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Abstract

Human succinic semialdehyde dehydrogenase (SSADH) deficiency is an autosomal recessive
disorder of GABA metabolism associated with motor impairment and epileptic seizures. Similarly,
mice with targeted deletion of the Aldh5a1 gene (Aldh5al~~) exhibit SSADH deficiency and seizures
early in life. These seizures begin as absence seizures the second week of life, but evolve into
generalized convulsive seizures that increase in severity and become lethal during the fourth postnatal
week. The seizures are alleviated and survival is prolonged when the mutant animals are weaned
onto a ketogenic diet (KD). The persistence of spontaneous, recurrent, generalized tonic—clonic
seizures in KD-treated adult Aldh5a1~/~ mice allowed us to quantify their daily (circadian)
distribution using a novel behavioral method based on the detection of changes in movement velocity.
Adult KD-treated Aldh5al~/~ mice exhibited a seizure phenotype characterized by fits of wild
running clonus accompanied by jumping and bouncing. These hypermotor seizures were largely
spontaneous and occurred daily in a nonrandom pattern. The seizure rhythm showed a peak shortly
after dark phase onset (2008 hours) with near-24-hour periodicity. Age-matched wild-type littermates
showed no evidence of abnormal motor behavior. These new data suggest that generalized tonic—
clonic seizures in Aldh5al~~ mice are more frequent during a specific time of day and will provide
useful information to clinicians for the treatment of seizures associated with human SSADH
deficiency.
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1. Introduction

The Aldh5al gene encodes for mitochondrial NAD*-dependent succinate semialdehyde
dehydrogenase (SSADH) (OMIM 271980, EC 1.2.1.24, Gene ID: 7915), an enzyme that
catalyzes the last step of the GABA shunt pathway and irreversibly oxidizes succinate
semialdehyde (SSA) to succinate for entry into the Krebs cycle [1]. Two specific exon-skipping
mutations have been identified in the human Aldh5al gene that result in SSADH deficiency
[2], a rare autosomal recessive metabolic disorder associated with severe neurological
morbidity. Affected individuals experience a progression of cognitive and language
impairment, ataxia, hypotonia, behavioral hyperactivity and aggressiveness, sleep disturbances
[3], and epileptic seizures in the form of absences and tonic—clonic convulsions [4]. This
phenotype is due largely to the accumulation of SSA, an increase in brain y-aminobutyric acid
(GABA), and its subsequent conversion to y-hydroxybutyrate (GHB), the key biomarker of
SSADH deficiency [4]. GHB is an endogenous constituent of the mammalian brain but at a
level <1% of its precursor (GABA). The increased levels of GHB associated with SSADH
deficiency over-stimulate GABA and GHB-specific receptors to induce significant behavioral
and physiological effects[5].

Targeted deletion of Aldh5al in mice (Aldh5al~/") leads to SSADH deficiency and a
behavioral phenotype consistent with the human form of the disease, including the
development of epileptic seizures [6]. Absence-like seizure activity with 7-Hz spike-and-wave
discharges first appear in Aldh5al ™~ mice by the second postnatal week and then rapidly
evolve into generalized convulsive seizures and lethal status epilepticus by 3 weeks of age
[6-8]. However, with the introduction at weaning of the ketogenic diet (KD), a high-fat,
adequate-protein, low-carbohydrate diet commonly used in the treatment of drug-resistant
forms of epilepsy [9], it is possible for Aldh5a1~~ mice to survive well into adulthood [10],
albeit with significant motor and metabolic dysfunction, allowing for further study relevant to
their corresponding clinical population. An understanding of how biological timing
mechanisms influence seizure expression (i.e., what time of day seizures are more likely to
occur) is of great clinical import. To that end we employed a novel seizure detection method
and conducted a longterm behavioral study of adult Aldh5al~~ mice to characterize daily (i.e.,
circadian) patterns of spontaneous motor seizures.

