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This work evaluated doxycycline (2nd generation tetracycline) protection against pilocarpine-induced
convulsions in rats. The animals were treated with doxycycline (Dox: 10 to100 mg/kg, i.p., 7 days), 30 min
before the pilocarpine injection (P: 300 mg/kg, i.p.) and observed for cholinergic signs, latencies to the first
convulsion and death. Amino acid concentrations, lipid peroxidation and nitrite levels in temporal cortices
were determined as well as the radical scavenging activity. Doxycycline increased latencies to the first
convulsion and death as compared to the untreated P300 group. It also decreased glutamate and aspartate,
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Pilocarpine-induced convulsions increased GABA, blocked nitrite formation, reduced TBARS contents and showed a radical scavenging activity.
Epilepsy Finally, doxycycline decreased the number of degenerating neurons (evaluated by fluoro-jade staining) and

increased the number of viable neurons (assessed by cresyl violet staining) as compared do the P300 group.
The antioxidant effect associated with decreased levels of excitatory and increased levels of inhibitory amino
acids could explain the neuroprotective effect of doxycycline.
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1. Introduction

The pilocarpine model of temporal lobe epilepsy in rodents
reproduces behavioral features, electroencephalographic characteristics
and the pattern of neuroanatomical damage observed in humans. The
early phase of the response involves akinesia, ataxia, facial automatisms
and head tremor, followed by motor limbic seizures, with rearing,
forelimb clonus, salivation, masticatory movements and loss of posture.
These episodes can lead to status epilepticus (SE) and to high lethality
rate increases during the first 24 h (Turski et al., 1984). The initial
induced toxicity is followed by a distinct non-cholinergic phase
produced by excessive release of excitatory amino acids such as
glutamate and aspartate (Solberg and Belkin, 1997). Furthermore, the
release of intracellular glutamate from dying cells can raise to toxic
levels the concentration of glutamate around neighboring neurons
(Lipton and Roseberg, 1994). Thus, intervention in the glutamate
excitotoxic cascade may contribute to the disease modification.

Neurochemical studies performed after pilocarpine-induced con-
vulsive processes (Erakovic et al,, 2000) show that it affects not only
neurotransmitters (adenosine, norepinephrine, dopamine, serotonin,
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glutamate, and GABA) but also muscarinic or dopaminergic receptor
densities (Freitas et al., 2003). However, the mechanism of pilocarpine-
induced SE causing a subsequent neuronal damage is still unclear.
Second generation tetracyclines, such as minocycline and doxycycline,
have attracted interest as inhibitors of caspases and matrix metallopro-
teinases, MMP (Chen et al.,2000), and evidences indicate doxycycline to
be beneficial in inflammatory diseases associated with excessive MMP
activity (Brown et al., 2004; Pasquale and Tan, 2005). These drugs also
cause the reduction of cytokine releases such as TNF-alpha (Brown et al.,
2004; Roach et al, 2002). Although the contribution of the anti-
inflammatory effects of these tetracyclines to neuroprotection has been
investigated in models of stroke and neurodegenerative diseases, the
results are still conflicting (Yrjanheikki et al., 1999; Du et al., 2001; Kriz
et al,, 2002; Smith et al., 2003).

Furthermore, inflammatory processes in the brain, such as the
production of pro-inflammatory cytokines and related molecules,
have been described in experimental models of seizures and in clinical
cases of epilepsy (Vezzani, 2005). Disturbances in the brain
metabolism of some amino acids especially glutamate and GABA
may lead to seizures (Szyndler et al., 2008). In addition, the glutamate
release by activated microglia induces excitotoxicity and may
contribute to neurodegeneration in numerous neurological diseases,
including epilepsy (Takeuchi et al., 2008).

Recently (Yilmaz et al., 2006), minocycline but not doxycycline has
been shown to decrease the loss of hippocampal neurons and the
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motor incoordination in penicillin-epileptic rats. According to that
work, minocycline could protect against neurological insults, includ-
ing epilepsy. However, another study (Jantzie et al., 2005) showed
that in vulnerable brain regions doxycycline significantly decreased
caspase-3-immunoreactivity, promoted neuronal survival, inhibited
microglial activation, and reduced reactive astrocytosis in animal
models of cerebral ischemia.

