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Abstract

Oscillations in brain activities with periods of minutes to hours may be critical for normal mood
behaviors. Ultradian (faster than circadian) rhythms of mood behaviors and associated central
nervous system activities are altered in depression. Recent data suggest that ultradian rhythms in
serotonin (5HT) function also change in depression. In two separate studies, SHT metabolites in
cerebrospinal fluid (CSF) were measured every 10 m for 24 h before and after chronic
antidepressant treatment. Antidepressant treatments were associated with enhanced ultradian
amplitudes of CSF metabolite levels. Another study used resting-state functional magnetic
resonance imaging (fFMRI)to measure amplitudes of dorsal raphé activation cycles following sham
or active dietary depletions of the SHT precursor (tryptophan). During depletion, amplitudes of
dorsal raphé activation cycles increased with rapid 6 s periods (about 0.18 Hz)while functional
connectivity weakened between dorsal raphé and thalamus at slower periods of 20 s (0.05 Hz). A
third approach studied MDMA (ecstasy) users because of their chronically diminished SHT
function compared to non-MDMA polysubstance users (Karageorgiou et al., 2009). Compared to a
non-MDMA using cohort, MDMA users showed diminished fMRI intra-regional coherence in
motor regions along with altered functional connectivity, again suggesting effects of altered 5SHT
oscillatory function.

These data support a hypothesis that qualities of ultradian oscillations in 5HT function may
critically influence moods and behaviors. Dysfunctional SHT rhythms in depression may be a
common endpoint and biomarker for depression, linking dysfunction of slow brain network
oscillators to 5SHT mechanisms affected by commonly available treatments. SHT oscillatory
dysfunction may define illness subtypes and predict responses to serotonergic agents. Further
studies of 5HT oscillations in depression are indicated.
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Introduction

Overview

Dysfunction in neuronal oscillatory mechanisms may contribute to specific functional
network deficits in psychiatric illnesses, including depression (Llin&s,1988). Rhythms
associated with mood behavioral disturbances (Kramlinger and Post, 1996) and brain
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network activities (Aschoff, 1981; Bullock et al., 1995; Buzsaki, 2006) both cycle over a
very wide range of frequencies. In depression, disrupted circadian rhythms are well-
documented, and are frequently associated with serotonin (5HT) function (Healy, 1987;
Souétre et al. 1989; Bunney and Bunney, 2000;Lewy, 2002; Mendlewicz, 2009; Albrecht,
2010; Ciarleglio et al. 2011). Behavioral changes also occur across a range of ultradian
rhythms.

Ultradian rhythms are faster than circadian rhythms and can be defined as those rhythms
with a cycle completed in less than 20 h (Stupfel and Pavely, 1990). The importance of
ultradian rhythms became evident with the discovery of rapid eye movement (REM) phases
during sleep (Aserinsky and Kleitman, 1953). The finding was later reinforced by the
recognition of hormone surges that coincide with REM cycles (Kimura and Kawakami,
1981). Depression is associated with changes in many ultradian somatic rhythms that are
under central control, perhaps most notably the phases of sleep (Buysse et al., 1990;
Goldenberg, 1993). Depression affects ultradian cycles in motor activity (Benoit et al.,
1985), appetite (Waterhouse et al. 1997), cognition and attention (Gordon et al., 1995; Conte
et al., 1995), and heart rate variability (Carney et al., 2001).

Most of these depression-associated ultradian changes are linked to SHT function (see
below), yet examinations of their associations with ultradian 5SHT rhythms are few. This
review will focus on brain 5HT-related correlates of oscillatory network activity in
depression. We will review findings supporting the argument that associations between
depressive syndromes and 5HT dysfunction may be modeled on and accounted for in part by
deficits in ultradian oscillations. A need for better neurobiological definitions and treatments
for depression, as evidenced by the inadequacies of monotherapy for up to two-thirds of
depressed patients (Trivedi et al 2006), suggests that an understanding of ultradian deficits
in depression may be important.

An extension of this introduction summarizes reasons for studying ultradian 5SHT rhythms.
A background section then discusses known effects of oscillators on brain networks,
evidence for oscillations in 5SHT function, SHT neuron anatomy(relevant to oscillatory
functions), and cellular and molecular aspects of 5SHT chronobiology. The latter examines
rhythms of S5HT synthesis and degradation, their effects on behaviors and brain regions, and
nutritional effects on 5HT chronobiology. Evidence supporting a 5HT (and other
monoamine) oscillation model for depression completes the background section. Recent
measurements reflecting central SHT rhythms in depression follow. Terminology and
concepts regarding rhythms from time series data sets are discussed in an Appendix.

Why Pursue 5HT Ultradian Rhythms in Depression?

In depression, 5HT function (Maes and Meltzer, 1995) and mood behaviors change in
tandem. Given the important role of 5SHT mechanisms in antidepressant treatments, an
exploration of relationships between rhythms of 5HT function and rhythms of depression-
related behaviors is overdue. Measuring ultradian rhythms in central 5HT function is
difficult. The range of ultradian frequencies available for exploration, from about 0.1Hz to
0.000015 Hz (10 s to 18 h cycle periods), is extremely broad even without counting
frequencies vulnerable to cardiac and respiratory artifacts (about 1 Hz to 0.3 Hz). In terms of
octaves (frequency doublings), this leaves about twice the seven octave frequency range of a
piano. For additional perspective, wavelengths in the visible light spectrum double only
once.

Several lines of evidence suggest an association between 5HT rhythms and cerebral activity
rhythms. The effects of depression on specific EEG bands may be due, in part, to altered
5HT function. Electroencephalographic data (EEG) in preclinical studies show 5HT
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influences on cortical neural activity (Roth et al., 1970; Vanderwolf and Baker, 1986;
Vanderwolf, 1992). Human depression is associated with ultradian changes in EEG and
magnetoencephalography for cortical and cortico-thalamic oscillatory theta frequencies (4-8
Hz), using measures of cordance (a measure of synchronous activities) or dynamical
complexity (see Appendix; also Pezard et al., 1996; Cook and Leuchter, 1998; Llinas et al.,
1999; Cook et al., 2009; Leuchter et al., 2009). The EEG offers a predictor of antidepressant
response (Cook et al., 2009; Leuchter et al., 2009;Baskaran et al., 2012). As previously
noted, SHT function in depression is linked to disruptions in REM sleep phases (Maes and
Meltzer, 1995; Buysse et al., 1990). Normally, 5SHT cycles ‘off” approximately every 90 m
with the onset ofREM phases of sleep (van Esseveldt et al., 2000; Datta et al., 2007). Sleep
phases shift earlier in the night and show shorter total duration in depression (Goldenberg,
1993), still linked to S5HT cycles. The sleep EEG in depression shows diminished slow (80 —
120 m) oscillations in inter-hemispheric beta coherence and in intrahemispheric coherence
between betaand deltarhythms during sleep (Armitage et al., 1999). Altered SHTfunction
and depression are also associated with altered appetite and feeding behavior, which show
rhythms that are slowed by hypothalamic administration of 5SHT agonists (Leibowitz and
Shor-Posner, 1986; Liebowitz and Alexander, 1998; Stanley et al., 1989). It is possible that
REM phases, EEG band coherence, and feeding are influenced by a single ultradian clock
mechanism governing 5HT activity, and may involve S5HT oscillations that organize and
synchronize brain and behavior rhythms related to depression.

