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JOY,R. M., [.. G. STARK AND T. E. ALBERTSON. Dosc-dependant proconvulsant and anticomvulsant actions of the
alpha, adrenergic agonist, xylazine, on kindled seizures in the rat. PHARMACOL BIOCHEM BEHAYV 19(2) 345-350,
1983.—The effects of the alpha, adrenergic agonist, xylazine, was evaluated on kindling acquisition and on kindled seizure
expression in rats. Dose-dependant proconvulsant and anticonvulsant properties were found. The proconvulsant effects
were observed at low (0.3 mg/kg) doses. In previously kindled rats these consisted of a decrease in afterdischarge threshold
and an increase in the length and severity of the accompanying seizure. This dose also facilitated the rate of kindling in
naive subjects. The anticonvulsant effects were observed at higher dose levels (3-20 mg/kg) which also produced sedation
and ataxia. If these effects upon kindling are related to the adrenergic actions of xylazine, then it is proposed that the
proconvulsant effects are associated with alpha, receptor activation and the anticonvulsant effects with alpha, receptor

activation.
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MANIPULATIONS which affect the level of adrenergic ac-
tivity in the central nervous system (CNS) commonly affect
seizure susceptibility or severity. This phenomenon has been
observed in a number of different animal models of epilepsy.
For example, destruction of catecholaminergic neurons by
intraventricular injection of 6-hydroxydopamine markedly
potentiates convulsions produced by pentylenetetrazol |7, 8,
26. 29]. Similar pretreatment can also facilitate the acquisi-
tion and expression of kindled seizures [1, 7, 9]. Although
6-hydroxydopamine destroys dopaminergic and adrenergic
neurons, more selective approaches have implicated the de-
struction of adrenergic neurons as the significant event |9,
26, 28].

The kindled amygdaloid seizure (KAS) model has been
particularly helpful in uncovering the role of the adrenergic
system in the control of seizures [6, 27, 32]. In addition to the
effects of 6-hydroxydopamine already described, depletion
of catecholamines with reserpine | 1,43] or tetrabenazine {43]
enhances seizure responses during kindling. Similar
enhancement has been described after treatment with
alpha-methyl-para-tyrosine or disulfiram [4] both of which
reduce the synthesis of norepinephrine. Ehlers, Ciifton and
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Sawyer [14] have reported that bilateral knife cuts in the
mesencephalon at a level through which noradrenergic
neurons pass also result in a significant facilitation of kin-
dling. They observed a positive correlation between the
number of afterdischarges (ADs) required to kindle their sub-
jects and the concentration of norepinephrine present in the
amygdala and surrounding regions. Conversely, treatment
with pargyline, 2 monoamine oxidase inhibitor, which in-
creases norepinephrine levels, reduced AD durations during
kindling and retarded the rate of acquisition [43]. These
studies suggest that activation of adrenergic systems may act
to suppress seizure onset, generalization and duration. A
reduction in adrenergic function would tend to decrease sei-
zure threshold, facilitate generalization and, in certain situa-
tions, lead to longer and more severe seizures.

The role of specific adrenergic receptors in this process is
less clear. The studies that have been performed are often
contradictory and have employed widely differing doses of
adrenergic agonists and antagonists. Propranolol, a
nonspecific beta adrenergic antagonist, has been reported to
either facilitate [4] or have no effect [33] upon kindling ac-
quisition. Ashton, Leysen and Wauquier {2] found proprano-
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lol reduces the duration of forepaw clonus in fully kindled
subjects. The alpha adrenergic antagonist, phenoxyben-
zamine, has no important effects upon kindling acquisition
[4] or on kindled seizures [2]. The alpha adrenergic agonist,
clonidine, has been reported to have no effect on kindling
acquisition [4]. It does, however, exhibit anticonvulsant
properties in kindled subjects [2]. Clearly, no coherent pic-
ture of receptor-mediated action is possible from these
studies.

