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Experiments were conducted to evaluate the effects of transcranial focal electrical stimulation (TFS) applied
via tripolar concentric ring electrodes, alone and associated with a sub-effective dose of diazepam (DZP) on
the expression of status epilepticus (SE) induced by lithium-pilocarpine (LP) and subsequent neuronal dam-
age in the hippocampus. Immediately before pilocarpine injection, male Wistar rats received TFS (300 Hz,
200-μs biphasic square charge-balanced 50-mA constant current pulses for 2 min) alone or combined with
a sub-effective dose of DZP (0.41 mg/kg, i.p.). In contrast with DZP or TFS alone, DZP plus TFS reduced the
incidence of, and enhanced the latency to, mild and severe generalized seizures and SE induced by LP.
These effects were associated with a significant reduction in the number of degenerated neurons in the
hippocampus. The present study supports the notion that TFS combined with sub-effective doses of DZP may
represent a therapeutic tool to induce anticonvulsant effects and reduce the SE-induced neuronal damage.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

Epilepsy is one of themost common brain disorders worldwidewith
no age, racial, social class, national nor geographic boundaries. It affects
about 67 million people, 85% of whom live in developing countries
[1]. Despite decades of research, new antiepileptic drugs (AEDs) and
advances in surgical therapy, many patients suffer from refractory epi-
lepsy or the side effects of AEDs and surgical treatment [2].

Pharmacoresistant epilepsy, as well as other conditions such as
brain tumors, ischemic brain injury and alcohol withdrawal, is asso-
ciated with an increased likelihood of status epilepticus (SE), a neuro-
logic emergency that requires immediate vigorous treatment in
order to prevent brain injury [3–6]. Yet, strategies to prevent SE and
its consequences in patients at high risk for SE are limited. Notably,
the efficacy of diazepam (DZP) and similar first-line abortive SE treat-
ments is incomplete and SE often continues after administration
of these drugs [7,8]. Indeed, many of the medications used to stop
SE have several well-known and potentially serious adverse effects,
such as respiratory depression, sedation, hypotension and cardiac
dysrhythmias [9].
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The use of brain stimulation in the treatment of pharmacoresistant
epilepsy has a long history, but few studies have focused on its acute
effects to prevent SE and its consequences. Indeed, it is suggested that
the protocols effective in the termination of SE are different from
those used in the prevention of seizures [10].

We previously demonstrated that noninvasive transcranial fo-
cal electrical stimulation (TFS) was able to reduce the expression of
pilocarpine-induced SE in Sprague–Dawley rats when applied during
seizure activity via tripolar concentric ring electrodes (TCREs) (Fig. 1)
[11]. The effects of TFS may last for hours and are associated with
desynchronization at the beta and gamma frequencies, but not with
motor contractions or pain [12,13]. These results support the notion
that TFS has the potential to be a viable noninvasive therapy for SE.
However, at present, it is unclear if TFS is able to prevent the SE and
the subsequent neuronal damage.

The identification of therapeutic strategies that prevent SE and its
consequences constitutes a major clinical need. Therefore, for the
present study, we investigated if TFS associated with DZP may repre-
sent a good approach to avoid the expression of this disorder and
the subsequent neuronal damage. Experiments in rats were designed
to investigate if TFS alone or associated with a sub-effective dose of
DZP was able to prevent the lithium-pilocarpine-induced (LP) SE
and consequent cell damage in the hippocampus when applied before
the pilocarpine injection.We studied the hippocampus because it is an
area of the brain prone to generating seizure activity [14] and presents

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.yebeh.2013.06.021&domain=pdf
http://dx.doi.org/10.1016/j.yebeh.2013.06.021
mailto:lrocha@cinvestav.mx
http://dx.doi.org/10.1016/j.yebeh.2013.06.021
http://www.sciencedirect.com/science/journal/15255050


Fig. 1. Schematic representation of the electrode placement. The TFS was applied be-
tween the outer ring and the central disc of electrode.
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early and late cellular events associated with neuronal damage and
cognitive impairment following pilocarpine-induced SE [15,16].

