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Abstract
Systemic application of the muscarinic agonist, pilocarpine, is commonly utilized to induce an acute
status epilepticus that evolves into a chronic epileptic condition characterized by spontaneous
seizures. Recent findings suggest that the status epilepticus induced by pilocarpine may be triggered
by changes in the blood–brain barrier (BBB) permeability. We tested the role of the BBB in an acute
pilocarpine model by using the in vitro model brain preparation and compared our finding with in
vivo data. Arterial perfusion of the in vitro isolated guinea-pig brain with <1 mM pilocarpine did not
cause epileptiform activity, but rather reduced synaptic transmission and induced steady fast (20–25
Hz) oscillatory activity in limbic cortices. These effects were reversibly blocked by co-perfusion of
the muscarinic antagonist atropine sulfate (5 μM). Brain pilocarpine measurements in vivo and in
vitro suggested modest BBB penetration. Pilocarpine induced epileptiform discharges only when
perfused with compounds that enhance BBB permeability, such as bradykinin (n=2) or histamine
(n=10). This pro-epileptic effect was abolished when the BBB-impermeable muscarinic antagonist
atropine methyl bromide (5 μM) was co-perfused with histamine and pilocarpine. In the absence of
BBB permeability enhancing drugs, pilocarpine induced epileptiform activity only after arterial
perfusion at concentrations >10 mM. Ictal discharges correlated with a high intracerebral pilocarpine
concentration measured by high pressure liquid chromatography.

We propose that acute epileptiform discharges induced by pilocarpine treatment in the in vitro
isolated brain preparation are mediated by a dose-dependent, atropine-sensitive muscarinic effect
promoted by an increase in BBB permeability. Pilocarpine accumulation secondary to BBB
permeability changes may contribute to in vivo ictogenesis in the pilocarpine epilepsy model.

© 2008 IBRO. Published by Elsevier Ltd. All rights reserved.
*Corresponding author. Tel: +39-02-23942280; fax: +39-02-70600775. E-mail address: decurtis@istituto-besta.it (M. de Curtis).

NIH Public Access
Author Manuscript
Neuroscience. Author manuscript; available in PMC 2009 November 9.

Published in final edited form as:
Neuroscience. 2008 January 2; 151(1): 303–312. doi:10.1016/j.neuroscience.2007.10.037.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
extracellular potassium; limbic cortex; muscarinic

Pilocarpine is a non-selective muscarinic agonist (Maslanski et al., 1994) with a relatively high
affinity for CNS muscarinic receptors (Hedlund and Bartfai, 1981) commonly utilized to
develop an experimental model of temporal lobe epilepsy (Turski et al., 1989; Cavalheiro et
al., 2006; but see Sloviter, 2005). In different animal species, i.p. injection of pilocarpine
induces a convulsive status epilepticus (SE; i.e. sub-continuous generalized seizures that recur
for several hours), followed within 2 weeks by a chronic epileptic condition that mimics human
temporal lobe epilepsy (Cavalheiro et al., 2006). The initial SE is thought to be triggered by a
cholinergic activation of excitatory neurons in specific brain regions that include limbic
cortices. Such an effect is supposedly mediated by micro-molar concentrations of pilocarpine,
since this drug shows a relatively poor brain penetration (Omori et al., 2004). Although studies
directly assessing pilocarpine penetration across the blood–brain barrier (BBB) are lacking, a
recent report demonstrated that intracerebral pilocarpine does not exceed micromolar
concentration (circa 200 μM) in rats killed immediately before or after SE (Marchi et al., in
press).

Interestingly, in spite of the large use of systemic pilocarpine to induce SE in vivo, very few
studies utilized direct brain application of pilocarpine to evoke epileptic activity. Intra-cerebral
application of very high concentrations of pilocarpine (10 mM) was found to induce seizures,
enhance extracellular amino-acid levels and change neurotrophin expression (Millan et al.,
1993; French et al., 1999). The dose of pilocarpine utilized in these in vivo experiments is three
orders of magnitude higher than pilocarpine brain levels observed at onset or just before SE
induced by i.p. injection (200±80 μM; Marchi et al., in press). In two in vitro studies on
hippocampal slices, direct application of micromolar (10 μM) concentration of pilocarpine was
reported to induce epileptiform activity (Nagao et al., 1996; Rutecki and Yang, 1998).
However, ictal epileptiform discharges were observed only when potassium concentration was
enhanced to 7.5 mM (Rutecki and Yang, 1998) or after prolonged perfusion of pilocarpine
(Nagao et al., 1996). Similar conclusions were recently reported in slices by Marchi et al. (in
press).

