al., 2016). The
entrance of calcium into cells has been known as a potential reason for
FS. MgSO, may decrease HT-induced seizures by decreasing calcium
entrance into cell (Radzicki et al., 2013) or depressing synaptic trans-
mission. In the majority of preeclampsia patients, pretreatment with
MgSO, can control the disease, prevent the occurrence of eclampsia,
or decrease its complications (Hallak, Kupsky, Hotra, & Evans, 1999;
Isler, Barrilleaux, Rinehart, Magann, & Martin, 2002; Johnson et al.,
2014). In a case report study, the febrile seizure (status epilepticus)
was successfully controlled when lidocaine plus MgSO, was intro-
duced in a 12-year-old girl (Chou et al., 2016).

Our study supports the findings of previous studies in this con-
text as pretreatment with MgSO, significantly attenuated HT-in-
duced seizures (Ghadimkhani, Saboory, Roshan-Milani, Mohammdi, &
Rasmi, 2016). According to the findings of current and previous stud-
ies (Ebrahimi, Saboory, Roshan-Milani, & Hashemi, 2014; Gholami &
Saboory, 2013; Rowley, Martin, & Marsden, 1995), the level of blood
Mg?* significantly decreases in FS and HT and the injection of MgSO,
restores blood Mg?* level. Thus, the correction of blood Mg?* level in

FS may be an appropriate method for controlling FS.

4.2 | Effect of neonatal inflammation on HT-
induced seizure

Several studies have been carried out to detect the correlation

between seizure and inflammation. It is reported that early-life

inflammation increases the probability of adulthood seizure (Galic
et al., 2008). A study by Eun et al. indicated that the injection of
LPS prior to HT increases the severity of FS (Eun, Abraham, Misna,
Kim, & Koh, 2015). Most previous studies have tested the simultane-
ous effect of inflammation on FS. They all suggested that inflamma-
tion and inflammatory factors have an excitatory effect on FS. Our
study was somewhat different from previous studies as we tested
the delayed effect of inflammation on HT-induced seizure. The result
of the current study indicated that neonatal inflammation (on P10)
dose-dependently increased the severity of HT-induced seizures on
P19. Our results are consistent with those of others in this context.

4.3 | Effect of HT on blood Ca?* and Mg?* levels

It is reported that Mg2+ serum levels are significantly lower in chil-
dren with FS than healthy children with the same age and weight, and
that Ca®" levels remain almost constant (Amouian, Mohammadian,
Behnampour, & Tizrou, 2013). However, another study showed a
significant decrease in both Mg?* and Ca?* serum levels in children
suffering from FS compared with healthy children with the same age
(Akbayram et al., 2012). In our study, Ca?* level in the CH group had
no significant difference with that of the NH group. In all groups,
Mg2+ levels significantly decreased compared to the NH group. The
mechanism of low Mg2+ serum level in FS is yet unknown.
Previously, it was stated that Mg?* has antiepileptic and neuro-
protective effects on the nervous system and prevents Ca?* from
entering the cell by blocking NMDA channels (Chou et al., 2016).
It is likely that the decrease in Mg2+ in blood is one of the reasons
for the elevation of CNS irritability and increase in Ca®* entrance
to cells in HT and PLS groups, thereby causing severe HT-induced
seizures. Furthermore, in the present study, serum Ca?" levels were
considerably lower in LPS groups than NH rats. This might be, at
least in part, the reason for the high intensity of HT-induced seizures

in these groups.