Rodent models of depression show altered 5SHT neuron low-frequency firing rates that are
normalized by antidepressant administration for two weeks (Blier et al., 1987; Pifieyro and
Blier 1999; Blier 2001). This is about the time delay typically needed for a clinical response.
Restoring disturbed somatic rhythms (such as in jet lag, see below) also requires days to
weeks, again a time frame consistent with the time period for adjusting 5HT rhythms. While
the available evidence does not clarify whether ultradian rhythm changes result from or
precede depression, others have suggested that depression may be an illness due to, rather
than merely associated with, chronobiologic dysfunction (Souétre, 1989; Kalmén and
Kalman, 2009).

Ultradian behaviors in depression are not altered in one single direction but, instead, become
locked in either hyper- or hypoactive states (e.g. hypersomnia or insomnia). This may
suggest that static measures would suffice. To the contrary, dynamic measures may be
critical to represent disruptions of healthy rhythms. Normal central chronobiological
rhythms are expressed in behaviors (e.g. sleep), central hormone release (e.g. melatonin,
growth hormone, or adrenocorticotropin), or network activities (e.g. intrinsic interactions
among neurotransmitter systems). None of these normal cycles can be adequately
characterized by momentary states of network components (Mandell and Selz, 1997;
Chialvo 2010). Rather than representing a general shift toward slower or faster oscillations,
impaired ultradian oscillators in depression may show diminished variability and flexibility,
no longer responsive to normal homeostatic cycling and environmental influences.
Measuring the difference between health and depression, then, would require dynamic (time
series) data to capture normal, balanced oscillations and, in depression, their disturbances.
Consequently, complex mood behaviors linked to5HT suggest that measures of 5HT at a
single point will not be sufficient to capture gradual shifts in ultradian rhythmicity. Time
series measures are needed to capture variations in waveforms, such as phase shifts, variance
in frequencies, and aperiodic (“flat”) epochs (see Stupfel and Pavely, 1990). Determining the
optimal methods for assessing central neurobiological ultradian cycles, their relationships to
illness, and the effects of medications needs further study. Ultradian 5HT oscillatory rhythm
measurements may aid explorations of cortical, subcortical, and brainstem dysfunction in
depression.
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Background

Oscillators Influence Brain Network Function

Evidence from EEG (see above) and functional magnetic resonance imaging (fMRI)show
highly replicable oscillatory relationships among networked brain regional nodes within
relatively narrowly defined frequency bands (Biswal et al., 1995; Gusnhard and Raichle,
2001;Fox et al., 2005; Salvador et al., 2008; Cabral et al., 2011). Paired regions, or network
nodes, show both positive and negative correlations. Each displays net oscillatory effects of
multiple inputs. While useful in revealing large scale network oscillations, EEG and fMRI
studies have been limited to cortical and diencephalic regions. The roles of oscillations in
raphé (5HT) and other brainstem nuclei have received relatively little attention.

Serotonin Oscillations in Depression

Dorsal raphé 5HT neurons appear to function as pacemakers (Burlhis and Aghajanian,
1987). Although changes in 5HT function are associated with depression and its treatments
(Bel and Artigas, 1993; Engstrom et al., 1999; Delgado et al., 1990; 1999; Meyer, 2007;
Caspi et al., 2003), little is known about SHT oscillations in depression. Static measures of
5HT function (see examples in Appendix) do provide important information about global
5HT tone. Some times serially collected measurements are reduced to a single outcome
(e.g., neuroendocrine challenge studies), reducing the value of time series information.
Without examining variability over time, studies measure effects of reuptake inhibitors,
synthesis inhibitors, post-synaptic agonists, oxidative enzyme inhibitors, and acute
tryptophan depletion. Characterizations of oscillations in 5SHT function are needed.

Raphé anatomy

Regardless of terminal target location, all central SHT axons arise from brainstem raphé
nuclei. Each of these, in particular the midline pontomesencephalic dorsal raphé nucleus
(Figure 1), is surrounded by brainstem anatomical landmarks (Azmitia and Whitaker-
Azmitia 1991; Baker et al., 1991; Paxinos and Watson, 2005; Waselus et al., 2011, Son et
al., 2012), allowing region selection in imaging studies. The proximity of the raphé nuclei
with each other may enhance their ability to function to some degree synchronously (see
below).

Fine axons from the dorsal raphé and larger axons from the median raphé project to mood-
regulating basal ganglia and limbic pathways. Rich 5HT innervations of thalamic and limbic
structures (Marek et al., 2001; Chapin and Andrade, 2001; Varnas et al., 2004; Selvaraj et
al., 2009; Price et al., 2010) modulate thalamo-cortical activities (Andersen et al., 1983;
reviews: McCormick 1992; Steriade 1999) and lend plausibility to a role for oscillatory 5HT
dysfunction in depression.

Central 5HT Chronobiology

Synthetic and degradation rhythms—Intrinsic clocklike events have long been
described in pontine nuclei (Jouvet, 1965, 1999). Mechanisms underlying rhythms in a range
of seconds to minutes may arise from intrinsic cell metabolic cycles, generating low
frequency fluctuations (Novék and Tyson, 2008). Central SHT synthesis from the obligatory
precursor, tryptophan, is a periodic function affected by cycles in molecular activity,
nutrition, and other extrinsic influences.

Tryptophan plasma levels, blood brain barrier passage, and distribution to synthetic
pathways are subject to very diverse somatic cycles. For example, cytokines show ultradian
rhythms and influence activity cycles of indoleamine 2,3-dioxygenase, an enzyme that
diverts tryptophan away from 5HT synthesis (Antonioli et al. 2012; Christmas et al. 2011).
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Activities of tryptophan hydroxylase, the rate limiting enzyme in 5HT synthesis, cycle
differentially with age and brain region (Nagayama 1999). 5HT is stored in vesicles of
neuron terminals until release into the synapse, where firing rates show ultradian variability
(see below). Ultradian variability is also seen in the presynaptic retrieval of SHT by the
reuptake transporter, and repackaging into storage vesicles may also show periodicity. Free
extravesicular, synaptic, and peri-synaptic SHT degradation to SHIAA is affected by a
variety of rhythms, including monoamine oxidase activity cycles (e.g. Hampp and Albrecht,
2008). Ultradian cycles of this metabolite can be reliably measured in serial lumbar CSF
samples (Salomon et al., 2005), where the majority of SHIAA is from cortical and
subcortical sources (Blennow et al., 1993).

Preclinical evidence—Preclinical studies show influences of 5SHT on slow behavioral
rhythms and cortical oscillatory activities. For example, chronic (3 days) administration of
zimelidine, a 5HT reuptake inhibitor (SRI), diminishes oscillations in rat pup motor activity.
Normal activity bursts occur 14 to 15 times per day on average, in approximately 100 min
cycles (Barber et al., 1989). Molecular markers of life-cycle rhythms in both 5HT and
dopaminergic function are important in development and later, as well, in homeostasis
(McCobb et al., 1988; Whitaker-Azmitia and Azmitia, 1989).

