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Reactive oxygen species (ROS) appear to be involved in several neurodegenerative disorders. We tested
the hypothesis that oxidative stress could have a role in the hippocampal neurodegeneration observed in
temporal lobe epilepsy induced by pilocarpine. We first determined the spatio-temporal pattern of ROS
generation, by means of detection with dihydroethidium oxidation, in the CA1 and CA3 areas and the
dentate gyrus of the dorsal hippocampus during status epilepticus induced by pilocarpine. Fluoro-Jade
B assays were also performed to detect degenerating neurons. ROS generation was increased in CAl,
CA3 and the dentate gyrus after pilocarpine-induced seizures, which was accompanied by marked cell
death. Treatment of rats with a NADPH oxidase inhibitor (apocynin) for 7 days prior to induction of status
epilepticus was effective in decreasing both ROS production (by an average of 20%) and neurodegenera-
tion (by an average of 61%). These results suggest an involvement of ROS generated by NADPH oxidase
in neuronal death in the pilocarpine model of epilepsy.
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Temporal lobe epilepsy (TLE) is clinically characterized by the
progressive development of spontaneous recurrent seizures from
temporal lobe foci and pathologically characterized by specific
morphological and cellular alterations [4], which lead to neu-
ronal cell injury and death [9]. The hippocampus has been a
focus of interest in TLE research because it contains several well-
described neuronal circuits linked to seizure onset and because
it develops, in the time course of the disease, a severe loss of
pyramidal cells in CA1, CA3 and the dentate gyrus [20]. How-
ever, the exact cellular and molecular mechanisms by which status
epilepticus induces hippocampal cell death remain to be fully
understood.

As demonstrated by several studies, overproduction of reac-
tive oxygen species (ROS), usually referred to as oxidative stress,
appears to be a potential factor contributing to neuronal dam-
age and death and it is indeed implicated in the pathogenesis of
several neurodegenerative disorders including Parkinson’s disease,
Alzheimer’s disease, amyotrophic lateral sclerosis, multiple sclero-
sis and epilepsy, among others [1,7]. ROS can be generated during
normal cellular respiration and metabolic process as well as by spe-
cific enzymes such as NADPH oxidase (Nox), which generates ROS
not as a byproduct, but as the primary function of the enzyme sys-
tem [2]. The Nox complex is a five-subunit enzyme that transfers
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electrons from NADPH to molecular oxygen to produce superoxide,
representing a key source of microbicidal oxidants in the immune
response [6]. Despite increasing evidence for an involvement of Nox
in a number of neurodegenerative disorders, still relatively little is
known about its expression, regulation, and specific contribution
to brain diseases [13]. Interestingly, Nox2 deficient mice exhibit
neuroprotection in a MPTP model of Parkinson’s disease [27] and
Nox-deficient mice exhibit reduced injury after stroke [25]. In addi-
tion to unspecific drugs that affect Nox activation and expression,
such as statins and angiotensin II receptor blockers, the antioxi-
dant apocynin can specifically inhibit Nox activity by preventing
translocation and assembly of the cytosolic regulatory subunits
(e.g., p47phox) with catalytic membrane subunits (e.g., gp91phox)
[24], which are required at least for the activation of Nox1 and Nox2
isoforms [12].

In this study, we used apocynin to evaluate the role of ROS
generated by Nox in neurodegeneration that characterizes the pilo-
carpine model of TLE.

Male Wistar rats, weighing between 250 and 300 g, were used
throughout this study. Animals were singly housed and maintained
on a 12:12 h light/dark cycle. All procedures were approved by the
Institutional Animal Care Committee of the Institute of Biomedical
Sciences, University of Sdo Paulo (Protocol 137/2009). All efforts
were made to minimize the number of animals used and their
discomfort.

Animals were randomly divided into experimental and con-
trol groups and were first injected with a low dose of the
cholinergic antagonist methyl scopolamine nitrate (1 mg/kg, s.c;
Sigma-Aldrich, USA) to reduce peripheral cholinergic effects. Thirty
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minutes later, animals of the experimental group received an injec-
tion of pilocarpine hydrochloride (360 mg/kg, i.p.; Sigma-Aldrich,
USA) to induce status epilepticus (SE), and control animals received
a similar volume of sterile saline. Approximately 30 min after pilo-
carpine injection, most of the animals had entered SE, which lasted
3-24h. Diazepam (5 mg/kg, s.c., Cristalia, Brazil) was administered
4h after the onset of SE to limit behavioral seizures and to reduce
mortality. The animals were sacrificed at different time points after
SE onset (3, 6, 12 and 24h) in order to permit evaluation of the
time course of ROS generation (using dihydroethidium; DHE) and of
neurodegeneration (by means of Fluoro-Jade B staining) in the dor-
sal hippocampus (between 3 and 4.5 mm posterior to the bregma).
The analysis was centered in the hilus of the dentate gyrus, in the
CAla-b areas, and in the CA3b area, with minor involvement of the
CA3a and CA3c zones.