In addition to the well-described histological alterations induced by pilocarpine SE, magnetic
resonance studies in the rat in vivo showed that pilocarpine treatment is associated with an
enhancement of BBB permeability (Roch et al., 2002; Fabene et al., 2003). Whether such
changes are the consequence of the SE or are due to a peripheral effect of pilocarpine,
independent from the epileptiform activity is not known, even though data support a peripheral
mechanism for BBB opening occurring prior to SE (Marchi et al., in press).

Following the preliminary observation that micromolar concentrations of pilocarpine (100–
800 μM) perfused through the cerebrovascular system does not induce epileptiform discharges
in the in vitro isolated guinea-pig brain preparation (Uva et al., 2006; Marchi et al., in press),
we planned to study the acute pro-epileptic effects of pilocarpine in the guinea pig, which is
amenable for direct comparison between in vivo and whole brain in vitro conditions.

EXPERIMENTAL PROCEDURES
In vivo experiments

Hartley guinea pigs (200–250 g, Charles River, Calco, Italy) were injected with
methylscopolamine (1 mg/kg, i.p., Sigma-Aldrich, St. Louis, MO, USA) 30 min before
pilocarpine to prevent peripheral cholinergic side effects. Within 14.62±5.37 min after
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pilocarpine injection (220 mg/kg, i. p, Sigma, St. Louis, MO, USA) 80% of the animals
underwent an obvious convulsive SE, characterized by falling, simultaneous clonic jerks of
the four limbs and apparent loss of consciousness. A condition defined pre-SE, characterized
by coarse tremor associated to chewing and grooming, loss of hind limb posture, extension of
the head, and side fall with alternating movements of the legs, was consistently observed before
SE. Animals were killed by barbiturate overdose either 5 min from the onset of the pre-SE state
(9 min after pilocarpine i.p. injection) or 30 min after SE onset. Intracerebral and plasma levels
of pilocarpine (see below) were evaluated on brain specimens and blood samples. The
experimental protocols were reviewed and approved by the Committee on Animal Care and
Use and by Ethics Committee of the Fondazione Istituto Neurologico and the Mario Negri
Institute, according to the international guidelines on ethical use of animals (European
Communities Council Directive of 24 November 1986 (86/609/EEC)). All efforts were made
to minimize the number of animals used and their suffering.

Brain concentrations of pilocarpine were measured by high pressure liquid chromatography
(HPLC) on frozen (−80 °C) samples (parietal neocortex and hippocampus) of guinea-pig brains
obtained from in vivo experiments. The chromatographic analysis was carried out according
to a method previously described by Kuks et al. (1990). Tissue samples were weighed and
transferred to round bottom 15 ml tubes with 2 ml of ice-cold saline. Samples were
homogenized with a sonicating probe for 10 s. A partial volume of the homogenate (1 ml) was
transferred to a 20 ml extraction tube and an additional 1 ml saline added. The sample was
further extracted with 7 ml methylene chloride. The organic phase was transferred to a clean
tube and brought to dryness with a gentle stream of nitrogen. The residue was reconstituted
with 0.1 ml of mobile phase, vortexed, transferred to the autosampler and injected on column.
The chromatography system consisted of a detector (diode array (DAD)), a solvent delivery
system, a reverse phase column, automatic injector. Data were measured at 220 nm and
confirmed via DAD (spectra analysis). The data were normalized for the injection amount,
average % recovery, and tissue amount. Routinely, approximately 10% of the samples were
re-analyzed. This method shows linearity in a concentration range of 2.5–100 μg/ml
pilocarpine. HPLC grade acetonitrile was purchased from Merck (Darmstadt, Germany). Milli-
Q water (Milli-pore, Bedford, MA, USA) was used throughout. The other chemicals used were
of analytical reagent grade. Cerebral levels of pilocarpine were measured with the same method
also in brains treated with pilocarpine in vitro (see below).

In vitro experiments on isolated guinea-pig brains
Brains of 200–250 g Hartley guinea-pigs were isolated and maintained in vitro according to
the standard procedure (Muhlethaler et al., 1993; de Curtis et al., 1998). Animals anesthetized
with sodium thiopental (125 mg/kg i.p., Farmotal, Pharmacia, Milan, Italy) were transcardially
perfused with a cold (10 °C) oxygenated (95% O2, 5% CO2) saline solution composed of 126
mM NaCl, 3 mM KCl, 1.2 mM KH2PO4, 1.3 mM MgSO4, 2.4 mM CaCl2, 26 mM NaHCO3,
15 mM glucose, 2.1 mM Hepes and 3% dextran M. W. 70,000 (pH=7.1). Following
decapitation, brains were dissected out, transferred to a recording chamber and perfused via a
peristaltic pump (Minipulse 3, Gilson, Villiers-le-Bel, France) through the basilar artery with
the above solution (7 ml/min, pH=7.3, 15 °C). Brain temperature was slowly raised to 32 °C
to perform the electrophysiological experiment.