In view of the biphasic nature of the dose-response curves
that have been reported for alpha agonists such as clonidine
in other model systems of epilepsy [24, 30, 31], a com-
prehensive dose-response study of adrenergic agonists and
antagonists on different phases of the kindling process was
needed. In this paper we present dose-response data for a
relatively specific alpha, receptor agonist, xylazine. Like
clonidine, xylazine activates both alpha, and alpha, recep-
tors, but it is 2 more specific agonist for alpha, receptors than
clonidine [11]. Xylazine is also widely used in veterinary
medicine for its sedative and analgesic actions, both of which
have been attributed to its selective alpha,-adrenergic activ-
ity [10, 13, 17, 36, 37]. The results demonstrate that xylazine
possesses significant proconvulsant and anticonvulsant po-
tential. The effect produced in any particular situation is
dependent upon dose.

METHOD
Subjects

Male Sprague-Dawley rats, weighing from 300-325 g,
were the subjects. They were housed individually with free
access to food and water. A 7 a.m. to 7 p.m. light-dark cycle
was maintained.

Preparation of Subjects for Amygdaloid Stimulation

All subjects were anesthetized with Chloropent® (3.6
ml/kg) (a chloral hydrate, pentobarbital, magnesium sulfate
mixture) IP. The skull was exposed and holes were drilled
with a dental burr to place electrodes. An electrode consist-
ing of a pair of 34 ga stainless steel wires, twisted tightly
together and insulated except at the tips, was lowered into
the right amygdala using the coordinates: 1.0 mm posterior
to bregma, 4.75 mm lateral of the midline and 7.5 mm ventral
from the surface of the brain (stereotaxic orientation — in-
cisor bar 5 mm above intra-aural line). Stainless steel screws
were placed over the cortex and the frontal sinus to serve as
recording and reference electrodes, respectively. Additional
screws were placed to anchor the final electrode assembly to
the skull. The amygdala, a cortical and reference electrodes
were connected by insulated wires to male Amphenol con-
nector pins and inserted into a male Amphenol connector
strip. This assembly was attached to the skull with dental
acrylic cement. Animals were allowed at least 10 days to
recover from the surgical procedures before being used in
any of the experiments.

Procedures Used to Produce Amygdaloid Kindling

For each kindling trial subjects were placed in a Plexiglas
box, 30x30x45 c¢m in size. The electrodes were connected
via a central cable to the stimulating and recording equip-
ment. Electrical stimulation was produced by a Grass S-44
stimulator and delivered to the amygdala through a constant
current output. The stimulus consisted of a one second train
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of 60 Hz biphasic square waves, each 1 msec in duration and
400 wAmp in amplitude. At the termination of the stimulus
train, the amygdala and the EEG electrodes were electroni-
cally switched to a Grass Model 7 polygraph. Electrical ac-
tivity from the amygdala and the cortex was recorded until
all evidence of seizure activity had ceased.

Two measurements of seizure severity were employed.
The first was the duration of AD elicited by the stimulus. The
AD was the period during which electrographic spiking at a
frequency of | per second or faster and at least twice the
maximal prestimulus amplitude, was recordable in amygdala
and/or cortex. If additional AD occurred within 1 minute of
the termination of the preceding AD, it was included when
determining total AD duration. The second measure em-
ployed was an assessment of behavioral seizure severity. A
ranking scale, similar to that described by Racine |34] was
used in which a score of (0) was assigned for no behavioral
response; (1) indicated facial clonus: (2) indicated | plus
head nodding or head and neck clonus; (3) indicated 2 plus
forelimb clonus; (4) indicated 3 plus rearing; and (5) indi-
cated rearing and falling over onto the cage floor. Only sub-
jects completing the full acquisition period were counted in
the results. Data from animals dying, losing their implants or
exhibiting abnormal ADs or behavioral responses were dis-
carded.

Procedure Used to Determine Seizure Thresholds

In previously kindled subjects seizure thresholds were
determined at 1 minute intervals with increasingly higher
current intensities until an AD occurred. The initial current
(20 wAmps) was increased by 20 pwAmp increments. The
threshold was defined to be the lowest current intensity
producing an Ad. In order to be considered an AD the re-
sponse to stimulation had to include at least three spikes
occurring at a frequency of 1 per second or faster. The dura-
tion of the AD and the severity of the seizure produced by
threshold stimulation were also measured.