2. Methods

2.1. Animals

Adult male Wistar rats initially weighing 250–300 g were used
in the present study. They were individually housed at 22 °C and
maintained on a 12-h light/dark cycle. Rats had free access to food
and water. Procedures involving animal care were conducted in
agreement with the Mexican Official Standard (NOM-062-ZOO-1999)
and the Ethical Committee of the Center for Research and Advanced
Studies (Protocol #222/04).

2.2. Transcranial focal electrical stimulation

The TFS consisted of 200-μs symmetrical biphasic square charge-
balanced constant current pulses at a rate of 300 Hz and at an intensi-
ty of 50 mA. We employed a custom stimulator designed and built by
our group, with programmable frequency, phase, and time duration of
the TFS output signals. The TFS was controlled by a Parallax Basic
Stamp 2P24® which had the specific TFS pattern pre-programmed to
run automatically for 2 min when triggered [11,12].

The TCREwas placed on the shaved scalp centered on the top of the
head, as close to 5 mm behind the bregma as possible. Approximately
2 mm of Ten-20 electrode paste was used for skin-to-electrode
impedance matching. Then, TFS was applied through the outer ring
(external diameter of 1 cm) and disc of a TCRE (with the middle ring
floating).

2.3. Experimental groups

2.3.1. LP-TFS + DZP group (n = 13)
Rats received daily administration of saline solution (1 ml/kg, i.p.)

for 5 days to habituate them to manipulations. Twenty-four hours
after the last saline injection, the animals received lithium chloride
(3 mEq/kg, i.p.). Twenty-four hours later, the scalp was shaved and
TFS was applied as described above. Immediately after, the animals
received the administration of pilocarpine (35 mg/kg, i.p.) and a
sub-effective dose of DZP (0.41 mg/kg, i.p.). This sub-effective dose
of DZP, defined as the dose reducing 30% or less the number of animals
presenting LP-induced severe generalized seizures, was determined
from dose–response studies carried out in our laboratory (data not
shown). Then, the following parameters were assessed during 3 h of
continuous behavioral monitoring by an author blinded to the treat-
ment condition: latency to the first forelimb clonus and generalized
seizure, as well as establishment of SE, and percentage of animals pre-
senting mild (rearing and upper extremity clonus) and severe gener-
alized seizures (rearing, upper extremity clonus, and falling), as well
as SE. We utilized the definition of SE commonly used in the rat pilo-
carpine model, i.e., continuous motor seizures (stage 3 to 5 seizures
according to Racine [17]) persisting for at least 30 min and associated
with unresponsiveness to any environmental stimuli [18].

2.3.2. LP-DZP group (n = 10)
Rats were manipulated as indicated previously for LP-TFS + DZP

group, except that they did not receive TFS.

2.3.3. LP-TFS group (n = 14)
Animals were manipulated as described above for LP-TFS + DZP

group, except that they received vehicle administration instead of
DZP.

2.3.4. LP group (n = 24)
Animals were manipulated as described earlier for LP-DZP group,

except that they received vehicle administration instead of DZP.

2.3.5. TFS group (n = 5)
Rats received TFS as described above for LP-TFS group followed by

saline injection, instead of LP.

2.3.6. Control group (n = 5)
Animals weremanipulated as described above for LP group, except

that they received vehicle administration instead of LP.
Rats from all pilocarpine-treated groups that went into SE received

an injection of DZP (10 mg/kg i.p.) 2 h after its onset to stop the sei-
zures, standardize the duration of continuous seizure activity and re-
duce the mortality rate.

2.4. Histology

Animals that survived 24 h after LP-induced SE or manipulation
were injected with an overdose of pentobarbital and were trans-
cardially perfused with 0.1-M phosphate buffered saline (PBS) and
4% paraformaldehyde solution in PBS. Then, the brains were removed
and postfixed for one week at 4 °C and processed for embedding in
paraffin. Coronal sections were then cut (12-μm thickness) with the
aid of a microtome (Leica RM2125 RT, Germany) and mounted onto
gelatin-coated slides. The sections were deparaffinized and hydrated
in water for their subsequent processing for Nissl and Fluoro-Jade
(FJ) staining. Fluoro-Jade is a fluorescentmarker that binds to irrevers-
ibly damaged neurons and allows identification of degenerating neu-
rons [19].