DHE is a fluorescent probe which can be oxidized by super-
oxide and by other reactive species producing a red fluorescent
precipitate, detectable by epifluorescence microscopy with a stan-
dard rhodamine filter (excitation 550 nm, emission 570 nm) [3].
The animals were quickly decapitated, and 18 pwm-thick coronal
sections containing the hippocampus were prepared on a cryo-
stat. These sections were incubated with phosphate buffer (PB)
containing diethylene triamine pentaacetic acid (DTPA) (100 M)
for 10 min, and then incubated with 3 wM DHE (Invitrogen, USA)
in PB/DTPA for 5min at 37 °C. For each section, digital images of
DHE oxidation into the hippocampus were collected using a Nikon
E1000 upright microscope coupled to a Nikon DCM1200 digital
camera and analyzed in terms of integrated density by using Image
J (National Institutes of Health/USA). DHE staining was evaluated
within 0.04 mm? areas in each section and the data were normal-
ized inrelation to the control. These areas encompassed in each case
a significant part of either the CA1, CA3 or hilar regions of interest,
and were used to obtain data on both sides of the brain. The param-
eters used for capturing the digital images were kept constant, and
the experiments involving control and treated animals were always
run at the same time.

Rats were deeply anesthetized with ketamine hydrochloride
(5mg/100 g of body weight, i.p.) and xylazine (1 mg/100 g of body
weight, i.p.), subjected to transcardiac perfusion with sterile saline
and a fixative solution composed of 4% paraformaldehyde (PFA)
dissolved in 0.1 M PB (pH 7.4) at 4°C. The brains were collected,
postfixed in PFA for 4 h, and transferred to a 30% sucrose solution
in PB to ensure cryoprotection, which lasted for 24 h. The brain
coronal sections (30 wm) were obtained on a sliding microtome
adapted for cryosectioning and were processed for Fluoro-Jade
B histochemistry [21]. The material was analyzed under epiflu-
orescence microscopy to detect fluorescein (excitation 492 nm,
emission 520 nm) and digital images were collected. To assess the
extent of neuronal damage, the number of labeled cells/mm? was
determined in each hippocampal region by using Image ] (National
Institutes of Health/USA). Measurements were taken from three
sections from each animal and averaged. These sections were cho-
sen as the most anterior, the most posterior and an intermediate
section of the hippocampal area studied. Staining of sections from
control and treated animals was always processed in parallel.

Animals were treated with apocynin (60 mg/L in the drinking
water; daily water intake 47.442.3 mL/animal) [14] for 7 days
prior to pilocarpine injection. This represents a daily dose of about
10.4 mg/Kg. Their brains were used for the detection of intracellular
ROS after SE induction by means of DHE oxidation and to evaluate
the numbers of degenerating neurons by Fluoro-Jade B staining.
Control animals had free access to regular water.

Values are expressed as means + S.E.M. Statistical comparisons
were performed by one-way ANOVA, followed by Tukey’s multiple
comparison test. Values of p < 0.05 were considered significant. The
number of rats (n) used in each group is referred to in the Results

section. Statistical analyses were performed using Graphpad Prism
(3.02).

DHE oxidation experiments revealed a significant increase of
ROS levels in hippocampal areas of pilocarpine-injected rats (total
of n=21 for the different time points) in relation to control rats
(n=7). In the CA1 region, we observed a statistically significant
increase of the fluorescence signal 6 h (ca. 16%; n=5) and 24 h (ca.
15%; n=6) after SE induction, whereas in the CA3 region an increase
of ROS generation was only observed at 24 h (ca. 20%; n=6). On the
other hand, ROS generation in the hilus of the dentate gyrus was
significantly increased from 3 to 24 h: ca. 11% by hour 3 (n=5), 16%
by hour 6 (n=5), 13% by hour 12 (n=5) and 15% by hour 24 (n=6)
after SE induction.