Experiment 1: Xylazine and Kindled Amygdaloid Seizures
(KAS)

Forty previously kindled rats were used to evaluate the
effect of xylazine on KAS expression. All had been without
drug exposure for at least two weeks. Their responses to
amygdaloid stimulation were characterized by a stable
threshold for evoking ADs and by ADs and seizures which
were constant in duration and expression from trial to trial.
Upon entering the study each rat was assigned randomly to
one of two groups. One of these groups was used to evaluate
effects upon supramaximal (400 xAmp) stimulation and the
other was used to evaluate effects upon AD thresholds. The
following testing schedule was used for both groups. Every
week each subject was randomly assigned to one of six
xylazine (Rompun-Chemagro) dose groups (0.3, 1, 3, 10, 20
or 30 mg/kg). On day 1 rats were given a suprathreshold
stimulation. On day 2 rats received saline (ml/kg) or xylazine
in a random order. Twenty minutes later seizure thresholds
were determined or the subjects received a single 400 uAmp
stimulation, depending upon group. On day 3 nothing was
done. Day 4 was a repeat of day 1, and day 5 was a repeat of
day 2 except subjects were crossed over so that those receiv-
ing saline on day 2 received xylazine on day S while subjects
receiving xylazine were administered saline. This schedule
was repeated weekly until all 6 treatments had been com-
pleted.
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For a number of reasons, not all subjects received all
doses of xylazine. The doses of 20 and 30 mg/kg produced
prolonged effects which invalidated the crossover compo-
nent in half the subjects receiving these doses. Because of
this, doses of 20 and 30 mg/kg were not used in the threshold
group. Subjects showing changes of more than 20% between
successive saline trials or other evidence of unstable re-
sponses were also discontinued. Because of this fact, all
analyses of xylazine effects were restricted to a within sub-
jects comparison where the treatment effect was compared
only against the saline control data obtained for the same
week (e.g., day 2 vs. day 4).

Experiment 2: Xvlazine and the Acquisition of Kindled
Scizures

Based upon the results obtained in the experiments on
kindled subjects, doses of 0.3 and 3 mg/kg were selected for a
kindling acquisition study. These doses were anticipated to
produce opposite effects on kindling acquisition. Ten days
after surgery, rats were given daily intraperitoneal injections
of saline (ml/kg) (N=6), 0.3 mg/kg xylazine (N=7) or 3 mg/kg
xylazine (N=6). Electrical stimulation of the amygdala (400
wAmp) was given 20 minutes later. Each rat was injected and
stimulated daily for 16 days, at which time all subjects had
kindled. Kindling was defined to have occurred when sub-
jects attained their first rank=35 seizure.

Assessment of Effects

in previously kindled rats, comparisons of AD threshold
and AD durations were performed using a paired-sample
/-test. Seizure severity ranks were compared with Wilcox-
in’s paired-sample signed ranks test. Behavioral indices were
evaluated using a simple three point scale. Rats that were
immobile, exhibited decreased muscle tone or didn’t respond
to handling were scored as sedated. Rats showing distur-
bance of gait were scored as ataxic. Rats showing an at-
tenuated response or failing to respond to a calibrated tail
pinch were scored as analgesic.

The kindling data in Experiment 2 were analyzed as fol-
lows. A repeated measures analysis of variance was used to
compare AD durations during the acquisition period. A
signed-ranks test [16] was used to compare AD seizure sev-
erity ranks. All other data were analyzed by analysis of vari-
ance. Intergroup differences between means were deter-
mined using the revised method of least significant differ-
ences [39].