Both tetracyclines, due to their anti-inflammatory properties,
could act as neuroprotective agents by avoiding microglial activation,
decreasing inductions of interleukin 1beta-converting enzyme mRNA
and of iNOS mRNA, as well as preventing nitric oxide synthase (NOS)
protein expression (Villareal et al., 2003). Despite the wealth of data
in the literature, most of them were carried out with minocycline.
Thus, the objective of the present work was to study the effects of
repeated doxycycline administration on pilocarpine-induced seizures
in rats, attempting to clarify its mechanism of action and potential
benefit as a neuroprotective agent. The work focuses on behavioral,
neurochemical and histological aspects of the drug effects in vivo and
in vitro.

2. Materials and methods
2.1. Drugs

Pilocarpine, orthophthaldehyde, 2-mercaptoethanol, aspartate
(Asp), glutamate (Glu), glycine (Gly), tyrosine (Tyr), taurine (Tau),
gama-aminobutyric acid (GABA), tryptophan (Trp) and other standard
amino acids were purchased from Sigma Chemical Co., USA. Doxycycline
was from Galena-Brazil and dissolved in distilled water before use. All
other drugs were of analytical grade.

2.2. Animals and treatments

Male Wistar rats (200 g) from the Animal House of the Federal
University of Ceara (5 to 6 per cage) were maintained in a 12 h light/
dark cycle, with free access to water and standard food. All the
experiments were performed according to the Guide for the Care and
Use of Laboratory Animals, from the US Health and Human Services
Department. The animals were pretreated with doxycycline (10 to
100 mg/kg, i.p.) for 7 days. At the 7th day and 30 min after the last
doxycycline (Dox) administration, they received a single pilocarpine
injection (300 mg/kg, i.p.). Positive controls were injected with
pilocarpine only (P300), while negative controls were injected with
distilled water. The research was submitted and approved by the
Research Committee for Animal Experimentation of the Faculty of
Medicine of the Federal University of Ceara, Brazil.

All animals were observed for the following parameters: peripheral
cholinergic signs (miosis, chromodacryorrhea, piloerection, tremors,
salivation and diarrhea), stereotyped movements (increase of mastica-
tory movements and paw licking), latency to the first convulsion,
latency to death and number of deaths. Behavioral experiments were
performed in the morning (at 9 a.m.). Surviving animals from all groups,
that were still alive 7 h later and developed SE (acute period), had their
temporal cortices dissected on ice and stored at —70 °C, for further
biochemical determinations (nitrite/nitrate concentrations, antioxidant
activity and lipid peroxidation) and neurochemical assays (amino acid
analyses). Under the same experimental conditions, other groups were
decapitated and sections from their brain cortices used for histological
studies.

2.3. Amino acid determinations

Amino acid concentrations were determined by reversed-phase
high performance liquid chromatography (RP-HPLC), involving pre-
column derivatization with orthophthaldehyde (OPA). The Shimadzu
RP-HPLC system (Japan) consisting of a spectrofluorimeter detector

(excitation and emission wavelengths of 350 and 450 nm respective-
ly) coupled with an integrator was used. The chromatographic
column was a C18 (250x 4.6 mm, 5 ) and a 1 ml/min flow rate. The
mobile phase A consisted of a 50 mM NaH,PO, solution in 20%
methanol, pH 5.5, and the mobile phase B was 100% methanol. The
phases were prepared in ultra pure water (Milli-Q system) and
filtered through 0.22 pm filters from Millipore.

A 2.5 mM stock solution of standard amino acids was prepared in
the mobile phase A. Brain homogenates (at 10%) were prepared in
0.1 M perchloric acid, centrifuged (25,000xg, 30 min) and the
supernatants collected and filtered. To make the derivatization
solution, 13.5 mg OPA were dissolved in 250 pl ethanol followed by
the addition of 10yl 2-mercaptoethanol, and the volume was
completed to 2.25 ml with borate buffer, pH 9.3. The solution was
then filtered through a 0.22 pm filter (Millipore) and used after 24 h.
For derivatizations, 20 pl amino acids or samples were diluted with
20 pl OPA, and injected into the HPLC column, 1 min later.

2.4. Lipid peroxidation

The content of malondialdehyde (MDA) formation in homogenates
of temporal cortices was determined by the thiobarbituric acid (TBA)
method. Briefly, 500 pl tissue homogenate (10% w/v in 1.15% KCl) were
firstly mixed with 1% phosphoric acid (3 ml), followed by the addition of
0.6% TBA (1 ml). The tubes containing the assay mixture were vortexed.
After boiling for 45 min, samples were cooled, extracted with 4 ml n-
butanol, vortexed vigorously, and centrifuged (3500 g, 10 min). The
MDA content in the n-butanol layer was then spectrophotometrically
determined at 535 nm (Mihara and Uchiyama, 1978).

