
Inherited Epilepsy: Spike-Wave and Focal Motor Seizures 

in the Mutant Mouse Tottering 

Abstract. Mice with the mutant gene tottering (tg, chromosome 8, autosomal re- 
cessive) show, in adolescence, abnormal bursts of bilaterally synchronous spike 
waves as revealed in electrocorticograms recorded over long periods. The spike 
waves are accompanied by behavioral "absence" attacks and intermittent focal mo- 
tor seizures showing somatotopic progression. Cerebral metabolic activity during 
seizures was assayed by autoradiography of brain sections from mice injected intra- 
venously with 14C-labeled 2-deoxyglucose. Metabolic activity was increased bilater- 
ally in selected brainstem structures. Spontaneous electrocorticographic and clinical 
seizures of this general pattern were recognized hitherto only in humans. 

Defined, single-locus mutations in 
mice can be used to identify, with a high 
degree of precision, disturbances of 
brain development and function in vari- 
ous inherited diseases of the central ner- 
vous system (1). Although the hereditary 

A 

transmission of certain forms of epilepsy 
has long been suspected in humans (2), a 
more detailed understanding of the bio- 
chemical and cellular pathophysiology of 
these seizure disorders awaits the devel- 
opment of suitable experimental models 
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Fig. 1. Bipolar ECG recordings (left and right, anterior to posterior) from cerebral cortex of 
unanesthetized, unrestrained tg/tg mice. (A) Bilaterally synchronous, spike-wave bursts (six to 
seven per second) in a 32-day-old tg/tg mouse. The animal displayed sudden behavioral arrest 
and maintained a fixed, staring posture throughout the spike-wave discharge. Larger-amplitude 
spikes were accompanied by myoclonic head jerks. (B) Transient bilateral spike-burst suppres- 
sion induced by startle (air puff, arrow) in a 12-week-old tg/tg mutant. The burst sequence 
demonstrates subharmonic spiking at a rate of three spikes per second superimposed on waves 
of six per second. (C and D) An ECG recording during stage 2 of spontaneous, partial tonic- 
clonic seizure in an adult tg/tg mouse. (C) Generalized and lateralized spike- and slow-wave 
dysrhythmias correspond with a behavioral sequence of bilateral and unilateral limb clonus. (D) 
Spiking at a rate of six spikes per second and a rare burst of spike waves, three per second, 
appear briefly during spontaneous partial motor seizure. (E) Polyspike-wave complexes during 
pentylenetetrazole-induced activation of the stereotyped motor seizure pattern. Calibration: (A 
to C) 100 tuV; (D and E) 150 /V. 
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(3). In the present study we have ana- 
lyzed in mice the neurological ex- 
pression of the tottering mutation (gene 
symbol tg on chromosome 8). This muta- 
tion features a stereotyped, spontaneous 
behavioral seizure pattern and is trans- 
mitted in a simple recessive mode of in- 
heritance. 

The tg mutant allele has been crossed 
into the C57BL/6J inbred strain where 
expression of the disorder is essentially 
the same as originally described on a dif- 
ferent genetic background (4). Except 
for the behavioral seizures, the only vis- 
ible neurological deficit in homozygous 
(tg/tg) mice is a wobbly gait that is first 
apparent at 3 to 4 weeks of age and is 
most prominent in the hindquarters. To 
study the neural substrate of the tg syn- 
drome, we obtained electrocorticograph- 
ic (ECG) recordings and autoradiograms 
of regional metabolic activity in the brain 
(5) prior to and during motor seizures. 

We used adult (4 to 20 weeks old) con- 
trol and affected mice. The mice were 
anesthetized with Avertin (tribromoeth- 
anol; 0.02 ml/g) and gold electrodes were 
implanted bilaterally at frontal and pa- 
rietal sites in symmetrical skull holes 
drilled without injury to the underlying 
dura. The ECG recordings were ob- 
tained from unanesthetized, unre- 
strained animals over 1-month periods 
with a Grass model 6 electroencephalo- 
graph (linear frequency filtering 1 to 35). 

