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Purpose: This study examined the links between 24-hour activity patterns (specifically,
amplitude and timing of wrist activity) and the persisting qualities of clinical antidepressant
response to the glutamatergic modulator ketamine.

Methods: Twenty-four-hour activity patterns were compared across 5 days of 24-hour
activity rhythms in patients with major depressive disorder who displayed either a brief
antidepressant response (24—48 hours), a continued antidepressant response (=72 hours), or
no antidepressant response to ketamine. These postinfusion-response profiles were then used
retrospectively to examine cohort-specific fitted parameters at baseline, postinfusion day 1
(D1), and postinfusion D3.

Results: Relative to the nonresponders, the cohort experiencing a brief antidepressant response
had blunted 24-hour amplitude that extended from baseline through D3 and postketamine phase
advance of activity on D1 that reverted to baseline on D3. Relative to the nonresponders, the
cohort experiencing a continued antidepressant response to ketamine had phase-advanced activity
at both baseline and D1, as well as increased amplitude on D1 and D3.

Conclusion: Taken together, the results suggest that the time course of antidepressant response
to ketamine is influenced by underlying biological differences in motor activity timekeeping.
These differences may provide clues that link durable mood response with the molecular
machinery of the circadian system, thus leading to more effective interventions. In addition,
biomarkers of preinfusion motor activity (eg, amplitude, timing) may be useful for recommending
future individualized treatment interventions, to the extent that they help identify patients who
may relapse quickly after treatment.
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Plain language summary

This study examined whether the 24-hour pattern of motor activity, ie, information that can be
collected easily from wrist-worn activity monitors (such as Fitbit or other activity trackers),
can be used to identify whether the effects of a promising new treatment for depression are
both rapid and durable. The therapeutic drug ketamine produces rapid (within minutes to hours)
antidepressant effects in up to 70% of patients with depression, including those with treatment-
resistant depression, the more severe form of the disease. However, in patients who respond
to ketamine, the duration of clinical benefit varies, typically ranging from a day to a week.
Researchers are eager to identify easily obtained biomarkers, such as information obtained
from activity trackers, that could predict which subjects are likely to respond to ketamine, as
well as which responders are likely to have a continued antidepressant effect vs those who
will quickly relapse. This study used easily worn activity watches to collect activity data from
subjects with depression. We found differences between baseline patterns of 24-hour activity
and initial response to ketamine (ie, response vs nonresponse) and differences between baseline

patterns and continuing response to ketamine. The findings show that prior to treatment, 24-hour
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patterns of activity might be used to predict both response and
relapse patterns in certain depressed individuals. While the results
are preliminary, they offer a glimpse into the potential benefits of
using simple, noninvasive technologies to identify and individualize
personalized therapies for mood disorders.

Introduction
The molecular and cellular targets of rapid antidepres-
sant interventions—such as sleep deprivation (SD) or the
glutamatergic modulator ketamine—are the focus of intense
research because they may provide clues for developing
novel and improved rapidly acting antidepressant treatments.
In addition to identifying the mechanisms underlying rapid
antidepressant response, research is needed to understand
the neurobiology of relapse and the durability of any such
response. Studies have found that the timing of relapse
following rapid interventions differs, suggesting that these
therapies have different mediators. For instance, in SD,
relapse rapidly follows recovery sleep. In contrast, relapse
may extend for days (or weeks) after ketamine treatment.!

Numerous studies have indicated that chronotherapeutic
interventions, such as SD, partial SD, sleep-phase advance,
and bright-light therapy (BLT), can initiate an antidepressant
response. For instance, previous studies found that 24-hour
patterns of motor activity are advanced after SD and BLT
and that different antidepressant treatment interventions are
often associated with increased and decreased day and night
motor activity.? Furthermore, these rapid antidepressant
responses can be extended using conventional drug therapies
or used to augment antidepressant response to conventional
therapies.” The ability of electroconvulsive therapy and
repetitive transcranial magnetic stimulation to extend the SD
response have also been explored, with limited success.**
While this evidence suggests that the sleep—wake system can
affect and prolong antidepressant response, its role in rapid
antidepressant response to ketamine is complex and not well
understood. For example, while lithium extended response
to SD in a mixed population of subjects with either major
depressive disorder (MDD) or bipolar depression,’ it did
not extend duration of response to ketamine in subjects with
bipolar depression vs MDD. !¢