4.4 | Effect of HT on serum IL1-$ and TNF-« level

It is reported that the IL1-p level in children with fever is not
different across patients with or without seizure (Behmanesh,
Ashrafzadeh, Varasteh, Shakeri, & Shahsavand, 2012). The injec-
tion of IL1-p in brain ventricles potentiated FS (Heida & Pittman,
2005), while the lack of or defect in IL1-B receptors decreases the
probability of FS (Dubé, Vezzani, Behrens, Bartfai, & Baram, 2005).
In one study, LPS was injected to rats 2.5 hr prior to HT. After that,
TNF-a and IL1-p levels were measured 3.5 and 24 hr after LPS in-
jection. Results suggested that TNF-a and IL1-p levels increased
in the first hour after HT induction. Findings of this study are not
consistent with those of ours. In our study, the injection of LPS was
performed 8-9 days prior to HT. Our study differed from others in
this regard. In the above-mentioned study, the level of TNF-a and
IL1-p decreased as time passed, reaching zero after 24 hr (It could
not be detected with the used kits). In this aspect, our findings
are similar to the noted finding. Moreover, the expression levels
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of transient receptor potential vanilloid 1 (TRPV1) increases after
FS in mice; also, TRPV1 activation results in a significant elevation
in the expression of pro-inflammatory cytokines such as IL-1p and
TNF-a-a in the hippocampus and cortex (Huang et al., 2015). The
study conducted by Dube et al. to measure the level of inflamma-
tory factors suggested that the level of TNF-a and IL1-p increased
24 hr after HT, contradicted by our findings (Dubé et al., 2010).
In the present study, the level of TNF-a and IL1-f was lower in
the HT group than the NH group. What makes our study differ-
ent from other studies and can have been the cause of different
results is that, in most studies, the effects of inflammatory factors
have been investigated on FS and/or HT (not the effect of HT on
inflammatory factors), while we checked the effects of HT on in-

flammatory factors. We recommend further studies in this field.

4.5 | The effect of pretreatment with MgSO,, prior
to HT on PTZ-induced seizure later in life

Previous studies showed the role of FS in increasing the probabil-
ity of adulthood seizure (Bender, Dubé, & Baram, 2004; Dubé et al.,
2012, 2010 ). The neuroprotective effects of MgSO, on CNS and its
role in decreasing the intellectual disability of preterm infants have
been described (Conde-Agudelo & Romero, 2009). A mechanism
of FS induction is the entrance of calcium into cells (Radzicki et al.,
2013). The uncontrolled entrance of calcium into cells can lead to
cell death (Kristian & Siesjo, 1998). It is likely that blocking NMDA
channels using MgSO,, should prevent cell death in HT by decreas-
ing the entrance of calcium into cells which, in turn, might lead to
the decreased intensity of seizures later in life. Seizure-induced brain
damage has been shown in several seizure models (Domachevsky et
al., 2012; Holmes, 1991; Meldrum, 1997). The increased entrance of
calcium into cells (or other mechanisms) in HT may increase cell ex-
citability, leading to the increased intensity of HT-induced seizures.
This increased severity can lead to cell damage and/or death in brain
tissues, raising the probability of seizures later in life. It can be con-
cluded that pretreatment with MgSO, in HT might decrease cell dam-
age and/or death at the time of HT and also decrease HT-induced

seizures, thereby reducing the probability of seizures later in life.

4.6 | The effect of inflammation and HT on PTZ-
induced seizure

Previous studies have suggested an excitatory effect for inflamma-
tion on seizures at the same time (Auvin et al., 2010; Srivastava, Dixit,
Banerjee, Tripathi, & Chandra, 2016) and the increase in seizure sus-
ceptibility in adulthood (Galic et al., 2008). It has also been stated
that FS in childhood increases the probability of seizure in adulthood
(Dubé et al., 2012; McClelland, Dubé, Yang, & Baram, 2011). In the
present study, inflammation was induced on P10 and HT on P18-19
which can be conceptualized as early and late infancy, respectively.
Then, PTZ-induced seizure was elicited on P25-26. In fact, PTZ-in-
duced seizure occurred after two interventions having an excitatory

effect on seizure susceptibility in adulthood. In most previous studies,

the time gap between the induction of inflammation and/or FS and
the time point for checking seizure susceptibility was longer than that
of our study. Also, we studied the concomitant effects of infantile in-
flammation and HT on PTZ-induced seizure. These were the differ-
ences between our study and previous ones. The result of the present
study is consistent with that of others. However, the synergistic ef-
fect of these two interventions on PTZ-induced seizures was revealed
in the present study. The present study could be conducted with, at
least, one more group of rats which would receive LPS on P10, with-
out HT on P18, and would be subjected to PTZ-induced seizure on
P25. However, this group was not included due to time and budget
constraints.

5 | CONCLUSION

It can be concluded that inflammation during infancy increases
both HT-induced seizures in later infancy and seizure susceptibil-
ity at older ages. Pretreatment with MgSO, can decrease both
HT-induced seizures at the same time and seizure intensity later
in life. The probable mechanism of these effects may be, at least
in part, due to the HT-induced decrease in magnesium and cal-
cium levels which can be compensated by MgSO, administration.
Meanwhile, decreased blood IL1-$ and TNF-a-a levels might be
one reason for the increased seizure intensity caused by infantile
inflammation.
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