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Summary Effects of a static magnetic field (SMF) with strong gradient components were
studied in black Swiss mice. Exposure to SMF (100—220 mT, 15—40 T/m for 1 h) did not affect
the threshold for detecting auditory brainstem responses. Serial seizures elevated the hear-
ing threshold at some frequencies, but there was no difference between SMF-exposed and
unexposed control mice. EEG changes were recorded during audiogenic seizures. Pretreatment
with SMF prolonged seizure latency in response to stimulation with white noise of increasing
intensity from 74 to 102 dBA (1 min interval between 2 and 4 dBA increments) without signifi-
cant effects on seizure severity. Gender-related differences were not statistically significant.
Stimulation with 10 min sound steps revealed prolongation of latency and reduction of seizure
severity in SMF-exposed, but not unexposed, mice. Pretreatment with phenytoin (5 mg/kg) in
combination with SMF had significantly greater effects on seizure latency and severity than

either pretreatment alone. These findings indicate that the SMF studied here under different
conditions elevated seizure threshold and had anticonvulsant properties in Black Swiss mice
and increased the efficacy of a conventional anticonvulsant drug.
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ntroduction

ailure to control seizures with pharmacological agents
rives the quest for novel therapies. More than 30% of

atients with epilepsy are estimated to have inadequate
ontrol while taking AEDs (Kwan and Brodie, 2000; Schmidt,
002; French, 2006). Patients with inadequate response to
nitial therapy or those who experienced multiple seizures
efore treatment were likely to have refractory seizures
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Kwan and Brodie, 2000). Results of large comparative stud-
es of new and old AEDs consistently reveal that many
atients with partial epilepsy continue to have seizures
espite treatment (Mattson et al., 1985, 1992; Smith et al.,
987; Brodie et al., 1995; Chadwick et al., 1998; Rowan et
l., 2005). Ten AEDs were approved by regulatory agencies
etween 1993 and 2005. Many patients remain refractory to
he newer medications in monotherapy and polytherapy (see
chmidt, 2002). Polypharmacy, even with the newer AEDs,
eems unlikely solve the issue of refractoriness in the long
un (Lhatoo et al., 2000; Schmidt, 2002). Because refrac-
ory seizures reduce quality of life of patients with epilepsy
Guekht et al., 2007; Theodore et al., 2006; Piazzini et al.,
007), there is continuing need for novel treatments.

In addition to the continuing search for novel AEDs,
nother approach has been to develop non-pharmacological
herapies such as epilepsy surgery (e.g., for temporal lobe
pilepsy; see Spencer, 2002, for review), vagus nerve stim-
lation (Helmers et al., 2003; Theodore et al., 2006; De
erdt et al., 2007), and the ketogenic diet (Freeman and
ining, 1999; Huffman and Kossoff, 2006; Gasior et al.,
006). Each of these modalities has potential and limita-
ions. Many patients require continued treatment with AEDs
fter epilepsy surgery (Schmidt and Löscher, 2003; Schmidt
t al., 2004) or experience recurrent seizures upon with-
rawal of AEDs postoperatively, i.e., the patients were not
ured of their epilepsy by surgery (Schmidt et al., 2004;
im et al., 2005). Vagus nerve stimulation (VNS) is less
nvasive. Early implantation of VNS resulted in seizure-
reedom for 1 year in 11.8% of patients compared to 4.5%
n patients with late implantation after more than 6 years
f epilepsy (Helmers et al., 2003). The ketogenic diet, or
he less restrictive Atkins diet, is useful as adjunctive ther-
py for some patients, but many patients do not benefit
r are unable to comply with the regimen (Kossoff, 2004).
hus, there is still a need for additional non-pharmacological
odalities for the treatment of refractory seizures.
As in the development of AEDs, demonstration of effi-

acy in disease-related animal models is an essential first
tep in the development of potential non-pharmacological
reatments. Testing in animal seizure models is the main-
tay of antiepileptic drug development (Krall et al., 1978;
öscher, 1984; Kupferberg, 1989; White et al., 1998, 2002;
öscher and Leppik, 2002; Sables et al., 2002; Smith et al.,
007). A variety of models are used to screen for anticon-
ulsant potential, predict the clinical spectrum of utility
nd justify investigation of potential agents in humans.
udiogenic seizures (AGS) in rodents are a form of sen-
ory reflex seizures produced by loud sound. The seizures
re considered to be a model of generalized seizures (Ross
nd Coleman, 2000). The pathway for generation of AGS
nvolving initiation in the colliculi and spread to the spinal
ord has been worked out in genetically epilepsy-prone rats
GEPR; see Faingold, 1999, for review). The same pathway
s assumed to be operant in other AGS susceptible strains.
everal strains of mice, including Frings (Frings and Frings,
953; Skradski et al., 1998, 2001; McMillan and White, 2004),

UB/BnJ (Johnson et al., 2005) and DBA/2 (Johnson et al.,
006), GEPR (Dailey et al., 1989, 1996; Jobe et al., 1994;
aingold et al., 1990) and other rat strains, are available for
se in the screening process. Age-dependent hearing loss
ffects some strains of AGS-prone mice, including Fring’s,
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BA/2 and BUB/BnJ mice, and GEPR (Faingold et al., 1990;
heng et al., 1999; Klein et al., 2005; Zhou et al., 2006).

