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low wave sleep (SWS) is defined as the sum of stage

3 and stage 4 sleep and is characterized by high-voltage,
synchronized electroencephalographic (EEG) waveforms,
often measured as slow wave activity (SWA). SWS has been
widely hypothesized to be a time of relatively heightened neu-
rophysiologic restoration or recuperation.? This viewpoint is
prompted by a number of observations including: (1) enhanced
SWA following sleep deprivation in proportion to the duration
of prior wakefulness?; (2) reduced SWA during nocturnal sleep
following afternoon/evening naps*; (3) a gradual decline in
SWA across a night of sleep’; and (4) increased SWS following
nights of fragmented sleep.® Within the two-process model of
sleep regulation, heightened SWS/SWA has been viewed as re-
flecting Process S, the homeostatic component.” Other authors
have proposed that increased SWS/SWA represents ongoing
cortical recovery from activities during prior wakefulness.®

A number of agents have been found to increase the time
spent in SWS (Table 1). Interestingly, despite the common ob-
servation of enhanced SWS, these drugs have several different
mechanisms of action. For example, tiagabine is an inhibitor
of GAT-1, one of four transporter proteins that promote the
reuptake of y-aminobutyric acid (GABA) into presynaptic ter-
minals and surrounding glial cells. GAT-1 inhibition results in
increased synaptic levels of GABA? and heightened inhibitory
activity. In contrast, gaboxadol is an extrasynaptic GABA , re-
ceptor agonist that is selective for 6 receptors.'* When activated,
a4-d receptors produce a tonic inhibitory conductance, which is
thought to result in a more stable inhibitory pattern compared
with phasic synaptic inhibition." Other drugs have no direct
GABAergic effects yet also increase SWS. Examples include
a2-8 calcium channel ligands (e.g., gabapentin and pregaba-
lin), serotonin (SHT),, receptor antagonists (e.g., eplivanserin
and ritanserin), and drugs that are active at multiple receptors
(e.g., mirtazapine, trazodone, and olanzapine).

The availability of drugs that increase SWS has led to re-
search on the behavioral and phenomenologic correlates of
pharmacologic SWS enhancement. This article examines the
pharmacologic enhancement of SWS with emphasis on two
studies'>"® designed to determine whether increasing SWS
(with either tiagabine or gaboxadol) reduces the established
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neurobehavioral and physiologic deficits associated with sleep
restriction. In addition, the potential role of SWS enhancement
as a novel approach to the treatment of insomnia is considered.

SLOW WAVE SLEEP ENHANCEMENT DURING SLEEP
RESTRICTION

Sleep restriction reliably impairs waking neurobehavioral
function in healthy adults."* We therefore proposed that manip-
ulation of SWS in an experimental sleep-restriction paradigm
provides a suitable method to test the value of pharmacologi-
cally enhanced SWS. Specifically, the predictable responses to
sleep restriction may be reduced or prevented if enhancement
of SWS with pharmacologic agents increases the restorative
value of sleep.

In our first investigation, the impact of enhanced SWS dur-
ing sleep restriction was assessed using tiagabine in a ran-
domized, double-blind, placebo-controlled, parallel-group
study of 38 healthy adults.”> On Nights 1 and 2 (adaptation
and baseline), subjects were permitted to sleep for 9 hours,
followed by 4 nights (Nights 3—6) during which time in bed
was restricted to 5 hours/night. On 2 recovery nights (Nights 7
and 8) subjects spent 12 hours in bed. Subjects were randomly
assigned to tiagabine 8 mg or placebo on all sleep-restricted
nights (Nights 3—6). Both groups received placebo at base-
line and on recovery nights. On Nights 3—6, sleep restriction
resulted in the predicted decreases in total sleep time (TST),
stage 1 and stage 2 sleep, rapid eye movement (REM) sleep,
wake after sleep onset (WASO), number of shifts to wake or
stage 1 sleep, and latency to persistent sleep (all p < 0.001
vs baseline), thus validating the study design. Compared with
placebo, changes from baseline during sleep restriction in
SWS (Figure 1) and for stages 3 and 4 separately were signifi-
cantly greater in the tiagabine group (all p < 0.001). Tiagabine
administration resulted in a mean increase of 29.1 minutes
(+40.9%) in SWS, whereas an average of 5.4 fewer minutes
(-6.4%) of SWS were seen with placebo (Figure 1). Tiagabine
was also shown to improve ratings of the restorative nature
of sleep (Figure 2), although no other subjective measure of
sleep differed between groups.