The resting ECG in tg/tg mice displays 
abnormal bursts of bilaterally synchro- 
nous and symmetrical spike waves, six 
to seven per second, over the cerebral 
hemispheres (Fig. 1A). An apparently 
subharmonic spike burst, with three 
spikes per second, is sometimes present 
(Fig. 1B). These spontaneous bursts, 200 
to 400 ,uV in amplitude, constitute an in- 
variable characteristic of the tg/tg mu- 
tant in the waking state and were not 
seen in +/+ or +/tg control littermates. 
The abnormal bursts last from 0.3 to 10 
seconds, occur hundreds of times per 
day, and can represent up to 10 percent 
of the resting ECG activity in an undis- 
turbed adult mutant animal. Bilateral 
spike-wave paroxysms are always ac- 
companied behaviorally by a sudden ar- 
rest of movement, a fixed staring pos- 
ture, and often with twitching of the vi- 
brissae or jaw. Single myoclonic jerks of 
a limb or the trunk or a sudden dropping 
of the head corresponded with larger- 
amplitude spike discharges (Fig. 1, A 
and B). Unilateral bursts were never ob- 
served. The spike bursts were not acti- 
vated by any tested frequency of pho- 
tostimulation (1 to 50 Hz) but could be 
blocked momentarily by single auditory, 
photic, or somatosensory stimuli (Fig. 
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1B). The paroxysmal spike-wave abnor- 
mality is fully developed in the 4-week- 
old tottering animal and persists into 
adulthood (12 weeks after birth), al- 
though the wave component decreases 
substantially with age. 

The motor seizures, typically seen 
within 1 to 3 days of positive identifica- 
tion of the homozygote on the basis of 
gait disturbance, occur one or more 
times per day without warning in animals 
up to 3 months old but may decline in 
frequency during the normal life-span of 
the mutant. The seizure pattern is re- 
markably stereotyped in all animals (4), 
allowing a division of the seizure se- 
quence into three distinct stages. 

The initial stage begins as a transient 
exacerbation of the ataxia with the hind- 
legs held stiffly against the trunk and is 
followed by asymmetrical dystonic pos- 
turing, flattening of the sacrum, and 
spastic paralysis of the hindlimbs which 
are adducted and dorsiflexed. The mouse 
is otherwise unaffected and can move 
voluntarily with the forelimbs. The sec- 
ond stage is heralded by the onset of 
focal tonic-clonic seizures of the ex- 
tremities and shows a slow, unilateral so- 
matotopic progression, affecting first on- 
ly one hindleg with clonus while the fore- 
limb is tonically flexed, then involving 
the forelimb alone. Over a period of 10 to 
20 minutes, clonic seizures can alternate 
between the two sides, or may affect one 
forelimb and the contralateral hindlimb 

simultaneously. All limbs are affected at 
one time or another during the full tem- 
poral sequence. Squinting, adversive 
head movements, flattened pinnae, 
grinding of the jaws, and tonic elevation 
of an extremity are intermittently pres- 
ent during this stage. 

The final stage involves unilateral or 
bilateral clonic movements of the fore- 
limbs only. An entire seizure typically 
lasts 20 to 30 minutes, ends abruptly, and 
appears to be spontaneous since no 
sensory stimuli have been found to 
trigger the focal motor seizures (6). 
The animal remains apparently con- 
scious throughout and shows no clini- 
cal signs of autonomic disturbance or 
postictal paralysis. 

