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Abstract

Ketamine, a drug with rapid antidepressant effects and well-described effects on slow wave sleep
(SWS), is a useful intervention for investigating sleep—wake mechanisms involved in novel
therapeutics. The drug rapidly (within minutes to hours) reduces depressive symptoms in
individuals with major depressive disorder (MDD) or bipolar disorder (BD), including those with
treatment-resistant depression. Ketamine treatment elevates extracellular glutamate in the
prefrontal cortex. Glutamate, in turn, plays a critical role as a proximal element in a ketamine-
initiated molecular cascade that increases synaptic strength and plasticity, which ultimately results
in rapidly improved mood. In MDD, rapid antidepressant response to ketamine is related to
decreased waking as well as increased total sleep, SWS, slow wave activity (SWA), and rapid eye
movement (REM) sleep. Ketamine also increases brain-derived neurotrophic factor (BDNF)
levels. In individuals with MDD, clinical response to ketamine is predicted by low baseline delta
sleep ratio, a measure of deficient early night production of SWS. Notably, there are important
differences between MDD and BD that may be related to the effects of diagnosis or of mood
stabilizers. Consistent with its effects on clock-associated molecules, ketamine alters the timing
and amplitude of circadian activity patterns in rapid responders versus non-responders with MDD,
suggesting that it affects mood-dependent central neural circuits. Molecular interactions between
sleep homeostasis and clock genes may mediate the rapid and durable elements of clinical
response to ketamine and its active metabolite.
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1 Introduction

The glutamatergic A-methyl-D-aspartate (NMDA) receptor antagonist ketamine is a rapid-
acting antidepressant with immediate clinical utility. It is also a valuable research
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intervention that provides insights into the development of novel treatments for mood
disorders. Ketamine rapidly (within minutes to hours) reduces depressive symptoms in
individuals with major depressive disorder (MDD) or bipolar disorder (BD), including in
patients with treatment-resistant depression (Diazgranados et al. 2010a; Murrough et al.
2013; Zarate et al. 2012); treatment effects may last for up to 7 days in some individuals.
Importantly, the drug may also reduce suicidal ideation in patients (DiazGranados et al.
2010b; Price et al. 2009; Zarate et al. 2012), suggesting an important treatment option for
this population with urgent clinical needs.

Disrupted sleep patterns and circadian rhythms have long been associated with depressive
disorders (Gillin et al. 1979; Wehr and Goodwin 1983). Relatedly, sleep deprivation (SD)
was suggested to have rapid chronotherapeutic effects on both sleep homeostasis and mood
(Borbély and Wirz-Justice 1982; Wirz-Justice and Van den Hoofdakker 1999). In addition,
the mood stabilizer lithium was recently found to have beneficial molecular effects on the
circadian clock; a full discussion of lithium’s effects on circadian function is beyond the
scope of this chapter. We refer interested readers to several excellent reviews on this subject
(Gould and Manji 2002; Lenox et al. 2002; McCarthy et al. 2012; Gould and Manji 2005).
Interestingly, in addition to its antidepressant effects, ketamine has well-described effects on
slow wave sleep (SWS) (Duncan et al. 2013b; Duncan and Zarate 2013), and is thus a useful
intervention for investigating the sleep—wake mechanisms involved in novel therapeutics.

Recent research has identified both sleep homeostatic (sleep slow waves) and circadian
components that both modulate and mediate the antidepressant and antisuicidal effects of
ketamine. The relevant mechanism(s) of action is an area of active investigation, and
includes release of glutamate, the major excitatory neurotransmitter in the brain. A sequence
of molecular and cellular events follows this glutamate release. These include increased a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) neurotransmission,
activation of the mammalian target of rapamycin (mTOR) signaling pathway, and increased
brain-derived neurotrophic factor (BDNF) activity. Ketamine also activates clock-associated
gene molecules (Bellet et al. 2011), including those within reward circuits of the nucleus
accumbens (Zhao et al. 2014).

Taken together, the evidence gathered to date highlights a rich field of clinical and
preclinical results that can be fruitfully explored to identify links between circadian/sleep
wake systems and the development of novel rapid antidepressant treatments. To further
understand the homeostatic process of sleep and how it relates to the development of novel
therapeutics, recent investigations have focused on glutamatergic-associated molecular and
SWS associations that parallel ketamine’s rapid antidepressant effects. This chapter will
review current insights drawn from sleep and circadian system research related to the
development of novel interventions.

2 Glutamatergic Function in Sleep and Circadian Systems

Distribution of metabotropic glutamate R2/R3 receptors is widespread, including in the
prefrontal cortex (PFC), hippocampus, and the reticular and sensory thalamic nuclei, all of
which have been implicated in neuropsychiatric syndromes (Wright et al. 2013). Glutamate
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is co-localized within orexin (also known as hypocretin) neurons of the dorsal lateral
hypothalamus, which also have widespread distribution throughout the brain (Peyron et al.
1998). These neurons, whose deficiency is the cause of narcolepsy/cataplexy, become
hyperactive after SD and metabolic challenge (Willie et al. 2001; Sakurai 2007).