The muscarinic receptor agonist, pilocarpine (100 μM, 800 μM, 10–13 mM; Sigma), and
antagonist, atropine sulfate or atropine methyl bromide (5 μM; Sigma), bradykinin (BK; 0.6–
2.5 μM; Sigma), histamine (100 μM; Sigma) and glutamate receptor agonist kainic acid (4
μM, Tocris, Ballwin, MO, USA) were dissolved in the perfusate and applied through the
resident arterial system.

UVA et al. Page 3

Neuroscience. Author manuscript; available in PMC 2009 November 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Extracellular recordings were simultaneously performed with NaCl-filled micropipettes (5–8
μm tip diameter, 5–10 MΩ resistance) in the piriform cortex (PC), in the medial and lateral
entorhinal cortex (EC) and in the hippocampus (subfield CA1). Signals were amplified using
a multichannel amplifier (Biomedical Engineering, Thornwood, NY, USA) and were digitized
via an AT-MIO-64E3 National A/D Board (National Instrument, Milan, Italy). Data were
acquired and analyzed with a custom-made software (ELPHO©) developed in Labview by
Vadym Gnatkovsky.

The viability of isolated brains was tested by recording the responses evoked in the olfactory-
limbic cortex by stimulation of the lateral olfactory tract (LOT; see Biella and de Curtis,
2000; Gnatkovsky et al., 2004). Stimuli were delivered through an isolation unit driven by a
Grass S88 pulse generator (Grass Telefactor S88, West Warwick, RI, USA). Stimulating and
recording electrodes were positioned under direct visual control with a stereoscopic
microscope. Control brains never showed spontaneous epileptiform discharges.

For intracerebral HPLC measurements of pilocarpine, in vitro isolated brains were rapidly
frozen in liquid nitrogen at different time points after the end of drug perfusion. Brains were
stored at −80 °C and measurements were performed on samples of parietal neocortex and
hippocampus, according to the methods described above.

In order to evaluate the brain level of extracellular potassium ([K+]o), two-barrel glass pipettes
were utilized to simultaneously record ion-selective signals and field responses (tip diameter,
3–5 μm) in EC and hippocampus (Librizzi et al., 2001). The conventional electrode barrel was
filled with KCl 0.2 M. The pipette barrel utilized for [K+]o measurements was filled at the tip
with K+ ionophore I cocktail A (Fluka, Buchs, Switzerland) after 1 min exposure to
dimethyldichlorosylane vapors (Fluka, Steinheim, Germany) and was backfilled with 0.2 M
KCl following a 2-h incubation at 120 °C. K+ calibration solutions had the same composition
of the solution used for arterial perfusion except for KCl concentration that was modified to
obtain final K+ concentrations of 1, 2.5, 6, 12.5 and 48.2 mM. The absolute K+ values recorded
during the experiment were obtained by solving the equation

where x is the [K+]o, y is the measured voltage reading induced by the changes in [K+]o and a
+b is the slope coefficient derived from the calibration curve for each K+-sensitive electrode.
Ion-selective and field DC signals were amplified with a high input impedance head-stage
amplifier (Biomedical Engineering). Subtraction of the field potential from the K+-sensitive
electrode voltage reading was performed by the amplifier circuit.

RESULTS
Intracerebral concentration of pilocarpine in vivo

We performed a first series of in vivo experiments (n=10) to ascertain whether i.p. injections
of 220 mg/kg pilocarpine, applied 30 min after treatment with methylscopolamine, triggered
SE in guinea pigs. Within 14.62±5.37 min 80% of the animals underwent a convulsive SE. We
measured pilocarpine brain levels in guinea pigs injected i.p. with pilocarpine and killed either
during the pre-SE state (n=3) or 30 min after the onset of SE (40–45 from pilocarpine injection;
n=3). The intracerebral concentration of the drug was identical to what reported in rats treated
with pilocarpine and methylscopolamine (Marchi et al., in press; Fig. 1). The brain levels were
consistently lower than serum pilocarpine levels regardless of both the region analyzed (cortex
or hippocampus) and the time of kill after i.p. injection (not shown).
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Effects of pilocarpine on the in vitro isolated guinea-pig brain preparation: spontaneous
activity