Degenerating neurons were not found by means of Fluoro-Jade-
B staining in the control group (n=4). After pilocarpine injection,
Fluoro-Jade B revealed degenerating neurons in CA1 (378 £104
cells per mm?2) and in CA3 (203 + 74 cells per mm?) at 24 h after
SE induction (n=4), whereas in the dentate gyrus the staining
was markedly increased as early as 3h (126 + 15 cells per mm?,
n=>5) after SE induction. The latter effect was sustained for all peri-
ods tested here, namely 6h (137 +41 cells per mm?, n=4), 12h
(208 + 13 cells per mm?2, n=4) and 24 h (457 + 31 cells per mm?,
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Fig. 1. Effects of apocynin treatment on ROS generation, as indicated by DHE-
derived fluorescence. The graphs depict fluorescence intensity in CA1, CA3 and the
hilar area of the dentate gyrus (DG) of the hippocampus from rats injected with
pilocarpine (24 h after onset of SE). Cont, control; Apo, apocynin; Pilo, pilocarpine;
*p <0.05 Pilo vs. Cont, #p < 0.05 Pilo vs. Pilo +Apo.
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Fig. 2. Representative images taken from CA1, CA3 and hilar regions of the rat hippocampus illustrating ROS generation with and without apocynin treatment.

n=4) after SE induction. It is noteworthy that labeled neurons
were mainly found in the polymorphic layer of the dentate gyrus,
although labeled cells were also occasionally seen in other layers,
especially in granule cells.

As the time-course experiments revealed marked ROS produc-
tion and neurodegeneration after 24 h of SE, we used this time point
to test the effects of apocynin treatment on ROS and neurodegen-
eration in other groups of animals. The treatment inhibited ROS
generation in the CA1 region by about 17%, in CA3 by about 20%
and in the dentate gyrus by about 24% (Figs. 1 and 2). The treat-
ment with apocynin markedly decreased the numbers of neurons
stained for Fluoro-Jade Bin CA1, CA3 and the dentate gyrus by about
77, 58 and 48%, respectively (Figs. 3 and 4). Numbers of rats used
in the experiments with apocynin are given in Figs. 1 and 3.

The pilocarpine model has been considered one of the best mod-
els for studies of the relationship between epilepsy and the role of
the hippocampus in TLE [23]. However, the molecular and cellular
events responsible for the selective vulnerability of hippocampal
neurons in TLE are not completely understood.

We have observed a marked hippocampal degeneration after
SE induction, corroborating with data from a previous study which
evidenced, by estimating the number of acidophilic neurons, early
damage in dentate gyrus 3 h after the beginning of SE, followed by
cell loss in CA1-CA3 regions 24 h after SE induction [10]. Another
study described Fluoro-Jade C-positive neurons 4 h after SE induc-
tion and a higher number of positive cells 12h after SE onset
in CA1-CA3 pyramidal cells and in the dentate gyrus [26].In the
present study ROS generation was increased in CA1, CA3 and den-
tate gyrus after pilocarpine-induced seizures. These results agree
with several neurochemical studies that revealed that SE induces
excessive production of ROS, leading to oxidative stress [5,7,8]. For
instance, a significant increase of lipid peroxidation and nitrite lev-
els has been described 6 h after pilocarpine administration, which
was significantly reduced after the treatment with the liposoluble
antioxidant alpha-tocopherol [22]. In the same context, vitamin
E and glutathione were able to prevent the rise in lipid perox-
ides and hippocampal neuronal death in the kindling rat model
of epilepsy, but did not prevent the development of seizures [7].
It was also demonstrated that nitric oxide production and neu-
ronal nitric oxide synthase expression are both upregulated in the
hippocampus in the lithium-pilocarpine model of epilepsy [15],
representing another important source of oxidative stress after SE,
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Fig. 3. Effects of apocynin treatment on neurodegeneration, as indicated by Fluoro-
Jade B staining. The graphs depict cell counts of degenerating neurons in CA1,
CA3 and the hilar area of the dentate gyrus (DG) of the hippocampus from rats
injected with pilocarpine (24 h after onset of SE). Cont, control; Apo, apocynin; Pilo,
pilocarpine; *p<0.001 Pilo vs. Cont, **p<0.001 Pilo vs. Pilo+Apo, #p<0.05 Pilo vs.
Pilo+Apo.
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Fig. 4. Representative images taken from CA1, CA3 and hilar regions of the rat hippocampus illustrating neurodegeneration (Fluoro-Jade B staining) with and without

apocynin treatment.

since nitric oxide reacts rapidly with superoxide to generate perox-
initrite [18]. Our DHE oxidation data revealed that ROS generation
after SE induction coincided in general with increased neurode-
generation in CA1, CA3 and dentate gyrus. Together with the above
literature data, our results support the view that ROS play a criti-
cal role in hippocampal neurodegeneration induced by pilocarpine.
Moreover, our DHE oxidation assays indicated that pilocarpine was
only able to slightly increase ROS production, which provide evi-
dence that even a small change of the neuronal intracellular redox
state may play a crucial role in neurodegeneration. This hypothe-
sis is supported by the fact that ROS have a strong impact on cell
homeostasis, modulating a large number of signaling cascades that
can contribute to neuronal death [1].