As regards circadian regulation of sleep—wake patterns, synchronization between
environmental light dark cycles and internal biological circadian rhythms is mediated in part
by release of glutamate from the retinohypothalamic tract (RHT). The consequent light
response of light sensitive clock genes (Roecklein et al. 2009) and their downstream
molecular events — which ultimately affects sleep quality — are affected by this glutamate-
initiated sequence of clock-associated effects.

Ketamine treatment elevates extracellular glutamate in the PFC (Bagley and Moghaddam
1997; Homayoun and Moghaddam 2007). In addition, glutamate plays a critical role as a
proximal element in a ketamine-initiated molecular cascade that increases synaptic strength
and plasticity, which ultimately results in rapidly improved mood. Glutamatergic effects are
common to interventions with rapid antidepressant properties such as SD, electroconvulsive
therapy (ECT) (Murck et al. 2009), and ketamine. For instance, SD (extended wakefulness)
increases the availability of metabotropic glutamate receptors of subtype 5 (Hefti et al. 2013)
and alters glutamatergic function (Benedetti et al. 2009). Increased cortical excitability, as
measured by gamma activity, has been associated with ketamine treatment (Cornwell et al.
2012) as well as with increased prior wake time (Huber et al. 2013); both have glutamatergic
underpinnings.

2.1 Ketamine-Induced Glutamatergic Signaling Initiates a Cascade of Molecular, Cellular,
and BDNF-Associated Events

The rapid antidepressant properties of ketamine and one of its key metabolites, (2,6 R)-
hydroxynorketamine (HNK) (Zanos et al. 2016), induce altered glutamatergic signaling and
upregulation of AMPA receptors, consistent with previously described findings of increased
synaptic strength and plasticity (Duman and Aghajanian 2012). Interestingly, in the study by
Zanos and colleagues, (2R,6 R)-HNK was essential to ketamine’s antidepressant effects.
Furthermore, the (2R,6 A)-HNK enantiomer was responsible for behavioral, EEG,
electrophysiological, and cellular antidepressant-related actions in mice without inducing
any ketamine-related side effects. The specific sequence from ketamine infusion to improved
mood, cognition, and behavior includes: (1) increased glutamate release; (2) early activation
and upregulation of AMPA receptors; and (3) activity-dependent release of BDNF (L. et al.
2010; Maeng and Zarate 2007). Ultimately, these events activate the mTOR signaling
pathway, affecting downstream changes in dendritic spines and local synaptic protein
synthesis, including BDNF (Duman and Aghajanian 2012). BDNF secretion, activation of
the tropomyosin-receptor-kinase B (TrkB) receptor, and downstream trafficking lead to
further dendritic structural complexity, spine and BDNF synthesis, synaptic plasticity, and
strengthened local circuitry (Duman and Aghajanian 2012; Maeng and Zarate 2007).

Downstream to these events, polymorphisms such as BDNF Val66Met also contribute to the
altered functional effects of BDNF trafficking (Chen et al. 2004; Egan et al. 2003).
Enhanced synaptic plasticity and neuronal synchronization resulting from changes in critical
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local neuronal circuits — especially in areas involved in mood and behavior — converge to
produce rapid antidepressant effects (Maeng and Zarate 2007; Zarate et al. 2006). As
discussed later in Sects. 2.3, 3.1, and 4, below, changes in BDNF, SWS, and mood are
present in patients who respond to ketamine.

2.2 Clues to Rapid Antidepressant Mechanisms of Ketamine and Sleep Deprivation Are
Found Within Core Elements of Sleep and Circadian Systems

In mood disorders, both homeostatic and circadian processes are dysregulated, with
significant impact on sleep—wake cycles, circadian rhythms of body temperature, hormones,
behavior, and mood. Patients with MDD often, but not uniformly, exhibit disturbed sleep.
For example, several studies have reported an absence of disturbed sleep patterns in
individuals with MDD (Frey et al. 2012; Quitkin et al. 1985; Antonijevic 2006), suggesting
that distinctions such as typical versus atypical subtypes, gender, or other co-morbidities
may be involved. Disturbed sleep is generally characterized by decreased sleep and sleep
continuity, low levels of SWS and slow wave activity (SWA, defined as EEG activity
between 1 and 4 Hz in non-rapid eye movement (NREM) sleep), short rapid eye movement
(REM) latency, and increased and early morning waking (Gillin et al. 1979; Duncan et al.
1979; Kupfer et al. 1985; Pillai et al. 2011; Benca et al. 1992). Many of these disturbances
are consistent with abnormal function of the sleep homeostat (SWS deficiency) and central
clock (temperature and hormone rhythms). Notably, many of these features have been
incorporated within the two-process model of sleep—wake regulation (described next) in
which a sleep homeostat (modeled by Process S) interacts with the central circadian clock
(modeled by Process C) to influence human sleep behavior and mood. Numerous
chronotherapeutic sleep interventions, such as partial SD and sleep phase advance have been
evaluated within this model for their capacity to alter homeostatic mechanisms and to affect
interactions between sleep homeostatic and circadian processes. For instance, the
antidepressant properties of bright light — the major signal responsible for synchronizing
internal circadian timing to the external day — are used during bright light therapy.

