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ABSTRACT

Nitric oxide (NO) participates in processes such as endo-
thelium-dependent vasodilation and neurotransmission/
neuromodulation. The role of NO in epilepsy is controver-
sial, attributing it to anticonvulsant but also proconvulsant
properties. Clarification of this dual effect of NO might lead
to the development of new antiepileptic drugs. Previous
results in our laboratory indicated that this contradictory
role of NO in seizures could depend on the nitric oxide syn-
thase (NOS) isoform involved, which could play opposite
roles in epileptogenesis, one of them being proconvulsant
but the other anticonvulsant. The effect of convulsant
drugs on neuronal NO (nNO) and endothelial NO (eNO)
levels was investigated. Considering the distribution of
neuronal and endothelial NOS in neurons and astrocytes,
resp., primary cultures of neurons and astrocytes were
used as a study model. The effects of convulsant drugs pen-
tylenetetrazole, thiosemicarbazide, 4-aminopyridine and
bicuculline on NO levels were studied, using a spectropho-
tometric method. Their effects on NO levels in neurons and
astrocytes depend on the concentration and time of treat-
ment. These convulsant drugs caused an increase in nNO,
but a decrease in eNO was proportional to the duration of
treatment in both cases. Apparently, nNO possesses con-
vulsant properties mediated by its effect on the glutamater-
gic and GABAergic systems, probably through GABA,
receptors. Anticonvulsant properties of eNO may be the
consequence of its effect on endothelial vasodilation and its
capability to induce angiogenesis. Described effects last as
seizures do. Considering the limitations of these kinds of
studies and the unexplored influence of inducible NO,
further investigations are required.
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Nitric oxide (NO) is a free radical synthesized from the oxidation of r-arginine by NO
synthase (NOS). There is a growing amount of evidence that NO represents an important
cellular messenger which plays a significant role in a variety of neurobiological processes.
Specifically, in the central nervous system (CNS) NO participation has been recognized in
different processes such as endothelium-dependent vasodilation, neurotransmission and
the host-defense mechanisms (1-6).

NO influences several physiological functions such as: interneuronal communication,
synaptic plasticity, memory, intracellular signal transmission and mediator release. Never-
theless, alterations of the NO system could be implicated in a wide variety of neurological
diseases such as ischemia, stroke and epileptiform seizures.

Epilepsy is the most common neurological disorder that affects approximately 50 mil-
lion people worldwide. It is characterized mainly by recurrent seizures accompanied by a
loss of consciousness (7). NO regulates excitatory and inhibitory neurotransmission in
both physiological and pathological conditions (8).

NO levels are regulated by two constitutive isoforms of the NOS: neuronal NOS
(nNOS) and endothelial NOS (eNOS). But NO effects are conditioned not only by keeping
their concentration between certain limits, as can be observed in the following examples.
It is considered that in brain ischemia/reperfusion injury as well as in degeneration pro-
cesses affecting the CNS, NO levels rise rapidly due to hyperactivity of nNOS (9, 10). How-
ever, in rats with epilepsy induced by N-methyl-p-aspartate (NMDA) injection the treat-
ment with methylene blue, an nNOS inhibitor, increased the symptoms of epilepsy. In
contrast, when the precursor of NO, r-arginine, was administered in the same experimen-
tal epilepsy model it reduced the symptoms of epilepsy (8). Also, in p,L-homocysteine-
thiolactone-induced seizures model L-arginine provided protection and the NOS inhibitor
N(G)-nitro-L-arginine methyl ester (L-NAME) treatment potentiated the incidence of sei-
zures (11). Besides, in pathological conditions such as inflammation, NO levels produced
by inducible NO synthase (iNOS) are temporally extremely high (12).

Thus, there is controversy over the role of NO signalling in the development of epi-
lepsy, since available data show a lack of effect, a decrease or increase in susceptibility to
seizures following administration of NOS inhibitors (13-18). Previous results in our labo-
ratory about the effect of NO inhibitors on GABA (gamma amino butyric acid) transami-
nase activity suggest the possibility that this contradictory role of NO in seizures could
depend on the NOS isoform involved (19). It means that NOS isoforms could play opposite
roles in seizure generation; one of them being proconvulsant, but the other anticonvulsant.