Black Swiss mice were derived from National Institutes of
ealth Swiss and C57BL/6 mice. Serendipitously, offspring
f certain crosses between knockout mice and Black Swiss
emales were found to have AGS at 2—4 weeks of age (Misawa
t al., 2001, 2002). The seizures consisted of wild running,
oss of righting, tonic flexion and extension and a brief pos-
ictal period (Misawa et al., 2002). There was no change
n hearing threshold with age as determined by brainstem
uditory evoked response testing (Misawa et al., 2002). The
usceptibility to AGS in Black Swiss mice was found to be
nherited as a simple recessive trait (Misawa et al., 2002).
he AGS susceptibility gene, jams1 (juvenile audiogenic
onogenic seizures), localized to a 1.6 ± 0.5 centimorgan

egion on mouse chromosome 10 delimited by the basigin
ene and marker D10Mit140 (Misawa et al., 2002). Misawa
t al. (2002) note that the jams1 locus is syntenic to a
egion on human chromosome 19p13.3 that has been impli-
ated in a familial form of febrile convulsions (Puttagunta et
l., 2000). Also, the gene for cystatin B, a mutant of which
as been implicated in progressive Baltic myoclonic epilepsy
EPM1; Pennacchio et al., 1996), is near jams1 on mouse
hromosome 10. However, the identity of the gene product
as not been ascertained. Misawa et al. (2002) observed uni-
orm seizure susceptibility in their mice which were bred in a
losed colony of homozygotes for multiple markers on chro-
osome 10. We selected Black Swiss mice for the present

tudies.
We have previously observed anticonvulsant effects of

retreatment with static magnetic fields (SMF). In AGS-
rone DBA/2 mice, pretreatment with SMF reduced seizure
ncidence and potentiated anticonvulsant effects of pheny-
oin (McLean et al., 2003). The SMF were time-invariant
ut spatially inhomogeneous with regions containing steep
radients. Exposure to SMF produced by the same electro-
agnetic array decreased severity of seizures elicited by

ntracerebroventricular administration of NMDA and added
o the anticonvulsant effect of phenytoin (McLean et al.,
npublished). These are the only studies involving anticon-
ulsant effects of static magnetic fields of which we are
ware and no controlled clinical trials have been reported
ith static magnetic treatment devices (for review, see
cLean et al., 2001; queries of on-line databases were neg-
tive). Here we report effects of SMF produced by a type of
ermanent magnet on sound-induced seizures in Black Swiss
ice.

ethods

nimal care

lack Swiss mice (Tac:N:NIHS-BC; Taconic, Germantown, NY) were
oused under a 12 h/12 h light/dark cycle with food and water ad
ibitum. Animal care met standards of the National Institutes of
ealth. The experimental protocols were approved by the Vander-
ilt University Institutional Animal Care and Use Committee. For

xperiments, mice were transported to the laboratory from a cen-
ral animal care facility on the day of experiments. Mice with the
ame birth date were said to belong to the same batch. Experiments
ere conducted between 08:00 and 16:00 h. Concomitant controls
ere included in each experiment. Experiments were duplicated or
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Table 1 Summary of experiments, statistical comparison between groups

Experiment Exp day Nctrl Nexposed D p (exp-ctrl)

A.
SMF vs. No SMF;
protocol #1

Exp1 86 86 0.40 1.6 × 10−6

Exp2 71 75 0.44 8.6 × 10−7

Exp3 60 65 0.32 0.002

B.
SMF vs. No SMF;
protocol #2

Exp1 33 26 0.69 6.8 × 10−7

Exp2 24 23 0.71 5.2 × 10−7

Exp3 10 10 0.9 1.7 × 10−4

C.
PHT ± SMF
protocol #1

Exp1 45 46 0.58 1.8 × 10−7

Exp2 42 46 0.33 0.01
42 −4

me b
ring d

N
2
d

Exp3

Exp# refers to sequential day in a series of experiments on the sa
control and exposed distributions and p is the probability (compa

triplicated. A total of 322 mice (164 in control groups; 158 in SMF-
exposed groups) of both genders were used in this study. See Table 1
for disposition by treatment group.
Magnetic devices

Mice were exposed to magnetic fields produced by a sin-
gle cuboidal permanent magnet (Neotexx; Berlin, DE) made of
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Figure 1 The permanent magnet was analytically modeled by a
indicated by the thick arrow. The smaller lines indicate field vectors
field and gradients in a 10 mm × 10 mm × 2 mm volume over the side
component parallel to the local field vector and Gq is the compone
of its magnetization, the gradient is dominated by the parallel com
it is the perpendicular component that dominates as can be seen in
observed but they are centered on zero and the dominating compone
in 2 mm slices at increasing distances from the surface of the magnet,
in 2 mm steps.
45 0.44 2.0 × 10

atches of mice. D is the maximal vertical distance between the
ata from exposed mice to those from unexposed controls).

52 neodymium—iron—boron (NdFeB). The magnets measured
5 mm × 10 mm × 10 mm and were magnetized through the 10 mm
imension. These magnets produced static magnetic fields (SMF;

ime-invariant). Flux density was measured at the surface of a mag-
et with a teslameter (FW Bell model 4048; Orlando, FL) to confirm
umerical models of the field around the magnets. The dosimetry
s displayed graphically in Fig. 1. At a distance of 5 mm from the
urface of the magnet, the flux density (B, Tesla) and perpendicu-

ssuming uniform magnetization across the thinner dimension
(direction and amplitude). Panel (a) shows the distribution of
where field lines exit normal to the surface. Gp is the gradient
nt perpendicular to it. Away from the magnet in the direction
ponent (b). In a direction perpendicular to the magnetization
the bottom graph (c). A wide spread of parallel components is
nt is the perpendicular one. Both panels show the distribution
starting at 5 mm and ending at 15 mm (lowest fields/gradients)
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ar gradient component (Gq, T/m) were about 220 mT and 40 T/m,
espectively. At 15 mm, the values were about 30 mT and 4 T/m.
or most of the exposure time, the head of the mouse in the tube
lled a volume between 6 and 12 mm from the surface of the mag-
et. Dosimetry was calculated using an analytical model assuming
niform magnetization in the NdFeB magnet. The field distribution
as estimated in 10 mm × 10 mm × 2 mm slices at 2 mm intervals

hrough the position of the head of a mouse restrained in a syringe
ube.