At a system or cellular/molecular level, several factors
have also been implicated in extending antidepressant
response to SD. For instance, naps may shorten the duration of
rapid antidepressant response,?’ while repeated sleep-phase-
advance episodes® extend SD response rather than shorten
response duration. Although pharmacological interventions
that reduce microsleeps and naps (ie, modafinil, caffeine, and
flumazenil) do not predictably enhance response to SD,*!°

the benzodiazepine receptor antagonist flumazenil has been
found to extend response to SD,'° suggesting that sleep and
circadian interactions could be involved. At the molecular
level, a prolonged SD response is associated with the inter-
action between a variant of the circadian clock-associated
GSK promoter (rs334558*C) and the long/short form of the
serotonin transporter (5-HTTLPR) SHT allele.'" Diurnal
variation in brain derived neurotrophic factor (BDNF) levels
predict mood response to SD,'? and increased BDNF levels at
240 minutes post-ketamine infusion predict continued mood
response.'® The relationship between sleep, BDNF, and mood
has a genetic basis that affects mood response to ketamine'*
as well as slow-wave sleep (SWS) production.'s

Unlike monoaminergic antidepressants, which require
weeks to months to achieve antidepressant efficacy, ketamine
acts within hours to produce a clinically significant antide-
pressant response.'®!” Indeed, numerous placebo-controlled,
double-blind, and open-label studies have demonstrated that
ketamine has rapid antidepressant effects; while often tran-
sient, these can nevertheless also be sustained in a significant
proportion of responders. %82 Ketamine’s rapid antidepres-
sant effects have been associated with increased synaptic
strength and plasticity following altered glutamatergic
signaling and with associated changes in dendritic spines
and protein synthesis, including BDNF.?' Enhanced synaptic
plasticity and neuronal synchronization, especially in areas
involved in mood and behavior, have rapid antidepressant
effects?*? that (along with BDNF) correlate with SWS.*
Ketamine also acts on mTOR and clock genes (Bmall, Per2,
Cryl)to reset circadian timing,**2° and on BDNF and SWS to
affect sleep quality.> Taken together, the evidence suggests
that numerous interactions between sleep homeostatic and
circadian systems are possible.

Actigraphy-monitored activity—rest rhythms were
recently examined as a paradigm to evaluate circadian
rhythms as a core construct within the Arousal and Regula-
tory System domain of the National Institute of Mental Health
(NIMH) Research Domain Criteria (https:/www.nimh.nih.
gov/research-priorities/rdoc/index.shtml). Wrist activity has

been used as an adjunct measure of central timekeeping?’
and may have diagnostic and treatment utility,” especially
combined with other measures (eg, dim light melatonin
onset).’® A prior analysis from our laboratory examined
how initial mood response to ketamine (occurring within
24 hours) altered motor activity patterns over the next few
days.”” We found that an initial mood response to ketamine
increased the amplitude of motor activity in responders vs
nonresponders. In contrast, the current analysis examines
how continued response is related to baseline motor activity

submit your manuscript

2740

Dove

Neuropsychiatric Disease and Treatment 2018:14


www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.nimh.nih.gov/research-priorities/rdoc/index.shtml
https://www.nimh.nih.gov/research-priorities/rdoc/index.shtml

Dove

Ketamine response and 24-hour motor activity

patterns. The result may help identify at pretreatment which
individuals may have short or extended treatment response
to ketamine.

Methods

This study was conducted as part of several investigations
exploring ketamine’s antidepressant mechanism of action
in patients with treatment-resistant depression. Specifically,
the study was part of protocols investigating the clinical
effects of ketamine in MDD patients who subsequently
received riluzole (another glutamatergic modulator) and
the effects of ketamine in a double-blind study of MDD
and bipolar depression patients, some of whom received
maintenance mood stabilizers. The studies were conducted
at the NIMH Clinical Research Center Mood Disorders
Research Unit in Bethesda, Maryland (NCT00088699). Spe-
cific details have been reported previously."** The studies
were approved by the Combined Neuroscience Institu-
tional Review Board of the National Institutes of Health.
All subjects provided written informed consent before
entry into the study and were assigned a clinical research
advocate from the NIMH Human Subjects Protection Unit
to monitor the consent process and research participation
throughout the study.