2.5. Nitrite concentration

The nitrite contents were determined in 10% homogenates from
temporal cortices by the Griess method. Briefly, homogenates were
centrifuged (3500 g, 15 min) and 100 pl supernatants were incubated
with 100 pl Griess reagent (1% sulfanilamide in 5% H3P04:0.1% N-(1-
naphthyl)-ethylenediamine dihydro-chloride:5% HsPO,4/distilled water,
1:1:1:1), at room temperature for 5 min. The absorbance was measured
at 560 nm in a microplate reader.

2.6. In vitro determination of the antioxidant activity of doxycycline
(Dox) by the diphenylpicryl-hydrazyl (DPPH) assay

The antioxidant activities of Dox and alpha-tocopherol (reference
drug) were determined by the DPPH assay (Saint-Cricq de Gaulejac
et al,, 1999). Briefly, 0.1 ml alpha-tocopherol (75 pg/ml) or Dox (50,
100 and 500 pg/ml) were placed in test tubes, followed by the
addition of 0.3 mM DPPH (3.9 ml in 1:1 methanol:H,0). Doxycycline,
alpha-tocopherol and vehicle (30% DMSO in 1:1 methanol:ethanol)
were vigorously shaken with DPPH, and left standing for 60 min in the
dark. For the blank, 0.1 ml methanol:ethanol solution was used. The
reduction of DPPH was spectrophotometrically determined at
517 nm. The radical scavenging activity (RSA) was calculated as the
percentage of the DPPH discoloration, by the equation: % RSA=
[(Apppy — As)/Apppu] X 100, where A is the absorbance of the test
solution when the compound is added, and Apppy is the absorbance of
the DPPH solution.

2.7. Fluoro-jade staining

Fluoro-jade is an anionic fluochrome capable of selectively staining
degenerating neurons in brain slices. The technique used was that
previously described (Schmued et al., 2005). Temporal cortex sections
were dissected from normal animals, P300 treated animals and P300
animals pretreated with Dox (50 mg/kg, i.p., for 7 days). The animals
from the two last groups developed SE, and their brains were
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dissected 7 h latter. Brain sections were fixed in formalin and
mounted into a block of paraffin to prepare 10 pm slices. Afterwards,
the paraffin was removed by immersions in xylol (twice, 5 min each)
and the slices were mounted onto gelatin coated slides. The tissue was
re-hydrated by immersion in ethanol for 3 min, followed by 3 min
changes in 70 and 50% ethanol and finally in distilled water. The slides
were then transferred to a 0.06% potassium permanganate solution
for 15 min, rinsed in distilled water, and transferred to the fluoro-jade
staining solution where they were gently shaken for 30 min. After
staining, the sections were rinsed with distilled water (three times,
1 min each). The excess water was drained off, and the slides air dried
and mounted on the Fluoromount medium. The sections were then
examined with an epifluorescence microscope.

2.8. Cresyl violet staining

The method is used for the detection of Nissl body on formalin-fixed
and paraffin embedded tissue sections. This staining is commonly used
for identifying the basic neuronal structure in the brain. Hippocampus
sections from normal, P300 and Dox +P300 groups were used. The
animals were treated for 7 days with Dox (50 mg/kg, i.p.) before the
pilocarpine-induced convulsions. The hippocampus was chosen since it
is known to be the brain area most sensitive to insults and critical for
maintaining epileptic seizures in temporal lobe epilepsy, the most
common type in adults.

2.9. Statistical analyses

The data are presented as means 4 SEM. Data on the latency to the
first convulsion and latency to death were analyzed by a non-
parametric Kruskal-Wallis test followed by the Dunn's multiple
comparison test. Other data were analyzed by One-Way ANOVA,
followed by the Student-Newman-Keuls for multiple comparisons as
the post hoc test. The results were considered significant at p<0.05.

3. Results
3.1. Neurologic profile and autonomic signs

Two to five minutes after the pilocarpine (P300) administration,
the animals presented behavioral changes, including akinesia, ataxia,
peripheral cholinergic signs (miosis, piloerection, chromodacryor-
rhea, diarrhea and masticatory automatisms), stereotyped move-
ments (sniffing, paw licking and rearing), clonic movements of the
forelimbs, head bobbing, tremors and convulsions (generally followed
by SE and death). Except for convulsions and SE (not shown in some
animals), all those changes were also observed, although with less
intensity in the pilocarpine group after the pre-treatment with
doxycycline, Dox + P300 group (Table 1).