Low 5HT function diminishes synchrony in rostral cortical and limbic mood-related regions.
Ultradian behavioral changes are linked to 5HTrhythms in the cat, where robust fluctuations
in central 5HT function govern ultradian sleep cycles. Single cell spiking in the raphé during
wakefulness (2-3 Hz) slows (1 Hz) during slow-wave or synchronized sleep, virtually
ceasing (0.05 Hz) during desynchronized sleep (Lydic et al., 1984). Inhibition of 5SHT
synthesis by p-chlorophenylalanine (PCPA)causes insomnia in cats, and affects firing
patterns in the hippocampus, a component of the limbic circuit. Hippocampal firing patterns
after PCPA are similar to those seen during paradoxical (desynchronized) sleep. Slow-wave
sleep patterns are restored with SHT agonist administration (Mushiake et al., 1988), possibly
by restoring SHT oscillatory activity. Similarly, electrical stimulation of raphé-hypothalamic
pathways and applications of SHT agonists to tissue slices shift circadian phases of slow
oscillations in hypothalamic activity (Meyer-Bernstein and Morin 1999; Biello, 2009).
Additionally, systemic PCPA produces a phase shift in corticopontine theta
synchrony(Kalauzi et al., 2009), again suggesting a clocklike 5HT signal-coordinating
effect.

Administration of the 5HT, agonist and hallucinogen, DOI, diminishes low-frequency (0.3-
4 Hz) amplitudes in medial prefrontal pyramidal neurons as measured by single-unit
extracellular recordings in anesthetized rats. Slow oscillations in cortical firing rates are
restored by administration of clozapine, an antipsychotic drug with potent 5HT, antagonism
(Celada et al., 2008). This may be heuristically explained by modeling the strong agonist
effects of DOI as a ceiling effect, overwhelming oscillatory inputs to cortical 5HT receptors,
and effectively overriding the oscillatory regulation. Paradoxically, this ceiling effect may
mimic its floor effect counterpart (tryptophan depletion, see below, Salomon et al., 2003a).
Extremes in 5HT release may diminish amplitudes of 5HT oscillations and result in
dysregulated cortical rhythms.

External inputs to the raphé appear to influence oscillations in metabolism and cell firing
considerably at low neurophysiologic frequencies (  0.5-12Hz). During slow wave sleep,
increased firing bursts from a subset of about half of raphé 5HT neurons are associated with
diminished cortical oscillations, while another subset (again about half) of the 5SHT neurons
fire in a clocklike fashion without evidence of cortical entrainment. Conversely, diminished
5HT neuron firing is associated with active cortical phases and increased non-5HT neuron

Synapse. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Salomon and Cowan

Page 6

activity in the raphé (Schweimer et al., 2011). Reciprocal connections (Adell et al., 2010)
between raphé and frontal cortex regions may be critical to the control of raphé oscillators.

Other oscillators, such as circadian oscillators that are endogenously controlled, are
innervated and influenced heavily by 5HT afferents. In the hamster, SHT neurons project
from median raphé to the circadian suprachiasmatic nucleus and from dorsal raphé to the
sleep/wake-critical pineal (Leander et al. 1998). In the pineal, N-acetylserotonin, produced
by5HT acetylation, activates TrkB receptors with a circadian rhythm (Jang et al. 2010).
Additionally, computational models of raphé and other modulatory neurons suggest that
their oscillations alter network behavior dramatically at low frequencies (Quilichini and
Bernard, 2012). These models present multiple co-existing stable frequencies and spike
synchrony that may spread from within a local neural subgroup to the global network
(Wong-Lin et al., 2012).

Clinical findings—Clinical studies of5HT, dopamine, melatonin and other central
neurotransmitters show clock-like rhythms displaying annual, seasonal, monthly, weekly
(infradian), daily (circadian)and near-hourly (ultradian) periods (Table I). For example, at
the slower end of the cycling spectrum, seasonal variations in 5SHT levels and reuptake
transporter binding in the brain are observed throughout the year (Praschak-Rieder et al.
2008). These switches are triggered in part by environmental events. Within the ultradian
spectrum, a human /n vivo microdialysis study showed a dramatic ultradian synchrony
between lateral ventricle 5HT levels and rapid eye movement sleep phases (Zeitzer et al.,
2002).

Nutritional effects on 5HT rhythms

As introduced briefly above, tryptophan availability influencesSHT synthesis and depressed
mood (Delgado et al., 1991, 1999; for review: Salomon et al., 1993). Tryptophan is an
essential amino acid, available only through dietary intake, and is the obligatory precursor of
5HT. Circadian fluctuations in total plasma tryptophan (Dam et al. 1984; Candito et al.
1990, 1992) may be affected by timing of meals. However, during prolonged (21 h) fasting,
circadian (Kennedy et al., 2002) and ultradian (Salomon et al., 2005) fluctuations in CSF
tryptophan and 5HIAA persist. The latter study showed a weak correlation between CSF and
plasma tryptophan levels during 24-h balanced diet administration.

CSF and plasma tryptophan levels plummet in close parallel following an acute tryptophan
depletion (ATD) diet. The ATD diet delivers large quantities of fifteen other (not
tryptophan) amino acids, promoting hepatic protein synthesis that incorporates any existing
tryptophan reserves into storage proteins. Then, at the blood brain barrier, surplus tyrosine,
phenylalanine, valine, methionine, leucine, isoleucine and histidine and low levels of
tryptophan force a competition for the large neutral amino acid transporter (Moreno et al.
2010). ATD alters tryptophan processing and management at every step of 5HT synthesis:
hepatic tryptophan storage, blood brain barrier transport, neuronal uptake, indoleamine 2,3-
dioxygenase and other metabolic pathway activity, tryptophan hydroxylase activation, and
vesicle packaging (see above for discussions of their rhythms.) As such, ATD models a
single, low functioning phase of the 5HT oscillatory cycle.

Tryptophan metabolism within the brain appears to be influenced by individually specific
traits since ATD tryptophan nadirs and slopes (vs. time) during depletion and repletion
(restoration) are strongly correlated in within-subjects comparisons of pre- and post-
treatment samples. This suggests considerable stability in tryptophan metabolism features
despite changing mood states and SRI presence (Salomon, unpublished data). Mechanisms
through which ATD may predict depression risk after treatment discontinuation (Moreno et
al., 2009; Allen et al., 2009) may be related to resilience of oscillations as SHT availability
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declines. Rhythmic characteristics of tryptophan availability and metabolism may guide
pharmacotherapy development and prescription practices in the future, since chronobiology
has a powerful influence on psychotropic effects (review, Nagayama, 1999).

Modeling 5HT Oscillations in Depression

Oscillators, like raphé 5HT activities, are frequently in part self-regulated by intrinsic
feedback. SRI antidepressants initially increase SHT availability. This slows raphé SHT
neuron firing rates (e.g. with clomipramine administration, Yavari et al.,1993) via
stimulation of presynaptic 5SHT-1 autoreceptors. This reduced firing persists until the
autoreceptors adapt (Blier, 2001). After chronic treatment, reduced autoreceptor feedback
leads to normalized 5HT neuron firing rates. Conversely, diminished 5SHTthroughput (e.g.
from diminished 5HT release, as hypothesized in depression) may increase raphé firing rates
and cycles of neuronal metabolism. Suicidal states are associated with increased neuronal
metabolism in the form of tryptophan hydroxylase gene transcription and enzyme synthesis
(Bach-Mizrachi, 2006,2008). Consistent with this, the diminished 5SHT function following
ATD diets appears to cause a compensatory increase in raphé blood flow, as observed by
H,150 positron emission tomography (PET). Raphé blood flow is correlated inversely with
both plasma tryptophan levels and mood ratings (Morris et al. 1999). Further, raphé
metabolism signatures from fMRI are also altered following ATD in remitted patients, again
suggestive of increased metabolic activity (Salomon et al., 2011a, see below).