Participants

A total of 51 inpatients (29 females) aged 20-65 (mean
42.611.6 years) with a DSM-IV-confirmed clinical diagnosis
of MDD (n=30) or bipolar depression (n=21) were included
in the analysis (Table S1). All patients were experiencing a
current major depressive episode lasting at least 4 weeks and
were required to have previously failed to respond to at least
one adequate antidepressant trial (as assessed by the modified
Antidepressant Treatment History Form).*' All patients had
a Montgomery—Asberg Depression Rating Scale (MADRS)
score =20. Patients with bipolar depression were required
to have not responded to a prospective open trial of a mood
stabilizer while at the NIMH (lithium or valproate for at least
4 weeks at therapeutic levels [serum lithium 0.6-1.2 mEq/L
or valproic acid 50—125 pg/mL]). Exclusion criteria included
psychotic features, a DSM-IV diagnosis of drug or alcohol
abuse or dependence in the last 3 months, or the presence of
an unstable serious medical illness. Female subjects could not
be pregnant or nursing. All participants had been free of psy-
chotropic medications for 2—5 weeks prior to the study, with
the exception of mood stabilizers among some patients with
bipolar depression (lithium, n=14; valproate, n=5). Cigarette
use was permitted during the clinical trial but alcohol use
was not. Participants were not allowed to nap during the

3 days prior to and after the infusion procedure and selected
a preferred sleep schedule between 10 pm and 7 am.

Experimental design

The 51 participants wore an Actiwatch (AW64; Philips,
Amsterdam, the Netherlands) for 2—3 days before and 3
days after a scheduled ketamine infusion. The watch was
removed during testing procedures and bathing. A diary
was used to track watch removal and replacement. Ketamine
infusion was conducted as previously described.!® Briefly, at
about 10 am, MDD or bipolar depression patients received a
single intravenous infusion of 0.5 mg/kg racemic ketamine
hydrochloride over the course of 40 minutes. Depressive
symptoms were examined via MADRS ratings conducted
at baseline (60 minutes pre-ketamine infusion), 230 minutes
postinfusion (DO0), 1 day postinfusion (D1), and 3 days
postinfusion (D3). At all time points, change in depressive
symptoms was expressed as change in score from baseline.

Day | ketamine response

Patients showing <50% improvement on DO or D1 were
classified as D1 nonresponders (NRs). Patients exhibiting a
50% reduction in MADRS scores at 230 minutes postinfusion
(DO0) or at 9 am on D1 were classified as ketamine respond-
ers. This group of responders was subdivided into brief
responders (R) and continued responders (R ) based on the
duration of their clinical response. Specifically, responders
who did not meet the 50%-reduction response criteria on D3
were classified as R,. Patients who responded on D0 and/or
D1 and maintained their response through D3 were classified
as R . The days defining the R sample are of interest because,
during this 2-day interval, patients typically exhibit the
highest relapse rate during the 4-week postinfusion period.'

Data collection and analysis

Data collection methods have been previously described.”
Briefly, activity counts were collected in 1-minute bins
and edited for activity data outliers and intervals of watch
removal. One-minute averages were then calculated for each
hour. Fitted parameter estimates of 24-hour activity pat-
tern differences (amplitude, timing, and midline statistic of
rhythm [MESOR]) were compared for the NR vs responder
(R, R,) groups. The clock time of the estimated peak activity
(acrophase) was used as a reference marker of timing.

Statistics

GraphPad Prism (v.6.04) was used to compare 24-hour
patterns of wrist-activity for baseline vs treatment on D1
(first day after infusion) and D3. Specifically, differences in
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Table | Baseline circadian markers of wrist activity in brief (R;) vs continued (R.) ketamine responder and nonresponder (NR)

groups
MESOR (counts) Amplitude (counts) Acrophase (clock time)

NR (n=30) 167.4+5.3 127.0£7.5 14:59+0:14

R, (n=10) 132.1+£6.4 98.149.1 14:12+0:21

R. (n=11) 160.3+6.9 119.1£9.7 14:08+0:19

Group contrasts
NR vs R_ NS NS F=5.1, df 1,1186; P=0.0247
NR vs R, F=12.8, df 1,946; P=0.0004 F=4.29, df 1,946; P=0.039 F=2.29, df 1,946; P=0.13
R.vs R, F=8.87, df 1,498; P=0.003 P=0.12 NS

Note: Mean estimates * SEM.
Abbreviations: MESOR, midline statistic of rhythm; NS, not significant.