The chronic treatment with apocynin decreased both ROS
generation and neurodegeneration in the hippocampal regions
analyzed here. These findings indicate that Nox-dependent oxida-
tive stress is indeed involved in SE-induced neurodegeneration.
Other studies also reported the effects of apocynin in preventing
ROS generation [14,16,17] and indicated its possible role in decreas-
ing the neurodegeneration in Huntington’s and Parkinson’s disease
models [16,19]. However, recent studies performed on the vascu-
lar system raised controversy in that apocynin may also act as an
antioxidant. Apocynin apparently requires its oxidation by H,0,
and myeloperoxidases before it can effectively inhibit Nox activity;
otherwise, it works as an antioxidant instead of a specific inhibitor
of the Nox complex [12]. Although myeloperoxidases have been
described in neurons and to increase in neurodegenerative diseases
[11], we cannot exclude the possibility that apocynin may also act
as a direct antioxidant in the pilocarpine model of TLE.

In conclusion, the present study provided evidence that ROS
generated by Nox participate in the cell death signaling that under-
lies hippocampal neuronal damage induced by SE. The Nox complex
may then represent a promising target for therapeutic interven-
tions in TLE, which depend on additional, intensive research on
Nox inhibitors and their mechanisms of action.

Acknowledgements

This study was supported by FAPESP and CNPq (L.R.G.B.).R.R.F.P.,
E.R.K. and M.S.H. were the recipients of fellowships from FAPESP.

Thanks are also due to Adilson da Silva Alves for technical assis-
tance.

References

[1] KJ.Barnham, C.L. Masters, A.l. Bush, Neurodegenerative diseases and oxidative
stress, Nat. Rev. Drug Discov. 3 (2004) 205-214.

[2] K. Bedard, K.H. Krause, The NOX family of ROS-generating NADPH oxidases:
physiology and pathophysiology, Physiol. Rev. 87 (2007) 245-313.

[3] V.P. Bindokas, J. Jordan, C.C. Lee, R.J. Miller, Superoxide production in rat hip-
pocampal neurons: selective imaging with hydroethidine, ]. Neurosci. 16 (1996)
1324-1336.

[4] E.A. Cavalheiro, ].P. Leite, Z.A. Bortolotto, W.A. Turski, C. Ikonomidou, L. Turski,
Long-term effects of pilocarpine in rats: structural damage of the brain triggers
kindling and spontaneous recurrent seizures, Epilepsia 32 (1991) 778-782.

[5] F. Dal-Pizzol, F. Klamt, M.M. Vianna, N. Schroder, J. Quevedo, M.S. Benfato, ].C.
Moreira, R. Walz, Lipid peroxidation in hippocampus early and late after status
epilepticus induced by pilocarpine or kainic acid in Wistar rats, Neurosci. Lett.
291 (2000) 179-182.

[6] E.R. DeLeo, M.T. Quinn, Assembly of the phagocyte NADPH oxidase: molecular
interaction of oxidase proteins, J. Leukoc. Biol. 60 (1996) 677-691.

[7] M.V.Frantseva,].L. Perez Velazquez, G. Tsoraklidis, A.J. Mendonca, Y. Adamchik,
L.R. Mills, P.L. Carlen, M.W. Burnham, Oxidative stress is involved in seizure-
induced neurodegeneration in the kindling model of epilepsy, Neuroscience 97
(2000) 431-435.

[8] R.M. Freitas, S.M. Vasconcelos, F.C. Souza, G.S. Viana, M.M. Fonteles, Oxida-
tive stress in the hippocampus after pilocarpine-induced status epilepticus in
Wistar rats, FEBS ]J. 272 (2005) 1307-1312.

[9] D.G. Fujikawa, Prolonged seizures and cellular injury: understanding the con-
nection, Epilepsy Behav. 7 (Suppl. 3) (2005) S3-S11.

[10] D.G. Fujikawa, The temporal evolution of neuronal damage from pilocarpine-
induced status epilepticus, Brain Res. 725 (1996) 11-22.

[11] P.S. Green, A.J. Mendez, ].S. Jacob, J.R. Crowley, W. Growdon, B.T. Hyman, J.W.
Heinecke, Neuronal expression of myeloperoxidase is increased in Alzheimer’s
disease, J. Neurochem. 90 (2004) 724-733.

