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b Departamento de Bioqúımica e Imunologia, Instituto de Ciências Biológicas, Universidade Federal de Minas Gerais. Avenida Antônio Carlos, 6627,
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With a prevalence of 1–2% of the world population, epilepsies
are complex neurobehavioral disorders resulting from increased
excitability and synchronism of neurons in various brain regions
[14]. Epilepsy is considered to be a syndrome characterized by
unprovoked recurrent seizures in the absence of toxic-metabolic or
febrile diseases. The understanding of what drives neural networks
to dysfunctional hyperexcitable and hypersynchronic behavior is
an important milestone in the field of epileptology. Muscarinic
acetylcholine receptors are known to be involved in the control
of many peripheral as well as central cholinergic responses [4],
which, in turn, are associated to physiological processes such as
learning and memory [3,10]. Muscarinic receptors are also involved
in the generation of epileptic seizures [15]. Pilocarpine (PILO), a
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non-subtype-specific partial muscarinic agonist, induces recurrent
chronic seizures after systemic injection which mimics human
Temporal Lobe Epilepsy (TLE) [6,5]. In fact, the animal model
produced by PILO portrays the most common changes in hippocam-
pal circuitry found in human TLE. Simultaneous injection of the
muscarinic antagonist atropine or pirenzepine with pilocarpine
prevents the onset of seizures [16], but muscarinic antagonists
have no effect on established seizures [9], indicating that mAChRs
are involved in the initiation but not the maintenance of epileptic
seizures. Thus, in the PILO animal model of epilepsy, the choliner-
gic system seems to play a major role in driving neural networks
into the ictal state, ictogenesis, but is not essential for maintaining
recurrent spontaneous seizures.

We have previously described a knock-down animal model of
peripheral and central cholinergic hypofunction, mice deficient for
the vesicular acetylcholine transporter (VAChT). Heterozygous and
homozygous VAChT knock-down mice (VAChT KD) have a 45% and
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65% decrease in VAChT protein expression, respectively [13]. VAChT
KDHET mice present a reduction in acetylcholine release in the
striatum and frontal cortex and deficits in episodic-like and social
memory, while KDHOM demonstrate major neuromuscular deficits
in addition to cognitive deficits [13]. These results point to a critical
role for vesicular transport of ACh to maintain cholinergic tone and
regulate physiological processes.

In this report, we induced SE in VAChT-KD and WT mice by
a single intraperitoneal injection of pilocarpine hydrochloride in
order to evaluate susceptibility to seizure. The hypothesis tested
is that innate cholinergic hypofunction would result in receptor
up-regulation and, consequently, increased susceptibility to PILO.

The engineering of VAChT knock-down mutant mice was
described in detail elsewhere [13]. Heterozygous mutant VAChT
mice were backcrossed with C57BL/6J animals for three generations
(N3). Homozygous mutant VAChT mice (KDHOM) were obtained by
intercrossing N3 heterozygous (KDHET) animals. Thus, all VAChT
KD mice used in this study were N3. Wild-type (WT) littermate

mice of the same sex and age were used as controls for the experi-
ments. Mice were housed in groups of three to five animals per cage
in a temperature-controlled room (22 ± 1 ◦C) with a 12-h light:12-
h dark cycles, food and water were provided ad libitum. Mouse
colonies were maintained at the Federal University of Minas Gerais,
Brazil, in accordance with NIH guidelines for the care and use of
animals and with approved animal protocols from the Institutional
Animal Care and Use Committees at the Federal University of Minas
Gerais (Protocol no. 073/03).

