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Scn8a Dysfunction Alters Sleep, CORT Levels, and Memory

FIGURE 1. The Scn8a™e?7°/* mutation reduces wakefulness, enhances
NREM sleep, and reduces REM sleep amounts. Percentage of time spentin
wakefulness (A and B), NREM sleep (C and D), and REM sleep (E and F) during
the base-line recording period. Data were averaged over light and dark
phases (A, C, and E). The circadian variation of the sleep-wake cycle was
obtained by dividing the light and dark periods into 2-h intervals (8, D, and F).
Black bars and squares, Scn8a™%7°’*; white bars and squares, WT. Values are
presented as mean * S.E. ¥, p < 0.05; **, p < 0.01; ***, p < 0.0001; rANOVA
followed by Tukey's post hoc test.

However, sleep and wake amounts and distribution in the
mutants differed from WT littermates.

The amount of wakefulness observed in mutants and WT
littermates was comparable during the light phase. However,
the mutants experienced 12% less wakefulness during the dark
phase (Fig. 1A). rANOVA detected effects of group (F, ,,, =
9.48, p < 0.01) and time (F, ,,, = 369.9, p < 0.0001). Post hoc
analysis indicated that the decreased amount of wakefulness
during the dark phase was statistically significant (p < 0.01,
Tukey’s test; Fig. 1A4).

Although wake amounts during the light phase were not sta-
tistically different between genotypes, the mutants did exhibit
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TABLE 1

Number of arousals and sleep-wake transitions in Scn8a™?7°/*
mutants and WT littermates during the 24-h base-line recording
Shown is a comparison of the total number of arousals and number of stage shifts
from wake to NREM sleep, from NREM sleep to wake, from NREM to REM sleep,
from REM sleep to NREM sleep, and from REM sleep to wake in Scn8a™°*7*"*
mutants and WT littermates. The average REM sleep duration per episode in
Scn8a™e*7*’* and W'T littermates during the light and dark phases was also calcu-
lated. The values are presented as mean *+ S.E.

12-h light phase
Scn8aetiol+ WT

12-h dark phase
Scnsamedf/'o/i» WwWT

Total arousals 1059 = 11.3 132.7 = 7.6 63.2 =52 64.5+ 7.2
Wake to NREM  79.6 = 4.5 974 * 38 48.5 £ 4.2 429 £ 4.9
NREM to wake  53.5 = 3.7 44.7 £ 4 37.4 *+ 3.6 30.6 = 4.4
NREM to REM  33.8 = 2.3¢ 59.3 3.3 127 £ 1.1 129 £ 1.7
REM to NREM 7.7 £ 1.7 6.8 =22 22*05 09 *£0.2
REM to wake 26.1 = 1.9° 52.6 = 1.8 10.5 1.2 12+ 1.6
REM duration 093 £0.13* 1.17=*0.18 1.01 022 1.12=*0.15
(min)

“p < 0.01, rANOVA followed by Tukey’s post hoc test for the stage shift and
unpaired Student’s ¢ test for REM duration.

14% more NREM sleep during the light phase and 35% more
NREM sleep during the dark phase (Fig. 1C). rANOVA
detected effects of group (F, ,,, = 23.8, p < 0.0001) and time
(Fiy,17) = 377.6, p < 0.0001). Post hoc analysis revealed that the
amounts of NREM sleep observed in the mutants during the
light and dark phases were statistically different from corre-
sponding periods in the WT littermates (light, p < 0.05; dark,
p < 0.01, Tukey’s test).

In contrast to the increased amount of NREM sleep, the
mutants experienced 55% less REM sleep during the light phase
when compared with the WT littermates (Fig. 1E). Surprisingly,
during the dark phase, the percentage of time spent in REM
sleep was similar between genotypes. rANOVA detected effects
of group (F; ;,) = 59.8, p < 0.0001), time (F, ,,, = 205.2, p <
0.0001), and an interaction between group and time (F, ;) =
47.3, p < 0.0001). The impairment of REM sleep amount in the
mutants during the light phase was statistically significant (p <
0.0001, Tukey’s test).