Afferents from the ventral medial prefrontal cortex to dorsal raphé 5HT and gamma-amino
butyric acid (GABA) neurons modify behavior in rodent studies. Loss of ventromedial
prefrontal input to dorsal raphé is associated with decreased motivation and increased inertia
(Warden et al., 2012), which may be evidence of diminished slow oscillatory activity and
may be primarily serotonergic, since 5HT neurons fire at about 2 Hz while raphé GABA
neurons fire rapidly at about 10 Hz (Allers et al., 2003). Locally, other raphé transmitters
create slow rhythms in positive and negative feedback loops (Pigolotti et al. 2007, Hu et al
2007, Hu et al 2008; Tsai et al 2008). Diminished 5HTinhibition of GABA interneurons
(Liu et al 2000) may increase GABA release, which may further inhibit 5HT release.
Alternatively, 5HT also inhibits prefrontal glutamatergic excitatory inputs (Celada et al.,
2001; Ciranna, 2006), so that diminished 5HT activity could allow greater excitatory
activity. In sum, an increase in raphé firing activity is observed with diminished SHT
synthesis and release, predominantly due to reduced signaling at inhibitory
5HTqautoreceptors (Gallager and Aghajanian, 1976; Tao and Auerbach, 2000;Sprouse and
Aghajanian, 1987; Stamford et al., 2000; Gartside et al., 2007; Evans et al., 2008; Papp et
al., 2008). Diminished5HT release and self-regulation alters the frequencies, in addition to
amplitudes, of raphé firing patterns (Figure 2). Models of diminished oscillatory cycling of
5HT, as a core and defining feature of depression, may account for multiple deficits in a
wide range of systems. The average amount of transmitter activity over time may not
change; the seeming stability of the mean may obscure important time-variance in signaling.
A multiple cyclical model of network (including 5HT) dysfunction posits rhythmic
flexibility of modulated network interactions in normal healthy functioning states. In
depression, oscillatory support of network flexibility may deteriorate to static or weakly
cyclic functions with diminished variance (amplitude) over time. Rhythmic modulatory
inputs promote pliability in responses: a minimally cycling, rigid system becomes brittle and
vulnerable to functional losses with abrupt stress and demands for change.

The model heuristically explains seemingly paradoxical depressive clinical phenotypes,
where both extremes of dysfunction (as a sign or symptom) may be expressed. For example,
either excess or reduced appetitive or sleep behaviors are readily modeled in a hypo-
oscillatory, rigid and minimally pliable system. Cognitive dysfunction (loss of interest,
decreased concentration) contrasts with hyper-focused ruminative, preoccupied states.
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Psychomotor retardation contrasts with psychomotor agitation. Each of these seemingly
opposing states may be consequences of a hypo-oscillatory system, where the normal range
of activity is lost and the behavior persists in one extreme, often outside the normal range.
Interactions between5HT firing rhythms and rhythms found in other brainstem regions
(cholinergic, dopaminergic, and adrenergic) may provide an important coordinating drive
for cortical activities, e.g. slow theta rhythms, influencing rostral pathways by enhancing
synchronized activities. Measures of central oscillatory function are critical to an evaluation
of this model.

Rhythmic Monoamine Interactions—Interactions among monoaminergic transmitter
systems significantly affect neuronal activity levels (Guiard et al., 2008), yielding
unexpected effects of theoretically transmitter-specific psychotropic treatments (Potter et al.,
1985). In preclinical studies, 5HT inputs to the dopaminergic ventral tegmental area (VTA)
markedly diminish characteristic inhibition-excitation response patterns in dopaminergic
neuron firing, an effect that was abolished by PCPA (Gervais and Rouillard 2000). This
suggests an interaction between SHT and dopaminergic oscillations, whether directly or
indirectly. Oscillations in 5HT output may alternately suppress (with strong SHT output) and
permit (with weak 5HT output) VTA oscillations, yielding a biphasic response system. Peak
5HT output would be expected to inversely correlate with the VTA dopamine output, while
nadir 5HT outputs could allow greater prominence of oscillations intrinsic to the VTA.

Mechanisms supporting this conceptualization may be several. An anxiogenic substancewith
5HT2 agonist properties, m-chlorophenylpiperazine, activates non-dopaminergic VTA
(probably GABA) interneurons (Di Giovanni et al., 2001). Additionally, the 5HT, partial
agonist, pindolol, activates dopaminergic cells in the VTA while inhibiting 5SHT neurons in
the dorsal raphé (Lejeune and Millan 2000, Nguyen et al., 2009). Lesioned raphé effects on
subthalamic nucleus firing rates are diminished by lesions of substantia nigra (Liu et al.,
2007). Showing another interaction, norepinephrine stimulates, and prazosin (a selective
alpha; antagonist that inhibits norepinephrine release from the locus coeruleus) reduces
firing in presumed raphé serotonergic neurons (Vandermaelen and Aghajanian 1983).

It may be possible to observe global activity changes within these monoamine nuclei using
fMRI since BOLD signal changes are thought to be closely related to activities of local
interneurons (Gsell et al., 2006). Changes in rhythmicity of activity patterns are likely to be
detectable, since any of these mechanisms would be expected to alter feedback rhythms
within the local inter-cellular network. Further study is needed to define how such neuronal
interactions may be a source of intra-tissue oscillatory activities.

Human Central 5HT Time Series Findings

Evidence of central oscillators in clinical studies

Oscillatory behaviors in central neurotransmitter and neurotransmitter-like systems are not
easily shown in clinical populations, where electrodes and microdialysis probes are not
practical. Recent studies show evidence of oscillatory 5HT functions based on:1) CSF
monoamine metabolites; 2) fMRI functional connectivity with the raphé; and 3) MDMA-
associated fMRI changes.

CSF monoamine metabolites

Oscillations in monoamine metabolites in depression were studied in two independent
collections of cerebrospinal fluid (CSF) using indwelling lumbar catheters. Patients kept
strict bed rest and received balanced nutritional diets with meals only at 6:30 a.m. and 9:30
a.m.; 24 h collections began at 8 a.m. after fasting overnight. Rhythmic time courses,
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consistent with intrinsic oscillators, were observed in levels of 5HT and dopamine
metabolites. Pretreatment (depressed) baseline collections were repeated after 5 weeks of
either sertraline or bupropion treatment.

