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Abstract
Introduction—Increasing evidence suggests the role of inflammation in enhancing neuronal
excitability and contributing to epileptogenesis. Tetracycline-class antibiotics minocycline,
doxycycline, and tetracycline have been shown to have anti-apoptotic and anti-inflammatory
effects.

Methods—We investigated the anti-seizure effects of tetracycline-class antibiotics minocycline,
doxycycline, and tetracycline in vivo by using the maximal electric shock (MES), 6Hz (minimal
clonic seizure) test, and subcutaneous Metrazol (scMET) models of epilepsy.

Results—Minocycline, doxycycline, and tetracycline showed anticonvulsant effects in
abolishing partial seizures in a mouse model of 6Hz seizure test. A dose-dependent effect was
found, with ED50 of 170mg/kg for minocycline, 157 mg/kg for doxycycline, and 255 mg/kg for
tetracycline with peak onset at 0.5 hours. At high doses, minocycline (250mg/kg) and doxycycline
(150mg/kg) also have toxic effects, from motor impairments to respiratory failure and death.
These drugs had no effects on the MES and scMET tests.

Conclusions—In three tests of anti-seizure activity, minocycline, doxycycline, and tetracycline
were found to be protective in one: the 6Hz seizure model. Our data suggest that minocycline and
other tetracycline-class drugs may offer some degree of anticonvulsant effect in the setting of CNS
disease trials.
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INTRODUCTION
Epilepsy is one of the most common neurological disorders with diverse etiologies. Aside
from idiopathic or known genetic epilepsy syndromes, epilepsy can arise from central
nervous system (CNS) infections, brain injuries, brain tumors, and cerebrovascular disorders
including vascular malformations [1]. As many as one-third of the patients with epilepsy are
refractory to pharmacological treatment [2], and mechanisms of treatment failure is still
relatively poorly understood.

Recent data suggest that neuroinflammation may contribute to the pathogenesis of epilepsy.
Insults to the central nervous system produce a neuroinflammatory response characterized
by microglia and astrocyte activation, breakdown of the blood-brain-barrier (BBB), and
acute up-regulation of pro-inflammatory cytokines such as interleukins and tumor necrosis
factor [3-7]. In the case of epilepsy, the activation of these pro-inflammatory mediators can
increase neuronal excitability, therefore enhancing seizure susceptibility [1, 8, 9].

Current anticonvulsant therapies are largely limited to those that interact with ion channels
or synaptic vesicles [2]. However, attention has been turned toward anti-inflammatory and
immunosuppressive drugs for the treatment or prevention of epilepsy. In particular, recent
evidence shows that some anti-inflammatory drugs that inhibit metalloproteinase, microglia
activation, and the inflammatory cascade such as the IL-1/Toll-like receptor (TLR) signaling
cascade can have neuroprotective effects [1]. One report showed that doxycycline, a second-
generation tetracycline, protects against seizures in the pilocarpine-induced seizure model in
rats [10].

Minocycline, the most lipid-soluble of the tetracycline-class antibiotics, is of particular
interest for its potential applicability as an antiepileptic drug. As an anti-inflammatory,
minocycline has shown to inhibit apoptosis via attenuation of TNF-alpha and down-
regulation of pro-inflammatory cytokine through caspase-dependent and caspase-
independent pathways [5, 11]. Minocycline also has anti-inflammatory actions by inhibiting
microglial activation and transmigration of T-lymphocytes. Patients taking minocycline
shortly after acute ischemic stroke showed improved functional state and stroke severity
over a 3-month period compared to those receiving placebo [12]. In the setting of brain
arteriovenous malformations (AVM), preliminary evidence suggests that minocycline may
reduce the risk for developing epilepsy and stabilize the rupture-prone, dysplastic vascular
structures of the nidus [13].

Given the promising ability of minocycline to reduce inflammation in the CNS, we
investigated whether minocycline and other tetracyclines have anti-seizure effects. By using
in vivo models for partial, clonic, and tonic-clonic seizures, we describe for the first time, an
anti-seizure property of minocycline, doxycycline, and tetracycline.

METHODS
Animals

Adult male CF no 1 albino mice (Charles River, Michigan) and Sprague-Dawley albino rats
(Charles River, Michigan) were used for this study. All animals were maintained on
adequate diet (Prolab RMH 3000) with free access to food and water. They are housed in
plastic cages with controlled 12-hour alternating light and dark cycles. All animal
experiments were performed in accordance with guidelines with NINDS Antiepileptic Drug
Screening program.