2. Experimental methods

2.1. Animal husbandry

The Aldh5al null Aldh5al~/~ mice with a C57/129Sv background were obtained from the
Oregon Health and Science University, Portland, OR, USA [7], and the mutant mouse line was
maintained by inbreeding of heterozygotes. Genotypic analysis of the mutants was performed
as described [7]. Before and after weaning, mice were group-housed in a pathogen-free facility
under a 12-hour:12-hour light:dark photocycle (lights on at 0700 hours). For wild-type (WT)
mice, food and water were freely available throughout the study. Mutant mice were obtained
from litters maintained exclusively on the KD [9,10] from weaning day onward. The rationale
for using KD-treated animals is that absent this dietary treatment, no mutant animals survived
to adulthood. All experimental procedures were performed in compliance with the Hospital
for Sick Children Lab Animal Services and Canadian Council on Animal Care.

2.2. Actimetry

The behavioral activity of male (Aldh5a1~/~) (N = 6) and wild-type (WT, N = 8) mice was
recorded using a TruScan movement sensor (Coulbourn Instruments, Allentown, PA, USA)
as described [11]. Briefly, at the start of each experiment, the animal was placed ina 12 x 12
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x 16-in. transparent plastic arena and then left undisturbed for 3—4 hours to habituate to the
test environment. To minimize the potential confound of isolation stress on behavioral activity
[12], each subject's littermates were placed in a separate plastic cage adjacent to the movement
sensor to provide visual and olfactory stimuli. We also took measures to minimize the amount
of noise and traffic within the procedure room. The arena used for behavioral recording was
positioned inside a square frame containing a sensor array that counted interruptions in infrared
beams as the animal moved about in the horizontal plane. Twenty-four-hour rhythms of
behavioral activity were recorded for each animal over a 4-day period, during which time three
specific variables were calculated and averaged at 1-hour intervals by a computer system
(TruScan Version 2.0): total movements (TM), movement velocity (MV, expressed in arbitrary
units), and jumps above the floor plane (JFP).

After data collection was completed for each subject, we employed a novel method for the
detection of seizures based on the assumption that during a hypermotor seizure, there will be
a substantial increase in MV well above the background (mean) of the respective sampling
period. In effect, our aim was to identify statistical outliers among the individual 1-hour data
bins and then to classify the outliers as behavioral seizure events. By definition, statistical
outliers represent those cases that are separated from the majority by virtue of their unusually
high (or low) scores. To that end, for each subject we treated the hourly MV values as separate
cases and performed z-score transformations (zMV) to determine how far and in what direction
the hourly MV values deviated from their 24-hour mean. Those zMV scores that were >2SD,
which would represent <5% of the data under the normal distribution curve, were classified as
seizure events. As a measure of validity, at least one spontaneous tonic—clonic seizure was
visually confirmed for each mouse. The seizure episode was then cross-referenced with MV
data for that particular time of day to confirm that seizures involving pronounced locomotor
activity registered with the movement sensor as an increase in MV. Additional technical
considerations regarding the temporal resolution of this method are discussed below.

2.3. Cosinor analysis

The seizure events for all AldhSal~~ mice were summed, and the 24-hour distribution was
calculated using Cosinor analysis in which a nonlinear least-squares regression technique is
used to fit single or multiple cosine functions to time-series data. The models used for single
and multiple simultaneous oscillators were defined by the equations

2
Y,=M+A - cos(Z1+4)
T

N §
2
e M+Z;A(i) cos(;_(—;;H(b(i)) 2

Here, Y = value at time t; M = mean (24-hour mean, i.e., the midline estimating statistic of the
rhythm, or mesor); A = amplitude (half the distance between the peak and nadir of the rhythm);
(2r/7)t = degrees per unit of time; and ® = acrophase (peak time of rhythm) in Eq. (1). The
mesor, amplitude, acrophase, and frequency of the rhythms were calculated using Cosifit
Biological Rhythm Analysis Software (Circesoft Inc., Waltham, MA, USA) [13]. For multiple
oscillators (Eg. (2)), N subharmonics (i), are incorporated into the model to obtain estimates
of M, A, and @ for each cosine term entering the equation [13,14]. The degree to which the
temporal distribution of seizures followed an established curve (i.e., goodness-of-fit to the
cosine function) was estimated by the Cosinor-derived coefficient of determination, R2.
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3. Results