The two-process model of human sleep—wake regulation (Borbély 1982) has been used to
measure the timing, duration, and structure of human sleep (Dijk and Czeisler 1995) with
important implications for health and depression. In healthy individuals, extended prior
wakefulness is associated with a homeostatic increase in the level of “S,” measured by
increased SWS/SWA (a surrogate marker of “S”) during recovery sleep. The “S”-deficiency
hypothesis of depression (Borbély 1987; Borbély and Wirz-Justice 1982) posits that both
sleep disturbances and depressive symptoms are related to low levels of “S.” The rapid
antidepressant effects of SD therapy in depression are hypothesized to increase “S” toward
normal levels, as indicated by elevated SWS/SWA during early recovery (Borbély and Wirz-
Justice 1982). Key elements of this hypothesis have further provided a basis for launching
promising investigations regarding the molecular effects of SD and their role in rapid
antidepressant effects, with predictions based on synaptic homeostasis (Tononi and Cirelli
2006).

The mechanism of action of rapid-acting antidepressants may be complex, involving
temporal and quantitative differences in BDNF and synaptic plasticity (by SD and partial
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SD) on the one hand, and altered timing of the central clock (e.g., by bright light therapy) on
the other. The timing of these events, along with the course of mood changes, provides
important clues regarding their relative contribution to both the rapid expression of
antidepressant response and the maintenance of that response (Kuhn et al. 2016). The fact
that SD does not consistently elevate BDNF (Kuhn et al. 2016; Ibrahim et al. 2011) suggests
that declines in BDNF after extended wakefulness might have a protective effect against
excessive cortical excitability and plasticity (Kuhn et al. 2016). Both SD and bright light
therapy [as well as selective serotonin reuptake inhibitors (SSRIs)] produce rapid changes
(within 12 h) in both SWA levels and clock-gene expression (Cuesta et al. 2009; Uz 2005),
respectively. However, the rapid antidepressant response latencies of these interventions
vary, ranging from hours (in the case of ketamine, SD, and partial SD), to several days
(bright light therapy and sleep phase advance), to weeks for SSRIs (Rush et al. 2006). The
distinct molecular pathways activated by homeostatic versus circadian-linked interventions
may contribute differently to the rapid onset of antidepressant effects, particularly compared
to the persistence (durability) of any such effects.

Chronotherapies that control the duration of prior waking — and, therefore, sleep homeostatic
mechanisms [e.g., dark therapy and “extended-night” interventions (Wehr et al. 1998; Wirz-
Justice et al. 1999; Barbini et al. 2005)] — reduce symptoms of mania, hypomania, and rapid
cycling in BD (Barbini et al. 2005; Wehr et al. 1998; Wirz-Justice et al. 1999). Thus,
controlled sleep—wake schedules, regulation of sleep homeostasis, and underlying pathways
of synaptic plasticity (including glutamatergic function) may inform our understanding of
sleep homeostasis and SWS as modulating elements of mood and novel mechanisms of
mood stabilizers. The role of interacting homeostatic and circadian systems in developing
novel treatment interventions is discussed later.

2.3 Sleep Slow Waves and Evoked Potentials Are Markers of Synaptic Plasticity

Sleep EEG and evoked potentials are useful markers of altered synaptic plasticity in humans
(Huber et al. 2004, 2006), and evidence from these studies is consistent with the synaptic
homeostasis hypothesis (Tononi and Cirelli 2006). High-density EEG studies have shown
that interventions such as rotation learning and high-frequency transcranial magnetic
stimulation (TMS) associated with synaptic potentiation in local cortical circuits lead to
local increases in SWA during subsequent sleep (Huber et al. 2004). Interventions such as
arm immobilization, which is associated with synaptic depression, lead to a local reduction
in SWA (Huber et al. 2006). Computer simulations indicate that sleep SWA directly reflects
synaptic strength due to changes in neural synchronization and recruitment (Esser et al.
2007; Vyazovskiy et al. 2007).

In addition, several studies that directly examined the effects of BDNF on EEG SWS also
noted a close relationship between SWA and BDNF (Faraguna et al. 2008; Huber et al.
2007). These studies found that SWA was increased by intrahemispheric infusion of BDNF,
by behavioral interventions that increase central levels of BDNF, and by the plasticity-
related genes Arc, Homer, and NGFI-A (Huber et al. 2007). Conversely, SWA was
diminished by BDNF antagonism (Faraguna et al. 2008). The fact that acoustic suppression
of SWA was associated with diminished perceptual learning (Aeschbach et al. 2008)
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suggests that decreased SWS levels could contribute to cognitive and memory deficits in
some depressed patients. Interestingly, human carriers of the BDNF Met allele of the
Val66Met polymorphism produce less SWS (Bachmann et al. 2012) and also display altered
mood response to ketamine (Laje et al. 2012), thus establishing a link between genetic
variants of BDNF, SWA, and mood.