3.2. Effect of doxycycline (Dox) on the 1st convulsion and latency to
death in pilocarpine-treated rats

Fig. 1A shows that the latency time to the 1st convulsion was
significantly increased (1.6 to 5 times) in all pilocarpine groups
previously treated with doxycycline (Dox + P300) as compared to
controls (P300). However, the highest effect (423%) was observed
with the 25 mg/kg dose, and the dose-response curve tended to be
bell shaped. No significant alteration of pilocarpine effects was
observed after doxycycline, at the dose of 10 mg/kg. A similar curve
was shown with the death latency which increased from 1.9 to 9.9
times, at doses ranging from 25 to 100 mg/kg, i.p. (Fig. 1B). In-
terestingly, the highest effect in this parameter was seen with the
dose of 50 mg/kg. However, not only the latency to the 1st convulsion
but also the latency to death were not significantly altered, at the dose
of 10 mg/kg, as compared to the P300 group.

Table 1
Signs and symptoms of overstimulation, number of deaths and percentage of survival,
after pilocarpine injection, in the absence and presence of doxycycline (Dox), in rats.

Group Peripheral Animals with tremors Stereotyped No. deaths/ Survival
signs and convulsions movements No. animals %
P300 Within 5/18% 2/18 12/12 0
3 min 18/18° (wet dog)
Dox25+ Within 0/18° 2/18 2/12 80
P300 3 min 18/18" (wet dog)
Dox50+ Within 0/18% 3/18 7/12 40
P300 3 min 16/18° (paw licking)
Dox100+ Within 5/12¢ - 7/14 50
P300 3 min 2/12°

Male Wistar rats (12 to 18 per group) were treated with doxycycline (Dox, 25, 50 and
100 mg/kg, i.p.) or distilled water, daily for 7 days. Thirty minutes after the last
administration, the animals received a single injection of pilocarpine (P, 300 mg/kg, i.p.),
and were observed for up to 24 h.

@ Tremors.

b Convulsions.

Furthermore, the survival percentage of the pilocarpine group was
also significantly higher after the doxycycline pretreatment. Thus,
while no animal survived in the P300 group, the percentage of sur-
viving animals was around 80 in the doxycycline pretreated (Dox25 +
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Fig. 1. Doxycycline (Dox) increased the latency to the first convulsion (A) and the
latency to death (B) in the model of pilocarpine-induced convulsions in rats. The
animals (6-12 per group) were treated with Dox (10 to 100 mg/kg, i.p.) or distilled
water, daily for 7 days. Thirty minutes after the last injection, they were administered
with pilocarpine (P, 300 mg/kg, i.p.). A: ***p<0.001 (P300 vs. Dox25 +P300 and vs.
Dox50 + P300); *p<0.05 (P300 vs. Dox100 + P300). B: ***p<0.001 (P300 vs. Dox50 +
P300); *p<0.05 (Dox10 + P300 vs. Dox50 + P300) and (P300 vs. Dox25 + P300 and vs.
Dox100 + P300).
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P300) group (Table 1). The animals pretreated with doxycycline and
surviving after the pilocarpine administration usually did not develop
SE.

3.3. Amino acid levels after doxycycline (Dox) pretreatment, in the
temporal cortices of pilocarpine-treated rats

The cortical levels of amino acids in normal controls and in the
P300 groups (untreated and pretreated with Dox at the doses of 50
and 100 mg/kg, i.p., daily for 7 days) are presented in Table 2. The
results (expressed as pmol/g wet tissue) show that P300 increased
more than 7 times aspartate and more than 6 times glutamate levels,
as related to normal controls. Surprisingly, the levels of glycine (4
times) and GABA (2 times) were also significantly higher in the P300
group. On the other hand, the doxycycline pretreatment significantly
decreased glutamate concentrations by 28 and 33%, and increased
GABA by 112 and 91% with the doses of 50 and 100 mg/kg re-
spectively, as compared to the P300 group. The increase in GABA
levels (near 4 times) was even higher in the doxycycline pretreated
group, when compared to normal controls. While the higher dose
significantly decreased aspartate concentrations by 61%, only the
lower dose increased glycine levels by 131%. The levels of tyrosine and
taurine were unchanged.