Sleep restriction in the placebo group produced the predicted
daytime deficit in sustained attention on the Psychomotor Vigi-
lance Task (PVT) and on physiologic sleep tendency assessed
using the Multiple Sleep Latency Test (MSLT). The PVT and
MSLT were performed at 2-hour intervals between 10.00 and
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Table 1—Drugs Known to Increase Slow Wave Sleep

Drug Mechanism of action

Tiagabine GAT-1 inhibitor

Gaboxadol Selective extrasynaptic GABA, agonist
Gabapentin 02-9 site on voltage-gated calcium ion channels
Pregabalin 02-9 site on voltage-gated calcium ion channels
GHB GABA _/GHB agonist

Ritanserin Partially selective SHT,, receptor antagonist
Eplivanserin Antagonist of Serotonin Two A Receptors (ASTAR)
Mirtazapine Multiple receptors, including SHT, antagonist
Olanzapine Multiple receptors, including SHT, antagonist
Trazodone Multiple receptors, including SHT, antagonist

Reference

Mathias et al., 20013
Deacon et al., 2007%!
Bazil et al., 2005%7
Hindmarch et al., 20053
Pardi et al., 2006*
Dabhlitz et al., 1990%
Hindmarch et al., 20082
Shen et al., 2006
Sharpley et al., 2005%
Mendelson, 20054

GABA, y-aminobutyric acid; GHB, y-hydroxybutyrate; SHT, serotonin.

17.00 h on Days 2, 5, 6, and 7. Subjects in the tiagabine group
showed significantly less impairment than the placebo group on
the PVT during sleep restriction, characterized by faster mean
reaction times and fewer lapses in attention (p < 0.05). In addi-
tion, the tiagabine group performed better on the Wisconsin Card
Sorting Task (WCST), an assay of executive function involving
problem solving and sustained attention. No differences were ob-
served between groups on the MSLT or the Karolinska Sleepiness
Scale (KSS), an introspective measure of sleepiness.'> However,
subsequent analyses showed that the change from baseline in the
MSLT was positively correlated with the change from baseline in
SWS for tiagabine (r = 0.52; p < 0.05) (Walsh et al., unpublished
data). In addition, the change from baseline in mean afternoon—
evening salivary free cortisol levels was increased in response to
sleep restriction in the placebo group (+0.031 pg/dL), but not in
the tiagabine group (-0.005 pg/dL; p = 0.037 between groups).
Enhancement of SWS with tiagabine may have counteracted
the loss of hypothalamus—pituitary—adrenal regulation seen with
sleep restriction.

The beneficial effects of tiagabine observed in this study for
the PVT, WCST, and restorative sleep ratings are unlikely to be
due to a direct effect of the drug, which would be expected to
impair next-day functioning due to enhanced GABAergic func-
tion. Restorative sleep ratings were made only 6 hours after drug
administration, at a time when plasma (and presumably brain)
drug levels are sustained (tiagabine has an elimination half-life
of 7-9 hours). This suggests that tiagabine has an indirect ef-
fect, possibly through SWS enhancement. To our knowledge
this is the first study to provide evidence supporting the hypoth-
esis that enhancement of SWS can lessen the neurobehavioral
and physiologic impact of sleep loss.

Using a similar sleep-restriction design, we have evaluated
the effects of SW'S enhancement with gaboxadol 15 mg."* After
baseline assessments, 41 healthy adults received either gabox-
adol 15 mg (N = 20; mean = SD age 31.9 + 10.2 years) or
placebo (N = 21; mean + SD age 32.0 £ 9.9 years) on four
sleep-restriction nights. Figure 3 shows some of the key sleep
variables throughout the study. Importantly, TST was essen-
tially identical for the two groups on sleep-restriction nights.
The gaboxadol group had significantly more stage 4 sleep
and SWS (but not stage 3) compared with the placebo group
(both p < 0.001). A mean of 21.8 minutes more SWS was seen
with gaboxadol than with placebo on the four sleep-restriction
nights. Furthermore, relative to placebo, gaboxadol resulted in
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small but significant reductions in stage 1 sleep, REM sleep,
and shifts to wake or stage 1 sleep (p <0.05).

