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Abstract
Post-ictal depression of consciousness occurs after generalized convulsive seizures, and includes
analgesia, lasting for hours after electrically- or chemically-induced seizures in animals. The brain
sites and mechanisms, mediating post-ictal analgesia, are unclear. The ventrolateral periaqueductal
gray (PAG) is an important neuronal network site for mediating analgesia and also in generalized
seizures, particularly in genetically epilepsy-prone rats (GEPRs). Endocannabinoids are implicated
in mediating analgesia in several brain sites, including the PAG, and generalized seizures result in
endocannabinoid release. This study evaluated if post-ictal analgesia occurs in GEPRs, following
audiogenic seizures (AGS), and whether this analgesia involves endocannabinoid actions in PAG.
Analgesia was evaluated, using thermal stimulation to evoke nociception, measuring changes in
paw withdrawal latencies (PWLs) induced by AGS. Endocannabinoid involvement in post-ictal
analgesia in GEPRs was evaluated, using focal bilateral microinjection of a cannabinoid (CB1)
receptor antagonist (AM251) into PAG. AGS induced a significant increase in PWLs, lasting for
≥120 min. Microinjection of AM251 (100 and 200, but not 50 pmoles/side) into PAG significantly
decreased post-ictal analgesia in GEPRs. Endocannabinoids are also known to activate transient
receptor potential vanilloid (TRPV1) receptors, but PAG microinjection of a TRPV1 receptor
antagonist (capsazepine) did not affect post-ictal analgesia in GEPRs. These results indicate that
AGS in GEPRs induce post-ictal analgesia, which is the first observation of this phenomenon in a
genetic epilepsy model. These findings suggest an important role of PAG in post-ictal analgesia.
The results also suggest that CB1 receptors in PAG are critical for mediating post-ictal analgesia
in GEPRs.
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1. Introduction
Several studies have demonstrated that post-ictal analgesia is induced, following
electroshock or drug-induced generalized seizures in rats (Coimbra et al., 2001; De Oliveira
et al., 2006; Portugal-Santana et al., 2004; Urca et al., 1981). Reduced responsiveness to
pain is also known to occur in certain forms of human epilepsy (Guieu et al., 1992).
Genetically epilepsy-prone rats (GEPRs) are an inherited model of epilepsy that exhibits
generalized tonic-clonic seizures in response to high intensity acoustic stimuli (Jobe and
Laird, 1981). Previous studies have also shown that GEPRs exhibit greater susceptibility
than normal rats to seizures induced by convulsant drugs, kindling, electroshock and
hyperthermia, and GEPRs of the substrain GEPR-9 are also susceptible to severe audiogenic
seizures (AGS) (Consroe and Edmonds, 1979; Faingold, 1999; Jobe et al., 1986).

The ventrolateral periaqueductal gray (PAG) is known to be a major nucleus in the network
that mediates analgesia (Arvidsson et al., 1995) as well as generalized seizures, particularly
in GEPRs (N'Gouemo and Faingold, 1999; Raisinghani and Faingold, 2003; Yang et al.,
2003). Electrical stimulation of PAG is known to induce analgesia both in humans and
animals (Mayer, 1984; Reynolds, 1969). The PAG plays a key role in the descending
modulation of nociception by projecting via the rostral ventromedial medulla to spinal cord
dorsal horn neurons (Liebeskind et al., 1973; Moreau and Fields, 1986; Urban and Smith,
1994).

Previous studies have suggested that the PAG is also an important site for endocannabinoid-
mediated analgesia (Hohmann et al., 2005; Maione et al., 2006). Endocannabinoids, such as
anandamide and 2-arachidonoyl glycerol, are lipid neuromodulators in the brain and activate
cannabinoid (CB1 and CB2) receptors, which both modulate nociception. Endocannabinoids
are also known to activate transient receptor potential vanilloid (TRPV1) receptors and to
exert analgesic effects. Endocannabinoids are released, following seizure induction in rats
(Wallace et al., 2001, 2002, 2003). Recent data also indicate that cannabinoid CB1 receptors
are expressed in the PAG and may play a role in analgesia (Maione et al., 2006). We
evaluated if induction of audiogenic seizures (AGS) in GEPRs would induce post-ictal
analgesia. We also examined whether blockade of CB1 receptors or TRPV1 receptors by
focal microinjection of a CB1 antagonist or TRPV1 antagonist into the PAG would inhibit
any analgesic effects that occurred post-ictally in GEPRs.