24-hour activity patterns were compared in the ketamine R,
R, and NR cohorts at baseline, D1, and D3. Motor activity
amplitude and timing were the primary focus of this analysis.
Table 1 reports the clock time of the estimated peak activity
time (acrophase).

The analytical methods have been described previously.?
Briefly, the best-fit 24-hour curves for day (baseline, D1,
and D3) and cohort differences (NR, R, and R .) were char-
acterized using a least squares sine-wave fit to activity scores.
Period, amplitude, and phase estimates of wrist activity
were derived using a minimal least squares algorithm to
fit the 24-hour time series to a sinusoidal curve of the form
0l1=M+A_ [2r-ft+ P]) where M is MESOR (a “baseline”
central value of the sinusoid), A amplitude, f frequency, and
P phase. Frequency was constrained to be 6.28 (24 hours).
Best-fit parameters for baseline, amplitude, and phase were
derived for the aforementioned daily contrasts (eg, R, and
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R vs NR). Group and treatment differences among 24-hour
activity curves were evaluated using an F-test “loss of fit”
when applying shared vs independently derived parameter
estimates to group data. Bonferroni correction for multiple
within-day curve comparisons was used with a corrected
a-criterion significance level of P<<0.0167, two-tailed.

Results

A post hoc analysis examined multiple demographic factors,
including age, age of onset, and rating scale scores, and
revealed no significant differences in these measures across
the three cohorts (Table S1). D1 and D3 MADRS scores were
used to classify the baseline patient sample as NR (MDD 17,
bipolar depression 13), R, (MDD 7, bipolar depression 3),
or R. (MDD 6, bipolar depression 5). Amplitude and peak
activity estimates for the NR, R, and R . cohorts at baseline,
D1, and D3 are displayed in Figure 1.
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Figure | Baseline and ketamine treatment 24-hour motor activity markers of rapid mood response.

Notes: Mean *+ SEM estimated amplitude (left) and timing (phase; right) parameters for a 24-hour sinusoidal curve fit to wrist activity shown for three ketamine-treated
patient cohorts: brief responders (R,), continued responders (R.), and nonresponders (NR). Parameter values shown for 3 days: baseline (BL), day | (DI) postketamine,
and day 3 (D3) postketamine. Amplitude is expressed in mean activity counts/minute/hour, and timing is the clock time of estimated peak activity. Bonferroni-corrected
o-criterion was set to P<<0.0167. Letters above bars indicate the results comparing the amplitude and phase parameters of the NR cohort with the R_ and R, cohorts.
Numerals above bars indicate the results comparing the amplitude and timing parameters between the R_ and R, cohorts. Group contrasts: a, b, P<0.05 (NS) and 0.005,
respectively; |, 2, P<0.05 (NS) and 0.005, respectively, vs R...

Abbreviation: NS, not significant.
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Figure 2 Baseline (BL), day | (D1), and day 3 (D3) Montgomery—Asberg Depression Rating Scale (MADRS) score.

Notes: Baseline (BL), day | (DI), and day 3 (D3) Montgomery-Asberg Depression Rating Scale (MADRS) scores in three patient cohorts: brief responders (R;), continued
responders (R), and nonresponders (NR). No differences among group scores were observed at BL. On D1, scores for the NR cohort were higher than for both the R; and
R. cohorts, which did not differ from each other. On D3, scores for the NR and R, cohorts were both higher than for the R cohort.

Rating scale scores at baseline, DI, and D3
At baseline, no significant difference between MADRS
scores was observed across the three cohorts (Figure 2;
Table S1).

On D1, MADRS scores varied among the three cohorts
(F=25.69, df 2,48, P<<0.0001). MADRS scores for the R,
(t=4.64, df 38; P<<0.001) and R cohorts (=6.88, df 39;
P<<0.0001) were significantly lower than for the NR cohort.
No significant difference in MADRS scores was observed
between the R, and R . cohorts (Figure 2). On D3, MADRS
scores also varied between the cohorts (F=15.51, df 2,46;
P<0.0001). MADRS scores for the R, cohort were higher
than for the R_. cohort (#=3.648, df 19; P<0.0017), and
MADRS scores for the R cohort were lower than for the
NR cohort (#=4.05, df 7; P<<0.0001). No significant differ-
ence in MADRS scores was noted between the R, and NR
cohorts (Figure 2).