Sleep restriction in the placebo group resulted in a marked
increase in physiologic sleep tendency as rated on the MSLT
and on subjective assessments of sleepiness. However, the de-
gree of physiologic sleepiness reported on the MSLT was sig-
nificantly lower in the gaboxadol group (p < 0.05). Subjects in
the gaboxadol group were also more alert (measured subjec-
tively using the KSS), and reported less fatigue and more vigor
on the Profile of Moods Scale. Unlike in the tiagabine study
discussed above, the PVT showed no significant differences be-
tween groups, possibly because the magnitude of impairment
from sleep loss in the placebo group was very small—only
about one-third of that seen in the tiagabine study. The change
in the MSLT assessment of sleepiness was positively correlated
with the change in SWS during sleep restriction; the more SWS
was enhanced in the study, the more alert was the subject.

Overall, we believe these two studies suggest that pharma-
cologic enhancement of SWS reduces some of the behavioral,
psychologic, and physiologic effects of restricted sleep. Al-
though it is important to remember that sleep restriction is not
an experimental model of insomnia, there are other reasons to
consider SWS enhancement as a potential treatment for insom-
nia.

SLOW WAVE SLEEP AND INSOMNIA

Some authors report that SWS is decreased in primary in-
somnia, whereas other studies have not reported this. One study
of patients with insomnia and matched normal sleepers, which
included quantitative assessment of the EEG as well as stan-
dard polysomnographic measures, will serve to illustrate the
possible SWS—insomnia connection.'> Merica and colleagues
reported lower SWA levels and increased fast-frequency EEG
activity during nonREM (NREM) sleep in patients with insom-
nia, in addition to more time awake, more stage 1 sleep, and less
stage 4 sleep relative to healthy subjects.'s One interpretation of
these findings is that the reduced amounts of SWS and SWA in
patients with insomnia are associated with subjects’ reports of
difficulty with sleep onset, sleep maintenance, and nonrestor-
ative sleep.

Other research can also be interpreted to suggest a link
between SWS and sleep complaints/insomnia. SWS is sub-
stantially decreased in the elderly and in patients with major
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Figure 1—Change from baseline in minutes of slow wave sleep
(SWS) in tiagabine- and placebo-treated subjects. The p-value
refers to comparison between groups on sleep restriction nights
(Nights 3-6). Adapted, with permission, from Walsh et al.!?

psychiatric disorders, populations with a high prevalence of
insomnia complaints. There also appears to be a strong rela-
tionship between SWS and reduced arousability from sleep.
When comparing the number of shifts to wakefulness or stage
1 sleep from stages 2, 3, 4, or REM sleep, SWS is associated
with far fewer shifts, approximately 20% of the number seen
in stage 2 or REM. This is true for healthy adult subjects and
for adults of any age with insomnia (Walsh et al., unpublished
data). Considering these findings together, it seems reasonable
to propose that increasing SWS may be beneficial to those
with insomnia.
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Figure 2—Reported restorative nature of sleep in tiagabine- and
placebo-treated subjects. The p-value refers to comparison be-
tween groups on the sleep restriction nights (Nights 3—6). Adapt-
ed, with permission, from Walsh et al.!?

Several investigations of the use of tiagabine and gaboxadol
in patients with primary or transient insomnia have been pub-
lished recently. The effect of tiagabine (4, 8, 12, and 16 mg) on
sleep and next-morning alertness and performance was stud-
ied in 58 adult patients with primary insomnia. The increase in
SWS was dose-dependent, with a two- to four-fold increase in
SWS with the 8 mg through 16 mg doses, compared with pla-
cebo (p <0.001 for tiagabine 8, 12, and 16 mg). Tiagabine also
produced a trend toward increased TST and decreased WASO,
but had no effect on latency to persistent sleep and little effect
on the self-reported ratings of sleep.'