Wang et al. Page 2

Epilepsy Behav. Author manuscript; available in PMC 2013 September 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



6Hz (Minimal Clonic Seizure) Test
6Hz of alternating current (50 mA) was delivered for 3 s by corneal electrodes primed with
an electrolyte solution containing an anesthetic agent (0.5% tetracaine HCl) to adult mice in
order to assess a compound's efficacy against electrically induced seizures. Minocycline,
doxycycline, tetracycline, or control 0.5% methylcellulose is pre-administered to CF mice
(26-30 g, age 28-38 days) via i.p. injection at the following doses of 75, 100, 150, 250, and
500mg/kg. At varying times, individual mice (four per time point) are challenged with
sufficient current delivered through corneal electrodes to elicit a psychomotor seizure in
97% of animals (32 mA for 3s) [14]. Untreated mice will display seizures characterized by a
minimal clonic phase followed by stereotyped automatisms described originally as being
similar to the aura of human patients with partial seizures. Animals not displaying this
behavior are considered protected. The test may be evaluated quantitatively by measuring
the responses at varying doses at a determined time of peak effect (TPE).

Maximal Electroshock Test (MES)
For all tests based on MES convulsions, 60Hz of alternating current (150mA) is delivered
for 0.2s by corneal electrodes primed with an electrolyte solution containing an anesthetic
agent (0.5% tetracaine HCl). Rats are tested at various intervals following doses of 30, 100
and 300 mg/kg minocycline, doxycycline, tetracycline, or control 0.5% methylcellulose
given by i.p. injection of a volume of 0.01 mL/g. An animal is considered “protected” from
MES-induced seizures upon abolition of the hindlimb tonic extensor component of the
seizure (Swinyard et al., 1989; White et al., 1995a; White et al., 1995b).

Subcutaneous Metrazol Seizure Threshold Test (scMET)
Subcutaneous injection of the convulsant Metrazol produces clonic seizures in laboratory
animals. The scMET test detects the ability of a test compound to raise the seizure threshold
of an animal and thus protect it from exhibiting a clonic seizure. Mice are pretreated with
30, 100, and 300 mg/kg of minocycline, doxycycline, tetracycline, or control 0.5%
methylcellulose given by i.p. injection. At the previously determined TPE of the test
compound, the dose of Metrazol which will induce convulsions in 97% of animals (CD97:
85 mg/kg mice) is injected into a loose fold of skin in the midline of the neck. The animals
are placed in isolation cages to minimize stress [15] and observed for the next 30 minutes
for the presence or absence of a seizure. An episode of clonic spasms, approximately 3-5
seconds, of the fore and/or hindlimbs, jaws, or vibrissae is taken as the endpoint. Animals
which do not meet this criterion are considered protected.

Minimal Motor Impairment
To assess a compound's side effects and toxicity, animals are monitored for overt signs of
impaired neurological or muscular function. In mice, the rotarod [16] procedure is used to
disclose minimal muscular or neurological impairment. When a mouse is placed on a rod
that rotates at a speed of 6rpm, the animal can maintain its equilibrium for long periods of
time. The animal is considered toxic if it falls off this rotating rod three times during a 1-min
period. In rats, minimal motor deficit is indicated by ataxia, which is manifested by an
abnormal, uncoordinated gait. In addition to MMI, animals may exhibit a circular or zigzag
gait, abnormal body posture and spread of the legs, tremors, hyperactivity, lack of
exploratory behavior, somnolence, stupor, catalepsy, loss of placing response and changes in
muscle tone.

ED50 Calculation
Quantitative determinations of Median Effective (ED50) of candidate compounds are
calculated in vivo. Studies are conducted utilizing an experimentally calculated time of peak
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effect. Time to peak effect was performed using four animals to select the time point at
which the greatest treatment effect was seen. This time point (0.5 hours for all three drugs)
was used to perform the quantitative study. Groups of at eight mice are tested with various
doses of the candidate drug until at least two points can be clearly established between the
limits of 100% protection and 0% protection. The dose of drug required to produce the
desired endpoint in 50% of animals (ED50) in each test, the 95% confidence interval, the
slope of the regression line, and the S.E.M. of the slope are calculated by fitting the data
using a sigmoidal logistic function as previously described by Finney [17].