24-Hour activity patterns in the NR, R,

and R_ cohorts

The overall 24-hour baseline pattern of activity for the
three cohorts was characterized by low values at night
(mean <25 counts/minute) that began to rise from nighttime
lows at about 6 am. Values continued to rise to peak values
(200-300 counts/minute) until about 2 pm, then decreased.
The lowest levels were observed at about 3 am. Mood-
associated 24-hour activity pattern differences were found
both pre- and postketamine (Figure 1).

Within-day cohort contrasts

Pre- and postketamine treatment-parameter estimates of
24-hour activity patterns are summarized in Table 1 and
Figure 1. On each day, constraining the three cohorts to
share MESOR, amplitude, and phase (timing) parameter
values resulted in a significant loss of fit (baseline, F=3.996,
df 6,1207, P=0.0006; D1, F=6.409, df 6,1185, P<<0.0001;

D3, F=4.375, df 6,1108, P<<0.0002). Cohort differences
between individual parameter tests were examined each
day. At baseline, trends were observed for the amplitude of
the R, cohort (but not the R.. cohort) to be blunted relative
to the NR cohort (Figure 1 top panel; Table 1) and for the
timing (acrophase) of the R . cohort to be advanced relative
to the NR cohort.

On D1, the timing of the R, cohort was advanced relative
to the NR cohort (F=9.074, df 1,927; P=0.0027; Figure 1,
middle panel) and trended toward an advance relative to
the R . cohort (F=3.939, df'1,495; P=0.0477). Also on D1,
a trend was observed for the amplitude of the R, cohort to
be increased relative to the NR cohort (F=5.210, df'1,948;
P=0.0227). Timing did not differ between the R. and NR
cohorts. On D3, the amplitude of the R . cohort was greater
than that of the R, cohort (#=10.02, df'1,462; P=0.0017;
Figure 1, top panel), with a trend to be greater than the
NR cohort (F=4.464, df 1,883; P=0.0349). No amplitude
or timing differences were seen between the R, and NR
cohorts. Timing also did not differ between the R . and NR
cohorts.

Discussion

The current study sought to identify baseline and post-
treatment indicators of rapid vs continuing antidepressant
response to the glutamatergic modulator ketamine. We found
that ketamine’s rapid antidepressant effects were associ-
ated with advanced timing and amplitude differences that
varied with duration of antidepressant response. These effects
were most pronounced when comparing brief (D1) and con-
tinued (D3) response activity patterns with the patterns of
ketamine NRs. Notably, trends were observed for baseline
24-hour activity amplitude and timing that were associated
with subsequent rapid antidepressant effects. Specifically,
the timing of 24-hour activity (phase) in R, and R . subjects
was earlier than in NR subjects. In addition, baseline activity
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amplitude trended lower in R than NR subjects and in R,
than R . subjects. At D3, the amplitude for R . subjects was
increased relative to R, subjects, with a trend to increase
relative to NR subjects. The current findings, which are
specific to treatment-resistant depression, underscore the
motor activity amplitude and timing effects of ketamine on
rapid antidepressant response. On the one hand, this motor
activity result may implicate central or noncentral circadian
factors in moderating the durability of mood response to
ketamine. On the other hand, homeostatic or environmental
factors may contribute, and additional measures would need
to be monitored to resolve the contribution of these fac-
tors to measured response. The fact that clinical response
to ketamine was related to baseline differences in motor
activity and, furthermore, that ketamine infusion altered
24-hour patterns of motor activity, suggests that underlying
mechanisms linked to the generation of 24-hour activity
patterns predict and contribute to the durable features of
ketamine-mediated mood effects.

Baseline differences between responders

and nonresponders

Baseline differences between 24-hour activity patterns for the
NR, R, and R.. cohorts indicated that differences in circadian-
related circuitry were linked to the acute and durable features
of the mood response. These differences may occur at the
genetic, cellular, systems, or behavioral level. Interestingly,
baseline differences between ketamine responders and NRs
with regard to both sleep—wake patterns and motor activity
patterns have previously been described.?**? These findings,
as well as ketamine’s preclinical effects on altered circadian
gene expression,?® suggest possible ketamine-associated
interactions between the sleep homeostatic and circadian
systems. However, it is beyond the scope of the current study
to clearly separate their individual contributions.