3 Clinical Effects of Ketamine on Sleep and Mood

As noted above, ketamine increases SWS, memory, and plasticity, and elevates slow wave
production (Campbell and Feinberg 1996; Feinberg and Campbell 1993) in addition to its
antidepressant effects. Ketamine’s effects on SWS suggest a possible association between
this agent’s rapid antidepressant effects and its plasticity-related effects. These effects on

both mood and sleep have been specifically explored in MDD and BD.

In MDD, rapid antidepressant response to ketamine was linked to decreased waking, as well
as increased total sleep, SWS, SWA, and REM sleep (Fig. 1) (Duncan et al. 2013b).
Furthermore, clinical response to ketamine was predicted in MDD by a low baseline delta
sleep ratio (defined as the quotient of SWA in the first to the second NREM episode), a
measure of deficient early night production of SWS (Duncan et al. 2013a), and the abnormal
production of SWS during the sleep period. Normalizing the deficient early night production
of SWS by increasing early production of SWS in the first non-REM period (Fig. 1, lower
panel) appears critical to ketamine’s rapid antidepressant effects. Notably, although
increased sleep slow waves were not present on Day 1 post-ketamine infusion, increased
total sleep, REM sleep, and sleep efficiency (i.e., decreased time spent awake after sleep
onset) were associated with antidepressant response (Duncan et al. 2013b) on Day 2 post-
ketamine treatment, indicating their association with a more prolonged antidepressant
response.

Increasing the early nighttime production of SWS (Fig. 1, upper panel) may be important to
ketamine’s rapid antidepressant effects. Interestingly, sleep slow waves are markers of
neuronal plasticity that are similarly increased using other (non-ketamine) novel therapies,
further implicating sleep and circadian systems in mood response. For instance, the effects
of repetitive TMS (rTMS) on plasticity (Cohen et al. 2010) involve both sleep—wake and/or
circadian-dependent processes. Applying rTMS to the left dorsolateral prefrontal cortex
(DLPFC) increased SWA at F3 (Saeki et al. 2013), indicating locally enhanced synaptic
plasticity, similar to ketamine’s plasticity-related effects on SWS (Duncan et al. 2013b). In
that rTMS study, SWA production was particularly enhanced during the first half of the sleep
period (Saeki et al. 2013). This result echoes the early night effects of ketamine (see Fig. 1,
top panel) in which ketamine elevated the early night peak in SWA, followed by a
progressive decline in SWA levels during the remaining sleep period (Duncan et al. 2013b).
This homeostatic nighttime decline, common to ketamine and to other novel therapeutics, is
consistent with a pattern of synaptic downscaling that follows the gradual rise of daytime
synaptic potentiation and elevated SWA at sleep onset.

Interestingly, an important discrepancy between MDD and BD was found when examining
ketamine’s effects on SWS in BD patients who were receiving mood stabilizer therapy.
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Increased SWS production in response to ketamine was not observed in this sample of BD
patients, in contrast to the results obtained for MDD patients. Although rapid antidepressant
effects as well as improved sleep were observed (Duncan and Zarate 2013), ketamine
infusions reduced SWA levels in BD during non-REM episodes 1 and 3. This result has two
possible interpretations. First, the finding is consistent with sleep differences between MDD
and BD patients. Genetic factors influence REM sleep expression (Kupfer and Ehlers 1989)
and this, in turn, indirectly affects SWS expression; the result is thus consistent with
underlying genetic differences between MDD and BD. These differences may stem from
complex and unstable waking patterns during mania and hypomania (Linkowski et al. 1986)
that potentially influence and confound measurement of SWS expression in BD. Second, the
result is consistent with studies indicating that mood stabilizers per se influence SWS
expression. The ongoing use of mood stabilizers (i.e., lithium) during ketamine infusion may
thus have affected SWS and could confound any study of ketamine-induced slow wave
production (Duncan and Zarate 2013).

More provocatively, this result could also suggest that the effect of mood stabilizers on SWS
also contributes to their mood stabilizing properties. Controlling mood cycles by stabilizing
day-to-day variations in SWS may be a property shared by dark-therapy/extended bed-rest
interventions (i.e., chronotherapeutic interventions that impose fixed bed-rest schedules;
these control the duration of prior wakefulness, thereby minimizing night-to-night
fluctuations in SWS and ultimately stabilizing mood). This finding may echo a recent report
that SWS levels correlate with mood (Eidelman et al. 2010) such that low SWS levels are
associated with reduced future mania. Thus, a property of mood stabilizers might be their
ability to minimize night-to-night fluctuations in SWS.