The abnormal patterns of ECG activi- 
ty recorded during spontaneous motor 
seizures were less stereotyped than the 
spike-wave absence abnormality. In 12 
serial recordings of seizure episodes in 
eight tg/tg mice, the most common pat- 
tern was low-voltage, desynchronized 
activity interspersed with long runs of 
generalized theta (4 to 7 Hz) waves oc- 
curring throughout all seizure stages. In 
30 percent of the recordings, high-volt- 
age generalized spikes, sharp waves, and 
slow waves appeared briefly during the 
alternating tonic-clonic movements of 
stage 2 (Fig. 1, C and D). In isolated in- 
stances in three animals, the paroxysmal 
discharges were intermittently lateral- 
ized during unilateral hindlimb clonus 

(Fig. 1C). The bursts of six spikes per 
second were primarily interictal with re- 
spect to the motor seizures, but were oc- 
casionally present during a quiescent pe- 
riod within the ictal episode (Fig. 1D). 
No postictal depression of ECG activity 
was present in any of the tg/tg seizure 
episodes. 

The partial motor seizure pattern 
could be evoked in its entirety within 3 to 
5 minutes after injection of subcon- 
vulsant doses of pentylenetetrazole (20 
mg/kg, intraperitoneally) in tg/tg but not 
in proved +/tg or +/+ mice. Spike-wave 
discharges associated with myoclonic 
jerks were also intermittently present 
during drug-activated motor seizures 
(Fig. 1E). 

To identify the neural pathways in- 
volved in the partial motor seizures, we 
injected '4C-labeled 2-deoxy-D-glucose 
intravenously into three tg/tg mice dur- 
ing and between spontaneous seizure 
episodes and three C57BL/6J-+/+ age- 
matched controls (5). Regional metabolic 
activity was then assayed qualitatively 
by autoradiography of serial brain sec- 
tions. 

Striking increases in 2-deoxyglucose 
uptake during seizures were consistently 
observed in bilateral thalamic nuclei 
(3+): nucleus centrum medianum, para- 
fascicularis, and subparafascicularis; in 
extrapyramidal brainstem structures: red 
nucleus (4+) and zona incerta (3+). The 
reticular nuclei (3+), centralis oralis pon- 

Fig. 2. Seizure-specific increases in regional cerebral metabolic activity revealed by autoradiograms of 14C-labeled 2-deoxyglucose uptake in tgltg 
mutant during focal motor seizure (top row) and unrestrained wild-type control mouse (bottom row). The brainstem nuclei consistently activated 
during motor seizures were the zona incerta (ZI) and adjacent structures, red nucleus (nuc rub), and nucleus reticularis tegmenti pontis (nuc ret) 
and nucleus centralis oralis pontis (nuc cent). Sections from left to right correspond to coronal sections 321, 351, and 407 in Sidman et al. (9). 
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tis, and reticularis tegmenti pontis were 
also selectively activated (Fig. 2). Nucle- 
ar components in the small medulla and 
spinal cord were too close to the thresh- 
old of the method to allow reliable as- 
sessment. Bilateral decreases were 
noted in cerebellar deep nuclei and sub- 
stantia nigra. Intense uptake (4+) was 
present in bilaterally symmetrical patch- 
es of frontal and cingulate cortex, ven- 
trolateral and anterior dorsalis nuclei of 
the thalamus, and the striatum, but high 
levels of deoxyglucose uptake in these 
regions were also found in freely moving 
control mice. Low activity (1+) was ob- 
served in both mutant and control mice 
in hippocampus, entorhinal or temporal 
cortex, septal nuclei, amygdala, and hy- 
pothalamic nuclei. 

No morphological expression of the tg 
mutation has yet been recognized. Pre- 
liminary neuropathological studies at the 
light microscopic level revealed no le- 
sions in the adult tg/tg cerebrum, cere- 
bellum, spinal cord, dorsal-root ganglia, 
or sciatic nerves. Although adult tg mu- 
tants weighed an average of 7 g less than 
normal adults, brain weights were equal 
to those of normal littermates. It is worth 
noting that other alleles at the tg genetic 
locus (leaner, tgla, and rolling mouse 
Nagoya, tgrot) have been reported to 
show loss of Purkinje neurons, pre- 
dominantly in the anterior lobe of the 
cerebellar cortex (7). 