3.4. Effect of doxycycline (Dox) on the nitrite formation

Our results show that pilocarpine increased 3.7 times nitrite
contents, as compared to controls. Doxycycline presented no effect per
se, but totally blocked the pilocarpine effect (Dox50+ P300 group).
While significant differences were detected between Dox50 and P300
groups, no significant differences were observed between Dox50 and
Dox50 + P300 groups, as compared to normal controls (Fig. 2).

3.5. Effect of doxycycline (Dox) on the lipid peroxidation

Pilocarpine administration doubled the thiobarbituric acid react-
ing substances (TBARS) concentration, as compared to normal con-
trols injected with distilled water. Surprisingly, a similar profile was
observed in the group treated with doxycycline only (50 mg/kg, for
7 days). On the other hand, a partial blockade of the increase in TBARS
contents was seen in the Dox50+ P300 group, as compared to the
P300 or Dox50 groups (Fig. 3).

3.6. Free radical scavenging activity (RSA) of doxycycline

The free radical scavenging activity (RSA) of doxycycline (Dox)
was studied in vitro and measured by the DPPH assay. Values of RSA
for Dox were expressed as the percent decrease in the absorbance of
DPPH at 517 nm, as related to the absorbance of DPPH in the absence
of Dox. The results showed that Dox (50, 100 and 500 pg/ml) has a
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Fig. 2. Doxycycline (Dox) reversed the increase in nitrite formation, in the cortex of rats
subjected to pilocarpine-induced convulsions. The animals (5-6 per group) were
treated with Dox (50 mg/kg, i.p.) or distilled water, daily for 7 days. Thirty minutes after
the last injection, the animals were administered with pilocarpine (P, 300 mg/kg, i.p.),
sacrificed 7 h later, and had their temporal cortices dissected, as described in Materials
and methods. ***p<0.001 (P300 vs. control; vs. Dox50 and vs. Dox50 + P300).

dose-dependent radical scavenging activity with effects of 26, 36 and
60% respectively, as related to controls. The RSA percentage for alpha-
tocopherol (75 pl/ml) used as standard was 94.5 (T: 0.17+0.0165)
(Table 3).

3.7. Fluoro-jade staining of temporal cortices

Fluoro-jade stains cell bodies, dendrites and axons of degenerating
neurons, but does not stain healthy neurons. Degenerating neurons
appear bright green against a dark background. Our results (Fig. 4A)
show that, in frontal cortices from normal control animals, there are
almost no fluorescent cells but instead a high predominance of a dark
background, while a great number of bright green and fluorescent cells
are visualized in the temporal cortices from the P300 group (Fig. 4B).
The number of fluorescent cells (expressing degenerating neurons) was
much smaller in the Dox50 + P300 group (Fig. 4C). Fig. 4D shows the
percentage of cell death in the P300 and Dox50 + P300 groups.

3.8. Cresyl violet staining of hippocampus

The percentage of viable neurons was counted in three sections
from the cortex, CA1, CA3 and dentate gyrus of different animals. The
results showed that doxycycline (Dox) protected the brain against the
pilocarpine-induced convulsions injury in all areas studied. While in
the brain from normal controls the percentage of viable neurons
ranged from 90 to 99, these values decreased from 66 to 75% in the
P300 group. In the P300 group pretreated with doxycycline (Dox50 +
P300) the number of viable neurons was significantly higher and

Effects of Doxycycline (Dox) pretreatment on amino acid concentrations in rat temporal cortices, after pilocarpine-induced seizures.

Amino acid concentration (umol/g wet tissue)

Group Aspartate Glutamate Glycine Tyrosine Taurine GABA Tryptophan.

Control 0.92+0.11 1.71+£0.35 0.46 +0.05 n.d n.d. 1.740.09 n.d.