Some differences between nNOS and eNOS are: (/) nNOS is cytosolic but eNOS is
membrane-bound, (i) nNNOS is mainly soluble but eNOS is particulate, (iii) nNOS responds
to glutamate receptor stimulation, but eNOS to acetylcholine receptor stimulation, (iv)
nNOS induces NO release by neuronal dendrites but eNOS by vascular endothelium, (v)
nNOS physiological function is neuronal communication but eNOS function is vasodila-
tion and pain, (vi) nNOS can be found in neuronal tissue, skeletal and smooth muscles,
whereas eNOS is located mainly in the endothelium, cardiac myocytes and astrocytes.

For many years astrocytes were regarded as the “glue” that bound neuronal elements
together, providing mere structural support for the brain, but now it is considered that
astrocytes play a pivotal role in brain homeostasis. Astrocytes have been shown to be
involved in important processes such as: brain inflammation, oxidative stress, energy supply
and metabolism, support of synaptic function and plasticity, the extracellular balance of
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neurotransmitters, extracellular water and ion homeostasis, blood-brain barrier (BBB)
maintenance and regulation of blood flow (20-33). In the past two decades, astrocytes have
been increasingly acknowledged as key players in the etiology and pathogenesis of epi-
lepsy. Nowadays astrocytes are considered key homeostatic regulators in the CNS and
play important roles in the pathophysiology of epilepsy (34).

The clarification of the dual proconvulsant/anticonvulsant effect of NO might have
implications for clinical medicine and could lead to new therapeutic opportunities, includ-
ing the development of new antiepileptic drugs that may help the 30 % of patients who do
not respond to the treatment with traditional antiepileptic drugs. Though the development
of such new antiepileptics is a great challenge, the ubiquity of NO in the CNS implies that
drugs designed to modify the biological activity of NO may have distinct effects.

The therapeutic challenge of the design of such antiepileptics would require the mani-
pulation of the NO pathway selectively to succeed. The possibility of an opposite effect of
NO produced by nNOS to that generated by eNOS, as well as the different locations of
neuronal and endothelial NOS isoforms, represents an opportunity to design an antiepi-
leptic drug with an innovative mechanism. Such selectivity also would avoid side effects,
which is especially relevant for NO.

Because of the former, the potential of the opposite role of nNOS and eNOS in the
generation of seizures is investigated here. With this aim, the effect of convulsant drugs
on NO levels was studied. Considering the preferential distribution of nNOS and eNOS,
resp., primary cultures of neurons and astrocytes were used as a study model.

EXPERIMENTAL
Animals

All experiments were performed according to the rules for the protection of animals
used in research and other scientific purposes accordingly in the Declaration of Helsinki
involving experimental animals, and were approved by the institutional ethical committee
of Escuela nacional de Ciencias Bioldgicas, Instituto Politécnico Nacional (Ciudad de Méxi-
co, México).

Albino Wistar rats fed ad libitum on a stock laboratory diet (in %, m/m: 49.8 carbohy-
drates, 23.5 protein, 3.7 fat, 5.5 minerals, added vitamins and amino acids) were used for
the experiments. The animals were maintained in a 12-h light-dark cycle. Females with a
mean weight of 250 g were caged with males overnight (3 females and 1 male by cage) and
conception was considered to occur at 01:00; this was verified the following morning by
the presence of spermatozoa in the vaginal smears.

Reagents

Dulbecco’s modified eagle’s medium (DMEM), penicillin, streptomycin, poly-L-lysine,
cytosine arabinoside, bovine serum albumin (BSA, fatty acid-free and dialyzed before use),
pentylenetetrazole (PTZ), thiosemicarbazide (TS), 4-aminopyridine (4 AP), bicuculline
(BIC), N-1-napthylethylenediamine (NED) and sulfanilamide were purchased from Sigma-
Aldrich Chemical Co. (USA). Fetal calf serum (FCS) was obtained from Serva Boehringer
Ingelheim (Germany).
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Neurons and astrocytes cultures