Fluoro-Jade staining was performed as follows. The slides were
first immersed in a solution containing 1% sodium hydroxide in
80% alcohol for 5 min. This was followed by 2 min of incubation in
70% alcohol and 2 min in distilled water. The slides were then trans-
ferred to a solution of 0.06% potassium permanganate for 20 min
and then rinsed in distilled water for 2 min. Thereafter, the slides
were incubated in FJ for 2 h. The 0.0001% working solution of FJ was
prepared by adding 1 ml of stock FJ solution (0.01%) to 99 ml of
0.1% acetic acid in distilled water. Then, the slides were rinsed for
1 min in each of three distilled water washes and dried. The slides
were immersed in xylene for 1 min and mounted in synthetic resin
(Merck Lab.). Sections from the dorsal and ventral hippocampus
corresponding to 3.30 mm and 5.60 mm from bregma, respectively,
[20] were examined.
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2.5. Cell counting

Fluoro-Jade positive (FJ+) neurons were counted in the dentate
gyrus, CA1 and CA3. All images were digitized using an Evolution MP
freeze camera (Media Cybernetics, USA) connected to an Axiolab mi-
croscope (Zeiss, Germany) and Image-Pro Plus 5.1 software to analyze
the images and count the cells. The average cell density per unit vol-
ume was determined with the optical fractionator method [21,22].
This procedure allowed the determination of the fraction of tissue in
which neurons were counted. The complete sectioning of the hippo-
campus resulted in approximately 50 to 60 sections, and every third
section was sampled (for a total of 20 sections). Then, the first sam-
pling fraction was 1/3; this is called the section sampling fraction or
ssf. A volume fraction of each tissue was taken and the area sampling
fraction (asf) = area (frame) / area (x y) was the area of counting
frame (220 × 180 μm), relative to the area associated with each field
in the computer monitor. The third sampling fraction reflected that
cells were not counted in the entire thickness of the tissue at each
sampling location. Instead, a three-dimensional probe of a known
height was placed in the tissue. The thickness of the tissue (12 μm)
divided by the height of the dissector was the third sampling fraction.
This is called the tissue sampling fraction or tsf. The estimate of
the total cell number was therefore the sum of cells counted (∑Q–),
multiplied by the reciprocal of the three fractions of the brain region
sampled as represented by the equation:

N ¼ ∑Q− 1=ssfð Þ 1=asfð Þ tsfð Þ

where N is the estimate of the total cell number and ∑Q– is the
number of counted cells on all sections. In order to standardize the
counting, the same volume fraction was used for each experimental
group. The reader is directed to West and colleagues [21,22] for a
detailed description of the optical fractionator. The qualitative assess-
ment of FJ+neuronswas performed by an author blinded to the treat-
ment condition.

2.6. Statistical analysis

Results of latency to the behavioral changes produced by LP in all
experimental groups were compared using a one-way ANOVA and
Fig. 2. Example of FJ staining in CA1 under control conditions (A) and after TFS alone (B), as
plus DZP (F). Animals were sacrificed 24 h after SE or manipulation. Note the low number of
the presence of vacuolations evident in the stratum oriens (so) and stratum lucidum (sl) in
post-hoc Tukey's multiple comparison test. The percentage of animals
showing mild and severe generalized seizures, as well as SE as a
consequence of LP administration, was statistically analyzed using
Fisher's exact test. To evaluate the cell loss in specific hippocampal re-
gions after the different treatments, we performed ANOVA followed
by Bonferroni post-hoc test. In all statistical comparisons, a p b 0.05
or lower was considered significant.
3. Results

3.1. Control and TFS groups

Animals from control and TFS groups did not demonstrate behav-
ioral changes after manipulation. Evaluation of FJ staining demon-
strated low numbers of degenerating neurons in the hippocampus
in either group (Fig. 2, Table 1).
3.2. LP-induced SE