2. Results
GEPRs showed a significant increase in PWLs after AGS induction as compared to pre-
seizure baseline and compared to the PWLs 24 hr later (Fig.1). The increase in PWLs
observed post-ictally was significant at 15, 30, 60 and 120 min after AGS (p<0.05, One-way
ANOVA). The analgesic effect was no longer present by 180 min in all GEPRs. Audiogenic
seizure severity is evaluated using the scale of Jobe (Dailey and Jobe, 1985) wherein, a score
of 3 denotes generalized clonus, a score of 5 denotes hind limb tonic flexion, and a score of
9 denotes tonic hind-limb extension. The seizure severity of GEPRs in the present study did
not have any significant effect on the incidence or degree of post-ictal increase in PWLs.
Thus, GEPRs with seizures ending in generalized clonus (n=6), hind limb tonic flexion
(n=6) or tonic hind-limb extension (n=12) all exhibited similar and significant increases in
PWLs relative to baseline PWLs following AGS [F (3,23) = 401.2; p<0.05 by one-way
ANOVA]. Presentation of the acoustic stimulus did not have any significant effect on PWLs
in normal rats. GEPRs demonstrated normal exploratory behavior after induction of
seizures, which suggests that the elevated PWLs were not related to motor deficits.
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In microinjection studies, histological evaluation of cannula sites indicated that most
cannula placements were localized bilaterally to the ventrolateral PAG, as seen in Fig. 2.
The sites that were localized outside of the PAG were analyzed separately.

PWLs were recorded before and 7 days after cannula implantation surgery in all rats, and no
significant differences were observed. The PWLs were not significantly different between
the various animal groups prior to administration of drug or vehicle. Focal bilateral
microinjection of the CB1 receptor antagonist, AM251 (100 pmoles and 200 pmoles/side)
into the PAG significantly decreased post-ictal analgesia. The decrease in analgesia was
observed at 15, 30, 60 and 120 min after AGS (Fig. 3) as compared to vehicle microinjection
[ F (1,5) = 524.53; p<0.05 by repeated ANOVA], time versus effect [F (4, 20) = 5.806;
p<0.05] and treatment versus time interaction [F (1,5) = 4.58; p<0.05] after microinjection.
The dose of 50 pmoles/side of AM251 did not produce a significant change in PWLs. Post-
ictal analgesia was no longer present 180 min after microinjection. Bilateral focal
microinjection of vehicle into the PAG produced no significant change in the increased
PWLs observed post-ictally (Fig.3). The few (N=4) microinjection sites that were localized
outside of the PAG were found to induce minimal effects on PWLs and were not statistically
significant.

All the GEPRs were again subjected to AGS 24 hr after microinjection of the CB1
antagonist and these animals again showed significantly increased PWLs. Thus, there were
no residual effects of the PAG microinjections on the ability to induce post-ictal analgesia.

Since endocannabinoids are also known to activate TRPV1 receptors (Maione et al., 2006),
we also examined the role of these receptors in the PAG in AGS-induced post-ictal
analgesia by administering a TRV1 antagonist. Intra-PAG microinjection of the TRPV1
receptor antagonist, capsazepine (1, 5 and 10 nmoles in DMSO) or the vehicle [F (1,5) =
1.081; p>0.05 by repeated ANOVA], time versus effect [F (4, 20) = 0.148; p>0.05] and
treatment versus time interaction [F (1,5) = 822.26; p>0.05] did not have any significant
effect on post-ictal analgesia observed after AGS induction.

3. Discussion
The current results indicate that AGS induction in the GEPRs leads to post-ictal analgesia.
The analgesic response observed after seizures was not affected by seizure severity. Thus,
the GEPRs that exhibited seizures ending in generalized clonus, complete tonic extension or
tonic hind limb extension, which are differing degrees of seizure severity according to the
established AGS severity scale (Jobe et al., 1986), all showed a similar degree and duration
of post-ictal analgesia. Although, all the GEPRs were derived from the severe seizure strain,
and all exhibited tonic extension when tested at 10 weeks of age, AGS in some GEPRs
become less severe in older animals, as seen in the present study.

The duration of post-ictal analgesia in the present study was greater than 120 min but less
than 180 min after generalized convulsive seizures. The duration of analgesic effects
observed in this study are consistent with the previous studies that observed post-ictal
analgesia after tonic-clonic convulsions induced by convulsant drugs or electroshock.
(Coimbra et al., 2001; De Oliveria et al., 2006; Freitas et al., 2008, 2009; Portugal-Santana
et al., 2004). To our knowledge the present findings are the first report of post-ictal
analgesia in a genetic epilepsy model and may have relevance to epileptic patients, since
long-lasting pain threshold elevations are seen in certain forms of human epilepsy (Guieu et
al., 1992).

Previous studies on post-ictal analgesia used the tail-flick test as a nociceptive assay, which
measures the latency of the avoidance response to a thermal stimulus in rodents (Coimbra et
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al., 2001; De Oliveria et al., 2006; Freitas et al., 2008). In the current study, we used the
PWL test in which radiant heat is applied, and the latency for the rat to withdraw and lick its
paw, allows evaluation of both the sensory (paw raising) and emotional (paw licking)
aspects of pain. We would expect similar results using both tests.