Pilocarpine at sub-millimolar concentrations of 100 μM (n=6) and 800 μM (n=22) was arterially
perfused for variable periods (5–30 min) in the in vitro guinea-pig isolated brain. These values
are representative and exceed the range of concentrations observed in vivo (e.g. Fig. 1).
Regardless of the concentrations used, small-amplitude, fast activity at 20–25 Hz appeared in
the hippocampus (n=20; Fig. 2A–D) and in the EC (n=6). Such activity was similar to the fast
oscillations generated in vitro by the muscarinic cholinergic agonist, carbachol (Williams and
Kauer, 1997;Fisahn et al., 1998;van der Linden et al., 1999;Dickson et al., 2000). Similar to
the carbachol-induced oscillations, fast activity induced by pilocarpine was abolished by co-
perfusion of 5 μM atropine sulfate (n=5; Fig. 2C). Quantitative data on the effect of atropine
on pilocarpine-induced fast activity observed in four experiments are illustrated in Fig. 2D.
Perfusion with atropine methyl bromide, a cholinergic antagonists that does not cross the intact
BBB (Biesold et al., 1989), failed to abolish the pilocarpine induced oscillatory activity (n=2).

Effects of pilocarpine on the in vitro isolated guinea-pig brain preparation: evoked potentials
Field potentials evoked by stimulation of the LOT in PC, EC and hippocampus were reduced
in amplitude during application of micromolar concentrations of pilocarpine (Fig. 3). As
previously demonstrated (Biella and de Curtis, 2000;Gnatkovsky et al., 2004), LOT-evoked
potentials in PC (Fig. 3A) and EC (Fig. 3C) were characterized by a direct monosynaptic
component (monosynaptic population component, mpc; arrow) followed by disynaptic
associative potentials (disynaptic population component, dpc; arrowhead). LOT-evoked
activity propagated to the hippocampus (asterisk in Fig. 3C). LOT pairing stimulation at 40–
100 ms inter-pulse intervals showed a slight facilitation of the conditioned mpc in both PC and
EC (Fig. 3A and C). The ratio between the monosynaptic components in conditioned (mpc2)
and conditioning (mpc1) responses was not substantially modified during application of 100–
800 μm pilocarpine (left panel in Fig. 3B; n=5). Pilocarpine induced a significant suppression
of the dpc in the conditioned responses (dpc2) in PC (Fig. 3A and lower panel in 3B; two-tailed
t-test, P<0.05) and in the EC (not shown). Moreover, the propagation of activity along the
piriform–entorhinal–hippocampal pathway was reduced by pilocarpine, as demonstrated by
the disappearance of the late potential in CA1 (asterisks) in response to the second stimulus of
a pairing test (lower traces in the middle panel in Fig. 3C). The effects of pilocarpine were
partially reverted upon drug washout. As reported for other muscarinic receptor agonists such
as carbachol (Richter et al., 1999;Yun et al., 2000;Hamam et al., 2007), these findings confirm
that pilocarpine decreases synaptic excitability and polysynaptic propagation of neuronal
activity.

Effects of pilocarpine after manipulations of BBB integrity
Since in vivo findings demonstrated that the effect of pilocarpine is associated with changes in
BBB permeability (Roch et al., 2002; Fabene et al.2003; van Eijsden et al., 2004;Marchi et al.,
in press), we tested whether BBB damage could play a role in establishing the pro-epileptic
effect of pilocarpine. We perfused pilocarpine in the in vitro isolated brain with two drugs that
are known to increase BBB permeability: bradykinin 0.6–2.5 μM (n=7) or histamine 100 μM
(n=14) (Greenwood, 1991; Schilling and Wahl, 1999). Under these conditions, epileptiform
discharges characterized by either interictal spikes (n=10) or seizure-like activity (n=9; Fig.
4A) were observed with a mean delay of several minutes after perfusion started (on average,
12.44±4.59 min; n=2 with a pre-treatment with bradykinin and n=10 after co-perfusion with
histamine). When the concentration of pilocarpine co-perfused with histamine was decreased
to 100 μM (n=6), we observed epileptiform activity in only 50% of the experiments. As
expected, bradykinin 2.5 μM (n=2) or histamine (100 μM; n=8) perfused for 10–15 min without
pilocarpine did not induce epileptiform discharges (data not shown). In only one case out of
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nine epileptiform activity was recorded in hippocampus after histamine perfusion. We
monitored the evoked response to paired LOT stimulation (interstimulus interval 40 ms) during
histamine perfusion (n=5) and found no significant change in the ratio between the peak
amplitude of mono- and disynaptic components of conditioned and conditioning responses in
the PC (t-test, P<0.05). These data suggest that histamine is not modifying brain excitability
in most of the experiments.