xperimental procedure

ice were studied between 21 and 30 days of age, the period of max-
mum susceptibility to audiogenic seizures. To minimize movement
uring exposure to SMF, mice were restrained in 35 ml syringes that
ad been perforated for ventilation and the plunger was advanced
ntil the nose of the mouse was near a hole produced by cutting
he hub off the end of the syringe. Exposure to the SMF was accom-
lished by attaching the magnet to the syringe tube with a rubber
and. The magnet was positioned above the head of the mouse
nside. The long axis of the magnet was parallel to the long axis of
he tube. The magnetization vector was tangential to the surface
f the tube to expose the mouse to field gradients perpendicular
o the local field vector. Geomagnetic and stray electromagnetic
elds (e.g., from lights and power circuits) were not eliminated,
ut such fields are at least two orders of magnitude smaller than
he experimental SMF used here.

retreatment
roups of mice were pretreated in tubes (tube-restrained, TR) with
nd without magnets for 1 h prior to auditory stimulation. The time
f exposure was determined in previous experiments with other
ouse strains (see McLean et al., 2005) and in preliminary exper-

ments with the black Swiss mice. For experiments testing the
nteraction between the magnetic field and an anticonvulsant drug,
henytoin was administered at a range of doses (0.5—40 mg/kg) to
ifferent groups of mice intraperitoneally 2 h prior to auditory stim-
lation to achieve maximum blood levels. The mice were weighed
rior to injection. Aliquots (0.1 ml per 10 g body weight) of pheny-
oin (Sigma; St. Louis USA; dissolved in 0.9% saline) stock solution
alculated to produce the desired doses were injected intraperi-
oneally.

uditory stimulation
fter pretreatment, mice were removed from the syringe tubes one
t a time and placed in a plexiglass cylinder (height, 7.5 in.; diame-
er, 6 in.) with a speaker (model 40—1233; Radio Shack; Fort Worth,
X, USA) centered in the lid. The speaker was driven by a public
ddress amplifier (Optimus MPA-50; Radio Shack, Fort Worth, TX,
SA) to which a DVD player was connected. A disc with a record-

ng of white noise generated with Mathematica (Wolfram Research,
nc.; Champaign, IL) was played at different levels for auditory
timulation.

Sound intensity was measured with a handheld Extech Model
07740 digital sound level meter (Extech Instruments Corporation;
altham, MA). Two stimulation protocols were used. In protocol
1, the sound intensity was increased manually in steps from an

nitial intensity of 74 dBA to 79, 82, 85, 87, 92, 96, 100 and 102 dBA
ntil a seizure occurred or the maximum sound level was reached.
he first sound was played for 2 min to avoid startle responses.
eizure-associated deaths were markedly reduced by eliminating
tartle responses in response to the onset of sound. Subsequent

teps were of 1 min duration (total duration 10 min). Thus, the
atency to seizure initiation serves as a timebase and indicates the
ound intensity required to trigger seizures.

In protocol #2, 10 min steps were used to elicit seizures, begin-
ing at 79 dBA. If no seizure occurred by the end of the first step,
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he sound intensity was increased by one level for another 10 min,
nd so on, until a seizure occurred. After three 10-min steps, mice
ithout seizures were exposed to 1 min of maximum intensity sound

102 dBA; total duration of sound exposure, 31 min).
Because mice were tested for AGS multiple times, numbered ear

ags were used to identify each mouse throughout the series of stim-
lations. Mice received the same pretreatment, e.g., TR control or
agnetic field exposure, before each auditory stimulation session.
aily stimulation resulted in many mice not having AGS, presumably
ue to refractoriness; the same mice had AGS after several days
ithout auditory stimulation. Stimulation every other day during

he period of maximum audiogenic seizure susceptibility between
1 and 30 days of age was generally well-tolerated and resulted in a
igh incidence of AGS each time. Treatment groups including mice
rom the same batch usually underwent 3 stimulation sessions dur-
ng this period. Results from each session are presented separately
n the figures.

udiogenic seizure stages and severity
reconvulsive behaviors included excessive grooming that intensi-
ed as seizure threshold was approached, a brief running episode
ith or without hops and cessation of exploratory activity. This was

ollowed by a second episode of wild running (WR) that progressed
o loss of righting (LOR) with truncal extension or neck flexion with
orelimb extension followed by clonic jerking of the limbs (CLO).
he seizure was defined by progression from WR to LOR and CLO.
small number of mice also had tonic hindlimb extension (THE)

nd respiratory arrest (death, DEA). Seizure duration was generally
0—30 s.

As seizures evolved, the sequential appearance of behaviors was
elt to represent progression to greater severity. Mice that were
ffectively treated by SMF or phenytoin exhibited no seizure-related
ehaviors (seizure severity score = 0). Wild running (seizure sever-
ty score = 1) evolved into loss of righting accompanied by tonic
runcal changes (seizure severity score = 2). Clonus (seizure sever-
ty score = 3) occurred during the tonic changes was routinely the
ost severe stage to which the seizures evolved. Further evolution

o tonic hindlimb extension (seizure severity score = 4) and death
seizure severity score = 5) was encountered infrequently. For the
ost part, mice either achieved the stage of clonus or had no

eizure-related behavioral changes. Severity was scored based on
he most severe stage manifested during the event.

Seizure latency (time from onset of auditory stimulation to
eizure initiation) and seizure stages exhibited by each mouse dur-
ng each session of auditory stimulation were tabulated during
he experiment by an observer. These data were entered into a
atabase for subsequent analysis. For purposes of documentation
nd later review, experiments performed in the sound chamber
ere recorded with a digital video camera (Sony Handycam) and
ere compressed and stored on the lab server.

uditory brainstem responses

he auditory brainstem response (ABR) was recorded from mice
estrained in syringe tubes (TR) with (exposed) or without (control)
xposure to SMF. Measurements were obtained either after a single
xposure to the SMF with restraint or tube-restraint alone without
eizure threshold testing (SMF, N = 9; TR, N = 8); or, after the full
omplement of pretreatment (control or SMF-exposed) and seizure
ests (SMF, N = 4,; TR, N = 4). ABR measurements made without
rior seizure testing were obtained immediately following TR ± SMF
xposure for 60 min. ABR measurements made from mice that had

ndergone the complete regimen of seizure threshold testing were
ade within 24 h of the third and final seizure test. Mice were anes-

hetized with a mixture of ketamine (100 mg/kg) and medetomidine
0.3 mg/kg) and positioned atop a heating pad with a customized
ite bar that fixed the head position but left the external audi-
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Effects of a static magnetic field on audiogenic seizures in b

tory meati unimpeded. Subdermal electrodes (Grass Instruments,
Quincy, MA; or, A—M systems, Carlsborg, WA) were placed at the
vertex (ground), mastoids ipsilateral and contralateral to sound
source (active and reference, respectively). The contralateral ear
was plugged with sound-attenuating putty.