RESULTS
Minocycline, doxycycline, and tetracycline showed anticonvulsant effects in vivo

To test the anti-seizure effects of tetracycline-class antibiotics, we performed the 6Hz test. In
this test, low frequency (6Hz) stimulations lasting 3 seconds are administered to the animals,
which result in stereotyped automatisms similar to that of partial seizures in humans.
Intraperitoneal injection of minocycline resulted in protection from clonic seizure in all
doses tested (75mg/kg, 100mg/kg, and 150mg/kg, Table 1), and effects peaked at 30
minutes, as shown in the time to peak graph in Figure 1. Doxycycline and tetracycline also
showed seizure protection at both doses tested (100mg/kg and 150 mg/kg, 200 mg/kg and
400 mg/kg, respectively, Tables 2 and 3). Control treatment with 0.5% methylcellulose
demonstrated no seizure protection. Time to peak relationships for all test compounds at
150mg/kg concentration are shown in Figure 2. Dose-response relationships were found in
all three compounds (Figure 3). The ED50 dose for anti-seizure effect during peak effect is
170.36 mg/kg for minocycline (95% CI: 115.7-237.5 mg, slope 4.49 ± 1.33), 157.33 mg/kg
for doxycycline (95% CI: 100.01-247.45, slope 2.24 ± 0.69), and 254.89 mg/kg for
tetracycline (95% CI 103.77-394.67, slope 2.07 ± 0.76).

Minocycline, doxycycline, and tetracycline did not show any protective effects in other
seizure models

We also assessed tetraycycline-antibiotics’ anticonvulsant effects in other seizure models. In
the maximal electrical shock (MES) test, 60Hz of alternating 50A current is delivered for
0.2s by corneal stimulation, causing tonic limb movements. Mice treated with IP
minocycline, doxycycline, or tetracycline at all tested dose (30, 100, and 300mg/kg) did not
abolish tonic hind limb extension. Subcutaneous injection of the convulsant Metrazol
(scMET) produces clonic seizures, and the scMET test detects the ability of a test compound
to raise the seizure threshold. Animals pretreated with various doses of minocycline,
doxycycline, and tetracycline (30, 100, and 300mg/kg) as well as control injection with
methylcellulose did not prevent the manifestation of clonic spasms in the fore- and
hindlimbs, jaws, or vibrissae. These results are shown in Table 4

Minocycline, doxycycline, and tetracycline toxicity
To assess tetracycline-class antibiotic toxicity and other side effects, animals are evaluated
for signs of motor and neurological impairment. Initial injection of minocycline resulted in
vocalization and hyperactivity of all animals, likely related to the injection itself. With the
peak of onset, injections of minocycline at 100mg and 150mg produced diarrhea in 5/8
mice, which resolved within 1 hour of minocycline injection (Table 5). All mice were also
examined using the rotarod test, which is a sensitive test for revealing neuromuscular
dysfunction. With 500mg of minocycline injection, half the animals exhibited motor
impairments on the rotarod by falling off the rotating rod at least three times during a 1-min
period. For high-dose minocycline treatments (250mg and 500mg), all animals tested
became sluggish and cyanotic hours after injection (4-24 hours), and likely died from
respiratory failure (Table 5). Control methylcellulose injection exhibited no toxicity.
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Doxycycline showed the greatest toxicity profile, causing deaths with even low dose
administration at 150mg/kg. At higher doses (300 and 500mg/kg), doxycycline caused
severe motor impairments within first two hours of administration, and led to deaths of all
animals tested by 6 hours (Table 6). Tetracycline had the most favorable toxicity profile, as
no animals were noted to have neurological or motor deficits with up to 500mg/kg injection
(Table 7).

DISCUSSION
We provide the first evidence for anticonvulsant effect of minocycline and tetracycline-class
antibiotics in abolishing in vivo focal seizures in mice. We show a dose-dependent effect
with ED50 of 170mg/kg for minocycline, 157 mg/kg for doxycycline, and 255 mg/kg for
tetracycline with peak onset at 0.5 hours. As expected, at very high doses, minocycline and
doxycycline displayed toxic effects, ranging from motor impairment to respiratory failure
and death.

Interestingly, tetracyclines were protective against seizures in the 6Hz model but not in other
seizure models tested in this study. For decades, first-line anticonvulsant efficacy screening
has been with MES and scMET but this practice is being re-evaluated in light of recent
experience. Levetiracetam, a useful human anti-seizure medication, fails to demonstrate
efficacy in MES and scMET but is effective in the 6Hz seizure model [18]. This alternative
paradigm uses low frequency, long-duration corneal stimulation model to produce
psychomotor seizures as a model for partial epilepsy [14,19]. Instead of the tonic extension
seizures characteristic of the MES test, the 6Hz-induced seizure involve a minimal, clonic
phased followed by stereotyped automatisms reminiscent of human auras in those with
partial or limbic epilepsy. The potential benefits of using minocycline and other tetracycline-
class antibiotics to protect against partial seizures make them exciting prospective agents for
clinical use.