RESULTS
Kindled Subjects—Suprathreshold Stimulation

The effects of xylazine upon KAS expression in kindled
subjects were determined over a dose range from 0.3-30
mg/kg (Table 1). Seizures evoked with suprathreshold stimu-
lation were relatively resistant to modification by the al-
phay/alpha, agonist. Seizure duration and severity were af-
fected only at doses that also produced sedation, analgesia
and ataxia. Rats that received 20 or 30 mg/kg xylazine exhib-
ited toxicity that lasted 2-4 days. This consisted of weight
loss, diarrhea and an unkept appearance. Four subjects
given 30 mg/kg died 12-24 hours after exposure. Autopsy
revealed extensive pulmonary edema and hemorrhage,
possibly attributable to alpha, adrenergic activity at these
dose levels. Because of these effects, doses above 10 mg/kg
were not tested in the threshold group.
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TABLE 1

EFFECTS OF XYLAZINE ON AMYGDALOID SEIZURE EXPRESSION
IN KINDLED RATS
(SUPRATHRESHOLD STIMULATION)

Afterdischarge Change in
Dose Duration* Seizure Severityt
(mg/kg) N (% of control) {No. rank score)
0.3 10 98 + 4% 0.0
1 19 93 = 6 0.0
3 20 101 = 10 0.0
10 20 83+ 9 ~0.6
20 8 82 + 68§ —1.6%
30 8 45 = 59 -2.79

*Length of AD on drug day expressed as a percent of AD duration
on the day subjects received saline only.

tDifference in mean seizure severity rank score from score for
day subjects received saline only.

fValues are means = S.E.

§p<0.05.

fip<0.01.

Kindled Subjects—Threshold Stimulation

The effects of xylazine on threshold seizures were
biphasic and dose-dependent (Table 2). A dose of 0.3 mg/kg
was proconvulsant. It lowered the threshold current required
to elicit AD, and it markedly increased the duration of the
AD and the severity of the accompanying seizure produced
by the threshold stimulus. At this dose of xylazine, AD du-
ration and seizure severity nearly equalled those produced in
the same subjects by suprathreshold stimulation. At the
proconvulsant dose of 0.3 mg/kg, no observable sedation,
analgesia, ataxia or other change in behavior was noted.

Increasing the dose of xylazine led to a progressive re-
placement of this effect with an anticonvulsant one. At doses
of 3-10 mg/kg seizure thresholds were elevated, and AD du-
rations and severity were decreased. The anticonvulsant ac-
tion was apparent only with doses that were also sedative
and ataxic.

Kindling Acquisition

The acquisition data are shown in Fig. 1. The figure indi-
cates the effects observed on three measures: (1) time of
appearance of first fully generalized (rank=5) seizure, (2)
mean seizure severity rank for each trial during acquisition,
and (3) mean AD duration for each trial during acquisition.
The group given 0.3 mg/kg day xylazine kindled faster and
had more severe seizures during the acquisition period than
did the controls. Conversely, the group given 3 mg/kg
xylazine required more stimulations to kindle than the con-
trol group. They also had less severe seizures during the
acquisition period. An important finding is that both doses of
xylazine decreased AD duration during acquisition as com-
pared to control, F(2,16)=3.49, p<0.05, yet the lower dose
facilitated and the higher dose depressed acquisition rate.

Additional acquisition data are presented in Table 3. The
two dose groups differed from each other and from the con-
trol group in the number of stimulations required to complete
kindling. The 0.3 mg/kg group also differed from the control
group and the 3 mg/kg group by requiring only 50% as much
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TABLE 2

EFFECTS OF XYLAZINE ON AMYGDALOID SEIZURE EXPRESSION IN KINDLED RATS
(THRESHOLD STIMULATION)

Afterdischarge Afterdischarge Change in
Dose Threshold* Duration¥ Seizure Severity}
(mg/kg) N (% of control) (% of control) (No, rank score)
0.3 10 83 + 61 283 + 49¢ +2.19
1 12 100 = 14 144 + 25 +0.5
3 10 123 = 17 63 + 22 -0.3
10 12 136 = 21 63 = 188§ -0.98§

*Stimulus current required to evoke an AD on drug day expressed as a percent of
stimulus current required on the day subjects received only saline.
tLength of AD on drug day expressed as a percent of AD duration on the day subjects

received saline only.

iDifference in mean seizure severity rank score from score for day subjects received

saline only.
§p <0.05.
Ip<0.01.
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FIG. 1. Effects of xylazine on acquisition of kindling: The results of
exposure to 0.3 and 3 mg/kg/day xylazine on three different acquisi-
tion measures are shown. Lefi—Cumulative percent of subjects hav-
ing had at least one rank=>5 seizure is plotted as a function of the
number of kindling trials; Middle—Mean seizure severity during ac-
quisition; Right—Mean afterdischarge duration during acquisition.