ABR measurements were obtained within a sound attenuated
chamber (Acoustic Systems; Sequim, WA) lined with Sonex acous-
tic foam (Illbruck Inc.; Minneapolis, MN). Auditory stimuli were
synthesized and produced using TDT (Tucker-Davis Technologies;
Alachua, FL) hardware and software and a free field tweeter (Vifa;
Rødovre, DK), which was observed to have a relatively flat frequency
response function between 2 and 50 kHz. Preamplifier filters were
set at 100 Hz high pass and 3000 Hz low pass. The speaker output
was calibrated prior to ABR testing by positioning a 1/4’’ micro-
phone (Brüel & Kjær; Naerum, DK connected to a Pulse 11 sound
measurement system (Brüel & Kjær; Naerum, DK) at the position
that would be occupied by the mouse’s ear canal and adjusting
the amplitude of the stimulus waveform such that each stimulus
type was presented at a maximum of 80 dB SPL at a distance of
20 cm. ABR measurements were made in response to tone pips (1
ms rise/fall; 3 ms duration; 8, 16, and 32 kHz) and clicks (50 �s
monopolar square wave). Each stimulus was presented 1000× per
intensity at rate of 27.7 s−1. Stimuli were initially presented at 80 dB
SPL and then reduced in 10 dB increments until an evoked response
was no longer observed. A final measurement was then made at
the midpoint between the lowest sound level at which a response
was observe and the highest sound level at which a response was
observed. ABR threshold was estimated subjectively as the lowest
sound level at which the evoked response pattern was preserved.
ABR threshold estimates were made by an observer blind to the
experimental history of the mouse.

ABR measurements were recorded to determine the extent to
which the elevation in stimulus intensity needed to produce a
seizure in SMF-exposed mice could be explained by a simple eleva-
tion in hearing threshold. To address this possibility, ABR recordings
were obtained from exposed mice (TR and exposed to SMF) and con-
trol mice (TR, no SMF exposure) before and after the full regimen of
seizure testing. If the magnetic field alone was capable of produc-
ing a lasting difference in hearing threshold, we hypothesized that
SMF exposure would result in differences in ABR threshold for one
or more different types of auditory stimuli prior to seizure testing.
If the higher sound levels needed to elicit a seizure in SMF-exposed
mice were either attributable to — or caused by — an elevation
in hearing threshold, we hypothesized that ABR thresholds in SMF-
exposed mice would be higher than those observed in control mice
across one or more stimulus types.

Electroencephalography

Mice were placed in a restrainer to record the electroencephalo-
gram (EEG). The restrainer consisted of a syringe tube cut in half
along the long axis except for a 3 cm band extending from a yoke to
immobilize the head to the mid-trunk of the mouse. The yoke had
a concave cutout and was inserted in a slot along the leading edge
of the band (corresponding in position to the base of the skull) and
held in place with a rubber band running around the bottom of the
restrainer. Holes were place in the bottom of the restrainer to allow
the legs to dangle and facilitate observation of movements. With a
mouse in place, the entire assembly was lowered into the chamber
for auditory stimulation. Sound intensity was increased gradually
until a seizure occurred.

Two electrode placements were used for EEG recording. In each

configuration, an electrode coated with conductive paste was taped
to the tail to serve as ground. In the first configuration, electrodes
with flat plates (1 cm in diameter; Harvard Apparatus, Inc.; Hol-
liston, MA) were coated with electrode paste and attached to the
ears. Leads from each ear with reference to a vertex subdermal
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lectrode were connected to a Grass (Quincy, MA) model IGMEB-
NT36 minielectrode board attached to a Grass (Quincy, MA) model
-10D EEG machine. In the second configuration, paired subdermal
lectrodes (model 8227410; Medtronic Xomed, Inc., Jacksonville,
L) were positioned on each side of the head with one electrode
ver the frontal region and the other over the occiput. A pair of
eads on one side of the head served as the dual inputs to an ampli-
er. Inputs to different amplifiers were selected to allow display
f recordings from the left and right side of the head at different
ensitivities.

ata analysis and statistics

eizure data was analyzed for latency, severity, and gender effects.
ll data were entered into a database. Graphical and tabular analy-
is were performed with Mathematica 5.2 (Wolfram Research, Inc.;
hampaign, IL).

eizure latency
he Kolmogorov—Smirnov test was used to compare differences in

atency between treatment groups. This statistical method evalu-
tes the maximal vertical distance between two distributions (D)
hich in and of itself is a measure of effect size. The data are pre-

ented as cumulative distributions of the number of mice having
eizures (ordinate) at different latencies (abscissa). Animals that
id not have seizures during stimulation were included at the maxi-
um end of the latency scale (abscissa) as a conservative estimate

f changes in latency and to account for all mice in each treatment
roup. Data are plotted separately for each of the three stimula-
ion sessions because of changes in the distributions (latency, slope
r number of mice without seizures) from one session to the next.
nly those mice that died were eliminated from the analysis.

eizure severity
istribution of seizure stages in different treatment groups (groups
xposed to magnetic fields and concomitant controls) were plotted
ased on the most severe seizure stage manifested in a session. Sta-
istical significance of differences between seizure severity scores
as tested by contingency table analysis.

esults

uditory brainstem responses (ABR)