Nearly all the animals from the LP group (95.8%) showed mild and
severe generalized seizures, which evolved into SE. Latencies to
behavioral changes evaluated after pilocarpine administration were
first forelimb clonus at 23.9 ± 1.6 min, first generalized seizure at
25.6 ±1.6 min, and establishment of SE at 30.3 ± 1.6 min (Figs. 3
and 4). In all rats that went into SE, we observed an extensive FJ+
staining in CA1, CA3 and hilus of dentate gyrus (Fig. 2, Table 1).
3.3. Effects of TFS on LP-induced SE

A lower percentage of animals from the LP-TFS group showed
mild (78.5%) and severe generalized seizures (78.5%) as well as SE
(71.4%). However, these values as well as latencies to the first forelimb
clonus, first generalized seizure and establishment of SE were not sig-
nificantly different when compared with the LP group (Figs. 3 and 4).
The LP-TFS group demonstrated a lower number of FJ+ neurons,
an effect that was significant in CA3 (20%, p b 0.01) and dentate
gyrus (16%, p b 0.05) of rats without SE, when compared with the LP
group (Fig. 2, Table 1).
well as following LP-induced SE alone (C), and associated with TFS (D), DZP (E) and TFS
FJ+ cells in A, B and F and elevated FJ+ cells in C, D and E. Asterisk and arrows indicate
C and D. Scale bars, 20 μm.



Table 1
Number of cells in degeneration in selective hippocampal regions 24 h after manipula-
tion or SE induced by lithium-pilocarpine model.

Group CA1 CA3 Dentate gyrus

Control 165 ± 23 165 ± 27 140 ± 16
TFS 195 ± 23 152 ± 8 135 ± 4
LP 1008 ± 42 913 ± 21 1070 ± 28
LP-TFS (SE) 943 ± 27 802 ± 31 952 ± 28
LP-TFS (no SE) 958 ± 38 739 ± 43⁎⁎ 896 ± 40⁎

LP-DZP 694 ± 36⁎⁎⁎ 588 ± 22⁎⁎⁎ 899 ± 30⁎

LP-DZP + TFS (SE) 429 ± 66⁎⁎⁎,@@ 512 ± 16⁎⁎⁎ 578 ± 49⁎⁎⁎,@

LP-DZP + TFS (no SE) 402 ± 15⁎⁎⁎,@@ 539 ± 41⁎⁎⁎ 594 ± 56⁎⁎⁎,@@

DZP, diazepam; LP, lithium-pilocarpine; no SE, animals without status epilepticus;
SE, status epilepticus; TFS, transcranial focal electrical stimulation.
Values express number of cells per mm3.
Analysis of data by one-way ANOVA revealed a significant group difference in CA1
(F(7,40) = 82.8, p b 0.0001), CA3 (F(7,40) = 53.23, p b 0.0001) and dentate gyrus
(F(7,40) = 78.40, p b 0.0001).

⁎ p b 0.05 when compared with LP group.
⁎⁎ p b 0.01 when compared with LP group.

⁎⁎⁎ p b 0.001 when compared with LP group.
@ p b 0.01 when compared with LP + DZP group.

@@ p b 0.001 when compared with LP + DZP group.

Fig. 4. Latencies in minutes (mean ± S.E.M.) to the behavioral changes induced after
lithium-pilocarpine administration alone (LP) and combined with TFS (LP-TFS), a sub-
effective dose of DZP (LP-DZP) and TFS plus a sub-effective dose of DZP (LP-TFS + DZP).
Analysis of data by one-way ANOVA revealed a significant group difference in first fore-
limb clonus (F(3,45) = 15.00, p b 0.001), first generalized seizure (F(3,45) = 15.81,
p b 0.001) and establishment of status epilepticus (F(3,44) = 17.97, p b 0.001). The
asterisk refers to a statistically significant difference of p b 0.001 according to post-hoc
Tukey's multiple comparison test.
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3.4. Effects of DZP on LP-induced SE

All rats pretreated with a sub-effective dose of DZP (LP-DZP group)
had LP-induced seizures and SE, and non-significant changes were
found in latencies to the different behavioral alterations when com-
pared to the LP group (Figs. 3 and 4). In contrast with the LP group,
rats from the LP-DZP group demonstrated a significant reduction in
the number of FJ+ neurons in all the hippocampal areas evaluated
(CA1, 31%, p b 0.001; CA3, 35%, P b 0.001; dentate gyrus, 16%, p b 0.05)
(Fig. 2, Table 1).