Primary cultures were obtained as previously described by Tabernero et al. (35). For
neuron cultures, rat fetuses at 17.5 days of gestation were delivered by rapid hysterectomy
after cervical dislocation of the mother. Postnatal 1-day newborn rats were used to prepare
astrocytes in culture. Animals were decapitated and their brains immediately excised. After
removing the meninges and blood vessels, the forebrains were placed in Earle’s balanced
solution (EBS) containing 20 pg mL™ DNase and 0.3 % (m/V) BSA. The tissue was minced,
washed, centrifuged at 500xg for 4 min and incubated in 0.025 % trypsin (type III) and 60 ug
mL™ DNase I for 15 min at 37 °C. Trypsinization was terminated by the addition of DMEM
containing 10 % FCS. The tissue was then dissociated by gently passing it eight times
through a siliconized Pasteur pipette, and the supernatant cell suspension was recovered.
This operation was repeated, and the resulting cell suspension was centrifuged. The cells
were then resuspended in DMEM containing 10 % FCS and plated on Petri dishes coated
with 10 ug mL™ poly-lysine at a density of 10° cells cm™. Cells were maintained at 37 °C and
5% CO,. One and five days after plating for neurons and astrocytes respectively, 10 pmol L™
cytosine arabinoside was added, to avoid glial cell proliferation on neuronal cultures and
neuronal proliferation on astrocyte cultures. Under such conditions, culture purity was
around 98 %. During the whole experiment, cellular morphology was reviewed under a micro-
scope. After 7 and 21 days of culture, neurons and astrocytes were completely differentiated.

Treatment by convulsant drugs on neurons and astrocytes in primary culture and NO
quantification

NO levels were determined as nitrites using a spectrophotometric method based on
the Griess reaction. Briefly, a solution of 1 % sulfanilamide in 5 % phosphoric acid was
added to the sample. After 5-10 min incubated at room temperature protected from light,
a solution of 0.1 % NED in water was added and the mixture was incubated again for
5-10 min protected from light. The absorbance of the purple/magenta colour of the azo
compound formed was measured within 30 min between 520-550 nm. A nitrite standard
reference curve was prepared for each assay for accurate quantitation of nitrite levels in
experimental samples.

One week after planting cultured neurons in DMEM supplemented with FCS 10 %
(VIV), cells received 10, 25, 50, 75 and 100 pumol L of different convulsant drugs: PTZ, 4
AP, TS or BIC. Each concentration indicated above of all convulsants acted for three spe-
cific times (24, 48 and 72 hours).

In a different set of experiments, astrocytes were cultured in DMEM with 10 % of FCS
(V/V) for 21 days. Then, the cells were exposed to the same concentrations of PTZ, 4 AP, TS
or BIC and specific times of treatment employed in neurons.

Once the corresponding treatments were completed NO levels were quantified in
both cells, neurons and astrocytes, using the spectrophotometric method described above.
Every sample was analyzed 4 times and the experiments were repeated 5 times. The result-
ing data were analyzed to study the influence of concentration and time of treatment with
the convulsant drugs on NO level. NO level is compared with the control group, which
consists of neurons or astrocytes that did not receive any convulsant drug but were treated
exactly under the same conditions.
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Statistical analysis

All results are expressed as the mean + standard error of the mean (SEM) of at least
five determinations, which were analyzed 4 times for each sample. NO levels, expressed
as nitrite concentration, were compared between groups using independent factorial ana-
lysis of variance (ANOVA) or repeated-measures ANOVA. For post hoc analysis, Newman-
-Keuls multiple comparison test was employed. Graph Pad Prism version 5.0 software
(GraphPad Software, Inc, La Jolla, CA, USA) was used. Statistical significance was indi-
cated as p <0.05.

RESULTS AND DISCUSSION

Influence of convulsant drugs concentration on nitric oxide levels in neurons and
astrocytes in primary culture

Pentylenetetrazole (PTZ). — Results presented in Fig. 1 indicate that, after 24 hours of
treatment in neurons, PTZ at low concentrations increased NO levels. The maximum was
reached at 25 pmol L™ followed by a decrease until 60 pmol L™! and increased again from
this point until 100 umol L™ (the highest concentration studied). After 48 hours of treat-
ment, PTZ showed a similar biphasic tendency on a higher scale, but after 72 hours of
treatment biphasic behaviour disappeared. The concentration of 10 umol L™ decreased
slightly NO levels, but 25, 50 and 75 pmol L™ increased them. Then, the highest concentra-
tion tested (100 umol L) significantly diminished NO levels.

PTZ in astrocytes (Fig. 2) had an opposite effect to that described in neurons, causing
a decrease of NO levels at all concentrations tested after 24, 48 and 72 hours of treatment
in an inversely proportional manner.