BR thresholds measured for all groups of mice and all
our auditory stimulus types (click, 8, 16 and 32 kHz noise)
ere relatively high (>50 dB SPL), in keeping with previ-
us reports of generally poor hearing in black Swiss mice
Misawa et al., 2002). Importantly, no main effect for con-
ition (SMF-exposed vs. not exposed) was observed across
ll four stimulus types (ANOVA, F = 1.07, p = 0.38). The data
re displayed in Fig. 2. The lack of a difference in ABR
hreshold was upheld in comparisons made between SMF-
xposed and control mice both prior to auditory stimulation
ANOVA, F = 0.97, p = 0.34) and after one or three auditory
timulation sessions (ANOVA, F = 0.0, p = 1.0). We observed
hat ABR thresholds were slightly elevated after the mice
xperienced three seizures (ANOVA, F = 3.03, p = 0.1) when
ata were pooled across both experimental groups and

timulus types. The elevation in hearing threshold was sta-
istically significant for 16 kHz (post hoc contrasts, p = 0.04)
nd 32 kHz (post hoc contrasts, p = 0.01) tones. These dif-
erences are likely explained as a temporary hearing deficit
aused by the relatively loud seizure-inducing stimulus.
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Figure 2 Auditory brainstem responses measurements in TR SMF-exposed and control (not exposed) mice. ABRs were obtained
with click and tone pips (8, 16 and 32 kHz) at varying sound levels. (A and B) ABR waveforms obtained from an SMF (A) and TR mouse
(B) in response to 16 kHz tone pips. ABR thresholds were estimated to be 55 dB SPL in both cases. The black downward triangle
indicates the estimated arrival time of the sound wave at the external ear. (C) Mean ± S.E.M. threshold measurements for each
s y bar
t

I
s
c
c

E

T
h
a
s
w

r
w
[
v
i
d
s

timulus type in mice exposed to TR (open bars) and SMF (gra
hreshold testing.

mportantly, the shift in hearing threshold was expressed
imilarly in SMF-exposed and control mice, and therefore,
annot explain the changes in seizure threshold observed
onsequent to SMF exposure during seizure experiments.

ffects of audiogenic seizures on EEG
he sound intensity required to trigger seizures in mice that
ad been restrained for EEG recordings varied between 82
nd 102 dBA. EEG recordings associated with sound-induced
eizures were obtained in 11 SMF-exposed (four [36%] died
ith seizures elicited by sound at 82, 96, 102 and 102 dBA,
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s) either before (un-hatched) or after (cross-hatched) seizure

espectively) and 24 unexposed control mice (six [25%] died
ith seizures elicited by sound intensities of 96 [N = 3] or 102

N = 4] dBA). Seizure-related changes were reversible in sur-
iving mice. The EEG recordings became flat in all instances
n which the mice died during seizures. Spikes were not
etected unequivocally in the 35 mice subjected to auditory
timulation.

Representative examples of EEG recordings are shown

n Fig. 3. Fig. 3A shows a seizure triggered in a control
ouse by auditory stimulation with 96 dBA white noise. Run-

ing movements, but not seizures, occurred at lower sound
ntensities in this mouse. Within seconds after rasing the
ound intensity to 96 dBA, clonic leg movements commenced
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Figure 3 Examples of EEG changes in Black Swiss mice in response to auditory stimulation. See text for additional details. (A) EEG
of a control mouse that had a seizure in response to stimulation with white noise at a sound intensity of 96 dBA. Running movements,
but not seizures, occurred at lower sound intensities in this mouse. Note reduction from baseline amplitude and slow wave activity
during the seizure. Death occurred after the sound was turned off and the EEG became flat. (B) Recordings from a mouse exposed
to SMF for 1 h before sound stimulation. A seizure was triggered by white noise at 87 dBA. Note slowing and decreased amplitude of
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the traces during the seizure and recovery to baseline amplitud
to the lower right of each set of traces.

(note movement artifact obscures EEG during this phase).
This was followed by tonic flexion of the trunk and tonic
hindlimb extension (THE) associated with slow activity and
reduced amplitude on the EEG. Shortly after the sound was
turned off, the mouse stopped breathing, became toneless
and died. This was associated with a flat (except for EKG
artifact) EEG trace.

Fig. 3B shows EEG recordings of a seizure produced by
87 dBA white noise in a mouse that had been exposed to SMF
for 1 h prior to sound stimulation. A startle response (syn-
chronous bilateral jerk of the body and limbs) followed by
running movements of the limbs occurred at 82 dBA. Within
2 s of stimulation at 87 dBA, synchronous clonic hindlimb
jerks (traces obscured by movement artifact) and urinary
incontinence occurred. This was followed by tonic stiffen-
ing of the trunk (without flexion or extension of the head)
and tail. During this phase, there was slow wave activ-
ity, occasional extensor jerks of the head and reduction
of EEG amplitude compared to pre-seizure activity. After
∼17 s of hypertonus without limb movement, motor activity
resumed abruptly (escape behavior) and the EEG returned to
pre-seizure fast activity of the same amplitude as the pre-
seizure baseline. These changes indicated the end of the
∼30 s seizure.
Effect of pretreatment with SMF on seizure latency
and behaviors

Analyzing the data with respect to gender for an aggregate
of all similarly exposed mice (n = 535) and their correspond-

r
w
w
b
S

d frequency at the end of the seizure. Calibrations are shown

ng controls (n = 469) in our database showed no significant
ifference in the response between male and female mice
n either group (p > 0.25). Data from male and female mice
ere combined to produce the graphs in Figs. 4—6.

In three of three auditory stimulation sessions, latency
o seizure initiation was prolonged significantly in mice pre-
reated with the SMF compared to unexposed controls when
ound stimulation was delivered by increments at short
ntervals (protocol #1; Fig. 4, Experiments 1—3; Table 1A).
he distribution of seizure stages and seizure severity scores
id not differ significantly between groups (Fig. 4; lower
ight panel). These findings suggest that seizure threshold
as elevated by pretreatment with SMF under conditions

hat produced little alteration of seizure severity.
When 10 min steps were used for auditory stimulation

protocol #2), seizure latency was markedly prolonged by
MF pretreatment compared to controls in all three sessions
Fig. 5, Experiments 1—3; Table 1B). Under these conditions,

significant reduction of CLO (significantly lower seizure
everity score) was observed in SMF-exposed mice compared
o unexposed controls during the second and third session
Fig. 5).