While the anti-seizure effects of minocycline, doxycycline, and tetracycline is promising as
a new class of antiepileptic therapy, the toxic effects of these drugs need to be considered.
Minocycline has been known to cause common gastrointestinal side effects, as seen in a
randomized placebo-control study of minocycline use in Huntington's disease [20-22]. The
same study showed nervous system side effects of minocycline including dizziness, vertigo,
and intracranial hypertension, though the mechanisms for these effects are unknown.
Minocycline has also been linked to respiratory hypersensitivity reactions and lupus-like
syndromes leading to respiratory failure, which may explain the respiratory distressed seen
in animals in our study. However, the dose of minocycline does used in this study far
exceeds that of typical use in clinical trials. Rodents require an approximately 10-fold higher
dose of tetracyclines to achieve comparable plasma levels of drug because of differing
pharmacokinetics from humans [23, 24]. Therefore, minimal dose tested in this study, 75
mg/kg that achieved anticonvulsant activity in mice was about 2.5 fold higher than the 30
mg/kg mouse analogue of the commonly used clinical dose of 200mg per day in humans.
Several published randomized, placebo controlled clinical trials using an equivalent dose of
minocycline for relatively long treatment durations (6 months and greater) showed that it
was well-tolerated with few adverse effects [20-22, 25]. Future studies addressing the
mechanisms for minocycline and doxycycline-induced toxicity may facilitate development
of approaches to further reduce risk in the clinical setting.

The mechanism for minocycline and other tetracycline-class antibiotics’ anticonvulsant
effects remains to be elucidated. Minocycline has multiple effects on the nervous system.
First, minocycline is a potent matrix metalloproteinase-9 inhibitor (MMP-9), which plays
important role in mediating tissue injury during human ischemic stroke [26]. Second, it is a
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potent inhibitor of microglial activation and other inflammatory responses [27]. Third, it is a
potent inhibitor of poly-ADP-ribose polymerase 1 (PARP-1), which causes energy depletion
and cell necrosis [7, 28]. Therefore, it is possible that minocycline and other tetracyclines
can suppress seizures by their anti-inflammatory effects. The short time course of peak
effect suggests that minocycline and other tetracyclines have other immediate effects on
suppressing neuronal excitability besides its anti-inflammatory roles.

There are several limitations to our current study. First, we did not demonstrate the
mechanism(s) by which the tested tetracycline-class agents protect against seizures.
Secondly, we had a relatively small sample size for the tests performed. Our study serves
primarily as an initial screen for the potential anticonvulsant effects of tetracyclines, and
future studies using molecular and electrophysiological tools can elucidate the mechanism of
these protective effects and also assess their role in preventing the development of epilepsy
in genetic models of epilepsy and brain injury models. Although it is currently unknown
how the findings of this study will translate to human clinical trials, an important finding of
this study is that tetracycline-class drugs showed at least partial anti-convulsant activity, and
seizure severity and duration did not worsen with tetracyclines in any of these acute seizure
models.

In conclusion, our study shows for the first time, a possible role for minocycline and
tetracycline-derivatives in preventing and stopping partial seizures in vivo. This new
therapeutic approach may lead to promising new AED in the treatment of epilepsy with
special relevance to cerebrovascular malformations.
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Highlights

Minocycline shows anticonvulsant effects against minimal clonic seizure.

Anticonvulsant effects were seen with doxycline and tetracycline.

These drugs showed dose-dependent effect and peak onset at 0.5 hours.

Toxic effects were seen with very high doses, from motor impairments to death.
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Figure 1.
Time to peak graph of minocycline. Percent of animals protected from seizures in the 6Hz
test as a function of time at various doses of minocycline. The peak response occurred at 0.5
hour for all doses tested.
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Figure 2.
Time to peak graph for minocycline, doxycycline, and tetracycline. Percent of animals
protected from seizures in the 6Hz test as a function of time with 150mg/kg injection of
minocycline (sqaures), 150mg/kg of doxycycline (circles), or 200mg/kg of tetracycline
(diamonds).
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Figure 3.
Dose-response graphs for minocycline, doxycycline, and tetracycline. This graph depicts the
percentage of animals protected from the 6Hz test with various doses (in mg/kg) of
minocycline (square), doxycycline (circles), or tetracycline (diamonds) with sigmoidal
logistic functions for best-fit line.
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Table 1