3.1 Ketamine’s Rapid Effects on Mood, Sleep Slow Waves, and BDNF Levels Are
Consistent with Increased Synaptic Plasticity

Response to ketamine infusions also suggest links between neuroplasticity, SWS, and mood
on the one hand, and the neurotrophin BDNF on the other. Increased BDNF levels have been
associated with several rapid-acting antidepressant interventions (Duncan et al. 2013b; Giese
et al. 2014, Haile et al. 2014; Gorgulu and Caliyurt 2009), underscoring its key role in the
rapid response mechanism. Beyond the association with rapid mood response, the magnitude
of BDNF and SWS levels were correlated in ketamine responders (Duncan et al. 2013b), a
finding consistent with the preclinical effects of BDNF on SWS production (Huber et al.
2007). Furthermore, the magnitude of BDNF levels measured 4 h post-ketamine infusion
predicted mood response 3 days post-infusion (Haile et al. 2014), suggesting that these acute
levels might provide a marker of durable response.

3.2 Ketamine’s Rapid Antisuicidal Effects Reverse Late-Night Waking

An area of increasing interest is ketamine’s ability to rapidly (within minutes to hours)
reduce suicidal thoughts in individuals with treatment-resistant depression (DiazGranados et
al. 2010b; Murrough et al. 2015; Price et al. 2009, 2014; Zarate et al. 2012). No FDA-
approved medications presently exist for acute suicidal thoughts, and rapid-acting treatments
are critically needed for this psychiatric emergency. Ketamine’s impact on suicidal thoughts
has been shown to occur independently of its antidepressant effects (Ballard et al. 2014) and
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has been associated with specific neuroimaging biomarkers, specifically glucose metabolism
in the infralimbic cortex (BA 25) (Ballard et al. 2015). This suggests that investigations of
ketamine use in suicidal individuals could identify potential biomarkers of antisuicidal
response and elucidate the neurobiological underpinnings of acute suicide risk.

Interestingly, suicide risk has also been linked to sleep difficulties. Self-reported sleep
difficulties are associated with subsequent death by suicide (Bernert et al. 2014; Gunnell et
al. 2013), and the association between subjective sleep difficulties and suicidal thoughts and
behaviors has been found to occur independently of depressive symptoms (Pigeon et al.
2012).

More objective measures of suicidal thoughts or past behaviors have been associated with
polysomnography-defined increased REM sleep percentage, REM activity, REM duration,
and decreased sleep efficiency (Agargun and Cartwright 2003; Sabo et al. 1991). Evidence
of seasonality and suicidal behavior, including altered circadian psychomotor activity in
suicidal individuals, suggests altered chronobiological activity in suicidal patients (Hiltunen
et al. 2011; Verkes et al. 1996). Chronotherapeutics — including SD in conjunction with
lithium, sleep phase advance, and bright light therapy (triple chronotherapy), as well as
cognitive behavioral therapy with SD (Breitstein et al. 2014) — have been associated with
rapid reductions in suicidal thinking (Benedetti et al. 2014; Sahlem et al. 2014), suggesting
that sleep may be a particularly important modifiable risk factor for acutely suicidal patients.

Interestingly, ketamine’s antisuicidal effects may also involve the circadian sleep—wake
system. First, the hours of 12:00 a.m. to 5:00 a.m. may be an especially high-risk time for
suicide deaths (Perlis et al. 2016), suggesting a particular circadian interval of risk. Second,
in initial investigations of this time period across EEG sleep, wakefulness over the course of
the night, particularly in the 4:00-4:59 a.m. hour, was associated with suicidal thoughts the
next day in a sample of depressed inpatients (Ballard et al. 2016); this effect was
independent of age, gender, diagnosis (MDD vs. BD), or depressive symptom severity.
Third, in evaluating wakefulness after ketamine administration, antisuicidal response (that is,
complete next-day remission of suicidal thoughts) was associated with reduced wakefulness,
even when adjusting for baseline sleep (Vande Voort et al. 2016). Taken together, these
results point to the potential importance of sleep and circadian rhythms in ketamine’s
antisuicidal effects and indicate the need for further evaluation of BDNF, clock-gene
expression, and cortisol on this process.

4 Ketamine’s Interactive Effects on Sleep and Circadian Systems

While some ketamine studies indicate a relationship between BDNF levels and SWS
amplitude, other studies describe a diurnal and/or circadian component to plasticity-evoked
changes that implicate both sleep homeostatic/plasticity mechanisms and circadian-related
processes. For example, effective rapid antidepressant interventions appear related to BDNF
regulation as well as circadian and homeostatic sleep systems. The presence of a diurnal
rhythm for BDNF in partial SD responders (Giese et al. 2014) suggests a similarity between
circadian system variations in BDNF and the circadian effects of other rapid-acting
treatment interventions. Similar to SD and sleep homeostatic challenges on clock-gene
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expression [for a review, see (Franken and Dijk 2009)], other novel therapeutics (such as
rTMS) affect clock and circadian function. Plasticity associated with rTMS was found to
correlate with cortisol awakening response, a circadian biomarker related to peripheral
circadian CLOCK genes (Clow et al. 2014); in addition, rTMS treatment increased REM
latency, another circadian marker, also consistent with linkage between rTMS antidepressant
effects and circadian rhythms (Cohrs et al. 1998).