AD to compilete kindling. Although the groups differed sig-
nificantly in measures made during acquisition, the groups
could not be differentiated from each other once kindled.
The duration and severity of the kindled seizure was not
modified by either treatment.

DISCUSSION

The results indicate that xylazine can have proconvulsant
or anticonvulsant effects, depending upon dose. The
proconvulsant effects stem from mechanisms which act to
decrease AD thresholds and which may facilitate the spread
of convulsive activity throughout the CNS. The former can
be demonstrated directly in previously kindled subjects. The
latter can be inferred from the fact that: (1) 0.3 mg/kg
xylazine increased kindling acquisition rate even though it
decreased AD durations on every acquisition trial, (2) sub-
jects given 0.3 mg/kg xylazine kindled with only half the total
AD exposure needed by control subjects, and (3) 0.3 mg/kg
xylazine increased the duration and severity of threshold-
elicited seizures in previously kindled subjects. These sei-

TABLE 3
EFFECTS OF XYLAZINE ON THE ACQUISITION OF AMYGDALOID KINDLED SEIZURES

Cumulative seconds of

AD Duration of First

Dose No. of Stimulations AD Required to Kindlet Kindled Seizuref
(mg/kg) N Required to Kindle* (sec) (sec)
0 6 9.8 + 1.0§ 318 « 79 73.8 = 13.9
0.3 7 7.7 = 0.89%* 163 + 319%* 62.9 = 13.7
3 6 11.8 = 1.49 355 = 41 50.7 = 8.9
F(2,16)=3.82 F(2,16)=3.93 F(2.,16)=0.80
L.S.D.=2.0%+ L.S.D.=118

*Number of stimulations required to elicit first fully generalized (rank=35) seizure.
1Total seconds of AD experience prior to developing first fully generalized seizure.

$Duration of first fully generalized seizure AD.
§Values are means + S.E.

p<0.05 As compared to the saline (0 mg/kg) control group.
**p<0.01 As compared to the 3 mg/kg xylazine group.
1L.S.D. is the least significant difference between means, p<0.05.
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zures approached, but never became longer or more severe
than, seizures elicited in the same subjects by supramaximal
stimulation. These observations are consistent with the pre-
vious demonstration by Racine [34] that AD spread is the
main electrographic correlate of kindling.

The anticonvuilsant actions appear relatively nonspecific
and may simply be the result of the reduction in AD length
produced by xylazine. At 3 mg/kg doses or higher, AD dura-
tions and intensities were reduced in all three situations
examined. Kindling acquisition was slowed, but only in pro-
portion to the reduction in AD length. The 3 mg/kg group
required more trials to become kindled than did the control
group, but each AD evoked during acquisition was shorter.
When total AD experience is compared, the 3 mg/kg xylazine
group and the control group kindled after receiving the same
amount.

These findings reinforce previous assumptions about the
sensitivity of the KAS model of epilepsy [18, 19, 20, 32]. The
kindling acquisition period is sensitive to manipulation by
both proconvulsant and anticonvulsant influences. In fully
kindled subjects threshold seizures are also responsive to
both proconvulsant and anticonvulsant manipulations.
Suprathreshold-elicited seizures are more resistant to ma-
nipulation and are not as suitable for the demonstration of
proconvulsant effects.

Although many chemicals have been demonstrated to af-
fect kindling, xylazine has a unique spectrum of action. It is
the only substance tested to date that can facilitate kindling
acquisition rate while simultaneously decreasing AD dura-
tion. Other compounds known to facilitate acquisition rate,
such as lindane [18,19], dieldrin [20] or pentylenetetrazol |3]
also increase AD durations throughout the acquisition
period. For the latter type of proconvulsants, the major
mechanism is AD prolongation. There is no decrease in the
total AD experience needed to complete kindling {3, 19, 20,
33]. Xylazine, on the other hand, significantly reduces the
AD requirement at proconvulsant doses and produces kin-
dled subjects in half the exposure. This has important impli-
cations for the mechanisms by which kindling occurs.