3.1. Seizure phenotype of Aldh5a1™~ mice

Spontaneous generalized tonic—clonic seizures in adult Aldh5a1~/~ mice typically evolved into
fits of wild running and jumping, hereafter referred to as hypermotor seizures. Occasionally,
we found this type of seizure to be triggered by stimuli such as loud noises and handling.
Spontaneous hypermotor seizures typically began with a slight loss of righting reflex and brief
(<5-second) episodes of forelimb clonus with tonic hindlimb extension, which was difficult to
distinguish amidst a background of severe ataxia. This was followed by a gradual increase in
ambulation culminating in a hypermotor seizure. This sequence of behaviors was seldom
observed in standard open-rack cages due to physical interference by littermates and a lack of
space, but was easily identified within the open area of the movement sensor. Wild-type
littermates did not exhibit any seizures or motor impairment.

3.2. Circadian distribution of hypermotor seizures

We first considered the behavioral variables from which the number and distribution of
hypermotor seizures could be estimated. There were significant between-group differences in
light phase and dark phase MV and JFP (Table 1). During both the light and dark phases, the
Aldh5a1~/~ mice exhibited higher levels of MV and JFP as compared with WT mice. Within-
group comparisons indicated that only mutant mice exhibited higher MV during the dark phase
(t5 = 3.71, P < 0.05), whereas WT mice exhibited higher JFP during the dark phase (t; = 4.26,
P < 0.05]. Repeated-measures analysis indicated there were also significant differences in MV
and JFP between and within groups over time (MV,F[23,336] = 112.39, P< 0.01; JFP, F
[23,336] =84.12, P < 0.01). A post hoc analysis revealed significantly higher MV and JFP for
the Aldh5a1~/~ mice across all time points except 2000 and 0800 hours (JFP only)(Fig. 1A
and B).

The Cosinor analysis of MV and JFP is summarized in Table 1. For both MV and JFP, the
mutant mice exhibited a significantly higher mesor (MV, F1 13 =14.58, P <0.01; JFP, F[1,13]
=11.95, P <0.01) and amplitude (MV, F[1,13] = 17.32, P < 0.01; JFP, F[1,13] =6.89, P <
0.01), whereas both groups of mice showed comparable peaks and periodicity in their MV and
JFP profiles. However, in WT mice, the single-oscillator model provided poor fits of the MV
and JFP rhythms to the cosine function compared with mutant mice. This suggested that the
MV and JFP of WT mice varied little over the 24-hour photocycle (Table 1, Fig. 1B). There
was no significant increase in the R2 of MV or JFP for WT mice using a two-oscillator model
(not shown). Interestingly, the MV and JFP rhythms of Aldh5a1~/~ mice appear phase-locked
to one another, with peaks separated by only 7 minutes (i.e., 1950 hours for MV and 1943
hours for JFP). This suggested a strong temporal association between rapid locomotor activity
and jumping.

Itisimportant to note that despite significantly higher MV and JFP in mutant mice, both groups
showed comparable levels of general behavioral activity (i.e., TM) (Fig. 1A, inset a),).
Intuitively, higher MV would suggest that mutant mice moved around the arena at a faster rate,
covering more distance and thus registering more TM. However, hypermotor seizures are
invariably followed by a postictal depression of behavior, which can last anywhere from a few
minutes to well over an hour (even after this period, the mutant mice still remain relatively
immobile). So although each hypermotor seizure may be accompanied by a large increase in
TM, these behavioral fits are infrequent so that overall both groups exhibit statistically
equivalent levels of TM.

We next z-transformed MV data (zMV) for each Aldh5a1~/~ mouse and classified data points
that were >2SD above their respective mean as “probable seizures.” Using this method, we
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identified 42 seizures among 576 1-hour MV data bins. Nine of 42 (21%) hypermotor seizures
were visually identified as such and corresponded to a >2SD increase in zMV. Though we did
not visually confirm the remaining 79% of seizure events, fits of hyperactivity distinct from
hypermotor seizures that might register in the movement sensor as a “probably seizure” simply
do not occur in the mutant mice, which remain relatively inactive during interictal periods.
Based on this method, seizures were found to occur with a higher frequency during the dark
phase (Fig. 1B), with a peak at 2008 hours and a variable period of 25.53 + 1.02 hours (Table
1). The single-oscillator model provided a good fit of the seizure rhythm to the cosine function
(R2=0.73).