5 Ketamine Alters Circadian Amplitude and Timing in MDD

Interactions between molecular and neural elements of the circadian clock and the sleep
homeostat regulate the expression and timing of the human sleep—wake pattern.
Chronotherapies are hypothesized to alter mood, in part by altering the timing and
expression of this central clock (Benedetti et al. 2007a). Bright light therapy (Wirz-Justice
and Terman 2012), low-dose melatonin (Lewy et al. 2002), and the novel therapeutic drug
agomelatine (Kasper and Hamon 2009; Kasper et al. 2010) share the common property of
altering the timing and expression of the central clock. The fact that glutamate is a key
transmitter that functions to resynchronize the timing of the central clock with the external
light—dark cycle suggests that it may also alter central circadian timing during clinical
intervention.

As noted above, glutamate levels are altered by ketamine infusion. As regards the circadian
clock in particular, ketamine alters the timing and amplitude of circadian activity patterns in
MDD rapid responders versus non-responders (Fig. 2). While consistent with preclinical
studies of ketamine’s effects on circadian clock-gene-related molecules, the finding indicates
that the effect is mood-dependent. Specifically, on day 1, the day after ketamine infusion
(Fig. 2, left panel) rapid responders to ketamine showed phase-advanced (early) timing of
the 24-h of activity pattern (as evidenced by higher AM and lower PM activity counts)
relative to non-responders. Also, 2 days after the infusion (D3, right panel), responders
showed an increased amplitude of the 24-h pattern of motor activity whereas non-responders
did not, suggesting that the amplitude of the rhythm is more likely to be associated with
durability of the mood response (given that the amplitude increases in day 3 responders)
than with acute response — note, for instance, the similar amplitudes in day 1 responders
versus non-responders. The mood-dependent properties may incorporate effects on clock-
gene pathways, possibly within the expression of mood-associated circuits that contribute to
durable clinical response. The early timing of the activity pattern on day 1 is also consistent
with the beneficial effects of SD, which are associated with advanced timing of the circadian
system (Benedetti et al. 2007b).

6 Do Homeostatic and Circadian Systems Interact to Affect Ketamine’s

Antidepressant Properties?

SWS-associated neural plasticity (Duncan et al. 2013b) as well as clock genes and their
associated molecules (Bunney and Bunney 2012, 2013) have both been linked to ketamine’s
rapid antidepressant effects. Clear delineation of the temporal relationship between clock-
gene activation versus sleep homeostatic mechanisms can inform our understanding of how
these processes contribute to rapid antidepressant response. This requires close examination
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of day-to-day clinical mood changes on the one hand, and specific changes in clock genes
and sleep homeostasis on the other.

In the case of sleep homeostasis, clinical studies have found that rapid antidepressant
response and SWS-related changes in neural plasticity both occur within 12 h of ketamine
infusion (Duncan et al. 2013b; Duncan and Zarate 2013). In contrast to conventional
antidepressant treatments, rapid-acting interventions such as SD and ketamine infusion
quickly increase SWS production, highlighting the role of increased “S” and SWS as
markers of rapid mood response. Underlying the role of SWS-associated processes in the
onset of rapid response are neurotrophin release and neuronal plasticity; these are produced
both by the rapid-acting effects of SD and the rapid-acting antidepressant ketamine.

Clinical studies have not directly examined ketamine’s effects on clock-gene expression. In
contrast, preclinical studies have shown rapid clock-gene-associated effects after ketamine
infusion but, as discussed here, their role in mediating rapid antidepressant response is
unclear. For example, like ketamine, SSRIs and bright light exposure produce rapid clock-
gene related effects in preclinical studies (Cuesta et al. 2009; Uz 2005), as well as
demonstrated effects in MDD (L. et al. 2013; Rush et al. 2006). However, unlike ketamine,
SSRIs often require 5 weeks for their antidepressant effects to manifest (Posternak and
Zimmerman 2005; Rush et al. 2006), which is inconsistent with a rapidly acting
antidepressant clock-gene mechanism; nevertheless, a chronic mechanism involving clock
gene effects might be relevant (Li et al. 2013). Similarly, bright light therapy has rapid
effects on clock-gene expression but requires several days for an antidepressant response to
manifest (Benedetti et al. 2007a; Duncan 2009). Thus, the extent to which clockgene effects
are both necessary and sufficient for a rapid and/or durable antidepressant response is an
important question that requires further examination of the specific circadian phase-
dependent elements that both moderate and mediate rapid and durable response effects.

The fact that sleep homeostasis and clock genes interact at the molecular level (Franken
2013; Franken and Dijk 2009) allows for interacting effects that mediate clinical response.
Subsequent to the initial events that trigger the cascade of molecular and plasticity-
associated events — for which SWS is an important marker — the interaction between
homeostatic and circadian clock processes (Archer et al. 2014) could be critical for
sustaining antidepressant response.