All three groups of mice were submitted to the same experi-
mental procedure: WT, KDHET and KDHOM. Mice were anesthetized
with 0.8–3% halothane (Cristalia, Itapira, Brazil) delivered via an
inhalation mask with a flow rate of 1–2 L/min oxygen. Prophylactic
treatment with antibiotics (enrofloxacin, 10 mg/kg s.c.; Fort Dodge
Saúde Animal LTDA, Campinas, Brazil) was done in order to pre-
vent post-surgical infections. The mice were submitted to surgery
for EEG electrode implantation in the right and left parietal cor-
texes. The electrodes for superficial EEG recording were made with
surgical screws (Fine Science Tools; model 19010-00; Foster City,
CA, USA), previously soldered to Teflon-coated stainless-steel wires
(A&M Systems; model 7916; Carlsborg, WA, USA) and introduced

Fig. 1. EEG alterations of VAChT KDHET and VAChT KDHOM. (A) Latency to the first epilept
epileptiform discharge, in minutes. Asterisk (*) indicates a significant difference from K
Latency to the first seizure. Ordinates express median (interquartile range) latency to the
compared with KDHET (*p < 0.01). Kruskal–Wallis, with Dunn’s post hoc. (C) Duration of th
seizure, in minutes. Kruskal–Wallis, with Dunn’s post hoc (p < 0.05).
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bilaterally in the parietal bones. A reference electrode, also made
with surgical screws, was inserted in the nasal bone. All the elec-
trodes were soldered to a common pin connector and anchored to
the cranium with dental acrylic. Following surgery, animals were
allowed to recover for at least 4 days before the injection of pilo-
carpine.

The status epilepticus (SE) were induced by a single intraperi-
toneal administration of pilocarpine hydrochloride (400 mg/kg;
Sigma). Scopolamine methyl-nitrate (1 mg/kg, s.c.; Sigma) was
injected 30 min before pilocarpine to reduce peripheral cholinergic
effects. Following pilocarpine administration, mice were recorded
until death or for a maximum period of 40 min.

The right and left cortexes bioelectrical activity was recorded
with a video-EEG recording system (5:00–8:00 a.m.). The video-
EEG setup is explained in detail elsewhere [11]. The EEG signal was
amplified (5000–10,000 × gain), filtered (1 Hz high pass and 200 Hz
low pass), sampled at 1 kHz in all channels and stored in a com-
puter. The filtered signals were plotted in real time on the computer

monitor along with the live image of the animal’s behavior captured
through a video camera. The integration of the EEG plots and the live
video images was done using a video card (ATI Technologies; All-In
Wonder Pro, Sunnyvale, CA, USA). The composite computer monitor
images were converted to a VHS videocassette-recording format.
The recording protocol consisted of 10 min before the pilocarpine
injection (baseline recordings) immediately followed by 40 min of
recording or until death.

The EEG records were analyzed according to the following
parameters: (1) time of death, defined as total recording dura-
tion between the pilocarpine injection and the isoelectric EEG; (2)
latency of the first epileptiform discharge in EEG; (3) latency for the
beginning of the first seizure; (4) duration of the first seizure. The
Kruskal–Wallis test, with Dunn’s post hoc, was used to compare
the evaluated parameters among the groups of animals. Results are
expressed as median ± interquartile range.

Within few minutes after pilocarpine injection, piloerection,
tremor, salivation, diarrhea, immobility, staring, facial automa-
tisms, head nodding and uni/bilateral forelimb clonus was observed
in all the animals which developed seizure (n = 20). Only three
animals (one from the KDHET group and two from WT group)

iform discharge. Ordinates express median (interquartile range) latency to the firs
DHOM, compared with KDHET (*p < 0.01). Kruskal–Wallis, with Dunn’s post hoc. (B)
first seizure, in minutes. Asterisk (*) indicates a significant difference from KDHOM,
e first seizure. Ordinates express median (interquartile range) duration of the first
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erda, N.M. Nathanson, Disruption of the m1 receptor gene ablates muscarinic
Fig. 2. Latency to isoelectric EEG (brain death) in both right and left parietal cor-
texes in VAChT KDHET, KDHOM and WT mice. Ordinates express median (interquartile
range) latency to isoelectric EEG, in minutes. Asterisk (*) indicates a significant dif-
ference from KDHOM, compared with WT (*p < 0.05). Kruskal–Wallis, with Dunn’s
post hoc.