We demonstrated that histamine was able to increase BBB permeability by analyzing the
effects induced by simultaneous 10-min perfusion of pilocarpine (800 μM), histamine (100
μM) and atropine methyl bromide (5 μM), the BBB-impermeable derivative of atropine
(Biesold et al., 1989; Librizzi et al., 2001). In all experiments (n=3) the presence of atropine
methyl bromide prevented the development of pilocarpine-induced epileptiform activity and
either reduced or abolished the oscillatory activity induced by a previous perfusion of
pilocarpine (800 μM, 5 min; Fig. 4B). The observation that atropine bromide was able to block
pilocarpine action confirmed that histamine was indeed effective in enhancing BBB
permeability to this molecule.

We further confirmed that histamine induced changes in BBB permeability by comparing
pilocarpine brain levels measured by HPLC on tissue samples obtained from isolated brains
frozen at different time points after in vitro perfusion of 800 μM pilocarpine in the presence
(open circles; n=8) or absence (filled squares; n=4) of 100 μM histamine (Fig. 5).
Electrophysiological recordings were performed in all brains before freezing and the presence
of seizure-like activity during histamine–pilocarpine co-application was demonstrated (n=6).
Comparison between extrapolated brain values at time zero, that coincides with the end of 10
min arterial pilocarpine application, demonstrated that pilocarpine accumulates in the brain
during histamine administration. Both measured and extrapolated drug values were
significantly (P<0.05) higher in the presence of histamine.

Pilocarpine effect and changes in extracellular potassium
We then tested the hypothesis that increased excitability associated with enhanced BBB
permeability could be due to extravasation of potassium ions from the vascular compartment
to the brain. Potassium-sensitive electrodes were inserted in both hippocampus and EC.
[K+]o shifts of 1.15±0.3 mM (mean±SEM.; n=7) above the baseline were observed after 10
min perfusion of 800 μM pilocarpine (Fig. 6A). These changes in [K+]o were associated with
the development of fast oscillatory activity at 20–25 Hz (n=5, lower traces in Fig. 6A). Co-
perfusion for 10 min of pilocarpine (800 μM) and histamine (100 μM) caused a comparable
early increase of [K+]o (1.10±0.75 mM; n=3) associated with fast oscillatory activity. This was
followed by a larger, delayed [K+]o increase (4.07±1.35 mM; n=5) that correlated with the
onset of ictal epileptiform activity. These results demonstrate that application of pilocarpine
alone and in co-perfusion with hista-mine induced similar changes in [K+]o.

Dose-dependence of pilocarpine effect in vitro
Pilocarpine-induced epileptiform activity triggered by histamine or bradykinin could be
mediated by increased BBB permeability and possibly also by the drug accumulation in to the
brain. To test whether the pro-epileptic effects of pilocarpine in the isolated guinea-pig brain
were dose-dependent, we arterially perfused the isolated brain preparation with a much higher
concentration of pilocarpine (10–13 mM; n=7) for 3–5 min. In these experiments epileptiform
discharges characterized by either interictal spikes (n=4) or ictal seizure-like discharges (n=7;
Fig. 7A) were observed in both EC and hippocampus within 2.92±1.55 min. Drug levels
measured in the brain after perfusion at 10 mM were around 1 mM (not shown). Finally,
epileptiform activity could also be induced by sustained perfusion with pilocarpine 800 μM
for more then 20 min (25.6±2.51 min; n=3; not shown). The duration of seizure-like discharge
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induced by perfusion of pilocarpine 800 μM and histamine 100 μM was 1.80±0.73 min. The
ictal events recorded after a 20-min perfusion of pilocarpine 800 μM lasted 1.91±0.66 min.

Such ictal events were comparable in time and duration to those elicited by pilocarpine
administration during BBB opener. Finally, seizure-like discharges were precipitated by 5-min
arterial application of concentrations of kainic acid (4 μM; Fig. 7B) commonly utilized to
induce epileptiform discharges on in vitro slices and in vivo.

DISCUSSION
We demonstrated that, as for other animal species (Turski et al., 1984, 1989), in vivo i.p.
injection of pilocarpine in the guinea pig is able to induce an SE. We further observed that
arterial perfusion of pilocarpine at serum concentrations measured in vivo prior to or during
SE does not induce epileptiform activity in the in vitro isolated guinea-pig brain preparation.
This is consistent with the observations reported in several studies, where direct intracerebral
application of pilocarpine exerted pro-epileptic effect only at extremely high (10 mM)
concentrations (Millan et al., 1993; French et al., 1999). Unlike pilocarpine, other
proconvulsive compounds, such as kainic acid (see Fig. 7B), bicuculline (Uva et al., 2005) or
pentylenetetrazole (Uva, Carriero and de Curtis, unpublished observations) were effective in
the isolated guinea-pig brain at a concentration range similar to that utilized on in vitro slices.