7 Strategies for Prolonging Ketamine’s Mood Response

Although ketamine provides rapid relief from depressive symptoms — with a response rate of
approximately 70% within 24 h (Machado-Vieira et al. 2010) - its effects are often short-
lived, and most patients relapse within 7 days. Therefore, an important goal of ongoing
research is to identify mechanisms of durable response to ketamine. This approach might
include pairing activation of: (a) the acute rapid response mechanism with, (b) a response
maintenance mechanism. The fact that repeated chronotherapies, or chronotherapies
combined with conventional treatments, extend acute rapid antidepressant effects (e.g. of
single SD or partial SD interventions), suggests that repeat chronotherapies might be
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effectively used for extending ketamine treatment, or that incorporating their mechanisms of
action may extend beneficial effects, but this remains to be evaluated.

7.1 Sleep, Naps, and Post-ketamine Relapse

For an individual who has experienced a rapid antidepressant response to ketamine, the night
of sleep that follows the infusion is not predictably followed by relapse. This contrasts with
the fact that few SD responders (5-10%) remain euthymic after recovery sleep (Benedetti et
al. 1999; Benedetti and Colombo 2011). Furthermore, the rapid clinical benefits of both SD
and partial SD are: (a) reduced by naps and microsleeps during extended waking and prior to
remission itself, and (b) reduced by naps and recovery sleep during remission (Benedetti and
Colombo 2011; Hemmeter et al. 2010; Wiegand et al. 1987). The fact that relapses can be
limited (or response extended) by repeated episodes of sleep phase advance (Benedetti et al.
2001; Berger et al. 1997) indicates that sleep per se is not sufficient for relapse, but that
sleep stage, circadian phase, or other factors influence relapse (Wiegand et al. 1986, 1987,
1993) [see also (Hemmeter et al. 2007)]. To our knowledge, whether or not the extended
antidepressant effects of sequentially applied chronotherapeutics (e.g., partial SD, sleep
phase advance) are linked with extended cortical excitability and mood response remains
unknown. However, the contribution of microsleeps, napping, and reduced sleep times on
extending response and delaying relapse have not been carefully examined following
ketamine.

Interestingly, the extension of chronotherapeutic benefits and their interaction with ECT and
rTMS have also been investigated. One study found that rTMS (administered over the left
DLPFC) prolonged the effects of SD (Eichhammer et al. 2002), but a second study found
that active rTMS (left DLPFC) was not superior to sham rTMS in stabilizing the
antidepressant effects of SD (Kreuzer et al. 2012; Eichhammer et al. 2002).

Drug interventions have also been used to extend the rapid antidepressant effects of
chronotherapies. While chronotherapies, particularly bright light therapy, augment the
effects of antidepressant medications (Lam and Kennedy 2015), the augmenting effects of an
antidepressant and mood stabilizer (sertraline and lithium) with three chronotherapies (SD;
bright light therapy; sleep phase advance) also showed rapid benefits in BD with persisting
effects (Wu et al. 2009). In a study of 39 BD patients (13 of whom were treatment-resistant
and 23 of whom were medicated with lithium and/or an SSRI), three interventions of SD
plus bright light therapy reduced Hamilton Depression Rating Scale (HAM-D) scores by
50% in 26 of the 39 patients (Benedetti et al. 2007b). In a third study, the use of a mood
stabilizer (lithium) combined with SD and bright light therapy alleviated suicidal ideation
and mood symptoms (Benedetti et al. 2014). The benefits of combination therapies with
ketamine have not been fully evaluated. Differences are evident in the observation that the
antidepressant effects of ketamine in BD patients maintained on mood stabilizers (lithium
and valproate) are not remarkably greater or more prolonged than those in drug-free MDD
patients (Diazgranados et al. 2010a; lonescu et al. 2015).

While naps blunt rapid antidepressant response to SD or partial SD (Dallaspezia and
Benedetti 2011), pharmacological treatments that reduce microsleeps/naps (i.e., modafinil,
caffeine, flumazenil) do not substantially enhance the rapid antidepressant response
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associated with SD (Beck et al. 2010; Hemmeter et al. 2007). However, one case report
found that modafinil reduced napping and increased clinical benefit during SD (Even et al.
2005). On the other hand, enhanced vigilance associated with the benzodiazepine receptor
antagonist flumazenil prolonged rapid antidepressant response to SD to the day after
recovery sleep (Hemmeter et al. 2007), possibly by affecting the dynamics of process “S.”

7.2 Molecular Associations with Extended Response

Extended antidepressant response has also been investigated at the molecular level. One
study found that the glycogen synthase kinase (GSK) promotor variant (rs334558*C)
interacts with the long/short form of the serotonin transporter (5-HTTLPR) 5HT allele to
extend post-SD antidepressant response after recovery sleep (Benedetti et al. 2012),
suggesting a molecular target for serotonergic interventions that might prolong response.
Extended mood benefits from SD by the drug flumazenil, which affects sleep homeostasis
(Hemmeter et al. 2007), and by BDNF release subsequent to ketamine infusion (Haile et al.
2014), also suggest a path for investigating extended ketamine mood effects, sleep
homeostasis, and plasticity (Laje et al. 2012; Bachmann et al. 2012). Whether the active
ketamine metabolite 2R,6R-HNK (Zanos et al. 2016) could also extend clinical
antidepressant response is an important question.