In a separate study of 232 patients with primary insomnia,
significantly greater increases in SWS were also seen with
tiagabine at doses of 6, 8, and 10 mg compared with placebo
(p < 0.01); no significant differences were seen with the 4 mg

B Placebo (N = 21 healthy subjects)
[] Gaboxadol 15 mg (N = 20 healthy subjects)
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Figure 3—Total sleep time, minutes of slow wave sleep, minutes of stage 1 sleep, and the number of shifts to wake or stage 1 sleep per hour
in gaboxadol- and placebo-treated patients. Nights -2 and -1 are baseline, Nights 1-4 are sleep restriction, Nights 5 and 6 are recovery. The
p-values refer to comparisons between groups for Nights 1-4. Adapted, with permission, from Walsh et al.'®
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dose.!” There were concomitantly greater decreases in stage 1
sleep with all doses of tiagabine (p < 0.01); however, no sig-
nificant differences were observed in WASO, latency to persis-
tent sleep, or TST. There were significant impairments in some
self-reported measures of sleep and daytime function, and in
psychomotor performance with the 10 mg dose compared with
placebo (p <0.05).

The effect of tiagabine on SWS was confirmed in a study
of 207 elderly patients with primary insomnia."® Significantly
greater increases in SWS were found for tiagabine 4, 6, and
8 mg compared with placebo (all p < 0.05), with a correspond-
ing significant decrease in stage 1 sleep (p < 0.05). Tiagabine
did not significantly affect WASO, latency to persistent sleep, or
TST compared with placebo, although the 6 and 8 mg doses sig-
nificantly reduced the number of awakenings after sleep onset
(NASO) (p <0.05) and increased the ratio of SWS to stage 1 sleep
plus WASO (p < 0.001). However, tiagabine 8 mg significantly
decreased subjective TST and the refreshing quality of sleep as
well as daily functioning in these elderly patients (p < 0.05).

A dose—response study has been conducted with gaboxadol
(5, 10, and 15 mg) in 109 healthy subjects in whom habitual
sleep time was advanced by 4 hours to produce transient sleep
disruption.' Zolpidem 10 mg was used as an active control and
significantly improved TST, WASO, NASO, and sleep latency
compared with placebo (p < 0.05), thus demonstrating assay
sensitivity. In addition, sleep improvements with zolpidem were
generally better than those reported with any dose of gaboxadol.
Gaboxadol produced a dose-related increase in SWS compared
with placebo, with the absolute difference from placebo rang-
ing from approximately 5 to 22 minutes. TST was significantly
increased by approximately 30 minutes (p < 0.001) and WASO
was reduced by approximately 17-20 minutes (p < 0.05) with
all doses of gaboxadol relative to placebo. Most subjective sleep
measures also improved with gaboxadol relative to placebo.

A dose-related increase in SWS was also reported with ga-
boxadol compared with placebo in a study of 40 patients with
primary insomnia (10 mg: p <0.01; 20 mg: p < 0.001).2° Zolp-
idem 10 mg was again used as an active control. Gaboxadol
20 mg significantly reduced WASO (p < 0.01), and both doses
of gaboxadol, but not zolpidem, significantly reduced NASO
(p < 0.001). Gaboxadol 20 mg and zolpidem significantly in-
creased TST (p <0.05). However, neither drug had a significant
effect on time to sleep onset. There were no reports of next-day
residual effects with gaboxadol or zolpidem.

Gaboxadol 15 mg was also shown to enhance SWS in a study
of 26 patients with primary insomnia without significantly af-
fecting stage 1, stage 2, or REM sleep.?! Gaboxadol 5 mg and
15 mg significantly improved TST (p < 0.05); WASO also im-
proved, although statistical significance was only achieved with
the 5 mg dose. Gaboxadol 15 mg also significantly reduced la-
tency to persistent sleep (p < 0.05). No next-day residual effects
were observed with either dose of gaboxadol.