To perform a more detailed sleep-wake analysis, the different
states of vigilance were also analyzed in 2-h intervals. FANOVA
followed by post hoc analysis did not reveal any statistically sig-
nificant differences between genotypes in amounts of wake
(Fig. 1B) and NREM sleep (Fig. 1D) during the light and dark
phases (p > 0.05 for all comparisons, Tukey’s test). In contrast,
the mutants spent less time in REM sleep during the last 8 h (11
a.m. to 7 p.m.) of the light period (Fig. 1F). rANOVA detected
effects of group (F; ,,, = 90.4, p <0.001) and time (F 5 55, = 5.8,
p <0.001). The amount of REM sleep was statistically different
between genotypes during this period (p < 0.01, Tukey’s test).
However, differences in amount of REM sleep during the dark
phase were not statistically significant (p > 0.05, Tukey’s test;
Fig. 1F). Because no compensatory increase in REM sleep was
observed during the dark phase, the mutants appear to be
chronically REM sleep-deprived. Representative examples of
ECoG waveforms for each state of vigilance are shown in
supplemental Fig. 1.

Scn8a™7°’* Mutants Show Decreased REM Sleep Genera-
tion and Duration—To determine whether the mutants have
altered sleep-wake cycling, we analyzed the number of transi-
tions (stage shifts) between the different states of vigilance and
the mean duration of REM sleep bouts (Table 1). For the stage
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FIGURE 2. Effect of 6 h of total SD in Scn8a™?7°/* and WT littermates. Comparison of the amount of time
spentin NREM sleep (A and B) and REM sleep (C and D), during 18 h of the recovery period with the equivalent
time period during base-line recording. The recovery period comprised 6 h of the light period (1 p.m.to 7 p.m.)
(Aand C) and 12 h of the dark period (B and D). White bars, base-line period; black bars, recovery period. Values
are presented as mean = S.E. ¥, p < 0.05; **, p < 0.001; rANOVA followed by Tukey’s post hoc test.

shifts during the light period, the mutants had fewer transitions
from NREM sleep to REM sleep and from REM sleep to wakeful-
ness when compared with WT littermates. rANOVA detected
effects of group (F( ;,) = 20.2, p < 0.001), shifts (F,4s =
255.07, p < 0.0001), and interaction between group and shifts
(Fiaesy = 17.1, p < 0.0001). These differences in the number
transitions were statistically significant (p < 0.01 for both com-
parisons, Tukey’s test). No statistically significant differences in
stage shifts were observed during the dark phase. The dimin-
ished number of transitions between NREM and REM sleep in
the mutants contributed to the reduced amount of REM sleep
during the light phase.

The average length of each episode of REM sleep was
obtained by dividing the total duration of REM sleep by the total
number of REM sleep episodes. When compared with WT lit-
termates, REM sleep duration was statistically lower in the
mutants during the light phase (Scn8a™°*7°/*,0.93 + 0.13 min;
WT, 1.17 % 0.18 min; £, = 3.11, p < 0.01). However, REM
sleep duration was comparable during the dark phase
(Scn8a™e?7°'*, 1.01 * 0.2 min; WT, 1.12 * 0.15 min; Lty =
1.18, p > 0.05). Therefore, the decrease in overall REM sleep
observed during base-line recording is due to a reduction in
both the number and duration of REM sleep episodes in the
mutants during the light phase.

Scn8a™e7’* Mutants Show No Alteration in Delta Power
Activity during Basal NREM Sleep—NREM sleep is a restora-
tive phase of sleep that is characterized by slow wave delta oscil-
lations (0.5—4 Hz). The strength of these oscillations, measured
as delta power, is positively associated with the duration of
prior wakefulness. Consequently, delta power is a quantita-
tive measure of sleep intensity during NREM sleep. Because
we observed that Scn8a™°*7°/" mutants are chronically REM
sleep-deprived and experience excessive NREM sleep, we
sought to determine whether sleep intensity was also altered.
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mutants and WT littermates follow-
ing a period of SD. After 6 h of SD,
continuous ECoG recordings were
obtained for 18 h of the subsequent
recovery period (6-h light phase,
12-h dark phase). Because the base-line sleep distribution was
different between the two genotypes, analyses were performed
within each genotype. The amount of NREM and REM sleep
during the recovery period was compared with the equivalent
time period during base-line recording.