P300 7.04+0.36 10.7 £0.48 1.94+0.07 6.540.53 2.340.13 3.340.28 0.6+0.11
(a) (a) (a) (a)

Dox50 + P300 744150 7.7+0.35 4.4+0.25 6.440.47 26+0.18 7.04+0.46 09+0.13
(a) (ab) (ab) (ab)

Dox100 + P300 2.7+0.010 724033 2.240.19 6.1+0.21 3.1+0.17 6.340.30 0.8+0.10
(ab) (ab) (a) (ab)

Male Wistar rats were treated with doxycycline (Dox, 50 and 100 mg/kg, p.o.) daily for 7 days, and 30 min after the last administration received a single injection of pilocarpine (P,
300 mg/kg, i.p.). The P300 group received distilled water instead, at the same conditions. Normal controls also received distilled water (n.d. = not determined). Immediately after
death, the animals had their temporal cortices dissected on ice for the preparation of homogenates and amino acid determinations, as described in Materials and methods. a. and b.:

vs. Control (normal animals) and P300, respectively.
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Fig. 3. Doxycycline (Dox) reversed the increase in lipid peroxidation, in the cortex of rats
subjected to pilocarpine-induced convulsions. The animals (3-6 per group) were treated
with Dox (50 mg/kg, i.p.) or distilled water, daily for 7 days. Thirty minutes after the last
injection, the animals were administered with pilocarpine (P, 300 mg/kg, i.p.), sacrificed
7 hlater, and had their temporal cortices dissected, as described in Materials and methods.
**p<0.001 (control vs. P300; vs. Dox50); **p<0.01 (Dox50 vs. Dox50 + P300; vs. P300).

ranged from 77 to 91%. Surprisingly, the highest protection was seen
in the dentate gyrus followed by the CA1 and CA3 hippocampus areas
(Figs. 5A, B, C and D). The right-hand side of each figure shows the
percentage of viable neurons in controls, P300 and Dox50 + P300
groups.

4. Discussion

Doxycycline is a semi-synthetic, second generation tetracycline pre-
senting anti-inflammatory effects unrelated to its antimicrobial action
(Pasquale and Tan, 2005). Pro-inflammatory cytokines are known to be
rapidly induced in rodent brains during the epileptic activity (Vezzani,
2005; Rao et al,, 2010). Furthermore, seizures and brain damage in a rat
model of bacterial meningitis were shown to be attenuated by doxy-
cycline, an inhibitor of MMP and TNF-alpha-converting enzyme (Meli
et al,, 2006). We demonstrated that doxycycline, besides presenting a
potent anti-inflammatory activity in vivo (data not shown), significantly
blocked myeloperoxidase activity, a biomarker for inflammation, in
PMA-stimulated human neutrophils (Viana et al., 2009). Although the
mechanism of epileptogenesis is not well established, a higher incidence
of seizures is reported to occur among patients with chronic inflam-
matory diseases (Rao et al., 2008).

Inflammatory responses, notably interleukin-1beta signaling, have
been shown to be associated with SE and seizure frequency (Marchi
et al.,, 2009). As shown in experimental models and in tissue from
epileptic patients, seizures evoke the release of cytokines not only
from neurons but also from glial and endothelial cells (Ravizza et al.,
2008). As a matter of fact, a brief period of doxycycline treatment was
shown to have a profound but selective effect on vascular inflamma-
tion, reducing aortic wall neutrophil and cytotoxic T-cell content
(Lindeman et al., 2009). Despite the wealth of data in the literature,

Table 3
Radical scavenging activity (RSA) of doxycycline on DPPH radicals in vitro.

Compound Concentration (ug/ml)
50 75 100 500
Doxycycline  3.07340.0418 - 2.801+£0.1212 1.227 4£0.0763*

a-Tocopherol 0.1704+0.0165

Assay performed as described in Materials and methods. Values are absorbance at
517 nm of 6 to 9 samples. The absorbance of DPPH in the absence of doxycycline or
alpha-tocopherol was 3.073 + 0.0417 (Controls). * vs. Controls, p<0.05.

Dox50 + P300

[#
[

Control

P300

Fig. 4. Doxycycline (Dox) pretreatment decreased the number of degenerating neurons, in
the cortex of rats subjected to pilocarpine-induced convulsions. The animals were treated
with Dox (50 mg/kg, i.p.) or distilled water (controls), daily for 7 days, and 30 min after the
last injection were administered with pilocarpine (P, 300 mg/kg, i.p.). Seven hours later,
two animals from each group (normal controls, P300, and Dox + P300) were decapitated,
and their temporal cortex sections were processed for fluoro-jade staining, as described in
Material and methods. Photomicrographies are representative sections from each group
(A: Control; B: Dox50 + P300; and C: P300), where 3 fields per slice were counted (around
60 cells each). D: shows the percentages of cell death in the P300 and Dox + P300 groups.
*p<0.05 (P300 vs. Dox + P300).
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mechanisms underlying immune and inflammatory responses in
temporal lobe epilepsy remain largely elusive (Fabene, 2010).
However, it is widely accepted that the seizure initiation is related
to increased neuronal excitation, decreased neuronal inhibition or
both. Recent studies demonstrated a protective action of doxycycline
in models of diabetic cardiomyopathy (Yaras et al., 2009), global
cerebral ischemia (Lee et al., 2009) and nigral dopaminergic
degeneration (Cho et al., 2009), conditions where the inflammatory
component is a common link. Systemic inflammation and damage of
the blood-brain barrier (BBB) are etiologic cofactors in the pathogen-
esis of pilocarpine-induced SE, and animals pre-treated with IL-1
receptor antagonists were reported to exhibit significant reduction of
SE onset and BBB damage (Marchi et al., 2009).