A buildup in preconvulsive behavior was particularly evi-
ent during stimulation with protocol #2. The buildup was
haracterized by agitation with excessive grooming inter-
upted by short periods of running in fits and starts until wild

unning led to the convulsive seizure manifestations (LOR
ith tonic truncal postures, CLO). Such behaviors appeared
ithin the first few minutes of stimulation in control mice
ut were postponed or absent in mice pretreated with the
MF.
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Figure 4 Effects of SMF on seizure latency and severity. Auditory stimulation by protocol #1. Cumulative distributions of seizure
latency from the first through third separate experiments with the same five batches of mice. Mice that did not have seizures
during the standard stimulation period (10 min) were added at the extreme right of the distribution to estimate changes in latency
conservatively and account for all mice in each treatment group. In all three experiments, latencies were significantly longer in
SMF-exposed mice (stars) than in unexposed controls (diamonds; see Table 1A for p values). Lower right panel: Distribution of seizure
stages by experiment (EXP1—3; C = unexposed controls; E = SMF-exposed) according to gray scale at right to assess seizure severity.
Number of mice per group shown in parentheses above respective columns. The differences in seizure severity between C and E
were not significant (n.s. at top of each pair of columns) in experiments 1—3 by contingency table analysis. Distribution of seizure
s
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everity categorized by most severe stage achieved: None; WR = W
indlimb Extension; DEA = Death.

igure 5 Effects of SMF on seizure latency and severity. Auditory
atency from the first through third separate experiments with the
ne batch in experiment 3. In all three experiments, latencies were
osed controls (diamonds; see Table 1B for p values). Lower right
= unexposed controls; E = SMF-exposed) according to gray scale at r

n parentheses above respective columns. SMF-exposed mice had sig
air of columns) in experiments 1—3 by contingency table analysis.
ild Running; LOR = Loss of Righting; CLO = Clonus; THE = Tonic

stimulation by protocol #2. Cumulative distributions of seizure
same two batches of mice in the first two experiments and
significantly longer in SMF-exposed mice (stars) than in unex-

panel: Distribution of seizure stages by experiment (EXP1—3;
ight to assess seizure severity. Number of mice per group shown
nificantly reduced seizure severity (p values given above each
Seizure severity scale to right as in Fig. 4.
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Figure 6 Effects of phenytoin with and without SMF exposure on seizure latency and severity. Auditory stimulation by protocol #1.
Cumulative distributions of seizure latency from the first through third separate experiments with the same three batches of mice.
In all three experiments, latencies were significantly longer in SMF-exposed mice (stars) than in unexposed controls (diamonds; see
Table 1C for p values). Lower right panel: Distribution of seizure stages by experiment (EXP1—3; C = unexposed controls; E = SMF-
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exposed) according to gray scale at right to assess seizure severit
columns. SMF-exposed mice had significantly lower seizure se
columns). Seizure severity scale to right as in Fig. 4.

Phenytoin dose—response characteristic

Groups of mice were pretreated with different doses of
phenytoin to identify a dose with minor effects on seizure
latency and seizure severity score for studies of interac-
tions with SMF. The principal criterion for selection was
that effects of the phenytoin dose should be small enough
to afford detection of additive or potentiative interactions
between phenytoin and SMF. A range of phenytoin doses,
from 0.5 to 40 mg/kg, was studied (data not shown). Seizure
latencies after pretreatment with phenytoin doses of 0.5,
1 and 2 mg/kg did not differ from those seen in control
(untreated) groups. Seizure latency was prolonged in mice
with seizures and most mice had no seizures after adminis-
tration of 7.5 or 10 mg/kg of phenytoin. No mice had seizures
in groups pretreated with 20 or 40 mg/kg of phenytoin. A
phenytoin dose of 5 mg/kg had small effects: latency was
prolonged, but all mice had seizures at some sound level.
This dose was selected for experiments involving pretreat-
ment with phenytoin and SMF, alone or in combination.

Effects of pretreatment with phenytoin and SMF,
alone and in combination, on seizure threshold

Three batches of mice were pretreated with 5 mg/kg pheny-
toin i.p. (2 h before auditory stimulation) alone or the same
dose of phenytoin in combination with SMF (1 h exposure)

prior to auditory stimulation. Combination pretreatment
significantly increased seizure latency compared to pheny-
toin alone in all three auditory stimulation sessions (Fig. 6;
Experiments 1—3; Table 1C) and reduced seizure severity
(Fig. 6; lower right panel).

P
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mber of mice per group shown in parentheses above respective
y in experiments 2 and 3 (p values given above each pair of

iscussion

udiogenic seizures were triggered during a period of seizure
usceptibility between postnatal days 21—30 in black Swiss
ice by 72—102 dBA white noise. Seizure manifestations

ncluded episodes of wild running, loss of righting with
ypertonus of the trunk in flexion or extension and clonus of
he limbs. The mice were not responsive to tactile stimula-
ion during these phases. Most mice tolerated at least three
ound-induced seizures triggered every other day during the
eriod of susceptibility. The seizure behaviors triggered by
oud noise during the period of seizure susceptibility did not
ccur prior to about day 18 or after day 32 in our exper-
ments (McLean et al., unpublished). At these ages, there
ere startle responses in which the mice hopped, had one
r a few whole body jerk or ran in brief spurts. However, at
ges outside the seizure susceptibility period, the behaviors
id not progress to loss of righting, tonic or clonic activity
nd the mice did not lose responsiveness to environmental
timuli.