CSF collections every 10 m in thirteen untreated depressed patients were analyzed for means
and variances in 5HIAA levels from HPLC assays. Patients' 24-h 5SHIAA means showed a
narrow spread, but within-subject (144 samples) variances differed widely (Salomon et al.,
2005). Rapid fluctuations (100% increases within an hour were common throughout the day)
may explain difficulties in replicating findings from single-time-point CSF sampling studies.
In view of the large variances and appearances of rhythmic patterns, we conducted analyses
for within-subject oscillatory components using Fourier transforms (Salomon et al., 2005)
and wavelet transforms (Salomon et al., 2006). Statistical testing of large sets of Fourier
coefficients used multivariate permutation testing, as validated for Fourier coefficient sets
(Blackford et al., 2009).

Compared to variances observed at baseline, both sertraline and bupropion treatments were
associated with decreased variance in 5SHIAA, increased variance in HVA, and a markedly
increased variance in the HVA:5HIAA ratio (highly significant). Correlations
between5HIAA and HVA time series (within a single collection session) tended to be
weaker following treatment, suggesting diminished inter-dependence, or enhanced
independence, of the dopamine and 5HT systems after treatment. Treatments with either
antidepressant were also associated with significantly decreased 1.75 h and 3.7 h 5SHIAA
rhythms. Significantly enhanced amplitudes of slower, 24-h rhythms for HVA and the HVA:
5HIAA ratio were observed after treatment. An increase in ultradian variability, measured
across the entire 24-h, was also observed for the HVA:5HIAA ratio. The non-responders (in
small number) failed to show enhancements of the metabolite ratio rhythms (Figure 3).

To investigate peaks and diurnal variability in the strength of the ultradian rhythms,
spectrogram windows of 520 m with 20 m advances (500 m overlap) were analyzed.
Averages of differences between pre- and post-treatment were examined over the entire
group, and showed enhanced HVA:5HIAA ratio variability, most prominent and statistically
significant in the early evening from 7:10 pm to 9: 50 pm. A strong peak of oscillatory
power centering around 84 m appeared at 7 p.m.(cycle periods ranged 1.2 to 1.7 h) (Figure
4). Oscillations in the ratio again suggest that antidepressants enhance cyclic interdependent
features in the relationship between 5HT and DA turnover rates. The periodic features
appear to coincide with circadian and also ultradian rhythms of basic rest-activity and REM
cycles (e.g., see Lange, 1982).

A second (previously unpublished) study sampled 9 medication-free depressed patients for
forty-eight h per collection with a balanced diet (288 samples per visit). A complete data set
includes two sampling sessions, before and after 8 weeks of sertraline or bupropion
treatment. Baseline depression scores were moderate to severe. After 8 weeks of either
treatment, five responders included 3 in remission. Variance in the HVA/5HIAA ratio
increased, similar to the first set of 13 patients. Again, treatment was associated with
enhanced ultradian amplitudes of the metabolite (HVA:5HIAA) ratio, peaking again in the
evening (just 40 m later than in the first set), with a slightly longer average cycle length of 4
h. Nighttime hours displayed a second, longer duration major peak (also statistically
significant) of 90 m periods in the HVA:5HIAA ratio (Figure 5).

This second study included healthy controls, allowing additional comparisons. Pretreatment
depressed SHIAA was about 25% of the level in control subjects. Following either
treatment, SHIAA levels in the depressed patients dropped significantly, by an additional
20% (which was seen also in the first study, and has been reported preclinically, e.g. Caccia
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et al., 1993). Variances for SHIAA in depression were 71% of the post-treatment value.
Control patients showed stability in the 5SHIAA variance between their two sampling
sessions 8 weeks apart compared to considerable within-subject changes in the depressed
patients.

Characteristics of the interactions between the monoamines appear to be important in
depression. Variance in the HVA:5HIA Aratio (48 h) more than tripled after treatment
(Table I1), again suggesting that treatment is associated with increased independence of the
two systems. Depressed patients before treatment showed marked synchrony in the two
monoamine metabolites’ oscillations. It is possible that a third driver of the two systems
produced these synchronous oscillations, or it may be that their interaction sets up these
rhythms. Further study is needed, but these findings do support a role for non-linear aspects
of 5HT function in depression.

fMRI of dorsal raphé

Before the recent surge in interest for resting state studies, fMRI analytic methods generally
examined effects of tasks on activation levels with analyses limited to cortical, subcortical,
and sometimes basal ganglia regions. Brainstem studies were (and still remain) limited by
cautions regarding target localization, movement artifact, and local susceptibility to signal
degradation due to geographic neighbors. However, magnetic resonance imaging (MRI)
reports using frequency-specific strategies show reliable localizations of brainstem
serotonergic raphé regions based on routine neuroanatomical landmarks (Andersen et al.,
1994; Supprian et al., 2004). Imaging localizations are guided by tissue-based ligand
labeling, marking raphé nuclei in health and in pathology (Baker et al., 1990; Arango et al.,
2001; Drevets et al., 1999; Bach-Mitzrachi et al., 2006, 2008). The sensitivity of raphé fMRI
has been sufficient to show changes associated with acupuncture (Napadow et al., 2005,
2009).

Characteristics of oscillatory network activities influence functional connectivity directly
(Quilichini and Bernard, 2012). Oscillations in BOLD activation were studied in a region
inclusive of pontine dorsal raphé by using ATD or sham diets, one week a part, in SRI-
responders to provoke S5HT function changes (Salomon et al., 2011a). fMRI signals from
selected anatomically-drawn (Paus et al., 1996; Mayberg et al., 1997), mood-relevant
regions (raphé, anterior cingulate, anterior thalamus)were band pass filtered and optimized
with intraregional coherence analyses. Amplitudes within discrete frequency bands, as
spectral power, estimated changes due to ATD in overall metabolism characteristics within
individual regions. Functional connectivity, as the Pearson correlation in wavelet-
transformed space (i.e., using the frequency-delimited, filtered signals), was analyzed
between the dorsal raphé and selected mood-related brain regions. Functional connectivity is
sensitive to local noise, and would deteriorate markedly if non-specific signal fluctuations in
the brainstem due to movement, respiratory, cardiac and other artifacts (field shifts and other
scanner artifacts) were a significant issue. The threshold for exclusion due to head motion
was held very low. Large distances between the raphé and other regions reduced the
likelihood that artifacts in one region would be common to both.

ATD highly significantly increased raphé high frequency (4 to 8 s periods, i.e. 0.25 to 0.125
Hz) spectral power (Table 111) and simultaneously diminished low frequency (16 to 32 s
periods, i.e. 0.06 to 0.03 Hz) raphé functional connectivity (Figure 6), especially for the
raphé — anterior thalamus pair. The significant inverse correlation between raphé high-
frequency power and low-frequency raphé-thalamic connectivity suggests interference with
connectivity in the presence of high-frequency activity (Salomon et al., 2011a).A sham
minus depletion correlation matrix is shown for a single patient (Figure 7), showing the
marked association between ATD and changes in raphé connectivity.
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A second raphé study with ATD imaging before and after treatment for depression (Salomon
et al., 2012a) has yielded midpoint analyses (n=6) with diminished raphé connectivity to the
left caudate head (P<0.05) and left habenula (p<0.05) following ATD. In a comparison of
sham diet scans before and after treatment with sertraline, raphé functional connectivity
increased with the left habenula following sertraline for 12 weeks (p<0.05). Further analyses
of the full data set are ongoing.