did not develop seizure after the pilocarpine injection, two of
them remained without epileptiform alterations during the entire
recording window. All remaining KDHET animals went into SE.
Fig. 1A depicts the latency for first epileptiform discharge, Fig. 1B
the latency to first behavioral seizure and Fig. 1C the duration
of first epileptiform discharge. The KDHOM mice showed shorter
latency for the first epileptiform discharge and for the first seizure
episode, compared with WT and KDHET mice groups. KDHET in con-
trast did not differ from controls (WT) in any of these measures. In
addition, we did not find any difference between the experimental
groups regarding the duration of the first seizure. On the other hand
(see Fig. 2), the KDHOM had the shortest latency to isoelectric EEG
(8.6 ± 7.8/9.4 min), when compared with the other groups (KDHET:
30.8 ± 21.1/40 min; WT: 25 ± 17/30.2 min).

The present study demonstrates that VAChT KDHOM display a
reduced seizure threshold after pilocarpine administration, thus
suggesting higher susceptibility to cholinergic insults. There were
good grounds for choosing to test the effects of pilocarpine in this
animal model. Hamilton et al. [7] demonstrated that mice defi-
cient of the M1-receptor gene are resistant to pilocarpine-induced
seizures, but are susceptible to seizures caused by kainic acid. In a
posterior study, Bymaster et al. [2] evaluated the seizures induced
by pilocarpine (300 mg/kg) in muscarinic M1, M2, M3, M4 and
M5-receptor knockout mice. They found that only M1 knockout
mice are resistant to seizure and lethality induced by pilocarpine.
The acetylcholinesterase mice knockouts are also insensitive to

pilocarpine-induced seizures. Muscarinic receptor binding sites
and proteins are downregulated, but no decrease in mRNA levels
for these receptors was detected in AChE KO [8]. Altogether, these
results suggest that M1-receptors are essential for pilocarpine-
induced seizures. Additionally, if the acetylcholine levels were
persistently increased, the M1-receptors will be downregulated
and consequently the pilocarpine-induced seizures will be abol-
ished.

VAChT KDHOM provides a novel hypocholinergic model [13] and,
in the present report, VAChT KDHOM mice were more suscepti-
ble to the effects of pilocarpine. We postulate that this alteration
results from an upregulation or over-activation of M1-receptors
and this could be the cause of reduced seizure threshold in VAChT
KDHOM. In fact, upregulation of receptors is generally associated
with increased sensitivity to agonists. Muscarinic M1-receptors are
positively coupled to phosphoinositide (PI) hydrolysis by action
of phospholipase C� [12]. In general, partial agonists like pilo-
carpine, can give robust responses only if there is sufficient receptor
reserve, efficient coupling or signal amplification within the signal
transduction pathway. Pilocarpine administered centrally or sys-
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temically produces a robust in vivo PI hydrolysis response in mouse
hippocampus, suggesting that there is significant receptor reserve
for the PI response in vivo. This response is predominantly mediated
by the muscarinic M1-receptors [1]. Future studies are necessary
to confirm if PI hydrolysis and consequently M1-receptor reserve
is involved in exacerbate response of VAChT KDHOM to pilocarpine
injection.

Overall the data in this study support the conclusion that a mod-
erate reduction in acetylcholine availability (VAChT KDHET) did not
induce alterations in: (1) the latency of the first epileptiform dis-
charge, (2) the beginning of the SE and (3) the severity of the SE.
However, VAChT KDHOM mice were affected in all parameters cited
above, indicating that a more drastic reduction of brain VAChT pro-
tein, by more than 65%, may induce cholinergic dependent plastic
alterations in a way that is relevant for the induction of pilocarpine
ictogenesis. Thus, a fine-tuning modulation of cholinergic tone can
profoundly affect the susceptibility of pilocarpine.
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