3.5. Effects of TFS combined with DZP on LP-induced SE

The pretreatment with a sub-effective dose of DZP combined with
TFS produced total protection against LP-induced seizures and SE
in 61.6% of animals of the LP-TFS + DZP group, an effect that was sig-
nificant when compared with the LP and LP-DZP groups (p b 0.0001,
p = 0.003, respectively) and nearly significant (p = 0.054) for
protecting against mild and generalized seizures in contrast with
the LP-TFS group (Fig. 3). Animals from the LP-TFS + DZP group
that went into SE also demonstrated significantly increased latencies
to the first forelimb clonus (p b 0.001), generalized seizure
(p b 0.001) and establishment of SE (p b 0.001), when compared
with the LP, LP-DZP and LP-TFS groups (Fig. 4). Histological evalua-
tion revealed a significant diminution in the number of FJ+ neurons
in all hippocampal areas examined of animals from the LP-TFS + DZP
Fig. 3. Percentage of rats presenting mild and severe generalized seizures as well as sta-
tus epilepticus following lithium-pilocarpine administration alone (LP) and combined
with TFS (LP-TFS), a sub-effective dose of DZP (LP-DZP) and TFS plus a sub-effective
dose of DZP (LP-TFS + DZP). @p b 0.003; *p b 0.0001 according to Fisher's exact test.
group, a situation that was more evident when values were compared
with the LP and LP-DZP groups. Analysis revealed that rats from the
LP-TFS + DZP group with total protection against LP-induced seizures
exhibited similar number of degenerating cells (CA1, 57%; CA3, 44%;
dentate gyrus, 46%) when compared with those animals from the
LP-TFS + DZP group showing SE during 2 h (CA1, 60%; CA3, 41%; den-
tate gyrus, 44%) (Fig. 2, Table 1).

4. Discussion

Previously, we demonstrated that TFS applied during pilocarpine-
induced SE was able to reduce the seizure activity [11]. The results
of the present study reveal that TFS applied before pilocarpine ad-
ministration, by itself, induces a trend toward its effectiveness for
preventing SE and neuronal damage. The effects are statistically sig-
nificant when TFS neuromodulation is combined with sub-effective
doses of DZP. Our data support the notion that TFS combined with
DZP can represent a good noninvasive prophylactic strategy to avoid
or reduce the expression of seizure activity and neuronal damage
induced by SE.

Benzodiazepines are the first-line treatment for termination of SE
in humans [23]. However, SE and seizure activity result in a reduction
in the GABA receptor (GABAR)-mediated inhibition of hippocampal
principal neurons [24–26] and a reduced response of these neurons to
neuroprotective effects of benzodiazepines [27]. These changes during
SE can be explained by the impaired function and internalization
of GABAA receptors [28–30]. The selective reduction in the GABAA re-
ceptor γ2 subunit gene expression, which is required for DZP sensitivi-
ty, has been proposed as a mechanism inducing a downregulation
of benzodiazepine-binding sites, reduction in GABAR-mediated inhibi-
tion, and an extensive loss of hippocampal neurons [31,32]. In contrast,
the enhancement of GABA neurotransmission through a continuous
increase in hippocampal GABA extracellular levels, or through an en-
hancement in sensitivity to GABA by administration of DZP, may reduce
the ischemic CA1 damage [33,34]. Our results indicate that TFS can
potentiate the anticonvulsant and neuroprotective effects mediated by
the pretreatment with sub-effective doses of DZP. This situation may
be explained by an augmented GABA-gated chloride influx through
GABAA receptor-regulated ion channels that restricts interictal spike
propagation under epileptic conditions and maintains an inhibitory
input sufficient for neuronal survival. Future experiments should be
designed to determine if TFS modifies GABA neurotransmission, a situ-
ation that could, in part, prevent the reduction of GABAR-mediated in-
hibition induced by SE.