The primary action of PTZ is its role as a GABA, receptor antagonist (36). PTZ sup-
presses the function of inhibitory synapses, leading to increased neuronal activity. This
regulation causes generalized seizures in animals (37). However, according to some reports
the seizures induced by this chemoconvulsant are also a result of the activation of glutama-
tergic synaptic transmission. NMDA receptors are mainly involved in the genesis of clonic
seizures induced by PTZ (38) and our results indicate that neuronal NO could be the mech-
anism through which PTZ causes the activation of NMDA receptors. It seems to be in coin-
cidence with the consideration that nNOS contribute to kindling epilepsy induced by PTZ
(39). On the other hand, the decreased NO levels in astrocytes induced by PTZ indicate a
possible association between seizures and diminished levels of NO generated by eNOS.

Thiosemicarbazide (TS). — The effect of TS in neurons can also be seen in Fig. 1. The influ-
ence of TS on NO levels after 24 hours of treatment can be described as a biphasic curve,
increasing at TS concentrations < 10 pmol L™ and then diminishing till 50 pmol L™, and
then increasing slightly again at higher concentrations. In neurons, after 48 h TS concentra-
tions < 25 umol L™ caused a decrease in NO levels, but afterwards they increased until
the control levels; after 72 hours of treatment, TS decreased NO levels in neurons, except
for the concentration of 10 umol L™

Instead of increasing NO levels as observed in neurons, after 24 and 48 hours of treat-
ment TS produced a reduction in the NO level in astrocytes, which was inversely propor-
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tional to the concentration of the convulsant (Fig. 2). Seventy-two-hours-treatment with TS
also caused a decrease inversely proportional to its concentration, but only at concentra-
tions < 50 umol L% This is clearly seen from linear regression analysis which showed a
much better correlation (R = -0.9929) for concentrations < 50 pmol L instead of all concen-
trations (R =-0.8734).

Considering the described mechanism of action of PTZ on GABA , receptors, and the
fact that TS also induces seizures by modifying GABA levels, diminishing its synthesis by
inhibiting glutamic acid decarboxylase activity (GAD), it might be suggested that changes

24 h 48 h 72h

Nitric oxide (umol L~ 1)
Nitric oxide (umol L~T)
Nitric oxide (umol L=1)

0 2 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Pentylenetetrazole (umol L) Pentylenetetrazole (umol ™) Pentylenetetrazole (umol L~1)

Nitric oxide (umol L= 1)
Nitric oxide (umol L~ 1)
Nitric oxide (umol L= 1)

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Thiosemicarbazide (umol L") Thiosemicarbazide (umol L") Thiosemicarbazide (umol L)

)

-1

Nitric oxide (umol L
Nitric oxide (umol L™ 1)
Nitric oxide (umol L= 1)

0 2 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

4-Aminopyridine (umol L’1) 4-Aminopyridine (umol L’1) 4-Aminopyridine (umol L’1)

)

1

Nitric oxide (umol L’
Nitric oxide (umol L~1)
Nitric oxide (umol L™ 1)

0 20 40 60 80 100 0 2 40 60 80 100

Bicuculling (umol L’1) Bicuculling (umol L'1) Bicuculling (umol L"1)
Fig. 1. Concentration-dependent effect of convulsant drugs on nitric oxide (NO) levels (expressed as

nitrites, mean = SEM, n = 5), in neurons in primary cultures. * Statistically significant difference as
compared with control: p <0.05 (post-hoc analysis Newman-Keuls test).

64



L. A. Vega Rasgado et al.: The opposite effect of convulsant drugs on neuronal and endothelial nitric oxide synthase — A possible expla-
nation for the dual proconvulsive/anticonvulsive action of nitric oxide, Acta Pharm. 73 (2023) 59-74.

induced in the GABAergic system are related to an increase in neuronal NO levels. How-
ever, the decrease of NO levels in astrocytes reinforces the idea of a relationship between
seizures and low levels of eNO. Besides, it must be considered that because of its structure,
which includes sulfur and hydrazine groups, TS may act also act as an antioxidant.