The involvement of the PAG in post-ictal analgesia in the present study is consistent with
previous studies, which observed that electrical stimulation of PAG results in analgesia in
humans and in rats (Mayer, 1984; Reynolds, 1969). The present study also showed that the
CB1 receptor antagonist, AM251, blocked post-ictal analgesia, suggesting that activation of
endocannabinoid receptors in PAG plays a major role in post-ictal analgesia after AGS in
GEPRs. Endocannabinoids are also known to activate TRPV1 receptors. Previous studies
have shown that PAG neurons express TRPV1 receptors, but microinjection of the TRPV1
receptor antagonist, capsazepine, into PAG did not affect post-ictal analgesia in the present
study.

Endocannabinoid mechanisms are strongly implicated in endogenous antinociceptive
mechanisms (Hohmann et al., 2005; Suplita et al., 2005). Release of endocannabinoids has
previously been observed following induction of seizures by convulsant drugs (Wallace et
al., 2003). The onset of analgesia observed in the present study is consistent with the time
course of endocannabinoid release after seizure induction observed in the previous studies
(Wallace et al., 2003).

Earlier studies suggested that CB1 receptors in the PAG modulate local inhibitory networks
to regulate nociception (Vaughan et al., 2000). Several studies suggest that CB1 receptor-
mediated analgesia may involve disinhibition of PAG antinociceptive output neurons by
inhibition of inhibitory interneurons in PAG (Meng et al., 1998; Pan et al., 1990; Vaughan et
al., 1999).

The current study indicates that AGS in a genetic model of epilepsy, GEPRs, induces post-
ictal analgesia and implicates the PAG in the analgesic response observed post-ictally, since
the response can be blocked by microinjection into this structure. The blockade of post-ictal
analgesia by microinjection of the CB1 antagonist into the PAG suggests that seizures result
in elevation of the endocannabinoid levels in the PAG, activating CB1 receptors, which
may, in part, mediate the post-ictal analgesia observed in GEPRs. Further work is needed to
provide additional experimental evaluation of these findings.

4. Materials and methods
4.1 Animals

Twenty-four GEPRs (250–450 g, 6 males and 18 females) from the severe seizure strain
(GEPR-9s) were screened for consistent AGS susceptibility at three weekly intervals
according to established screening procedures (Dailey and Jobe, 1985). GEPRs used in the
study were bred in the animal care facility of Southern Illinois University School of
Medicine. Male Sprague Dawley (SD) rats (250–350 g; Harlan Laboratories) were also
utilized in this study. The experimental protocol used in this study includes measures to
lessen pain and discomfort and also to use the minimum number of animals and was
approved by the Southern Illinois University School of Medicine Laboratory Animal Care
and Use Committee.

4.2 Cannula implantation
The chronic stereotaxic implantations of guide cannulae were performed bilaterally under
ketamine/xylazine anesthesia (85/5 mg/kg, i.p.). Rats were placed in a stereotaxic device,
and the incisor bar was set at −3.3 mm in the vertical plane to hold the skull in the flat
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position. Stainless steel guide cannulae (21 G) were implanted stereotaxically over the PAG
(7.6 posterior from bregma; ±3.6 mediolateral from the midline) according to the atlas of
Paxinos and Watson (2005) and cemented into place with dental acrylic. Stylets were placed
in the guide cannulae to prevent clogging.

4.3 Microinjection technique
At least one week after surgical implantation, each rat received a single bilateral
microinjection of the vehicle or drug. The infusion (0.5 µl/side, at 0.25 µl/min for 2 min)
was delivered via the infusion cannulae (26 G) inserted to a vertical depth of 5.4 mm into
PAG through the guide cannulae and left in place for 30 s. Using these microinjection
parameters, the distribution of drugs was limited to a radius of ~0.5 mm around the
microinjection site in previous studies (Millan et al., 1986). All microinjections were done 5
min after seizure testing in order to avoid potential interference with seizure susceptibility.

4.4 Acoustic stimulation
AGS were induced with an electrical bell (122 dB SPL, re: 0.0002 dyn/cm2) mounted above
a plastic cylinder (40 cm diameter) within a sound-attenuating chamber. The stimulus was
presented until the onset of AGS or for a maximum duration of 60 s. The behavioral
responses to acoustic stimulation were recorded on videotape, which were subsequently
analyzed for the incidence and behavioral pattern of the convulsion. Normal Sprague-
Dawley rats (N=6), the strain from which GEPRs were derived, were also subjected to the
same acoustic stimulation and served as controls.