An important finding from the present study was that TFS alone
was able to reduce the LP-induced neuronal damage in CA3 and
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dentate gyrus, but not in CA1, of those animals without SE. In con-
trast, all rats receiving TFS plus DZP showed a significant reduction
in the neuronal damage of CA1, CA3 and dentate gyrus subsequent
to pilocarpine administration, even though some of the rats went
into SE. It is known that muscarinic cholinergic activation is involved
in the initiation of seizure activity, whereas the neuronal loss induced
by SE is associated with glutamatergic excitotoxicity mediated by
NMDA receptors [35–37]. According to this information, it cannot be
ruled out that changes in glutamatergic neurotransmission contribute
to the protective effect of TFS on LP-induced neuronal damage.

The present study supports the idea that sub-effective doses of DZP
plus TFS can represent a good strategy to prevent SE and neuronal
damage subsequent to brain insults. There are three areas that need
to be explored for future work on this topic. Other AEDs and also
smaller doses of DZP need to be tested in the paradigm used in the
present study to realize the best AED and its minimal sub-effective
dosage to be applied in order to avoid SE and neuronal damage. We
also need to determine the duration for the effectiveness of the TFS
at potentiating the AEDs' effects or vise versa. It is important to notice
that although the LPmodel is not a chronic animalmodel of epilepsy, it
can represent the first approach to determine if TFS combined with
AEDs is a potential therapeutic intervention to prevent SE and the sub-
sequent permanent brain damage. It is also relevant to evaluate the
effects of TFS in experimental models of epileptogenesis to determine
if it represents a good strategy for seizure prophylaxis.

Under our experimental conditions and using the parameters
previously found to modify seizure activity [11–13], it is possible to
support the conclusion that TFS is a promising noninvasive stimula-
tion method to prevent SE. However, an important limitation of the
present study is the lack of electrographic brain recordings during
and after the SE, a situation that could help identify the brain areas in-
volved in TFS-induced effects. Future experiments should be designed
to enable the application of TFS and online monitoring of its neuro-
physiologic effects [38]. This situation would allow one to associate
behavioral with neurophysiologic effects of the stimulation and
make it safer and more effective.

Acknowledgments

We are indebted to Ms. Leticia Neri-Bazán, Mr. Héctor Vázquez
Espinoza and Mrs. Carmen Baltazar-Cortez for their excellent technical
assistance. We would also like to thank Dr. Iris E. Martinez-Juarez for
her suggestions to the manuscript. This study was partially supported
by Consejo Nacional de Ciencia y Tecnología (CONACYT, Grants 98386
and I010/214/2012). This research was also supported in part by the
National Institute of Neurological Disorders and Stroke (Award Number
R21NS061335) and by the Fogarty International Center of the National
Institutes of Health (Award Number R21TW009384).

References

[1] World Health Organization Global Campaign Against Epilepsy: out of the shadows.
http://www.who.int/mental_health/media/en/228.pdf; 2001. [downloaded 6/29/
2011].

[2] Kwan P, BrodieMJ. Early identification of refractory epilepsy. N Engl JMed 2000;342:
314–9.

[3] DeLorenzo RJ. Clinical syndromes and epidemiology of status epilepticus. In: Luders
HO, Noachtar S, editors. Epileptic seizures: pathophysiology and clinical semiology.
Philadelphia: Churchill Livingstone; 2000. p. 697–710.

[4] Hunter G, Young GB. Status epilepticus: a review, with emphasis on refractory
cases. Can J Neurol Sci 2012;39:157–69.

[5] Seif-Eddeine H, Treiman DM. Problems and controversies in status epilepticus:
a review and recommendations. Expert Rev Neurother 2011;11:1747–58.

[6] Sirven J, Waterhouse E. Management of status epilepticus. Am Fam Physician
2003;68:469–76.

[7] Goodkin H, Liu X, Holmes G. Diazepam terminates brief but not prolonged seizures
in young, naïve rats. Epilepsia 2003;44:1109–12.
[8] Alvarez V, Januel JM, Burnand B, Rossetti AO. Second-line status epilepticus treat-
ment: comparison of phenytoin, valproate, and levetiracetam. Epilepsia 2011;52:
1292–6.

[9] Trinka E. The use of valproate and new antiepileptic drugs in status epilepticus.
Epilepsia 2007;48(Suppl. 8):49–51.