In the present work, we showed that doxycycline protected
against pilocarpine-induced seizures, significantly increasing not only
the latency time to the 1st convulsion but also latency to death. A
higher percentage of surviving animals was also observed in the
pilocarpine group after the doxycycline pretreatment. This neuropro-
tective effect decreased in intensity at higher doses, possibly due to
some degree of toxicity presented by doxycycline at doses equal or
higher than 100 mg/kg. Neuroprotection has been considered as a
promising therapy for preventing and treating temporal lobe epi-
lepsy (Acharya et al., 2008). Thus, the pilocarpine model is a valuable
tool not only to study the pathogenesis of temporal lobe epilepsy in
humans, but also to evaluate potential antiepileptogenic drugs
(Scorza et al., 2009).

It is known that GABA and glutamate can exert anti- and pro-
convulsive effects respectively, in seizures and SE induced by pilocar-
pine (Solberg and Belkin, 1997; Treiman, 1995). An earlier study
(Carlson et al., 1992) showed elevations of aspartate, glycine, glutamate
and serine concentrations in the onset of seizures in epileptic patient.
Others (Engstrom et al., 2001) also reported elevations of aspartate and
glutamate levels in the brain tissue of epileptic rats. It has been shown
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Fig. 5. Doxycycline (Dox) pretreatment increases the number of viable neurons in the brain cortex and hippocampus of rats subjected to pilocarpine-induced convulsions. The
animals were treated with Dox (50 mg/kg, i.p.) or distilled water (normal controls), daily for 7 days, and 30 min after the last injection they were administered with pilocarpine (P,
300 mg/kg, i.p.). Seven hours later, 2 animals from each group (normal controls, P300 and Dox + P300) were decapitated, and their hippocampus sections were processed for cresyl
violet staining, as described in Material and methods. Left-hand side: representative photomicrographies (400x) of sections from each group. Right-hand side: percentages of cell
death. A: cortex (*p<0.05, P300 vs. control); B: CA1 hippocampus (*p<0.05, P300 vs. control; **p<0.05, Dox50 + P300 vs. P300); C: CA3 hippocampus (*p<0.001, P300 vs. control;
**p<0.001, Dox50 + P300 vs. P300); and D: dentate gyrus (*p<0.001, P300 vs. control; **p<0.001, Dox50 + P300 vs. P300).

that the temporal lobe epilepsy is associated with a smaller hippocam-
pal volume and with elevated extracellular glutamate levels (Cavus
etal., 2008). Thus, the glutamate neurotoxicity is a contributing factor in
acute neuronal damages, and overstimulation of glutamate receptors is
a key event in excitotoxicity.

Our data showed that doxycycline significantly decreased aspar-
tate and glutamate levels, and increased GABA concentrations, as
compared to pilocarpine-treated rats in the absence of doxycycline.
Similarly, doxycycline could also protect neurons against neuronal

death due to pilocarpine-induced seizures, by decreasing glutamate
and aspartate levels in the temporal cortex. A pronounced glutamate
release has been related to neuronal death due to SE, in several brain
structures (Cavalheiro et al. 1994; Costa et al., 2004). Interestingly, we
recently showed that doxycycline afforded a significant protection to
cortical cells against glutamate cytotoxicity in vitro (Viana et al.,
2009).

Microdialysis studies in rodents after limbic seizures showed an
increase in the extracellular concentration of glutamate and aspartate
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before or during the seizure onset (Meldrum, 1994). In addition, pups
treated with doxycycline had lower hippocampal glutamate, as
demonstrated in a model of neonatal hypoxia-ischemia (Jantzie et al.,
2006). The mechanism of action of some anticonvulsant drugs is related
to the blockade of glutamatergic neurotransmission. Thus, by decreasing
cortical glutamate (and aspartate) levels, doxycycline could behave as a
glutamate antagonist in the pilocarpine-induced convulsion model.
Furthermore, doxycycline is known to inhibit microglia activation
which certainly plays a role in brain excitotoxicity.