This study extends the earlier finding that biomarkers
of motor activity timing are important in examining the
underlying mechanisms of ketamine’s rapid antidepressant
effects. Specifically, such markers might be used to identify
clinical interventions that could potentially augment, extend,
or diminish antidepressant response, particularly because
the present results suggest that ketamine responders tend to
have advanced activity timing, and NRs tend to have both
delayed and elevated activity patterns during pretreatment.
While our findings do not provide evidence of ketamine’s
effects on circadian clock-related molecules, if ketamine
acts on central timekeeping, the results may suggest that
ketamine-mediated mood effects are linked to markers of

circadian timekeeping (specifically, phase and amplitude).
Such markers have previously been shown to be altered by
clock gene-related variants. It should be noted that while
clock gene variants have been associated with increased
motor activity*® — as was also observed here with ketamine
NRs at baseline — the sample size in this study was not
adequate to determine whether such variants contributed to

cohort differences in activity patterns.

Differences in rapid antidepressant

response for the NR, R, and R_ cohorts
The relationship between ketamine’s pharmacological
effects and its effects on mood and activity level is complex.
Activity amplitude and level often increase during effective
antidepressant treatment,* and in the current study amplitude
effects were indeed greater for the R . cohort (on both D1 and
D3) than for the R, cohort. Interestingly, rapid antidepres-
sant response on D1 for the R, cohort was associated with a
phase advance of activity but not with change in amplitude
(Figure 1). The fact that the amplitude and timing param-
eters for the R, R, and NR cohorts differed at baseline,
D1, and D3 (Figure 1) suggests biological differences in
the organization and function of the sleep and circadian
timekeeping systems. Delayed circadian phase, which was
present in NRs relative to responder cohorts, has been linked
to elevated glutamatergic levels in emerging depression.’
It is interesting to note that both delayed phase and increased
amplitude may be markers of nonresponse in individuals with
treatment-resistant depression. Delayed-phase phenotypes
have previously been associated with increased circadian
amplitude of body temperature®® as well as with increased
risk of anxiety, depressive, or substance-use disorders.*’

Baseline versus postinfusion effects
between the NR, R, and R cohorts

Comparison of response maintenance features of the NR,
R,, and R cohorts demonstrated differences in motor
activity amplitude, timing, and level of activity at baseline,
with some effects persisting on D1 and D3. These differ-
ences indicate that timekeeping differences both mediate
and moderate the duration of antidepressant response to
ketamine. Specifically, blunted amplitude at baseline was
associated with brief antidepressant response and elevated
amplitude with more persistent response or nonresponse to
ketamine. The observation that amplitude did not vary from
baseline to D3 in the R, cohort suggests that low amplitude
is a trait-like feature of brief response and rapid relapse.
One might speculate that low amplitude could be used to
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identify which subjects would benefit from particular future
treatment interventions, but this remains to be determined
given that amplitude estimates varied across both the NR
and responder groups. The fact that some interventions, such
as BLT or conventional antidepressant treatments, increase
24-hour rhythm amplitude®*“° suggests that pretreatment
or supplemental BLT might be used to prolong ketamine’s
antidepressant effects.

In the R, and R . cohorts, but not in NRs, ketamine was
associated with advanced timing (R,) and increased ampli-
tude (R) of 24-hour activity. This suggests that advanced
timing and increased amplitude are specifically related to
brief vs continued antidepressant response to ketamine.
Interestingly, the advanced motor activity timing observed
on D1 was not present in the R, cohort on D3, suggesting
that the advance in the R, cohort was associated with posi-
tive mood response on D1, and that the delay was associated
with relapse on D3. Altered timing and increased amplitude
are associated with antidepressant response;*** therefore,
the current results indicate possible linkage to duration of
antidepressant response.

One might speculate that the relationship between
24-hour amplitude, clock gene variants, and circadian plastic-
ity (eg, increased range of synchronization to environmental
cues) might be associated with relapse and continued
response, such that low amplitude (weak) circadian rhythms
would allow for greater phase instability and larger phase
shifts.*4¢ These novel and as yet unexplored possibilities
are discussed in the following section.