The abnormal patterns of cerebral ac- 
tivation during behavioral seizures in the 
tottering mouse are of considerable theo- 
retical and practical significance with ref- 
erence to human epilepsy. The murine 
spike-wave seizure disorder described 
here resembles in many, but not all, re- 
spects the electroencephalographic, clin- 
ical, and developmental characteristics 
of the recurrent centrencephalic absence 
seizures of human childhood (8). Heredi- 
ty has long been thought important in the 
etiology of "genuine" or "essential" 
seizure disorders in man, but the genetic 
components of these clinical syndromes 
have been difficult to isolate and inter- 
pret. Our data show that a spontaneous, 
paroxysmal electrocorticographic dis- 
order of the centrencephalic type accom- 
panied by behavioral arrest and partial 
motor seizures can, in principle, be in- 
herited as a simple autosomal recessive 
trait in mammals. 

The evidence suggests that a presum- 
ably single gene mutation at the tg locus 
in the mouse alters specific central ner- 
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biochemical and electrophysiological 
features, and the pharmacological sensi- 
tivity of naturally occurring, spontane- 
ous paroxysmal discharges in the brain. 
This genetically defined model of spike- 
wave epilepsy provides a rational ba- 
sis for a search to identify a gene product 
at the molecular level that might be 
used in the detection and prophylaxis 
of this neurological disease at preclinical 
stages. 
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Perception of Echo Phase Information in Bat Sonar 

Abstract. Echolocating bats (Eptesicus fuscus) can detect changes as small as 500 
nanoseconds in the arrival time of sonar echoes when these changes appear as jitter 
or alternations in arrival time from one echo to the next. The psychophysicalfunction 
relating the bat's performance to the magnitude of the jitter corresponds to the half- 
wave rectified cross-correlation function between the emitted sonar signals and the 
echoes. The bat perceives the phase or period structure of the sounds, which cover 
the 25- to 100-kilohertz frequency range, as these are represented in the auditory 
system after peripheral transformation. The acoustic image of a sonar target is ap- 
parently derived from time-domain or periodicity information processing by the ner- 
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The biological sonar of bats in the sub- 
order Microchiroptera is currently under 
intense scientific study as a relatively 
well-defined example of a biological 
communication system (1, 2). Behavioral 
observations have established that echo- 
location enables bats to detect, identify, 
and track prey; to avoid obstacles; and 
to navigate the near environment. Psy- 
chophysical experiments have shown 
that bats can perceive a variety of dif- 
ferent target features by extracting infor- 
mation from echoes (1-5), although only 
a few of these studies have revealed any- 
thing directly about how sonar signals 
are processed in the brain (2, 4, 5). Many 
aspects of the auditory and neural basis 
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of orientation by echolocation have been 
explored physiologically (6), and neu- 
rons within the bat's auditory system re- 
spond in ways relevant to target per- 
ception by sonar. I now report new psy- 
chophysical data from bats on the 
perception of changes in target distance 
(or range), data that provide conceptual 
order to many diverse observations on 
echolocation and that identify the form 
of the acoustic image of a target to a bat. 

Two echolocating bats (Eptesicus fus- 
cus) were trained with food as a reward 
to choose between a simulated station- 
ary target represented by echoes arriving 
3.087 msec after the sonar transmission, 
corresponding to a target range of about 

SCIENCE, VOL. 204, 22 JUNE 1979 

of orientation by echolocation have been 
explored physiologically (6), and neu- 
rons within the bat's auditory system re- 
spond in ways relevant to target per- 
ception by sonar. I now report new psy- 
chophysical data from bats on the 
perception of changes in target distance 
(or range), data that provide conceptual 
order to many diverse observations on 
echolocation and that identify the form 
of the acoustic image of a target to a bat. 

Two echolocating bats (Eptesicus fus- 
cus) were trained with food as a reward 
to choose between a simulated station- 
ary target represented by echoes arriving 
3.087 msec after the sonar transmission, 
corresponding to a target range of about 

SCIENCE, VOL. 204, 22 JUNE 1979 1336 1336 