Although these experiments do not provide direct insight
into the mechanisms involved, it is worth considering how
they might relate to the adrenergic actions of xylazine. One
possibility is that the proconvulsant effects are associated
with alpha, receptor activation whereas the anticonvulsant
effects are associated with alpha, receptor activation.

Certain evidence supports this hypothesis. First,
xylazine, like other alpha,/alpha, agonists activates both re-
ceptortypes [11, 12, 22,23, 42]. However, it is a more potent
agonist for alpha, receptors than for alpha, receptors, and it
appears to be 3-4 times more selective as an alpha, agonist
than clonidine [11,12]. Thus, at the low end of the dose-
response spectrum, xylazine would be expected to produce a
relatively pure alpha, action, whereas at higher doses a mix-
ture of alpha, and alpha, effects would occur.

Stimulation of alpha, receptors is associated with many
actions indicative of a reduction in adrenergic tone. For
example, alpha, receptor stimulation has been implicated to
decrease the stimulation-induced release of norepinephrine
from central [12, 22, 23, 40, 42] and peripheral [11, 22, 23, 25,
42] neurons. Xylazine has been shown to reduce sympathetic
tone by both a central and a peripheral action [38]. The
noradrenergic neurons of the locus coeruleus possess
alpha-adrenergic receptors in the vicinity of their cell bodies.
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These receptors appear to be alpha, receptors in type, and
their activation leads to an inhibition of neuronal discharge
[5]. Since the locus coeruleus is the site of origin for the
majority of noradrenergic fibers, the direct activation of the
somatic alpha, receptors by xylazine would lead to a global
decrease in noradrenergic neuronal activity. Many of the
behavioral effects of xylazine, including sedation [10, 13,
17], and analgesia [36,37] also appear to be mediated by al-
pha, receptors.

In the kindling model of epilepsy, other situations which
decrease the level of adrenergic activity have been demon-
strated to decrease seizure threshold and/or to increase the
rate and extent of spread of seizure activity throughout the
CNS [1, 4, 6, 7,9, 27, 43]. If the proconvulsant actions of
xylazine are adrenergically mediated, then it would seem
most likely to be related to alpha, receptor stimulation and
the consequential reduction in adrenergic activity. The
proconvulsant effects appear at low doses where relatively
selective alpha, effects should occur. The anticonvulsant ef-
fects are observed with higher doses where both alpha, and
alpha, effects should overlap. It is pertinent here that King
and Burham [21] have reported that the alpha, antagonists,
yohimbine and piperoxan, produce biphasic responses on
flash evoked afterdischarges (FEAD) in rats. Low doses de-
crease the amount of FEAD while higher doses return the
amount to baseline.

While this hypothesis is attractive, there are observations
that are difficult to reconcile with it. The sedative and anal-
gesic properties of xylazine appear to be alpha,-mediated
17, 36, 37]. These effects appear over a wide dose range and
are present at doses of xylazine that are anticonvulsant.
Clonidine, which is pharmacologically similar to xylazine,
has been reported to have proconvulsant [29] and anticon-
vulsant activity [30,31] on pentylenetetrazol-induced sei-
zures. The anticonvulsant effects occurred to low exposure
levels and were antagonized by yohimbine, an alpha,
antagonist. High doses of clonidine (1-5 mg/kg) are anticon-
vulsant against picrotoxin, strychnine and maximal elec-
troshock seizures [24].

It is also possible that the proconvulsant and/or anticon-
vulsant effects of xylazine do not involve noradrenergic in-
teractions at all. Clonidine, which is pharmacologically simi-
lar to xylazine, also activates histamine receptors in the CNS
[15.,35]. Clonidine has also been demonstrated to interfere
with the stimulation-induced release of serotonin from
serotonergic neurons [40] and to diminish acetylcholine re-
lease from nerves in the guinea pig ileum [41]. If xylazine
shares any of these properties, then its mechanisms may be
quite complex. However, because of the uniqueness of its
actions upon kindling and kindled seizures, further analysis
is clearly warranted.
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