Imaging caveats—Several caveats to raphé fMRI interpretations were considered. First,
this study included < .25 Hz frequencies, fairly close to artifact-producing physiologic
frequencies such as 1 Hz cardiac cycles and .3 Hz respiratory rhythms (Frank et al., 2001;
Mason et al., 2007; Pattinson et al., 2009). However, respiratory rhythms do not appear to
interfere with brainstem bold consistently. Respiratory rate is proportional to end-tidal CO2
partial pressure, and appears to account for a small proportion of brainstem fMRI blood
oxygenation level dependent (BOLD) signal fluctuations (correlation mean = .11; Wise et al
2004). This suggests that observations at these frequencies cannot be entirely dismissed as
artifact. Also, since respiration and cardiac rates are governed by brainstem nuclei, true (not
artifact) local neural activities contribute to both cardiac and respiratory rhythms.
Furthermore, slow BOLD oscillations in the brainstem, much slower than cardiac (1 Hz) or
respiratory (.3 Hz) periods, show changes during physiologically-relevant behaviors
(Napadow et al 2005, 2009). Midbrain BOLD activation was consistently altered following
acupuncture (Napadow et al 2006) or meditation (Lazar et al 2000).

Another group tested healthy males with ATD and showed changes in low frequency (0.01 —
0.08 Hz) cortical functional connectivity measures that were associated with changes in
mood behaviors. No raphé or subcortical changes were described (Kunisato et al. 2011). In
the depression ATD study (above), the contrast between raphé activation and diminished
raphé-thalamic frequency connectivity was paralleled by a neuron modeling paradigm in
which optimal amplitudes of high-frequency components of activity were important for
optimal processing of low-frequency signal components (Yu et al. 2011).

These data support a model linking diminished 5HT availability, high-frequency (circa.2Hz)
local feedback control of neuronal activity, and low-frequency (circa.04Hz) modulation of
rostral mood regions. Oscillating characteristics of 5SHT modulatory effects on processing at
roughly these frequencies is also seen in studies of hemispheric dominance oscillations in
patients with bipolar disorder (0.27 Hz) that were “sticky,” or slowed when measured as
binocular rivalry switch rates. Control subjects (0.60 Hz) were used as the comparator
(Pettigrew et al., 1998). Serotoninergic modulation of this visual processing feature, and also
for cognitive processing, has been shown previously (Carter et al., 2005, 2007).

Effects of Diminished 5HT associated with Chronic MDMA Abuse

The recreational drug MDMA is a demonstrated SHT neurotoxin in animals, and chronic
MDMA use is associated with long-lasting impairments in human 5HTfunction (di lorio et
al. 2011). Functional connectivity among cortical and subcortical regions may be altered in
prior recreational heavy MDMA (Ecstasy) users. To show this, fMRI scan data from chronic
MDMA and non-MDMA polysubstance users (Karageorgiou et al., 2009) were re-analyzed
for changes in functional connectivity. The MDMA users had already shown greater
activations in motor pathway regions during finger tapping, possibly due to loss of 5HT-
mediated cortical inhibition. In the reanalysis, prior MDMA-use was associated with
diminished intra-thalamic coherence, and also with diminished thalamo-cortical functional
connectivity (Salomon et al., 2012b). Clinically, this may be important since abnormal
thalamo-cortical connectivity in BOLD fMRI has been previously demonstrated in a variety
of psychiatric pathologies, including autism (Mizuno et al. 2006, Villalobos et al 2005).
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Future Directions

Changes in ultradian oscillatory SHT function scan be estimated clinically and are likely to
be relevant to psychopathology (Miyamoto et al., 2012). Additional explorations of the
physiological and genetic origins of ultradian rhythms (Wang et al., 2001) and their stability
through development and aging (Blumberg et al. 2005) are needed. Treatment mechanisms
may be based in part on rhythms of communication within the network. These rhythms may
define depression subtypes and provide guidance for treatment selection in refractory illness.
Other studies recently have revealed applications of time series analyses for oscillatory
characteristics of monoamine function. Lee (et al. 2011) recently showed that power in the
cortical electroencephalogram (EEG) at high gamma frequencies (above 30 Hz) is
associated with variants in the serotonin transporter gene region (5SHTT-LPR). A study of
genetic effects on BOLD activity in the raphé will be undertaken. The standard for
measuring monoamine function has shifted — single time point measures lack the capacity to
reflect dynamic variability, and while they provide important information about static SHT
tone, they may fail to capture critical ultradian changes associated with depression and other
psychiatric illnesses. While the review has focused on 5HT oscillators, we again would
caution that we are not suggesting that the serotonin network(s) stand unique among
oscillators altered in psychiatric illness. The findings presented, however, may serve to
suggest that this may be one very reasonable place to start.
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Fundamentals of Time Series Analyses

Terminology

Of many mathematical tools available (Glass and Kaplan, 1993) for dynamical (time series-
related) data analyses, concepts pertinent to the slower rhythms will be emphasized here.
Time series data require highly reliable metrics taken at precisely known time points,
usually (but not necessarily) at fixed, invariant time intervals. The frequency (7), or rate of
fluctuations in time, is the inverse of the period (= 1/4. The period is the time required to
complete one cycle. Note that, both here and in the body of the paper, frequencies measured
in cycles per second (s72) are marked by the clinically familiar eponym, Hertz (Hz).

Biological clock activity is observable in the oscillations of subordinate systems using
measures of amplitude (cycle intensity or amount), frequency and phase (time-axis
relationships of peaks and valleys). Oscillatory amplitude is usually defined by peak-trough
differences, often using one-half the difference between the acrophase (peak of the best-
fitted sinusoidal curve) and the nadir (trough of the fitted curve). Phase describes temporal
positions in a cycle, as in lunar phases. Jet lag is an example of a problem with shifting
phase; the individual's acrophase no longer corresponds with timing of environmental cues
and demands.
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Chronobiologic rhythms are entrained by and are often named for astronomical events.
Menstrual cycles are relatively fixed to the lunar cycle; neither menstrual cycle nor lunar
cycle normally shows phase advances or delays. The benefit of SHT reuptake inhibitor
medications for late luteal mood disturbances (Halbreich and Smoller, 1997) suggests that
5HT function modulates these cycles considerably.

Circadian rhythms are endogenous, near 24-h cycles, close to the diurnal cycles that are
governed by the earth's light-dark cycle. Circadian period lengths and phase shifts are
influenced by internal clocks and may be also affected by environmental factors. The
circadian rhythm, alongside other chronobiological rhythms, is important to mood. Sleep is
often seen as phase-delayed especially in bipolar forms of depression, while antidepressant
medications appear to advance sleep phases (Wirz-Justice 2003; 2008). This is consistent
with an enhancement of ultradian rhythms which will improve the basis for the sleep rhythm
onset. The circadian awake phase is readily phase-shifted by caffeine or melatonin (Arendt
et al. 2009) without altering the overall fundamental cycle period length. Phase can also
describe differences relative to a population norm, e.g., cognitive peak performance is
phase-advanced in “early-birds” but it is phase-delayed in “night-owls” (e.g., Schmidt et al.
2012).