Although 6 h of SD is considered to be mild, increased levels
of NREM and REM sleep were expected during the recovery
period. The percentage increase in NREM sleep in mutants and
WT littermates was comparable during the light phase
(Scn8a™e?7°'*, 16% increase; WT, 17% increase) (Fig. 24).
rANOVA detected effects of group (F; ;4 = 44.1, p < 0.001)
and time (F(; 4, = 58.6, p < 0.001). Both increases in NREM
during the light phase were statistically significant (WT, p <
0.001; Scn8a™°*7°’*, p < 0.001; Tukey’s test). During the dark
phase, the amount of NREM sleep increased by 18% in the
mutants and by 10% in WT littermates (Fig. 2B). rANOVA
detected effects of group (F; 14y = 19.4, p < 0.001) and time
(Fi1,14y = 5.6, p < 0.05). Post hoc analysis indicated that only the
increase in NREM sleep during the dark period in the mutants
was statistically significant (Scn8a™°*7°'*, p < 0.05, Tukey’s
test). We also evaluated the effect of SD on REM sleep. Inter-
estingly, during the 6-h light phase following SD, the increase in
REM sleep was ~2-fold higher in the mutants compared with
WT littermates (Scn8a°*/°'*, 65% increase; WT, 34% in-
crease) (Fig. 2C). Nevertheless, the total percentage of REM
sleep in the mutants during this period was still less than that of
WT littermates during base-line ECoG recording. rANOVA
detected effects of group (F; 1, = 52.2, p < 0.001) and time
(F1,14y = 72.2,p <0.001), and the increase in REM sleep in both
groups was statistically significant (Scn8a™*“7°'*, p < 0.001;
WT, p <0.001; Tukey’s test). However, the lack of interaction
between group and time (F, ,4) = 2.3, p > 0.05) indicated that
the difference in the percentage increase of REM sleep during
the light period between mutants and WT littermates (65% ver-
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sus 34%) was not statistically significant. During the 12-h dark
period following SD, the increase in REM sleep was higher
in WT littermates (Scn8a’¢?7°'*, 61% increase; WT, 84%
increase; Fig. 2D). rANOVA detected effects of group (F(; 4, =
33.6, p < 0.001) and time (F; ;4) = 79.6, p < 0.001); however,
only the increase in the WT littermates was statistically signif-
icant (p < 0.001, Tukey’s test). The interaction between group
and time (F{; , 4, = 38.0, p < 0.001) indicated that the difference
in the percentage increase in REM sleep during the dark period
between mutants and WT littermates (61% versus 84%) was
statistically significant.

These results showed that, during the light period, both ge-
notypes exhibited the expected increase in NREM and REM
sleep following SD. However, during the dark period, the
increase in NREM in the mutants continued to be significantly
higher than the corresponding period during base-line record-
ings. This excess NREM observed in the mutants was probably
achieved at the expense of REM sleep, suggesting that it was a
compensatory mechanism for the alteration in the REM sleep
structure exhibited by the mutants during the base line and that
persisted during recovery from SD.

Scn8a™e7’* Mutants Show No Robust Alteration in Delta
Power Activity during the Recovery Period—Since NREM sleep
intensity is positively related to the duration of prior wakeful-
ness, we analyzed the delta power of NREM sleep during the
18-h period after SD. This analysis provides a measure of the
homeostatic sleep response to extended wakefulness. The delta
power for each subject was normalized by dividing each 2-h
interval of recovery delta power by the corresponding 24-h
base-line average of delta power (supplemental Fig. 3).
rANOVA detected effects of group (F, ,,, = 9.8, p <0.01), time
(F(2,92) = 6.47, p < 0.01), and interaction between group and
time (F, 55y = 9.7, p < 0.001). Post hoc analysis revealed that the
higher percentage of delta power observed in WT littermates
during the first 2 h after SD was statistically different from the
corresponding 2-h period during base-line recording (p < 0.01,
Tukey’s test). The analysis of sleep delta power in the mutants
revealed no statistically significant differences between base-
line and rebound periods.