In summary, tiagabine and gaboxadol consistently increase
SWS, but generally appear to have an inconsistent and less ro-
bust effect on traditional hypnotic efficacy measures than ben-
zodiazepine receptor agonists. One limitation common to these
studies is the short duration of treatment (the drug administra-
tion period did not exceed 2 nights), and it is possible that drug
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effects may change with sustained use. Published data for other
SWS-enhancing drugs in patients with insomnia are sparse.

The question arises as to whether it is necessary to improve
traditional efficacy measures (i.e., latency to persistent sleep or
WASO) for a drug to have a role in the management of insom-
nia or whether manipulation of other aspects of sleep, such as
SWS or sleep continuity, may be clinically useful. This may be
particularly pertinent if there is an improved safety margin. Al-
though research to date with tiagabine and gaboxadol does not
indicate that they have an improved therapeutic margin versus
benzodiazepine receptor agonists, drugs with a nonGABAergic
mechanism of action may have some safety advantages. For ex-
ample, in a preliminary report of a Phase I study in healthy sub-
jects, the SHT,, antagonist eplivanserin (1, 10, and 40 mg) did
not impair performance or short-term memory throughout the
day when administered in the morning, or the previous evening.
Nevertheless, there was a significant increase in the duration of
SWS (p=0.0001) and a corresponding decrease in stage 2 sleep
at all doses, irrespective of the time of dosing.?* These data sug-
gest that SWS can be increased by SHT,, antagonists without
producing sedation. In a preliminary report of a Phase II study,
eplivanserin 5 mg significantly reduced WASO and NASO in
a study of 351 patients with primary insomnia treated for 4
weeks, without residual sedative effects.?

It is also interesting to speculate that enhancement of SWS
may benefit patients with insomnia in ways that are not nec-
essarily related to standard efficacy measures. For example, a
leading hypothesis related to the pathophysiology of insom-
nia postulates that general central nervous system (CNS) hy-
perarousal is involved, as evidenced by elevated whole—body
oxygen consumption,® heart rate,” cortisol levels,” cere-
bral metabolism,?” high-frequency EEG activity,'* and MSLT
scores®® compared with healthy controls.

Increasing SWS may have a beneficial effect on these arous-
al systems. Vgontzas and colleagues have reported that cor-
tisol levels in patients with chronic insomnia were positively
correlated with total wake time and negatively correlated with
SWS.? Another study of those with primary insomnia found
that efficient overnight consolidation of declarative memory
was associated with higher SWS and low cortisol levels. When
SWS is decreased, REM sleep may play a partly compensatory
role in the consolidation of declarative memory.* Indeed, evi-
dence from several studies has demonstrated that sleep, most
probably SWS, is critical in terms of learning, memory con-
solidation, and memory retrieval (see article by Walker®' and
reference numbers 32-34). Furthermore, enhancement of SWS
using electrical stimulation in healthy subjects can enhance
sleep-associated consolidation of memory.*

CONCLUSIONS

Our sleep-restriction studies with tiagabine and gaboxadol in-
dicate that pharmacologically increased SWS reduces the nega-
tive neurobehavioral and physiologic consequences of sleep loss.
We interpret these findings to indicate that the increased SWS is
not simply an EEG epiphenomenon, but a physiologically mean-
ingful change in sleep, perhaps similar to the homeostatically
regulated changes in sleep following sleep loss.
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Although imposed sleep restriction cannot be viewed as a
model of insomnia, there are reasons to consider the role of phar-
macologic SWS enhancement as a therapy for insomnia. These
include evidence that patients with insomnia have reduced SWS
and increased fast-frequency EEG activity during sleep, as well
as evidence of CNS hyperarousal. In addition, SWS is generally
a state of strong sleep continuity, as shown by low rates of shifts
to wakefulness or stage 1 sleep. Finally, some SWS-enhancing
drugs may have a wide safety margin because their mechanism of
action does not involve GABAergic systems. Although research
to date with tiagabine and gaboxadol has not yielded promising
results, further research with longer-term treatments and with
drugs that increase SWS via other mechanisms of action should
be instructive in determining the therapeutic value of SWS en-
hancement for the management of insomnia.
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