In the present work, significant increases in the cortical levels of
GABA were observed in the pilocarpine group after doxycycline
pretreatment. The pilocarpine treatment induced downregulation of
GABAergic receptors in several brain regions, including the frontal
cortex (Freitas et al., 2004), and different receptors have been
implicated in the mechanism of pilocarpine-induced seizures. Thus,
activation of M; muscarinic receptors is involved in the first step of
seizure activity, while serotonin, glutamate, dopamine and GABA
systems appear to mediate the propagation and/or maintenance of
seizure activity (Cavalheiro et al., 1994). Furthermore, evidences
(Bernard et al., 2000; Cossart et al., 2001; Calcagnotto et al., 2005)
have shown that impaired neuronal inhibition is involved with epilepsy.
Kirchner et al. (2003) reported that glycine receptor agonists could
serve as potential anticonvulsants, and suggested an important role for
glycine receptors in cortical function and dysfunction. We also
demonstrated that the neuroprotective effect of doxycycline is in part
due to increased glycine levels.

Neuronal hyperexcitability and excessive production of free
radicals have been implicated in the pathogenesis of several
neurological disorders, including epilepsy (Devi et al., 2008). Thus,
oxidative stress and mitochondrial dysfunction are acute conse-
quences of SE (Jarret et al., 2008) what is supported by the ability of
antioxidants for reducing seizure manifestations and SE biochemical
changes, such as the increase in free radicals. We previously reported
(Freitas et al., 2005) significant increases in lipid peroxidation and
nitrite concentrations in the hippocampus of pilocarpine-treated rats.
According to some studies, oxidative stress may play a role in the
initiation and progression of epilepsy (Costello and Delanty, 2004;
Sudha et al.,, 2001).

We showed that the doxycycline pretreatment caused a complete
blockade of the nitrite formation induced by pilocarpine in the temporal
cortex. Doxycycline and minocycline are known to cause inhibition of
the inducible nitrite oxide synthase (iNOS), a putative mediator of
inflammation (Amin et al., 1996; Amin et al., 1997). Furthermore, these
drugs also cause inhibition of the protein tyrosine nitration by
scavenging peroxynitrites (Whiteman and Halliwell, 1997), an impor-
tant event that may occur in free radical formation and oxidative stress.
In the present work, we showed that the doxycycline pretreatment
significantly reduced the increase in lipid peroxidation induced by
pilocarpine. Unexpectedly, doxycycline alone increased lipid peroxida-
tion, an effect also observed for older tetracyclines (Skakun and
Vysotskii, 1982). Others (Gnanasoundari and Pari, 2006) observed
that the administration of oxytetracycline (at the dose of 200 mg/kg, i.p.,
for 15 days) caused a significant elevation in lipoperoxidation markers.
It seems that doxycycline per se presents not only an antioxidant effect
at lower doses, but also a pro-oxidant effect at higher doses.

As a matter of fact, the doxycycline antioxidant property could be
responsible for its neuroprotection property, as observed in the present
study. In addition, this neuroprotection was confirmed by the fluoro-
jade staining of cortical cells when the number of degenerating neurons
in the pilocarpine groups pretreated with doxycycline decreased, as
compared to the untreated pilocarpine group. A similar protection
against pilocarpine-induced convulsions was observed after cresyl
violet staining of hippocampus sections in the pilocarpine group
pretreated with doxycycline. Recurrent seizures may cause structural
and functional changes in the hippocampus (Tasch et al., 1999), and
neuronal loss is a major neurobiologic abnormality in the epileptic brain.

In conclusion, we demonstrated that the onset to the 1st
convulsion was postponed, the intensity of pilocarpine-induced
seizures reduced, and the percentage of animals survival increased,
after the doxycycline pretreatment. The protective mechanism of
action of doxycycline seems to be mediated by the decrease of
excitatory amino acids, such as glutamate and aspartate, and by
alterations in inhibitory amino acid levels, evidenced by the increase
in glycine and GABA. Additionally, doxycycline by its antioxidant
effect could antagonize the increase of free radicals content, lipid
peroxidation and glutamate excitotoxicity, observed in pilocarpine-
induced convulsions.
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