Scn8a™e7*’* Mutants Show a Lower and Flattened Diurnal
Corticosterone Rhythm—A comorbidity of altered diurnal HPA
axis hormone secretion and sleep disturbances has been found
in patients with mood disorders (23). To examine the basal
activity of the HPA axis, we measured plasma corticosterone
(CORT) levels at the beginning of the light (7 a.m.) and dark (7
p.m.) phases (Fig. 3). Although the circadian hormonal varia-
tion was maintained in the mutants and WT littermates, the
mutant mice showed a flattened diurnal CORT rhythm.
rANOVA indicated a significant interaction between genotype
and time of day (F; ,5, = 9.357, p < 0.01), and post hoc Tukey’s
test showed that the mutants had statistically significant lower
CORT levels at 7 p.m. (p < 0.01). A smaller difference between
the CORT levels at the peak and nadir of the diurnal rhythm
was observed in the Scn8a**7°/* mutants. Analysis using an
independent ¢ test showed that this difference was statistically
significant (£, = —3.059, p < 0.01) (Fig. 3).

Scn8a™* 7’ Mutants Show Enhanced Spatial Memory—
Sleep disturbances and hormonal alterations are often corre-
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FIGURE 3. Altered diurnal CORT rhythm in Scn8a™?7°’* mutants. CORT
levels are shown at the beginning of the light phase (7 a.m.) and at the begin-
ning of the dark phase (7 p.m.). The difference in the magnitude of CORT
levels between the 7 a.m. and 7 p.m. samples is also shown. White bars, WT;
black bars, Scn8a™e#°'*  Error bars, mean * S.E.*, p < 0.01, rANOVA followed
by Tukey’s post hoc test, for 7 p.m. CORT levels. *, p < 0.01, t test, for difference
between 7 p.m.and 7 a.m. CORT levels.

TABLE 2
Summary of the behavioral tests

Shown is a comparison of different behavioral tests between Scn8a”**7*'* mutants
and WT littermates. Values are presented as mean = S.E.
Scn8a™et 7o+ WT
Locomotor activity
Novelty (first 2-h beam brakes) 685 *+ 44.8 757.4 *+ 40
Total ambulance (48-h beam brakes) 189.8 = 40 189.1 + 40
Elevated plus maze
Time spent in closed arm (s) 1784 * 10.5 172.2 £ 14.9
Time spent in open arm (s) 493 +13.7  58.09 =9.7
Time spent in center (s) 723 +£7.17 71.8 £7.03
No. of open arm entries 2.6 £ 0.5% 51*=09
Light/dark box
Time spent in light side (s) 116.1 = 21.2 102.5 = 11.4
Latency to enter dark side (s) 41 = 17.3 37.2+13.1
Latency to re-enter light side (s) 58.9 * 14.7 88.2 £21.3
No. of transitions 13.9 =27 17.7 =3
Open field
Time spent in center (%) 14.1 = 2.34 19.3 + 3.16
Total distance traveled (m) 253 *+ 25 314 *26
Total distance traveled in center (m) 4.1=+0.7 59+ 1.1
Forced swim test
Time spent immobile (s) 100.1 = 8.1 89.6 + 11.2

“p < 0.05; unpaired Student’s ¢ test.

lated with behavioral abnormalities; therefore, we assessed
the mutants for alterations in locomotor activity, anxiety-
like and depression-like behaviors, and learning and memory.