Our experiments confirmed that pilocarpine penetration in the brain is significantly lower than
expected based on its oil:water partition coefficient and molecular weight (Omori et al.,
2004; Marchi et al., in press). The muscarinic-dependent fast activity observed in the isolated
in vitro brain preparation demonstrates that pilocarpine reaches brain concentrations sufficient
to activate neurons. However, at the brain levels measured in vivo and in vitro after peripheral
administration of pilocarpine sufficient to cause SE in vivo, epileptiform activity was not
detected, suggesting that the mechanisms underlying the genesis of SE may differ from those
responsible for the generation of fast activity and may require the additional inputs derived
from the periphery that are absent in the isolated brain preparation.

A number of human and animal studies suggested that breaching the BBB either promotes
epileptiform events (Pavlovsky et al., 2005; Marchi et al., 2007) or may lead to progression of
the epileptogenic process (Seiffert et al., 2004; van Vliet et al., 2007; Tomkins et al., 2007).
The presence of epileptiform activity when pilocarpine was coperfused with agents that
mediate a transient enhancement of BBB permeability may suggest that opening of the BBB
is the main event responsible for the induction of epileptiform discharges. This however seems
unlikely, since perfusion with either histamine or bradykinin alone failed to affect neuronal
firing. Thus, accumulation of intra-cerebral pilocarpine facilitated by concomitant opening of
the BBB may be required to promote the pro-epileptic effect in our experiments. The
demonstration that histamine was, indeed, able to open BBB is provided by the experiments
with atropine bromide, a BBB-impermeable compound (Biesold et al., 1989). If the BBB is
functionally intact, atropine bromide does not block muscarinic-dependent activity (Librizzi
et al., 2001). When BBB-opener histamine was co-perfused in the isolated brain, atropine
bromide either hindered epileptiform discharges or substantially reduced fast oscillatory
activity induced by pilocarpine.

Since elevated potassium is a potent convulsant (Traynelis and Dingledine, 1988), intracerebral
potassium rise could contribute to facilitate pilocarpine-induced epileptiform discharges.
Rutecki and Yang (1998) showed that ictal epileptiform discharges in hippocampal slices
occurred exclusively when potassium in the perfusate was increased to 7.5 mM. Treatment of
EC slices with the muscarinic agonist, carbachol, was also capable of inducing epileptiform
discharges only when extracellular potassium concentration was raised above 5 mM (Dickson
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and Alonso, 1997). The pro-epileptic effect of carbachol was not observed in the isolated
guinea-pig preparation (van der Linden and de Curtis, 1998; Dickson et al., 2000) and in
hippocampal slices bathed with a 4.2 mM potassium solution (Fisahn et al., 1998; Gloveli et
al., 1999). When BBB permeability is enhanced, potassium may leak into brain from the blood
compartment, where its concentration is higher (Lux and Neher, 1973; Somjen, 1979). This
mechanism is not likely to occur in our experiments, since measurements with ion-selective
electrodes did not show significant differences in [K+]o rise during histamine coperfusion,
before seizure onset. The [K+]o shifts with or without histamine were, indeed, below the
average values observed during epileptiform discharges. Interestingly, small [K+]o increases
were observed during arterial perfusion with pilocarpine alone. This effect was not correlated
to seizure-like events and was most likely associated to neuronal activation during fast
oscillatory activity.

Histamine has an anticonvulsant action in the amygdaloid-kindled rats (Kamei et al., 1998), in
a genetic model of temporal lobe epilepsy (Yawata et al., 2004). On the other hand, Yanovsky
and Haas (1998) showed that, in vitro histamine application in the presence of 5 mM
extracellular potassium has an excitatory effect mediated by H2 receptors. B1 bradykinin
receptors mediate excita-tory effects in the peripheral nervous system and have little
constitutional expression in the CNS (Walker et al., 1995). Bradykinin receptors are
upregulated during epileptogenesis (Bregola et al., 1999). Whether this phenomenon has a
protective role or represents an epileptogenic event is still debated. A direct role of the BBB
openers, bradykinin and histamine, in precipitating epileptiform discharges in our experimental
conditions can be excluded, since brain perfusion with either histamine or bradykinin without
pilocarpine did not induce epileptiform activity. In addition, the demonstration that atropine
bromide prevents epileptiform activity when co-perfused with histamine and pilocarpine
further confirms that the pro-epileptic effect of pilocarpine during BBB opening is mediated
by an agonistic action on atropine-sensitive muscarinic receptors.