3.3. Technical considerations

It is possible to improve on the temporal resolution of this seizure detection method by
decreasing the width of the data bins during which MV is calculated. Averaging MV at 60-
minute intervals permits only a binary response to whether or not a seizure occurred during
that 1-hour time frame and not their frequency. Therefore, the maximum number of seizures
any one mouse could exhibit during the 24-hour day is 24. As a hypermotor seizure in
Aldh5a1~/~ mice typically lasts <20 seconds, the optimal bin width for seizure detection in
this particular model might be between 20 and 30 seconds. However, from random visual
observations we have found that if left undisturbed, the mutant mice seldom exhibit more than
one behavioral event per hour that would satisfy our statistical criteria for a hypermotor seizure,
but we do not exclude the possibility that seizures associated with a subtle motor component
also occur. Our method estimates the daily occurrence of severe behavioral seizures that might
pose a serious health risk in a clinical setting.

Also in this study, only the Aldh5al~/~ mice were maintained on the KD. This raises an
important question regarding the possible effects of a high-fat diet in wild-type littermates and
whether this dietary modification might have influenced the behavior of the mutants. Burnham
and co-workers conducted a series of studies on the effects of different KD formulas on
locomotor activity in different strains of rats [15,16]. Diets with fat:carbohydrate plus protein
ratios of 6.3:1, 4:1 (present study also), and 3:1 resulted in a reversible decrease in exploratory
activity unrelated to anxiety, sedation, or ataxia. Therefore, the relative inactivity of the mutants
may be attributable to the diet itself, but lack of sedation accounts for why hypermotor seizures
are still observed in their daily pattern.

4. Discussion

The Aldh5a1~/~ mouse exhibits SSADH deficiency, brain GABA and GHB accumulation,
motor dysfunction, and severe epileptic seizures [6-8]. In the present study adult
Aldh5a1~/~ mice maintained on the KD showed daily patterns of increased movement velocity
and jumping behavior from which we derived a circadian rhythm of spontaneous hypermotor
seizures. Cosinor analysis revealed that this seizure rhythm occurred with near-24-hour
periodicity and an acrophase during the early dark phase (2008 hours).

The average age of Aldh5a1~/~ mice used in our behavioral analysis was 100.51 + 15.29 days.
The study of adult mutant mice was possible only after maintaining them exclusively on the
KD from weaning day (P20) onward [9,10]. Aldh5a1~/~ pups that continue to suckle beyond
P20 survive longer than their weaned mutant littermates (unpublished), suggesting that the
high-fat dam's milk exerts a beneficial effect in this disorder. As Aldh5al~/~ mice exhibit
impaired mitochondrial function [17], we have hypothesized that the KD enhances survival by
providing an alternative energy source. Recently, the KD has been shown to increase the
number and function of mitochondria [18]. Thus, the KD may aid in the restoration of impaired
mitochondrial function in the mutant mice. This hypothesis remains to be tested.

Epilepsy Behav. Author manuscript; available in PMC 2009 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Stewart et al.