The analysis of the novelty period (first 2 h of locomotor
activity recording) and the following 48 h of normal activity
showed no statistically significant differences between geno-
types (Table 2). The performances of the mutants and WT lit-
termates were compared in three paradigms that measure anx-
iety: the elevated plus maze, the light/dark box, and the open
field test (Table 2). In the elevated plus maze test, the mutants
showed fewer open arm entries than the WT littermates
(Scn8a™e7°'*, 2.6 £ 0.5 WT, 5.1 = 0.9; o) = —2.29, p <
0.05), indicating a reluctance to transition from the closed to
the open arm. However, there were no statistically significant
genotype-specific differences in the total time spent in the
closed and open arms or the center. We also did not observe any
statistically significant differences between mutants and WT
littermates in the parameters analyzed in the light/dark box or
open field test (Table 2). In the forced swim test, a measure of
depressive-like behavior, there were no statistically significant
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FIGURE 4. Scn8a™?#°/* mutants show modest enhancement in spatial
memory. Shown is a comparison of the percentage of time spent exploring
the novel and relocated objects. A value of 50% represents chance perfor-
mance. White bars, WT; black bars, Scn8a™7°'*  Error bars, mean + S.E.*,p <
0.05, one-tailed t test.

differences in the amount of time spent immobile between
mutants and WT littermates (Table 2).

An object recognition test was used to compare learning and
memory between mutants and WT littermates (Fig. 4). This test
consisted of three successive trials. In the first trial, each mouse
was allowed to explore the empty open arena for 5 min before
being returned to the home cage. In the second trial, three
objects were introduced into the open field, and the mouse was
returned and allowed to explore for 5 min. To ensure that the
animals did not have an aversive or preferential response to any
of the objects, we analyzed the total time that each object was
explored by mutants and WT littermates during the first expo-
sure to the objects (second trial). rANOVA detected an effect of
group (F, gy = 8.82, p < 0.02) but did not detect an effect of
object (F(344) = 1.11, p > 0.05) or interaction between group
and object (F(3,4) = 0.71, p > 0.05). Post hoc analysis showed
that there were no differences in time that each object was
explored between genotypes (p > 0.05, Tukey’s test). For the
evaluation of spatial memory, the first score calculated was the
percentage of time in trial 3 spent exploring the novel object
compared with the time spent exploring both the novel and the
repeated object (i.e. novel/(novel + repeated) X 100). This
score provides a measurement of the subject’s memory for the
repeated object, insofar as preference for the novel object indi-
cates that the presence of the repeated object is remembered.
The second score calculated was the percentage of time in trial
3 spent exploring the relocated object compared with the time
spent exploring both the relocated and repeated object (i.e.
relocated/(relocated + repeated) X 100). This score provides a
measurement of the subject’s memory for the prior locations of
the repeated and relocated objects, insofar as preference for the
relocated object could be guided only by spatial memory (the
identity of both objects should have been equally familiar). For
both scores, a value of 50% represents chance performance, and
scores above 50% represent learning and memory.

After the first exposure to the three objects in trial 2 and
based on the mouse’s innate preference for novelty, the expec-
tation was that the mice would spend more time exploring the
novel object at the expense of the repeated object in trial 3.
Indeed, both mutants and the WT littermates spent more time
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exploring the novel object compared with the repeated object
(Scn8a™e?7°'*, 60.0 = 4.1%; WT, 61.4 *+ 6.4%) (Fig. 4).
Although the time spent exploring was similar, the percentage
was statistically different for the mutants (one-sample ¢ test
versus 50% chance: £, = 2.45, p < 0.05) and just missed statis-
tical significance for the WT littermates (one-sample ¢ test ver-
sus 50% chance: £, = 1.79, p = 0.06). Similarly, in trial 3, the
expectation was that a mouse would spend more time exploring
the repeated object in a new location (the relocated object)
compared with a repeated object in the same location. Interest-
ingly, the mutants spent more time than WT littermates
exploring the relocated object compared with the repeated
object (Scn8a™**7°'*, 58.7 + 4.2%; WT, 51.4 *+ 4.8%) (Fig. 4).
The percentage was statistically different for the mutants (one-
sample ¢ test versus 50% chance: ¢4 = 2.45, p < 0.05) but not
the WT littermates (one-sample £ test versus 50% chance: t g, =
0.3, p > 0.1). Thus, although both groups appeared to remem-
ber the objects’ identities equally well, only the mutants dis-
played spatial learning and memory in this task.