Prominent among faster, ultradian (< 18 h) rhythms, the basic rest-activity cycles (BRAC)
of Kleitman (1967) and rapid eye movement (REM) cycles (Aserinsky and Kleitman 1953)
generally have approximately 90 m periods and are again promptly shifted or suspended by
caffeine. Depression alters ultradian rhythms of sleep, advancing the onset and diminishing
the duration of REM phases of sleep that normally cycle approximately every 90-m
(Goldenberg, 1993). Metabolic studies show that ultradian rhythms, measured as respiratory
carbon dioxide output, are more robust and stable than circadian rhythms, remaining
resistant to external factors (Stupfel et al., 1995).

Slower oscillations in central nervous system activity can be measured clinically. For
example, ultradian subdural electroencephalography (EEG) cycles show surprisingly slow
50 s (0.02 Hz) periods (Bullock et al., 1995), but have not been studied in depression.
Interestingly, these frequencies may be related to behavioral reinforcements (which are not
solely dopaminergic) and also to perceptions of time; both are enhanced by 5HT agonists
(Ho et al., 2002). Coordinating defective rhythms with the environmental light and other
zeitgebers requires time to make adjustments. For example, ‘jet lag’ disrupts biological
clock activity with a phase shift and requires a gradual phase adjustment over at least several
days (Arendt, 2009). Adjustments in non-linear, cyclic phenomena in brain networks are
relatively slow.

Sampling rates for commonly observable periods: Dynamic fluctuations in brain regional
activity and behavior vary in intensity across a 2.5 million-fold range of frequencies from
0.0002 to 500 Hz (Kleitman 1961; 1982; Obrig et al., 2000; Buzsaki and Draguhn, 2004;
Auer 2008). Human 5HT time series data have been acquired across millisecond, ultradian
(< 18 h) and circadian (approximately 24 h) time scales. Sampling methods determine
analytic opportunities and limitations. Sampling at evenly spaced intervals is highly
advantageous but is not critical; in either case the intervals must be precisely recorded. The
detectable rate of events in a time series is determined by sampling frequency: at a
minimum, half the targeted (Nyquist) rate of events is required. For example, a 90 m cycle
might be detectable (with luck) by sampling every 45 m. A sampling rate of 15 m would
give the 90 m cycle relatively clearly, but would not reliably show whether the 90 m cycle is
truly isolated from faster rhythms. Sampling at 10 m intervals provides minimal information
on cycles as rapid as 20 m, relatively clear detection of 40 — 45 m cycles, and thorough
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characterizations of 90 m cycles. This example formed the basis for selecting CSF sampling
rates for CSF studies described in this review.

Spectral Power

Information is carried as momentary changes in magnitude, or energy, in a signal. Global
power of a time series can be estimated as the sum of the squares of each signal coefficient
after the first order trend is removed, normalizing the signal around zero. Signals can carry
multiple discrete sets of information in spectrally distributed frequencies. Power at single
frequencies or within limited bands of frequencies can be called spectral power, e.g. band-
pass filtered fMRI time series data from a resting subject.

Within-subjects comparisons for time series comparisons are useful to avoid effects of
anatomical anomalies on laminar flow for CSF sampling, and to avoid inter-individual
differences in hemodynamic response functions for regional blood oxygenation level
dependent (BOLD) signals when measuring spectral power (see below). Generally, BOLD is
not ideal for comparing non-quantitative signals between subjects, or for isolating mixed
cellular contributions or co-localized tissue targets (Giardino et al 2007). Spectral power
measures from resting scan data do not depend on individual responses or actions associated
with a task or event. Both spectral power and functional connectivity give quantitative
metrics without machine signal normalization because they depend on spectral features that
can be managed in within-subject comparisons.

Spectral analysis

The strengths (amplitudes) of resonances in a signal reflect external and internal influences
on an oscillator. When harmonic frequencies are observed, a driving process may be found
at an interval determined by a common denominator of the harmonic set. VVarious spectral
analysis methods explore frequency domain features and give information over a range of
oscillatory rates.

Curve-fitting methods generally assume prior knowledge or a conjecture that estimates
frequency or cycle period length, and allows a recognition of amplitudes, acme and nadir
positions. Cosinor analysis, in which a cosine function is fitted to the data series (Lentz,
1990) is commonly used to inspect data sets for circadian rhythms. While the frequency,
phase, and amplitude are easily described for simple periodic functions, more advanced
analyses are useful for compound oscillators, where more than one rhythm may be
superimposed.

Fourier analysis, named after its eighteenth century discoverer, ideally uses the sum of an
infinite number of infinitely long sinusoids (or cosines) to represent the full frequency range
of cyclic periodic functions present in a complex function. In reality, the “discrete” version
of the transform is applied to experimental data, and uses a finite number of sinusoids with
finite lengths and sampling intervals. Each is identified by its frequency, phase relative to
the others, and magnitude (a reflection of amplitude). The periodogram axes display each
magnitude coefficient on the y axis for the frequencies on the x axis, usually with slowest
frequencies at the origin. A second y axis may be used to independently represent phase
relative to the slowest frequency. For a simple oscillator, the coefficient with the greatest
magnitude designates the dominant cycle frequency; while compound oscillators display
peaks at a number of frequencies. An inverse transform can reconstruct the original complex
curve from the coefficients a/most perfectly. Replications of the original series are less
perfect with smaller sets of sinusoids, but would theoretically be perfect if the series were
truly infinite in length.
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A series of periodograms, or spectrogram, can be created by transforming short windows of
the time series data set in a sliding series, advancing the window forward in time
incrementally. The periodograms are arranged in a 3-dimensional plot, representing time,
frequency, and Fourier magnitude. It allows an appreciation of various oscillating
components as they wax and wane over time. Phase is generally not presented in the
spectrogram.

Periodograms and spectrograms are useful for time-patterned biological data (Yamamoto
1991, Diggle and al Wasel 1997). They have been used, for example, to show 5HT effects
on neuronal discharge rates (Celada et al. 2008), on EEG oscillations (Kesic et al. 2011), and
on monoamine metabolite level oscillations (Salomon et al. 2005). Fourier analysis has been
applied to functional connectivity models (Lange and Zeger, 1997). The large number of
coefficients generated by these analyses can be handled statistically using multivariate
permutation testing (Blackford et al. 2009).

Frequency filters

Filters select parts of a signal by frequency or group of frequencies, which is often useful for
isolations of individual contributions to the full signal. Biological activities often show a
characteristic frequency, so that their time series signatures are often separable from sources
of signal interference (e.g. from influences or noise external to the brain region). Globally,
BOLD signals are weakened by noise from local susceptibility artifacts, motion, vascular,
and respiratory effects (Biswal 1997, Obrig et al. 2000, Shmueli et al 2007, Windischberger
et al 2002). White and non-white noise managements are critical for analyses using a
general linear model (Nowak 1999, Smith et al 2007) but will have a smaller impact on non-
linear analyses. Transfer entropy models of near infrared spectroscopy (NIRS) brainstem
signal components show that systemic regulation of cardiovascular events (heart rate, blood
pressure) accounted for less than half of the variance in low-frequency (<0.1 Hz) blood flow
oscillations. This again suggests that most variability is mostly locally regulated and not
solely caused by extrinsic (vascular) artifact (Katura et al 2006). Numerous methods for
managing physiologic and other artifacts have been proposed, but none are standard (Harvey
et al 2008, Glover et al 2000, Jones et al 2008, Deckers et al 2006, Barry et al. 2008, Kelley
et al. 2008, Stroman et al 2008, Law et al 2008, Martuzzi et al 2008).