Since in the isolated guinea-pig brain pilocarpine does not induce epileptiform activity in the
absence of BBB opening, the possibility that also in the in vivo condition pilocarpine may
require BBB permeability changes to induce SE should be considered. In vivo studies show
that pilocarpine injections induce the release of histamine from cat submandibular gland and
rat peritoneal mast cells (Erjavec and Ferjan, 1994). Therefore, pilocarpine could affect BBB
permeability either by a direct action on intravascular muscarinic receptors, or by modulating
histamine production. Increased BBB permeability was observed after SE in the lithium–
pilocarpine model (Roch et al., 2002) or after pilocarpine alone (Marchi et al., in press). In the
former model the concentration of pilocarpine necessary to induce a SE is 20 times lower than
the dose required to induce SE with pilocarpine alone. Interestingly, molar concentration of
lithium chloride has been used as a hyperos-molar compound to open BBB (Spatz et al.,
1976). Therefore, the enhancing effect of LiCl could be attributed to the breakdown of BBB
that subsequently increases the permeability to either pilocarpine or other ions/molecules that
are usually excluded from brain parenchyma (Marchi and Janigro, unpublished observations).
Finally, a recent in vivo report (Marchi et al., in press) demonstrated that serum levels of
IL-1β increase and white blood cell are activated during pilocarpine-induced SE, therefore
decreasing the CD4/CD8 T-lymphocyte ratio (Arzt et al., 1989; Prync et al., 1992). These pro-
inflammatory events may synergistically potentate direct CNS action of pilocarpine leading to
seizures (Simard and Rivest, 2005).

Several studies suggest a crucial role for central cholinergic activation in seizure initiation.
Interestingly, in vivo experiments demonstrated that treatment with atropine before pilocarpine
application is able to block epileptiform activity (Maslanski et al., 1994). Acetylcholine itself
(Domer et al., 1983) and acetylcholine-esterase inhibitors, such as sarin (Turski et al., 1989;
Abdel-Rahman et al., 2002) and soman (Grauer et al., 2001) are able to induce an increase in
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rats BBB permeability in vivo. Grauer et al. (2001) showed that the opening of the BBB after
soman administration was observed even with doses that do not induce convulsions, suggesting
that the disruption of the BBB is not only a consequence, but can precede seizures. It should
be mentioned that, unlike sarin, soman and similar agents that cross the BBB, acetylcholine-
esterase inhibitors impermeable to the BBB (such as pyridostigmine) do not cause seizures,
unless applied at very high doses or in association with the insect repellent N-N-diethyl-m-
toluamide (Chaney et al., 1997). The pro-epileptic effect of muscarine receptor activation is in
partial contradiction with the evidence that muscarinic activation depresses synaptic activity
in cortical structures and specifically in the EC (Richter et al., 1999; Yun et al., 2000; Kunitake
et al., 2004; Hamam et al., 2007). Muscarinic synaptic dampening possibly occurs via a
modulation of presynaptic potassium conductances that inhibits presynaptic voltage-dependent
calcium channels (Egorov et al., 1996) therefore reducing neurotransmitter release. Low
concentration of pilocarpine is indeed depressing synaptic propagation in our experiments. The
reason why higher pilocarpine brain concentration promotes epileptiform discharge is still to
be determined and is probably due to the multiple effects on membrane excitability mediated
by muscarinic modulation of potassium conductances. Muscarine receptor agonists induce
direct membrane potential depolarization (see Dickson et al., 2003) that might enhance intrinsic
neuronal excitability and sustain the generation of hypersynchronous discharges.