DISCUSSION

Pharmacological manipulations of different regions of the
CNS with tetrodotoxin (TTX), a nonspecific sodium channel
blocker (24), yielded the first indirect evidence for the involve-
ment of VGSCs in the regulation of sleep architecture. Inde-
pendent of the time of day administered, TTX injection into the
rat central nucleus of the amygdala resulted in a decrease in the
amount of REM sleep and diminished sleep latency (24, 25).
When TTX was injected during the dark phase, an increase in
the amount of time spent in NREM sleep was also seen (24). In
hamsters, injection of TTX into the suprachiasmatic nucleus,
the mammalian primary oscillator of different physiological
and behavioral functions including circadian rhythms of hor-
mone secretion and the sleep-wake cycle, inhibited the ability of
light to increase the expression of Perl and Per2, the molecular
oscillators in the suprachiasmatic nucleus (26). TTX also sup-
pressed pineal levels of melatonin, an important hormone in
the regulation of the circadian rhythms of several biological
functions (26). Taken together, these results suggested that the
inactivation of one or more sodium channel proteins might play
a role in generating and maintaining arousal and the different
stages of sleep, as well as regulating circadian rhythms of hor-
mone secretion.

The results from this study show that Na 1.6 VGSCs are
involved in the generation and maintenance of REM sleep and
also in the modulation of NREM sleep. During the total period
of recording, an increase in NREM sleep was noted at the
expense of REM sleep and wakefulness in Scn8a™°?7°'*
mutants. Contributing to the impairment of REM sleep was a
reduction in the number of REM sleep episodes as well as a
reduction in the mean duration of each REM sleep episode.
Overall, this suggests a chronic deprivation of REM sleep in the
Scn8a’*“7°'* mutants. We recently identified spike and wave
discharges, the hallmark of absence seizures, in Scn8a™**7°'*
mutants and two additional heterozygous Scn8a mutants (14).
Thalamocortical oscillations are known to play a critical role in
absence seizure generation, suggesting that the normal func-
tioning of these circuits is affected by altered Scn8a function.

JOURNAL OF BIOLOGICAL CHEMISTRY 16559

0T0Z ‘92 Ael\ Uo ‘s3dvD e 610 ogl-mmm woly papeojumoq


http://www.jbc.org/

Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2010/03/30/M109.090084.DC1.html

Scn8a Dysfunction Alters Sleep, CORT Levels, and Memory

The transition from wakefulness to sleep involves slow oscilla-
tions in cortical neuron membrane potentials that are synchro-
nized by thalamocortical circuits and reflected in the ECoG
(27). These slow oscillations play a role in organizing sleep
rhythms as slow wave activity and sleep spindles (28). The oscil-
lation itself is composed of a hyperpolarized phase, during
which the neurons are deeply silent, followed by a depolariza-
tion that is initiated by persistent sodium currents (27). Muta-
tions in Scn8a are responsible for diminishing the persistent
sodium current in pyramidal cells of the prefrontal cortex
(7). Therefore, we hypothesize that Scn8a dysfunction alters
thalamocortical slow oscillations by delaying the depolarization
phase, which then contributes to the decrease in wakefulness
and the augmented proportion of NREM sleep observed in
Scn8a™e7°' mutants.

In humans, altered SCN8A function has been implicated in
cognitive impairment (16) and psychiatric disorders (17, 18).
Endogenous biomarkers, such as the circadian sleep-wake
rhythm and the HPA axis, are useful tools that can provide
complementary information about various psychiatric disor-
ders in humans and rodent models. For example, the regulation
of both sleep and the HPA axis is altered in depressed patients
(23) as well as in rodent models of depression (29). In addition
to an altered sleep-wake pattern, we also identified a lowered
and flattened corticosterone diurnal rhythm in Scn8a™°?7°/*
mutants. In humans, decreased cortisol levels are accompanied
by a reduction in the amount of REM sleep, and during the last
half of the sleep period, higher levels of cortisol are associated
with augmented REM sleep duration (30). Similarly, mice with
high corticosterone levels experienced more REM sleep, and
mice with low corticosterone levels had a significantly higher
proportion of NREM sleep (29). Moreover, overexpression of
corticotropin-releasing hormone in the entire CNS as well as in
specific limbic regions was capable of consistently increasing
the amount of REM sleep (31). Therefore, it is possible that the
decreased amount of REM sleep in the mutants results from a
reduction in the level of corticosterone.