4.5 Behavioral analgesic testing
Evaluation of thermal nociception was performed after the rat had been acclimatized for 30
min in the testing apparatus (Ugo Basile, Camerio, Italy), which included a clear plastic box
on a glass surface. A calibrated radiant heat source was focused sequentially on both hind
paws, and the latency to paw withdrawal was recorded, using a 20-s maximum exposure to
avoid tissue injury (Hargreaves et al., 1988). Paw withdrawal latencies (PWLs) were
measured three times each for both hind paws. A mean of these three observations was
calculated (Hargreaves et al., 1988).

The PWLs to thermal stimulation were measured at 15, 30, 60,120 and 180 min after AGS.
In PAG studies, the microinjection began 5 min after cessation of the seizure, when the rat
had regained the righting reflex. Baseline PWLs to thermal stimulation were studied 15 min
prior to seizure (Pre). The effects of microinjection of a CB1 antagonist, TRPV1, or vehicle
on PWLs to thermal stimulation were studied 15 min prior to seizure and at 15 to 180 min
after microinjection. Seizure re-test was done 24 hrs later to see if post-ictal analgesia could
be induced again after recovery from drug treatment.

4.6 Drugs
The agents used included, CB1 receptor antagonist N-(piperidin-1yl)-5-(4-iodophenyl)-1-(2,
4-dichlorophenyl)-4-methyl-H-pyrazole-3-carboxamide (AM251), (50, 100 and 200 pmoles/
side), the TRPV1 antagonist, capsazepine (1,5, and 10 nmoles/side) (Tocris Bioscience,
Missouri, USA). The drugs for microinjection were dissolved in vehicle [0.2 % dimethyl
sulfoxide (DMSO)] in saline. The solutions were prepared just before use and protected
from the light during the experimental sessions. A control group of GEPRs received
microinjection of the vehicle only.
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4.7 Histology
At the end of the microinjection experiments, rats were sacrificed by administering
pentobarbital (100 mg/kg, i.p), and 0.5µl of fast green dye (2%) was microinjected at a rate
of 0.25 µl/s. through an infusion cannula, to allow identification of the cannula sites. Brains
were fixed by cardiac injection of normal saline followed by formalin. The brains were
subsequently removed and stored in formalin. Coronal sections (40 µm) were taken using a
freezing microtome, and the tissue was stained with cresyl violet to identify the sites of
microinjection.

4.8 Statistical analysis
One-way analysis of variance ANOVA and repeated measure was used for statistical
analysis of post-ictal analgesia in GEPRs after AGS. This involved comparison of mean ±
SEM PWLs of the vehicle-treated group with the different doses of cannabinoid antagonist,
AM251 and TRPV1 antagonist, capsazepine, as well as within the group by subjecting the
data to repeated measure. To analyze treatment versus time interaction, one-way ANOVAs
followed by Duncan test, at each time interval, were performed. P < 0.05 was used to
determine statistically significant differences.
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Fig. 1.
Induction of audiogenic seizures (AGS) in genetically epilepsy-prone rats (GEPRs) resulted
in post-ictal analgesia indicated by increased paw withdrawal latencies (PWLs) as compared
to baseline PWLs taken prior to acoustic stimulation (Pre) and 24 hr post-seizure. The PWLs
to thermal stimulation were measured at 15, 30, 60, 120 and 180 min after AGS. The
increases in PWLs were significant at 15, 30, 60 and 120 min. Presentation of the acoustic
stimulus did not have any significant effect on PWLs in normal rats (N=6).
* denotes significant differences p<0.05 vs. baseline (Pre) and 24 hr post. (Repeated
measure ANOVA test). Error bars represent SEM; N=6 rats.
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Fig. 2.
Representative ventrolateral periaqueductal gray (PAG) microinjection sites indicate that
most cannula placements for microinjection were localized to the PAG, according to the
atlas of Paxinos and Watson (2005). The results of near misses were analyzed separately.
Squares indicate 200 pmoles/side AM251; circles indicate 100 pmoles/side AM251;
triangles indicate 50 pmoles/side AM251; Diamonds indicate capsazepine microinjection
sites.
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Fig. 3.
Microinjection of cannabinoid (CB1) receptor antagonist, AM251 (200 and 100 pmoles/
side) into PAG significantly decreased post-ictal analgesia as measured by changes in PWLs
in GEPRs at 15, 30, 60 and 120 min as compared to vehicle. (Note: Baseline PWLs to
thermal stimulation were studied 15 min prior to seizure (Pre).The lower dose of AM251 (50
pmoles/side) was ineffective. Seizure retest after 24 hrs was done on all GEPRs (N=24) and
showed that increases in PWLs could be induced again.
* denotes significant difference at p<0.05; # denotes significant difference at p<0.01;
(Repeated measure ANOVA test). Error bars represent SEM; N= 6 rats per treatment.
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