[10] Walker MC. The potential of brain stimulation in status epilepticus. Epilepsia
2011;52(Suppl. 8):61–3.

[11] Besio WG, Koka K, Cole AJ. Effects of noninvasive transcutaneous electrical stimu-
lation via concentric ring electrodes on pilocarpine-induced status epilepticus in
rats. Epilepsia 2007;48:2273–9.

[12] Besio WG, Gale KN, Medvedev AV. Possible therapeutic effects of transcutaneous
electrical stimulation via concentric ring electrodes. Epilepsia 2010;51(Suppl. 3):
85–7.

[13] BesioWG, Liu X,Wang L, Medvedev AV, Koka K. Transcutaneous focal electrical stimu-
lation via concentric ring electrodes reduces synchrony induced by pentylenetetrazole
in beta and gamma bands in rats. Int J Neural Syst 2011;21:139–49.

[14] Goddard GV. Development of epileptic seizures through brain stimulation at low
intensity. Nature 1967;214:1020–1.

[15] Poirier JL, Capek R, De Koninck Y. Differential progression of Dark Neuron and
Fluoro-Jade labelling in the rat hippocampus following pilocarpine-induced status
epilepticus. Neuroscience 2000;97:59–68.

[16] Tyler AL, Mahoney JM, Richard GR, Holmes GL, Lenck-Santini PP, Scott RC.
Functional network changes in hippocampal CA1 after status epilepticus predict
spatial memory deficits in rats. J Neurosci 2012;32:11365–76.

[17] Racine RJ. Modification of seizure activity by electrical stimulation. II. Motor seizure.
Electroencephalogr Clin Neurophysiol 1972;32:281–94.

[18] Turski WA, Cavalheiro EA, Schwarz M, Czuczwar SJ, Kleinrok Z, Turski L. Limbic
seizures produced by pilocarpine in rats: behavioural, electroencephalographic
and neuropathological study. Behav Brain Res 1983;9:315–35.

[19] Schmued LC, Albertson C, Slikker Jr W. Fluoro-Jade: a novel fluorochrome for the
sensitive and reliable histochemical localization of neuronal degeneration. Brain
Res 1997;751:37–46.

[20] Paxinos G, Watson Ch. The rat brain in stereotaxic coordinates. 6th ed. Amsterdam:
Elsevier; 2007.

[21] WestMJ.New stereologicalmethods for counting neurons. Neurobiol Aging 1993;14:
275–85.

[22] West MJ, Slomianka L, Gundersen HJ. Unbiased stereological estimation of the
total number of neurons in the subdivisions of the rat hippocampus using the
optical fractionator. Anat Rec 1991;231:482–97.

[23] Chen JW, Wasterlain CG. Status epilepticus: pathophysiology and management in
adults. Lancet Neurol 2006;5:246–56.

[24] Kapur J, Bennett Jr JP, Wooten GF, Lothman EW. Evidence for a chronic loss of
inhibition in the hippocampus after kindling: biochemical studies. Epilepsy Res
1989;4:100–8.

[25] Kapur J, Coulter DA. Experimental status epilepticus alters gamma-aminobutyric
acid type A receptor function in CA1 pyramidal neurons. Ann Neurol 1995;38:
893–900.

[26] Kapur J, Macdonald RL. Rapid seizure-induced reduction of benzodiazepine and
Zn2+ sensitivity of hippocampal dentate granule cell GABAA receptors. J Neurosci
1997;17:7532–40.

[27] Qashu F, Figueiredo TH, Aroniadou-Anderjaska V, Apland JP, Braga MF. Diazepam
administration after prolonged status epilepticus reduces neurodegeneration in
the amygdala but not in the hippocampus during epileptogenesis. Amino Acids
2010;38:189–97.

[28] Goodkin HP, Yeh JL, Kapur J. Status epilepticus increases the intracellular accumu-
lation of GABAA receptors. J Neurosci 2005;25:5511–20.

[29] Naylor DE, Liu H, Wasterlain CG. Trafficking of GABA(A) receptors, loss of inhibi-
tion, and a mechanism for pharmacoresistance in status epilepticus. J Neurosci
2005;25:7724–33.