Circadian clock- and sleep-associated

factors
Mutations in such canonical clock genes as CLOCK and
PER and associated clock-related mutations may underlie the
temporal variation in activity. These have been described in
clinical and preclinical mood-disorder studies.***-! Clock
gene variants are often associated with diurnal preference,
and are thus useful targets for exploring the pathogenesis of
mood disorders.’? CLOCK gene variants affect timekeeping
markers,**** and specific markers such as amplitude and
phase vary with morning—evening chronotypes,*® suggesting
both are useful for exploring rapid antidepressant response to
ketamine. The extent to which response and relapse might be
related to CLOCK gene- or sleep-related molecules remains
to be determined.

Markers of circadian timekeeping—for instance, circa-
dian amplitude and phase change—have been interpreted
as markers of the intrinsic strength of the central circadian

clock.?3¢ In this regard, high-amplitude rhythms are often
viewed as more stable and resistant to change by external
perturbations, whereas those with low amplitude are more
labile. Notably, other factors also influence amplitude and
phase.?578 At the gene level, circadian systems with mutant
clock gene homologues have both lower activity amplitude
and greater phase response to external challenges.>® Both may
be related to continued ketamine mood response.

If increased circadian amplitude is related to a strong
central clock, then clock strength would be expected to be
related to continued mood response and greater resistance
to external perturbations. Conversely, decreased amplitude
and a weak clock would be consistent with D3 relapse in the
R, cohort and less resistance to change from external cues
and vulnerability to depressogenic factors. Further, because
circadian amplitude is related to the genetic redundancy
of clock genes,* these results may indicate that the low-
amplitude cohort that relapses rapidly has less clock gene
redundancy than the high-amplitude cohort that exhibits
continued antidepressant response. Differences in circadian
amplitude and incidence of clock gene variants may thus
contribute to the transient vs preserved mood-response pat-
terns in these cohorts.

Conclusion

This clinical study found that markers of motor activity
associated with timing and amplitude were important indi-
cators and mediators of durable antidepressant response to
ketamine. The current findings suggest that, prior to treat-
ment: 1) a higher amplitude delayed 24-hour motor activity
pattern is associated with nonresponse; 2) a low amplitude
24-hour activity pattern is associated with rapid relapse; and
3) a high amplitude advanced activity pattern is associated
with continued response. Together, these observations sug-
gest that biological elements underlying the expression of
24-hour motor activity rhythms contribute to durable anti-
depressant response and to relapse. In addition, postinfusion
results suggested that increased 24-hour activity amplitude
was associated with prolonged response. In contrast, in the R ,
cohort, rapid changes in motor activity timing were associ-
ated with rapid response followed by rapid relapse. Overall,
the findings indicate that the amplitude and timing of 24-hour
motor activity contribute to the durability of ketamine’s rapid
antidepressant effects. It is important to recognize that while
24-hour patterns of motor activity might be associated with
underlying central timekeeping effects, activity patterns are
also influenced by other behavioral and environmental effects
that mask the central effect. Therefore, studies using more
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established markers of central circadian timing (eg, dim light
melatonin onset, 24-hour body temperature) are warranted
to determine whether the strength and organization of
the circadian system specifically contribute to preserving
ketamine’s rapidly acting antidepressant effects.
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Supplementary material

Table SI Demographics of brief responder (R,) versus continued responder (R.) and nonresponder (NR) cohorts

Total Ketamine response r df P-value
R R, NR
n=51 n=11 n=10 n=30
n (%) n (%) n (%) n (%)
Sex 0.06 2 0.97
Female 29 56.9 6 54.5 6 60 17 57
Male 22 43.1 5 455 4 40 13 43
Bipolar (total) 21 41.2 5 455 3 30 13 433 4.48 2 0.11
Mood stabilizers (total) 19 373 5 455 3 30 I 37 3.16 2 0.21
Lithium 14 27.5 4 36.4 3 30 7 23
Valproic acid 5 9.8 [ 9.1 0 0 4 13
F df P-value
Age (years) 42.6x1.6% 40.4+3.4 43.1+4.2 43.322.1 0.25 2 0.78
Age of onset (years) 17.7£1.2 17.7£2.1 17.1£2.2 17.9£1.8 0.04 2 0.97
MADRS baseline 33.240.7 32.5+1.4 33.2%1.5 33.4£1.0 0.11 2 0.89
Notes: ? test comparing mood stabilizers was pooled. *Mean + SEM.
Abbreviation: MADRS, Montgomery—f\sberg Depression Rating Scale.
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