[12] S. Heumuller, S. Wind, E. Barbosa-Sicard, H.H. Schmidt, R. Busse, K. Schroder,
R.P. Brandes, Apocynin is not an inhibitor of vascular NADPH oxidases but an
antioxidant, Hypertension 51 (2008) 211-217.

[13] D.W.Infanger, R.V. Sharma, R.L. Davisson, NADPH oxidases of the brain: distri-
bution, regulation, and function, Antioxid. Redox Signal. 8 (2006) 1583-1596.

[14] K.A. Jackman, A.A. Miller, T.M. De Silva, P.J. Crack, G.R. Drummond, C.G. Sobey,
Reduction of cerebral infarct volume by apocynin requires pretreatment and is
absent in Nox2-deficient mice, Br. ]. Pharmacol. 156 (2009) 680-688.

[15] J. Liu, A. Wang, L. Li, Y. Huang, P. Xue, A. Hao, Oxidative stress mediates
hippocampal neuron death in rats after lithium-pilocarpine-induced status
epilepticus, Seizure 19 (2010) 165-172.

[16] P.D.Maldonado, E. Molina-Jijon, J. Villeda-Hernandez, S. Galvan-Arzate, A. San-
tamaria, J. Pedraza-Chaverri, NAD(P)H oxidase contributes to neurotoxicity in
an excitotoxic/prooxidant model of Huntington’s disease in rats: protective
role of apocynin, J. Neurosci. Res. 88 (2010) 620-629.



R.RF. Pestana et al. / Neuroscience Letters 484 (2010) 187-191 191

[17] A.Masood, A.Nadeem, S.J. Mustafa, ].M. O’'Donnell, Reversal of oxidative stress-
induced anxiety by inhibition of phosphodiesterase-2 in mice, J. Pharmacol.
Exp. Ther. 326 (2008) 369-379.

[18] K.Nagata, H. Yu, M. Nishikawa, M. Kashiba, A. Nakamura, E.F. Sato, T. Tamura, M.
Inoue, Helicobacter pylori generates superoxide radicals and modulates nitric
oxide metabolism, J. Biol. Chem. 273 (1998) 14071-14073.

[19] J. Peng, F.F. Stevenson, M.L. Oo, J.K. Andersen, Iron-enhanced paraquat-
mediated dopaminergic cell death due to increased oxidative stress as a
consequence of microglial activation, Free Radic. Biol. Med. 46 (2009) 312-320.

[20] A. Pitkanen, K. Lukasiuk, Molecular and cellular basis of epileptogenesis in
symptomatic epilepsy, Epilepsy Behav. 14 (Suppl. 1) (2009) 16-25.

[21] L.C. Schmued, KJ. Hopkins, Fluoro-Jade B: a high affinity fluorescent marker for
the localization of neuronal degeneration, Brain Res. 874 (2000) 123-130.

[22] A.R.Tome, D.Feng, R.M. Freitas, The effects of alpha-tocopherol on hippocampal
oxidative stress prior to in pilocarpine-induced seizures, Neurochem. Res. 35
(2010) 580-587.

[23] W.A. Turski, E.A. Cavalheiro, M. Schwarz, S.J. Czuczwar, Z. Kleinrok, L. Turski,
Limbic seizures produced by pilocarpine in rats: behavioural, electroen-
cephalographic and neuropathological study, Behav. Brain Res. 9 (1983)
315-335.

[24] M. Valko, D. Leibfritz, ]. Moncol, M.T. Cronin, M. Mazur, J. Telser, Free radicals
and antioxidants in normal physiological functions and human disease, Int. J.
Biochem. Cell Biol. 39 (2007) 44-84.

[25] C.E. Walder, S.P. Green, W.C. Darbonne, J. Mathias, J. Rae, M.C. Dinauer, ].T.
Curnutte, G.R. Thomas, Ischemic stroke injury is reduced in mice lacking a
functional NADPH oxidase, Stroke 28 (1997) 2252-2258.

[26] L. Wang, Y.H. Liu, Y.G. Huang, LW. Chen, Time-course of neuronal death in
the mouse pilocarpine model of chronic epilepsy using Fluoro-Jade C staining,
Brain Res. 1241 (2008) 157-167.

[27] W. Zhang, T. Wang, L. Qin, H.M. Gao, B. Wilson, S.F. Ali, W. Zhang, ].S. Hong,
B. Liu, Neuroprotective effect of dextromethorphan in the MPTP Parkinson’s
disease model: role of NADPH oxidase, FASEB J. 18 (2004) 589-591.



	Reactive oxygen species generated by NADPH oxidase are involved in neurodegeneration in the pilocarpine model of temporal ...
	Acknowledgements
	References