4-Aminopyridine (4 AP). — Although on a different scale, 4 AP effects in neurons (as
observed in Fig. 1), are very similar to that caused by TS. At all times of treatment studied
a biphasic shape was observed. After 24 hours of treatment, the graphic shows a peak between
10 and 25 pmol L™ as well as a through at 75 umol L. After 48 hours of treatment, 2 peaks
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Fig. 2. Concentration-dependent effect of convulsant drugs on nitric oxide (NO) levels (expressed as
nitrites, mean = SEM, n = 5), in astrocytes in primary cultures. * Statistically significant difference as
compared with control: p <0.05 (post-hoc analysis Newman-Keuls test).
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at the concentrations of 10 and 75 umol L, as well as 2 troughs at 50 and 100 pmol L™! can
be seen. After 72 hours of treatment, only one peak at a concentration of 50 pmol L' and
2 troughs at 25 and 75 pumol L can be seen in the graphic.

In Fig. 2 an inverse proportionality was seen between the NO level and 4 AP in astro-
cytes, except for 75 and 100 pmol L™ after 72 hours of treatment, as indicated by the change
of the correlation parameter (from —0.8616 to —0.9781).

4 AP is a convulsant drug that blocks potassium channels, making the action poten-
tials of neurons last longer (40, 41). This effect facilitates the non-specific release of neuro-
transmitters, including glutamate (Glu), which causes seizures. However, 4 AP at low
doses was found to produce epileptiform activity without affecting Glu levels (42, 43),
suggesting that other mechanisms, which do not implicate Glu, could be involved in gene-
ration of seizures in this model.

Considering that is particularly at low concentrations that 4 AP increased NO level in
neurons, NO could be proposed as a possible mechanism by which this convulsant drug
induces seizures at low doses. But NO would not exert its action through Glu receptors at
such low doses, since Glu levels are not increased. During the 4 AP applications, one type
of synchronous field potential discharges reported during this convulsant application is
the “slow”-GABA-mediated interictal-like events. Thus, low doses of 4 AP could generate
seizures by an effect on the GABAergic system mediated by NO. That would reaffirm the
proposed idea of a correlation between effects on the GABAergic system of convulsant
drugs and increased neuronal NO levels.

Another type of synchronous field potential discharges caused by a 4 AP application
are described as “fast” interictal-like events, that are mainly mediated by Glu receptors.
This could be the result of the action of neuronal NO on Glu receptors at high doses, espe-
cially considering its short half-life which would produce a very fast response. Hence, the
biphasic shape of the effect of 4AP in NO level in neurons may represent the effect of this
convulsant on the GABAergic system at low doses and on the glutamatergic system at high
doses.

The decreased levels of NO in astrocytes caused by 4 AP might indicate that another
effect of this convulsant would be to diminish endothelial NO. This possible mechanism
of action of 4 AP would support the idea of the relation between low endothelial NO levels
and seizures.

Bicuculline (BIC). — According to Fig. 1, BIC showed a different effect on NO levels in
neurons. After 24 hours of treatment, it remained as the control value group until the con-
centration of 50 umol L™, then NO levels fell abruptly. The addition of BIC to neurons after
48 hours of treatment decreased NO levels, showing two troughs at 25 and 80 pmol L7, to
reach higher levels than observed in the control group at 100 umol L. About 72 hours of
treatment, the corresponding graph at 50 pmol L™ shows a peak with NO levels higher
than the observed in the control, and 2 troughs at 25 and 75 pumol L.

In astrocytes, BIC decreased NO level at all tested concentrations and once again an
inversely proportional relationship between these parameters was observed, except for the
concentrations 75 and 100 pmol L after 72 hours of treatment. The former was demon-
strated by the correlation parameter which indicated no strong inverse proportionality
(R =-0.5163) unless concentrations < 50 umol L™ were considered.
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The convulsant alkaloid BIC was continuously investigated for more than 50 years
after its first publication in 1970 (44). It is considered a GABA , receptor antagonist, but BIC
has other different actions such as on acetylcholine receptors (45). It must be highlighted
that, unlike the other convulsant drugs, a concentration of 100 umol L™ and 24 hours of
treatment are required to produce an increase in neuronal NO. It is considered that NO
acts on the GABAergic system through GABA , receptors. Hence, in the presence of an
antagonist of GABA , receptors, such as BIC, NO could not exert its action. Thus, it is con-
sidered that this result for BIC also supports the idea of the direct relation between neuro-
nal NO levels and GABAergic system. On the other hand, the diminished endothelial NO
levels caused by BIC once again speak on behalf of the relation between low endothelial
NO levels and seizures.