Electroencephalographic (EEG) changes were recorded
rom restrained mice with extracranial electrodes during
ound-induced seizures. The mice were restrained to mini-
ize motion artifacts. This could have resulted in elevated

eizure thresholds. Restraint during recordings was associ-
ted with higher thresholds for AGS than was the case in
he studies of latency described here. Restraint has been
eported to have anticonvulsant effects in some mouse
eizure models under a variety of conditions (e.g., see

eričić et al., 2000; Tchekalarova and Georiev, 2006). High
ound intensities resulted in more severe seizures, e.g.,
he appearance of tonic hindlimb extension, in some mice.
he EEGs showed ictal slowing from faster baseline activ-
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ty and reduction of amplitude with recovery to baseline
ctivity after seizures (Fig. 3B). In mice that died during
onic hindlimb extension, complete suppression of the EEG
ccurred (Fig. 3A). In mice given PTZ, spikes were recorded
rior to myoclonic jerks (data not shown). This indicates
hat spikes can be recorded with the extracranial electrode
echnique used here. EEG spikes could have been obscured
n the present study by motion artifact during the running
nd clonic phases of seizures. Alternatively, activation of
he brainstem circuitry resulting in audiogenic seizures in
ice may not have resulted in cortical spike-wave activ-

ty that could be detected with extracranial electrodes or
ven with intracranial electrodes (Vlgr1 knockout mice; Yagi
t al., 2005). Spikes and spike-wave activity were recorded
ith intracranial and depth electrodes first in the brainstem
nd, later, in cortical loci in genetically epilepsy-prone rats
GEPR; Faingold, 1999; Moraes et al., 2005). The hierarchi-
al progression of EEG changes and behaviors resulted in
ostural, tonic and clonic changes (see Faingold, 1999, for
eview) including those seen in the black Swiss mice. The
tereotypical convulsive behaviors are similar in AGS sus-
eptible mouse and rat strains. In addition, GEPR typically
ad tonic hindlimb extension also. Differences in electrode
lacement, animal strain and animal size may contribute to
ifferences in the appearance of ictal EEG changes.

Latency to sound-induced behavioral changes was signif-
cantly prolonged in mice pretreated with the SMF produced
y permanent magnets compared to unexposed controls. To
ontrol for and minimize differences between treatment
roups due to restraint stress, all mice were pretreated
n syringe tubes with or without attached magnets. Also,
ll mice were removed from the tubes and from proxim-
ty to the magnets before auditory stimulation. Because the
bsence of a seizure at any given sound level could be due to
nability to express seizures, e.g., because of developmental
hanges in the nervous system or refractoriness after a prior
eizure episode, auditory stimulus intensity was increased
n an attempt to elicit seizures in as many mice as possi-
le. At least 80% of unexposed control mice in every batch
tudied could be induced to have seizures. Compared to
oncomitant unexposed controls, significantly fewer SMF-
xposed mice had seizures with maximal sound stimulation
n a variety of experimental paradigms. This was true of
ice of both genders, as observed previously in DBA/2 mice

McLean et al., 2003). Results from male and female mice
ere pooled in the data analysis presented here. During

he period of maximum seizure susceptibility (21—30 days),
he same batch (same birth date) of mice was tested up to
hree times at two to three day intervals to avoid refrac-
oriness. In experiments with 10 min sound steps (Fig. 5)
nd phenytoin in combination with SMF (Fig. 6), efficacy
eemed to increase from one auditory stimulation session
o the next. The shift in latency occurred with a shift of
—13 dBA in auditory stimulation intensity. The decibel sys-
em is logarithmic. Therefore, changes of this magnitude
re akin to increasing auditory stimulus intensity from the
evel of normal conversational speech to shouting to a col-

eague across the room. Changes of this magnitude may or
ay not be sufficient to produce clinical benefit in terms

f seizure control. However, a valid clinical test of efficacy
ill require envelopment of the seizure-generating network
y effective regions of the SMF. Dosimetry for such studies
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ill have to be calculated with sure knowledge of loca-
ion of the seizure focus. Also, properties of magnets must
e optimized for delivering the necessary field metrics to
he vicinity of the seizure generator. This will require fur-
her investigation of the field metrics and, possibly, the
esign of magnetic devices specifically for certain seizures
ypes.

The black Swiss mice used in the present experiments
id not have age-dependent hearing loss. All mice were
estrained in syringe tubes for pretreatment before deter-
ination of hearing threshold. There was no difference
etween hearing thresholds measured in controls and SMF-
xposed mice (Fig. 2). Hearing thresholds to some stimuli
ere elevated after a series of seizures, but the changes

n control mice and SMF-exposed mice did not differ signif-
cantly. Thus, changes in seizure latency and severity after
MF exposure were unlikely to be the result of altered hear-
ng threshold.

The mice were removed from the SMF before auditory
timulation. This raises questions about how long the protec-
ive effect of the field might last. Experiments with 10 min
ound steps (protocol 2) provide some insight. In the first
ession (Fig. 5, Exp1), nearly 60% of SMF-exposed mice,
ompared to only 25% of unexposed controls, had not expe-
ienced a seizure by 10 min; almost all mice in both groups
ad seizures by 20 min. During the second and third ses-
ion, 50—60% of SMF-exposed mice had seizures at 30 min,
hereas all the unexposed controls had seizures after short
eriods of auditory stimulation. To some extent, it appears
hat the persistence of the protective effect depends on
xperimental conditions and actually may persist longer in
he course of serial seizures. Additional experiments are in
rogress to determine duration of persistence of the SMF-
nduced prolongation of latency. In previous experiments,
he anticonvulsant effect of SMF produced by a square array
f electromagnets with alternating polarity persisted for
ore than an hour in the exposed group as a whole after
ice were removed from the field (McLean et al., 2003).
During sound stimulation with 1 min steps (protocol #1),

hanges in seizure latency after SMF exposure were not
ccompanied by significant changes in seizure severity as
easured by incidence of seizure-related behaviors (Fig. 4,

ower right panel). Once the threshold for seizure igni-
ion was reached — even though latency was prolonged in
xposed mice — similar seizure-related behavioral changes
ccurred In both control and SMF-exposed mice. Using
0 min sound steps, seizure severity was reduced also (Fig. 5,
ower right panel). These observations suggest that exposure
o the SMF may raise seizure threshold and limit propagation
f epileptiform activity variably under different conditions,
ainly depending on the nature of the stimulus.
It was possible to overwhelm the protective effect of the