Because altered sleep architecture and altered HPA axis
activity are associated with emotional disorders, we also evalu-
ated Scn8a*?7°'* mutants for anxiety- and depressive-like
phenotypes. Although the mutants had a significant decrease in
the number of entries into the open arm during the elevated
plus maze test, we saw no meaningful alterations in the other
anxiety-related parameters evaluated. Likewise, there were no
differences between the mutants and WT littermates in the
forced swim test. In rats, an increase in anxiety-like behavior
was observed following 96 h of total sleep deprivation (32). Sur-
prisingly, the chronic REM sleep reduction seen in the mutants
was not capable of triggering a robust anxiety-like phenotype.
We hypothesize that the increase in NREM sleep observed dur-
ing the light and dark phases of base-line sleep-wake ECoG
recording compensated for the behavioral consequences of
REM sleep deprivation. The fairly normal behavioral responses
of Scn8a™*7°’* mutants differ from the abnormalities
observed in heterozygous Scn8a null animals (12). This sug-
gests that some Scn8a mutations may have a greater effect on
the neuronal circuitry that influences anxiety- and depression-
like phenotypes.
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In the object recognition test, we observed that Scn8a""**7°'*

mutants spent more time investigating the relocated object,
suggesting that the mutants have a modest enhancement in
spatial memory. In healthy individuals, REM sleep deprivation
results in memory impairment (33); however, more recently
NREM sleep has been linked to memory consolidation (34).
In humans with schizophrenia, a direct link is seen between
decreased amounts of NREM sleep and impaired visuospatial
memory (35). This suggests that the stages of sleep and their
electrophysiological characteristics influence neuronal plastic-
ity. The increase in NREM sleep observed during the total
ECoG recording in our study might underlie the enhanced
memory shown by the mutants.

The identification of altered sleep-wake architecture and
HPA axis circadian rhythm in Scn8a”"**7°/* mutants now adds
to the range of phenotypes associated with mutations in the
CNS VGSCs. Mutations in SCNIA lead to reduced seizure
thresholds and spontaneous seizures in mice (36 -39) and are
involved in a number of human epilepsy disorders, including
generalized epilepsy with febrile seizures plus (40) and severe
myoclonic epilepsy of infancy (41). SCN1A mutations have also
been found in patients with familial hemiplegic migraine (42).
Furthermore, SCN2A mutations have been identified in benign
familial neonatal infantile seizures (43, 44), and a mutation in
SCN3A was recently reported in a patient with pediatric partial
epilepsy (45).

Altered sleep-wake architecture has also been observed in
other ion channel mutants. Mice lacking expression of the
Kcna2 gene, which codes for the voltage-dependent potas-
sium channel K 1.2, have more waking episodes and less
NREM sleep; however, their REM sleep is unaltered (46).
These alterations were not seen in the heterozygous Kcna2
null animals. Mice with reduced levels of another potassium
channel, K 3.2, exhibited a normal sleep-wake cycle; how-
ever, their EEG power frequency was lower than that of control
animals (47). Calcium channels also play an important role in tha-
lamic projections to the cortex during sleep, and deletion of Ca, 3.1
in the thalamus caused prolonged arousal leading to impaired
sleep duration (48). Nonetheless, in a review of the literature, we
did not find any other genetic mutant that displayed the chronic
REM reduction and increased NREM sleep seen in Scn8a’?7°/*
mice.

The findings of this study extend the range of phenotypes
associated with Scn8a dysfunction and suggest a role for VGSCs
in human sleep disorders. Additional studies will be required to
determine whether altered sleep architecture is a common con-
sequence of VGSC dysfunction or whether the abnormalities
observed in Scn8a™°?7°/* mutants reflect a unique role for
Scn8a in sleep-wake regulation.
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