Influence of times of treatment of convulsant drugs on NO levels in neurons and
astrocytes in primary culture

The effect of different times of treatment with convulsant drugs on NO levels was also
investigated, in neurons as well as in astrocytes. This is especially relevant since the damage
induced by NO as a free radical and as a neuromodulator/neurotransmitter, particularly
in neurons, is closely related to the lasting of its effects.

Pentylenetetrazole (PTZ). — Effects of time of treatment with PTZ in neurons are given
in Fig. 3. It can be seen that NO levels increased with treatment duration. This might indi-
cate that, despite its short half-life, neurons continue generating NO during the seizures.
However, that is not the case for high concentrations of PTZ, such as 100 pumol L' and 72
hours of treatment. In astrocytes, PTZ caused the opposite effect, decreasing the NO level
in all cases as the time of treatment was longer (Fig. 3). Hence, the proposed effect of NO
in endothelial cells lasts as convulsions last.

Thiosemicarbazide (TS). — TS also induces an increase of NO levels in neurons, which is
directly proportional to the time of treatment, as can be observed in Fig. 3 (except for 72 h
at 100 pmol L™). Because of the TS mechanism of action, these results may suggest a pos-
sible relation between NO and GAD activity, the enzyme that catalyzes the formation of
GABA from Glu. GAD is a key enzyme that ensures the balance between the concentration
of Glu and GABA, necessary for the proper regulation of neuronal excitability.

In astrocytes, TS diminished the level of NO with time (Fig. 3).

4-Aminopyridine (4 AP) and bicuculline (BIC). — The time-dependent effects of 4 AP and
BIC treatments were similar to that described for other convulsant drugs. Thatis an increase
in NO level in neurons, but a decrease in astrocytes, depending on the duration of treat-
ment (Fig. 3).

Such results support the proposal of long-lasting increases in NO levels in neurons as a
new mechanism of action for all convulsants tested. Besides, all convulsant drugs tested
decrease NO levels in astrocytes as long as convulsions last. This suggests that such dimini-
shed NO levels in astrocytes could be associated with these drugs’ convulsant properties.

Summary

For the sake of comparison, a compilation of the effects of different times of treatment
with convulsant drugs on the NO level in neurons as well as in astrocytes is presented in
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Fig. 3. Time-dependent effect of convulsant drugs on nitric oxide (NO) levels (expressed as nitrites,
mean + SEM, 1 =5) in neurons and astrocytes in primary cultures. * Statistically significant difference
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as compared with control: p < 0.05 (post-hoc analysis Newman-Keuls test).
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Fig. 4.In this figure, induction of seizures by tested convulsants seem to be associated with
enhanced levels of neuronal NO, which are influenced by the concentration and the time
of treatment used. In other words, such convulsant drugs would act as neuronal NO gene-
rators, which implies that NO generated by neurons could exert convulsant properties.
This could be explained, by remembering that the main intracellular action of NO is the
activation of soluble guanylate cyclase (cGMP) in the CNS (46-49). An increase in cGMP
stimulates Glu receptors, mainly of the NMDA type. Thus, the result of the high levels of
NO might be a release of Glu (the main excitatory neurotransmitter of the CNS), caused by
the overstimulation of NMDA receptors. Hence, NO potentiates and facilitates glutamater-
gic neurotransmission, therefore seizure generation. However, NO also acts on inhibitory
GABAergic synaptic transmission, which is reinforced considering the action mechanism
of convulsant drugs tested. Due to PTZ and BIC results, it is also proposed that NO effects
on the GABAergic system go through GABA , receptors.

NO induces GABA release, which would have an anticonvulsant effect. This para-
doxical situation may represent indirect evidence of GABA, receptors’ participation in
neuronal NO in the generation of seizures. It was found that GABA , receptor signalling
can be epileptogenic (50), and it is required for the generation of interictal-like events in
human brain slices (51). This is particularly in immature neurons, and it is attributed to a
slow GABAergic inhibition maturation and a developmentally increased NMDA and
AMPA receptor-mediated excitability (52). In addition to excitation predominance, GABA ,
receptor activation leads to membrane depolarization and excitation, because of the high
intracellular chloride concentration (53). In rats, changes in the chloride gradient and
thereby the switch to GABA ,-mediated inhibition occur during the first 2 postnatal weeks
(54). Hence, in cultured neurons prepared from fetal rats, which is the case in this study,
enhanced GABAergic synaptic transmission leads to increased hyperexcitability. It is pro-
posed that neuronal NO could be the mechanism of GABA , receptors stimulation under
such conditions.