[30] Feng HJ, Mathews GC, Kao C,Macdonald RL. Alterations of GABAA-receptor function
and allosteric modulation during development of status epilepticus. J Neurophysiol
2008;99:1285–93.

[31] Karle J,WittMR, NielsenM. Diazepamprotects against rat hippocampal neuronal cell
death induced by antisense oligodeoxynucleotide to GABA(A) receptor gamma2
subunit. Brain Res 1997;765:21–9.

[32] Goodkin HP, Joshi S, Mtchedlishvili Z, Brar J, Kapur J. Subunit-specific trafficking of
GABA(A) receptors during status epilepticus. J Neurosci 2008;28:2527–38.

[33] Johansen FF, Diemer NH. Enhancement of GABA neurotransmission after cerebral
ischemia in the rat reduces loss of hippocampal CA1 pyramidal cells. Acta Neurol
Scand 1991;84:1–6.

[34] Hall ED, Fleck TJ, Oostveen JA. Comparative neuroprotective properties of the
benzodiazepine receptor full agonist diazepam and the partial agonist PNU-101017
in the gerbil forebrain ischemia model. Brain Res 1998;798:325–9.

[35] Fariello RG, Golden GT, Smith GG, Reyes PF. Potentiation of kainic acid epilepto-
genicity and sparing from neuronal damage by an NMDA receptor antagonist.
Epilepsy Res 1989;3:206–13.

[36] FujikawaDG. Neuroprotective effect of ketamine administered after status epilepticus
onset. Epilepsia 1995;36:186–95.

[37] Loss CM, Córdova SD, de Oliveira DL. Ketamine reduces neuronal degeneration
and anxiety levels when administered during early life-induced status epilepticus
in rats. Brain Res 2012;1474:110–7.

[38] Ives JR, Rotenberg A, Poma R, Thut G, Pascual-Leone A. Electroencephalographic
recording during transcranial magnetic stimulation in humans and animals. Clin
Neurophysiol 2006;117:1870–5.

http://www.who.int/mental_health/media/en/228.pdf
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0005
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0005
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0010
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0010
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0010
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0015
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0015
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0020
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0020
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0025
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0025
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0030
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0030
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0035
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0035
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0035
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0040
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0040
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0045
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0045
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0050
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0050
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0050
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0055
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0055
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0055
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0060
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0060
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0060
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0065
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0065
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0070
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0070
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0070
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0075
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0075
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0075
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0080
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0080
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0085
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0085
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0085
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0090
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0090
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0090
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0095
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0095
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0100
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0100
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0105
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0105
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0105
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0110
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0110
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0115
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0115
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0115
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0120
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0120
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0120
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0125
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0125
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0125
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0125
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0125
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0125
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0130
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0130
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0130
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0130
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0135
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0135
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0135
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0140
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0140
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0140
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0145
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0145
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0145
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0150
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0150
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0150
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0155
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0155
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0160
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0160
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0160
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0165
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0165
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0165
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0170
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0170
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0170
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0175
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0175
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0180
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0180
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0180
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0185
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0185
http://refhub.elsevier.com/S1525-5050(13)00299-0/rf0185

	Effects of transcranial focal electrical stimulation alone and associated with a sub-�effective dose of diazepam on pilocar...
	1. Introduction
	2. Methods
	2.1. Animals
	2.2. Transcranial focal electrical stimulation
	2.3. Experimental groups
	2.3.1. LP-TFS+DZP group (n=13)
	2.3.2. LP-DZP group (n=10)
	2.3.3. LP-TFS group (n=14)
	2.3.4. LP group (n=24)
	2.3.5. TFS group (n=5)
	2.3.6. Control group (n=5)

	2.4. Histology
	2.5. Cell counting
	2.6. Statistical analysis

	3. Results
	3.1. Control and TFS groups
	3.2. LP-induced SE
	3.3. Effects of TFS on LP-induced SE
	3.4. Effects of DZP on LP-induced SE
	3.5. Effects of TFS combined with DZP on LP-induced SE

	4. Discussion
	Acknowledgments
	References