Page 6

Our group has recently identified changes in GABAA-R function that coincide with the
development of epileptic activity in Aldh5al~/~ mice [6]. There was a progressive decrease in
the binding of the GABAA-R antagonist t-butyl-bicyclo-[3>S]phosphorthionate in cortex,
hippocampus, and thalamus from P7 and P19, at which age the ongoing absence seizure activity
evolves into tonic—clonic convulsions and lethal status epilepticus. There was also a significant
reduction in expression of the B2 subunit of GABAAR and decreased hippocampal GABAA-
R-mediated inhibitory postsynaptic potentials. Because Aldh5al~/~ mice exhibit increased
brain GABA levels [19], a decrease in 2 subunit protein may relate to usedependent down-
regulation of the GABAA-R due to prolonged occupancy of the ligand binding site. We propose
that these region-specific decreases in GABAA-R function are at least a partial determinant of
the seizure phenotype of Aldh5a1~/~ mice, as seizure activity in forebrain structures would not
account for running and jumping fits. Several strains of epileptic rodents exhibit wild running
seizures [20]. Faingold and co-workers [21] have reported that during the initial running phase
of audiogenic seizures in the genetically epilepsy-prone rat (GEPR-9), epileptiform discharges
appear abruptly and are restricted to neurons in deep layers of the superior colliculus (DLSC),
which then project to the spinal cord by way of the tectospinal tract to generate the wild running
behavior. The DLSC is the recipient of GABAergic fibers originating in the substantia nigra
pars reticulata (SNpr) [22]. Therefore, an inhibitory nigrotectal projection system may serve
to exert control over the expression of wild running seizures. Deransart and coworkers [23]
reported that bilateral injection of the GABAA-R agonist muscimol into the SNpr, which would
effectively disinhibit the nigrotectal projection and as a result increase inhibition of DLSC
neurons, decreased the duration of wild running clonus in audiogenic Wistar rats. Similarly,
disinhibition of DLSC neurons by local application of the GABAA-R antagonist bicuculline
protects against maximal electroshock-induced convulsions [24], limbic motor seizures [25],
and absence seizures in GAERS rats [26]. These data suggest an important modulatory role
for GABAA-Rs in the SNpr and DLSC against diverse seizure types. It stands to reason that
impaired GABA-R function within the nigrotectal projections system of Aldh5al~/~ mice
would enhance DLSC excitability and render these animals susceptible to the caudal transfer
of seizure activity into circuits involved with wild running behavior.

Daily variation in the frequency and severity of epileptic seizures in animal models has been
described for kainic acid [27]- and pilocarpine [28]-induced motor seizures, and recently in
AY-induced atypical absence seizures [29]. The purported involvement of the hippocampal
formation in each of these seizure models suggests that its connectivity with the
suprachiasmatic nucleus (SCN)[30], a region of the hypothalamus that regulates the expression
of physiological and behavioral events in response to environmental time cues [31], may form
the substrate for circadian rhythmicity in seizure activity. However, given that seizures in
Aldh5al1~/~ mice appeared to cluster during a time of day that would be associated with
increasing levels of arousal (i.e., onset of the activity phase), daily variation in seizures might
result from activity within a related neural circuit involving the SCN — dorsomedial
hypothalamus — locus coeruleus (LC) pathway. This pathway regulates circadian rhythms in
LC neuronal activity such that LC neurons fire significantly faster during the dark phase of the
photocycle. This pattern of activity is thought to play an important role in the regulation of
sleep—wake states [32]. Therefore, stimulation of cortical neurons by norepinephrine [33]
during periods of increased LC activity may be sufficient to initiate seizure activity in the
presence of dysfunctional GABAA-Rs, which then recruits additional forebrain structures and
eventually propagates into the midbrain to trigger running behavior.

Taken together, these data suggest that the 24-hour distribution of spontaneous tonic—clonic
seizures in adult Aldh5a1~/~ mice is not random. Seizures occurred with greater frequency
around the early dark phase, a time of day that corresponded to the onset of the animal's activity
cycle and would likely be associated with increases in neuronal activation and arousal. This
study will provide useful information for clinicians to better understand the temporal
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distribution of seizures associated with human SSADH deficiency and will aid in the
development of more effective treatment strategies.
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Fig. 1.

Twenty-four-hour distributions of motor behavior and generalized tonic—clonic seizures in
Aldh5a1~~mice. (A) Daily patterns of movement velocity (MV, vertical bars) and jumps above
the floor plane (JFP, filled circles) in Aldh5a1~/~ (upper panel) and WT (lower panel) mice.
Mutant mice exhibited significantly higher MV and JFP compared with the WT group across
nearly all time points, but both groups of mice displayed similar levels of overall behavioral
activity (i.e., total movements, inset a). (B) The distribution of spontaneous seizures in
Aldh5a1~~ mice based on standardized MV (zMV). For each mouse, seizures for which the
zZMV scores were >2SD above their respective means were categorized as spontaneous
hypermotor seizures.
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