The decrease of endothelial NO caused by convulsant drugs indicates that, in contrast
to the exercised effects of neuronal NO, it might exert anticonvulsant properties. There is
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Fig. 4. Comparation of convulsant drugs’ effect on nitric oxide (NO) levels (expressed as nitrites, mean
+SEM, 1 =5) in neurons and astrocytes in primary cultures at different times of treatment. * Statisti-
cally significant difference as compared with control: p <0.05 (post-hoc analysis Newman-Keuls test).
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a coincidence in the effects of all convulsant drugs tested observed in the shape and mag-
nitude of NO levels in astrocytes presented graphically. These facts suggest that this effect
is caused through a common mechanism, which would be the lower relaxation of the
endothelial cells caused for the decreased endothelial NO levels. If during the seizures
endothelial NO levels diminish, this might cause a decrease in local cerebral flow with
consequently diminished oxygen levels. All this might explain the generation of seizures
when endothelial NO levels are decreased. Protective effects have been attributed to eNOS,
mediated through maintenance of vascular homeostasis and promoting angiogenesis (55-57).
Therefore, alterations in vascular homeostasis and hindered angiogenesis could also
contribute to the convulsant effect of the lower levels of endothelial NO caused by the
drugs tested.

It should be considered that the former interpretations are subjected to the inherent
limitations of this kind of study. For example, it is true that nNOS and eNOS predominate
in neurons and astrocytes, resp., but it does not mean that only one NOS isoform is to be
considered. It has been reported that eNOS protein localization is not restricted to astro-
cytes (58, 59), but it can also be found in neurons. Specifically, eNOS is present in the den-
dritic spines of neurons in primary cultures (60). In addition, under pathological condi-
tions, NO levels produced by iNOS should also be considered. In certain conditions, such
as inflammation, NO levels produced by iNOS are temporally high. Thus, this factor
should not be ruled out.

CONCLUSIONS

The dual convulsant/anticonvulsant effect of NO might be attributed, at least par-
tially, to the NOS isoform implicated. The effects of convulsant drugs on the NO level
depend on their concentration and time of treatment. This is valid for neurons as well as
for astrocytes.

NO has several biological activities. Thus, as NO levels increase, different effects could
be exercised. The increase of neuronal NO induced by low concentrations of convulsant
drugs tested seems to be related to the generation of seizures. In addition, results indicate
that the decrease of endothelial NO induced by the convulsant tested could also participate
in epileptogenesis. As a free radical, high NO levels may cause different deleterious effects
that may lead to neuronal death, depending on how long such a condition lasts. Thus, the
fact that NO effects on neurons and astrocytes last as seizures do is especially relevant.

Apparently, convulsant properties of neuronal NO seem to be mediated not only by
its effect on the glutamatergic system, but also on the GABAergic system probably through
GABA , receptors. In contrast, endothelial NO appears to present anticonvulsant proper-
ties. These seem to be a direct consequence of NO’s effect on endothelial cells, which make
NO an important regulator of vascular homeostasis, and its capability to induce angiogenesis.
Described effects last as seizures do.

All this requires further investigations considering the limitations of these kinds of
studies and the unexplored influence of inducible NO. For example, it would be advisable
to perform studies to investigate the possible correlation between brain GAD activity and
NO and the specific role of inducible NO isoform.

70



L. A. Vega Rasgado et al.: The opposite effect of convulsant drugs on neuronal and endothelial nitric oxide synthase — A possible expla-
nation for the dual proconvulsive/anticonvulsive action of nitric oxide, Acta Pharm. 73 (2023) 59-74.

Acronyms, abbreviations, symbols. — 4 AP — 4-aminopyridine, BIC — bicuculline, BSA - bovine se-
rum albumin, cGMP - soluble guanylate cyclase, DMEM - Dulbecco’s modified eagle’s medium, EBS
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thase, L-NAME — N(G)-nitro-L-arginine methyl ester, NED — N-1-napthylethylenediamine, NMDA
— N-methyl-D-aspartate, NNO — neuronal nitric oxide, NOS — nitric oxide synthase, PTZ — pentylene-
tetrazole, TS — thiosemicarbazide, NNOS — neuronal NO synthase, eNOS — endothelial NO synthase
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