8 Summary and Future Directions

The past decade has been a period of steady progress in developing new strategies for
rapidly treating mood disorders, and understanding the antidepressant mechanisms of the
glutamatergic drug ketamine has been a critical part of this progress. Ketamine’s rapid
effects on sleep and clock-gene related pathways have provided mechanistic antidepressant
links with previously established, rapid-acting chronotherapeutic interventions. Overall,
ketamine’s capacity to increase neurotrophic activity and synaptic strength, normalize sleep,
and reinforce the circadian system are seen as critical elements for rapid antidepressant
mood effects.

Moving forward, two important areas of clinical development are needed. First, the ability of
repeated infusions to extend ketamine’s antidepressant effects is being evaluated. Extended
effects are reminiscent of sequentially applied chronotherapeutic effects; elucidating whether
repeated treatments are also associated with plasticity-associated sleep markers and
molecular changes such as ketamine-associated cortical excitability will be critical for
developing interventions with durable effects. Second, the potential antisuicidal effects of
ketamine highlight the need for more research into the relationship between suicide risk,
sleep, and circadian rhythms. One common pathway for ketamine’s rapid antidepressant
effects may be normalization of the circadian sleep/wake system transcriptome that, in turn,
may compensate for clock-gene variant effects or for insufficient sleep caused by numerous
behavioral or environmental factors. The recent identification of ketamine’s active
metabolite (2R,6 R-HNK) (Zanos et al. 2016) will be an important element in identifying
future novel treatments with fewer side effects and more durable clinical benefits.
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Slow wave activity (SWA, fop) during non-REM episodes (cycles) 1-3 (NR1,2,3) and
selected sleep measures (bottom) in patients with major depressive disorder (MDD; 1= 30)
compared during baseline (BL, grey bars) and the first night (D1) after ketamine infusion
(Kpa, black bars). All patients had severe, treatment-resistant MDD at the time of ketamine
treatment. The Jower panel shows that in patients with MDD, ketamine significantly
improved sleep quality [increased Total Sleep (TS), slow wave sleep (SWS), and percent
time spent in rapid eye movement sleep (REM %)], and decreased the percent of time spent
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awake (W%) on D1. Ketamine also increased early production of SWA during NR1, thus
enhancing the nighttime decline in SWA across successive non-REM episodes. (* p < 0.05)
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Fig. 2.

Day 1 and Day 3 patterns of wrist activity for ketamine-treated patients who responded
(>50% decrease in Montgomery-Asberg Depression Rating Scale (MADRS) score) within 1
day of ketamine infusion compared with non-responders. (Left panel) Responders (R, red)
compared with non-responders (NR, b/ue) 1 day after ketamine infusion (Day 1). (Right
panel) Responders (R, red) who maintained the 50% decrease in MADRS score compared
with patients who did not meet response criteria (NR, 6/ue) on Day 3. The raw MADRS
scores for each group are shown as inserts for each day. On Day 1, the phase of the 24-h
pattern of activity in ketamine responders differed from non-responders (o = 0.0038). On
Day 3 the amplitude (p = 0.0488) of the 24-h pattern significantly differed between
responders and non-responders. Group sizes are: D1 (R =21, NR =30) and D3 (R =13, NR
= 35)

Handb Exp Pharmacol. Author manuscript; available in PMC 2019 March 23.



	Abstract
	1 Introduction
	2 Glutamatergic Function in Sleep and Circadian Systems
	2.1 Ketamine-Induced Glutamatergic Signaling Initiates a Cascade of Molecular, Cellular, and BDNF-Associated Events
	2.2 Clues to Rapid Antidepressant Mechanisms of Ketamine and Sleep Deprivation Are Found Within Core Elements of Sleep and Circadian Systems
	2.3 Sleep Slow Waves and Evoked Potentials Are Markers of Synaptic Plasticity

	3 Clinical Effects of Ketamine on Sleep and Mood
	3.1 Ketamine’s Rapid Effects on Mood, Sleep Slow Waves, and BDNF Levels Are Consistent with Increased Synaptic Plasticity
	3.2 Ketamine’s Rapid Antisuicidal Effects Reverse Late-Night Waking

	4 Ketamine’s Interactive Effects on Sleep and Circadian Systems
	5 Ketamine Alters Circadian Amplitude and Timing in MDD
	6 Do Homeostatic and Circadian Systems Interact to Affect Ketamine’s Antidepressant Properties?
	7 Strategies for Prolonging Ketamine’s Mood Response
	7.1 Sleep, Naps, and Post-ketamine Relapse
	7.2 Molecular Associations with Extended Response

	8 Summary and Future Directions
	References
	Fig. 1
	Fig. 2