CONCLUSION
In conclusion, we demonstrate that pilocarpine acutely induces epileptiform activity in the
isolated guinea-pig brain only when BBB permeability is enhanced or when exorbitant brain
drug levels are attained. Since in vivo administration of pilocarpine can promote BBB changes
via a still undetermined direct (central) or indirect (peripheral) mechanism (Marchi et al.,
2007) we propose that enhanced brain penetration of pilocarpine, together with other pro-
epileptic blood-borne elements, contributes to the acute SE in the pilocarpine model of temporal
lobe epilepsy.
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Fig. 1.
Cerebral and vascular levels of pilocarpine measured in vivo in the guinea-pig brain during SE.
Mean pilocarpine values and brain/ blood ratio after 220 mg/kg i.p. injection in the guinea pig
revealed poor penetration of pilocarpine into the CNS.
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Fig. 2.
Submillimolar concentrations of pilocarpine induce muscarine-receptor dependent fast activity
in the hippocampus of the in vitro isolated guinea-pig brain. In the upper panel, the positions
of the recording electrodes in the isolated brain are illustrated: PC, EC and hippocampus (CA1
area). (A) Reversible effect of arterial perfusion of pilocarpine 100 μM in PC, EC and CA1.
(B) Fast activity in CA1 region induced by different concentrations of pilocarpine (100 and
800 μM) diluted in the arterial perfusate (middle traces). Field activity before and 20 min after
pilocarpine perfusion is illustrated in the upper and lower traces. (C) The effect of pilocarpine
observed in CA1 is abolished by co-perfusion of the isolated brain with pilocarpine and atropine
sulfate (5 μM). (D) Mean frequency power of CA1 fast activity recorded during application of
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800 μM pilocarpine (n=8; continuous thick line), co-application of 800 μM pilocarpine and
atropine 5 μM (n=4; thin continuous line) and after drug washout (n=8; dotted line).
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Fig. 3.
Pilocarpine induces depression of both paired pulse disynaptic responses and polysynaptic
propagation of activity. (A) Stimulation of the LOT induces in the PC a response characterized
by a monosynaptic component (arrow) and a disynaptic component (arrowhead). Paired-pulse
depression of the dpc is dramatically enhanced in the conditioned response to LOT stimulation
(40 ms pulse interval) after perfusion with 800 μM pilocarpine (middle trace). (B) Quantitative
results obtained in five experiments demonstrate that pilocarpine does not change the ratio
between the conditioned (mpc2) and the conditioning (mpc1) monosynaptic PC component
evoked by LOT pairing at 40 ms inter-pulse interval (upper panel), while it reversibly reduces
significantly (two-tailed t-test, P<0.05) the ratio between the conditioned (dpc2) and the
conditioning (dpc1) disynaptic component (lower panel). Values expressed as mean±S.D. (C)
Recordings from EC and CA1 during paired LOT stimuli (100 ms interpulse interval). A
reduction of the disynaptic component is observed also in the EC (upper traces). In CA1 the
polysynaptic response to the conditioned LOT stimulus (asterisk) is reversibly abolished.
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Fig. 4.
Pro-epileptic effect of histamine and pilocarpine mediated by enhancement of BBB
permeability. (A) Arterial co-perfusion of 100 μM histamine and 800 μM pilocarpine in the
isolated guinea-pig brain induces a sustained ictal epileptiform discharge in area CA1 of the
hippocampus. (B) The BBB-impermeable atropine methyl bromide (5 μM) reduces fast activity
induced by 800 μM pilocarpine, when co-perfused for 10 min with the BBB-opener histamine
(100 μM).
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Fig. 5.
Pilocarpine levels from in vitro isolated guinea-pig brains. HPLC pilocarpine levels were
measured in frozen isolated brains in which pilocarpine was perfused in vitro for 10 min at 800
μM in the presence (open circles) or in the absence (filled squares) of histamine, an agent known
to increase the permeability of the BBB. The data points for pilocarpine levels are plotted
against the time of washout of the drug. In these brains electrophysiological recordings were
performed to verify the presence of seizure-like activity during histamine–pilocarpine co-
application. The initial cerebral concentrations of the drug were obtained by extrapolating the
time-dependent decay and by using y axis (mM) intercepts.
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Fig. 6.
Pilocarpine/histamine-induced seizure-like activity is not determined by potassium
enhancement. (A) Perfusion of 800 μM pilocarpine is followed by an increase of [K+]o that
correlates with the development of fast oscillatory activity in the field potential (FP) of CA1.
In the bottom panel, details of the fast activity at time points a, b and c are illustrated. The
duration of the pilocarpine perfusion is shown by the gray bar. (B) Comparable increase of
[K+]o is observed at the onset pilocarpine 800 μM and histamine 100 μM co-perfusion
(arrowhead); a subsequent large increase in [K+]o is associated to the onset of ictal discharges
(arrow). The duration of the histamine–pilocarpine co-perfusion is shown by the gray bar.
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Fig. 7.
Epileptiform activity can be induced by supra-millimolar concentration of pilocarpine. (A)
Arterial perfusion of the isolated guinea-pig brain preparation with supra-millimolar
concentration of pilocarpine (13 mM) induces seizure-like activity in the CA1–EC region. (B)
Epileptiform discharges induced by arterial application of a micromolar solution of kainic acid
(4 μM).
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