MF. This was show here by increasing sound intensity until
ach mouse had a seizure whenever possible. In previous
xperiments, the anticonvulsant effect of SMF produced by
square array of electromagnets with alternating polarity
as overcome by increasing the dose of NMDA administered
ntracerebroventricularly to ICR/CD-1 outbred mice (McLean
t al., unpublished). On the other hand, combined pre-
reatment with phenytoin and SMF prolonged latency and
ecreased seizure severity more than pretreatment with
ither modality alone.
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Pretreatment with phenytoin and SMF markedly reduced
severity of seizures, compared to either SMF or phenytoin
pretreatment alone and tube-restrained controls. Based on
the number on mice that did not have a seizure by com-
pletion of the protocol (maximum sound intensity 102 dBA),
phenytoin appeared to be more effective with each seizure
(see Fig. 6A—C). This could be due to phenytoin accumu-
lation, refractoriness to seizures, unknown factors or some
combination of factors. There was no change in blood levels
of phenytoin in samples pooled from groups of mice injected
three time with 5 mg/kg every other day, making phenytoin
accumulation an unlikely explanation (McLean et al., unpub-
lished). In preliminary experiments, exposure to the SMF
for 1 h daily for 5 days before auditory stimulation did not
increase the effects of SMF on seizure latency (McLean et al.,
unpublished). Thus, there is no evidence to date of a cumu-
lative effect of repeated exposures to the magnetic field.
Further experiments are necessary to determine the dura-
tion of effects of the magnetic field and phenytoin, alone
and in combination.

Combined pretreatment with phenytoin and the SMF
more than doubled the number of mice in each batch that
had no seizures in all three experiments. Very little increase
in the number of mice without seizures was observed after
pretreatment with SMF alone. The magnetic field could
increase anticonvulsant efficacy by (a) producing an effect
by an unknown mechanism that combines with the mech-
anism(s) of phenytoin action, or (b) by enhancing one or
more cellular mechanisms of action of phenytoin. There are
some reports of effects of SMF on ion channels, but these
have not been replicated (see McLean et al., 2001). So far
we have observed no change in effects of phenytoin on
sodium, low threshold or high threshold calcium currents
measured under whole cell patch clamp conditions at room
temperature or 37 ◦C during or after exposure to SMF pro-
duced by the same type of magnets used in the experiments
described here (McLean et al., unpublished). These find-
ings make direct interactions between phenytoin and SMF on
ion channels seem to be unlikely. The current experiments
have not revealed the biophysical transduction mecha-
nism(s) or the cellular effector mechanism(s) whereby SMF,
alone or in combination with phenytoin, exert the observed
effects.

Potential biophysical transduction mechanisms of SMF
have been proposed (for review see Engström, 2004; Johnsen
and Lohmann, 2005; Engström, 2006), but no investigations
of which we are aware have explained seizure control by
SMF in terms of a specific mechanism. Changing the vec-
tor of an imposed SMF resulted in changes in the position
of mole rat nests and altered c-Fos expression in the col-
liculi (Němec et al., 2001). This brain region is integrally
involved in the seizure pathway of AGS (Faingold, 1999).
This coincidence suggests that brainstem neuronal networks
respond to imposed SMF. Efforts in this laboratory have
focused on the potential role of strong gradients within
time-invariant static magnetic fields. Others have consid-
ered potential health effects of gradient fields but have not

studied seizures (e.g., see Barnothy, 1964) or have used
time-varying gradients fields as employed in echo planar
magnetic spectroscopic imaging (Carlezon et al., 2005) or
transcranial magnetic stimulation (see McLean et al., 2001,
for review). Unlike time-varying (pulsed) fields used for

D

Swiss mice 129

hese approaches, the permanent magnets used here do not
nduce currents. The biophysical mechanism(s) coupling the
agnetic field to seizure ignition is(are) not revealed by the
resent findings. Though speculative, some insight can be
leaned from results obtained during exposure to long, low
ntensity sound (protocol #2). Preconvulsive behaviors are
learly present and mice gradually become more agitated in
he buildup to seizure ignition. These preconvulsive behav-
ors were delayed or absent in mice pretreated with SMF.
uch observations implicate widespread networks as poten-
ial targets for SMF. We propose as a working hypothesis that
he threshold for synchronization in networks leading to AGS
nd possibly other seizures might be elevated by exposure
o SMF. Effects on synchrony might be detectable in studies
mploying a seizure warning system based on chaos theory
see, e.g., Litt and Lehnertz, 2002; Chaovalitwongse et al.,
005; Lehnertz et al., 2007).

In summary, anticonvulsant properties of the experimen-
al SMF alone or in combination with the well-known AED,
henytoin were demonstrated in experiments with black
wiss mice. Many questions remain. Experiments in progress
re designed to determine (a) the effect of varying the dura-
ion of exposure to the SMF on seizure threshold; (b) how
ong elevation of seizure threshold persists after SMF expo-
ure; (c) differences between exposure to perpendicular and
arallel gradients within the SMF; (d) positions of the mag-
et around the head or along the body where elevation
f seizure threshold occurs; (e) the dose—response rela-
ionship between SMF and seizure threshold; and (f) which
EDs interact with the SMF. Hopefully, these investigations
ill help to determine the field metric coupling the SMF to
iological systems and potential pharmacological effector
echanisms. Ultimately, it is hoped that this model system
ay inform a method for studying effects of SMF in patients
ith epilepsy.
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Schmidt, D., Löscher, W., 2003. How effective is surgery to cure
seizures in drug-resistant temporal lobe epilepsy? Epilepsy Res.
56, 85—91.
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