Anticonvulsant Effect of Minocycline in 6Hz Test

Time (Hours) 0.25 0.5 1.0 2.0 4.0

Dose (mg/kg) N/T N/T N/T N/T N/T

75 3/4 4/4 2/4 2/4

100 2/4 2/4 2/4 0/4 0/4

150 3/4 4/4 3/4 4/4 1/4

Control 0/4 0/4 0/4 0/4 0/4

N/T: number of animals showing anticonvulsant effect / number of animals tested

Control: I.P injection of 0.5% methylcellulose

Epilepsy Behav. Author manuscript; available in PMC 2013 September 04.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wang et al. Page 14

Table 2

Anticonvulsant Effect of Doxycycline in 6Hz Test

Time (Hours) 0.25 0.5 1.0 2.0 4.0

Dose (mg/kg) N/T N/T N/T N/T N/T

100 2/4 3/4 1/4 1/4 0/4

150 2/4 2/3 4/4 2/4 3/3

Control 0/4 0/4 0/4 0/4 0/4

N/T: number of animals showing anticonvulsant effect / number of animals tested

Control: I.P injection of 0.5% methylcellulose
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Table 3

Anticonvulsant Effect of Tetracycline in 6Hz Test

Time (Hours) 0.25 0.5 1.0 2.0 4.0

Dose (mg/kg) N/T N/T N/T N/T N/T

200 1/4 1/4 1/4 1/4 0/4

400 2/4 4/4 3/4 0/4 1/4

Control 0/4 0/4 0/4 0/4 0/4

N/T: number of animals showing anticonvulsant effect / number of animals tested

Control: I.P injection of 0.5% methylcellulose
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Table 4

Minocycline, doxycycline, and tetracycline do not show anticonvulsant effects in MES and ScMET tests

Minocycline Doxycycline Tetracycline Control

Time (Hours) 0.5 4.0 0.5 4.0 0.5 4.0 0.5 4.0

Dose (mg) N/T N/T N/T N/T N/T N/T N/T N/T

30 0/1 0/1 0/1 0/1 0/1 0/1

MES 100 0/3 0/3 0/3 0/3 0/3 0/2 0/4 0/4

300 0/1 0/1 0/1 0/1 0/1 0/1

30 0/1 0/1 0/1 0/1 0/1 0/1

ScMET 100 0/1 0/1 0/1 0/1 0/1 0/1 0/4 0/4

300 0/1 0/1 0/1 0/1 0/1 0/1

MES: Maximal Electrical Shock test

ScMET: Subcutaneous Metrazol test

Control: 0.5% methylcellulose
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Table 5

Minocycline Toxicity

Time (Hours) 0.25 0.5 1.0 2.0 4.0 6.0 8.0 24.0

Dose (mg/kg) N/T N/T N/T N/T N/T N/T N/T N/T

150 0/4 0/4 0/4 0/4 0/4

250 0/8 0/8 0/8 0/8 6/8 Death 7/8 Death 1/2 Motor Imp 1/2 Death

500 4/8 Motor Imp 2/8 Motor Imp 5/8 Motor Imp 8/8 Death

N/T: number of animals showing toxic effect / number of animals tested

Motor Imp: motor impairment on rotarod test

Control injection of 0.5% methylcellulose showed no toxicity
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Table 6

Doxycycline Toxicity in mice

Time (Hours) 0.25 0.5 1.0 2.0 4.0 6.0 8.0 24.0

Dose (mg/kg) N/T N/T N/T N/T N/T N/T N/T N/T

150 0/4 1/4 death 0/4 0/4 1/4 death

300 1/8 motor imp 1/8 motor imp 0/8 1/8 motor imp 4/8 death 7/7 death 5/5 death

500 7/8 motor imp 4/8 motor imp 5/8 motor imp 3/8 motor imp 8/8 death

N/T: number of animals showing toxic effect / number of animals tested

Motor Imp: motor impairment on rotarod test

Control injection of 0.5% methylcellulose showed no toxicity
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Table 7

Tetracycline Toxicity in Mice

Time (Hours) 0.25 0.5 1.0 2.0 4.0 6.0 8.0 24.0

Dose (mg/kg) N/T N/T N/T N/T N/T N/T N/T N/T

150 0/4 0/4 0/4 0/4 0/4

500 0/8 0/8 0/8 0/8 0/8

N/T: number of animals showing toxic effect / number of animals tested

Control injection of 0.5% methylcellulose showed no toxicity
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