High- or low-pass filters divide components of a curve using chosen frequency cutoff;
bandpass filters use both to isolate a narrow range of frequencies. A filter can use the
Fourier transform by retaining only select frequency coefficients and then using the inverse
transform to reconstruct the signal sequence, which will now omit undesired frequency
components. Unfortunately, “quantization noise” artifacts from “side lobe” residuals in the
Fourier filtering process may introduce additional noise. Another set of filtering techniques,
finite impulse response (FIR) filters, can also achieve relatively sharp cutoff frequency
definitions, but may leave slight “ripple” artifacts in the reconstructed signal that can affect
correlations between segments used to analyze functional connectivity (see below).

Wavelet filtering

For correlations (e.g. functional connectivity) in imaging, an optimal filter defines frequency
bands and isolates activities of interest from noise and artifacts from factors that contaminate
the signal of interest, and does not introduce new artifacts. A relatively recently described
variant of the Fourier sinusoid system, the discrete wavelet transform (Daubechies 1992)
uses a selected single short, cycloid sequence, convolving it with equally short segments of
the data series and repeating this along the entire length of the signal. In a greatly
oversimplified view, each iteration of the transform emphasizes and extracts frequency
components that resemble the periods in the wavelet. The entire procedure is repeated with
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dilated (stretched) versions of the wavelet to extract a range of frequency components across
a series of time scales. Properties differ among many available wavelet sequences and
transform procedures. Although the cutoff thresholds are relatively sloppy in comparison to
the sharp definitions given by FIR filters, distortions of the signals and artifacts are
negligible. Computational efficiency is also an advantage since, for purposes of the spectral
power analyses and correlations discussed here, the inverse transform is not required.

Comparisons within- and between- time series signals

Initially, information about rhythms in a number sequence (measures of concentrations,
intensities, others) is often obtained from the similarity of one part of a curve to another part
of itself, called autocorrelation. Autocorrelation is a simple approach to determining
degrees of self-similarity and potential periodic intervals found within a curve. Variance
expresses the variability within one curve. Comparisons of the time series in one data set to
another can be measured by covariance, i.e. the degree to which two curves vary
synchronously. The correlation statistic is related to covariance, but provides only the ratio
of variances between the two curves. Correlations may examine synchronous or lagged (e.g.,
one curve time-delayed relative to the other) comparisons. In cases where the variances of
each curve are very dissimilar (their ratio is far from unity), the correlation may differ
strongly from covariance.

Correlations between low-pass frequency-filtered (usually below 0.08 Hz, slower than 12.5 s
cycles) fMRI signals from two regions assess their functional connectivity (Biswal et al.
1997, Lowe et al 1998, 2000, Rogers et al 2007, 2008, Greicius et al 2009, for review:
Stevens 2009). Both event-related, periodically-stimulated data sets and resting state data
can be analyzed as regional spectral densities with reliable, self-calibrating features
(Marchini and Ripley 2000, Miiller et al 2003, Duff et al 2008). Interregional correlation
maps are highly conserved across individuals (Greicius et al 2009) but are sensitive to
behavioral and sleep states within individuals (Marx et al 2004, McAvoy et al 2008,
Bianciardi et al 2009).

In EEG analyses, spectral power metrics are used to isolate the strength of components
within a specific frequency band, from signals representing multiple activities near the
electrode site. Cordance in a specific frequency band is a somewhat complicated construct
(Cook et al., 2009) that may be summarized as the degree of synchrony at a given frequency
within a region: it is an index combining power as a normalized absolute measure with
power that is normalized relative to other frequency bands. Dynamical complexity, in the
instance cited in this review, refers to one particular aspect of time series analysis expressing
entropy, a quantifiable reflection of information loss in a system.

Time series analysis methods can also detect feedback loops (Pigolotti et al. 2007). In
biochemical processes, these analyses may further suggest multistability and bifurcations in
addition to simpler oscillatory features (Leite and Wang 2010). Such methods have not yet,
to our knowledge, been applied to analyses of data from serotonin measures.
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Figure 1.
Manually drawn region inclusive of dorsal raphe. CC=corpus callosum, DR=dorsal raphé,
Th=thalamus, IV=41" ventricle.
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Figure 2.

Metabolic changes during ATD may relate to: (1)afferent synapses with decreased
stimulatory inputs to inhibitory interneurons, (2) autoreceptor with decreased autoregulation,
and (3) diminished input from other raphé 5HT neurons.

Synapse. Author manuscript; available in PMC 2014 November 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Salomon and Cowan

A. Depressed Responders to treatment n = 10

14000 12 h

\
12000 (N é——— Pretreatment

- - - - After treatment

] 0.008 om 0.015 0.02 0.025 0.03 |'J_l'-|1,1!> 0.04 0.045 0.05
Low Frequency Axis (57) High
Figure 3.

Amplitude

000

00

— i ot e

Page 30

B. Depressed non-responders to treatmentn =3
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Periodogram — HVA:5HIAA Ratio (first study set). A: Responders show dramatic
enhancement of 24-h, 3-h, and 90-m coefficients (labeled peak frequencies). B: This was not
observed among the small number of non-responders to the antidepressants. (See Appendix

for further explanation.)
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Figure 4.

Spectrogram (first CSF depression study): antidepressant effects, as post- minus pre-
treatment changes, in rhythms of the HVA/5HIAA ratio in serially sampled CSF. A
statistically significant enhancement of 90-m rhythms (labeled peak) was seen through the
evening. Clock time axis starts shortly after noon, ending at 3 a.m. Frequency axis is labeled
by period length. T statistic reflects pre- to post-treatment difference. (See Appendix for
further explanation.) Used by permission.
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Figure 5.

Spectrogram (second CSF depression study) of antidepressant effects on rhythms of the
HVA/5HIAA ratio in serially sampled CSF. A significant enhancement of 4-h and 90-m
rhythms was seen through the nighttime hours. See Figure 4 for axis labels. Used by
permission.
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Figure 6.

Low frequency (.03 - .06 Hz) specific changes in raphé functional connectivity, as mean of
difference between scans one week apart preceded by ATD or sham diets (as sham minus
ATD, n=11). Connectivity (rvalue) shown between brainstem raphé and anterior cingulate
(AC), caudate head (CH), anterior thalamus (AT), and habenula (Hb). Colors of the
connecting bars relate to flame scale at right. Used by permission.
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Figure 7.

Pontine raphé functional connectivity differences (ATD minus sham) for a single patient.
Color legends are difference values, ranging from r = .17 to .37. Other than the raphé
connectivity values, the right caudate head vs. left habenula pair showed the next largest
change (r = .15).

Synapse. Author manuscript; available in PMC 2014 November 01.



Page 35

Salomon and Cowan

pauiwigIaq [ana] uoneuabAxQ poolg — @109 piny [eurdsoiqaiad — 4S9 ‘AydesBowo ] uoissiwg uoloyd ajbuls
— 193dS ‘Aydeibowio] uoissiwg uosisod — 134 ‘Buiddey ANAnoY [eo10s)3 utelg — N3G ‘weibojeydsousolios|e — 933 :SUOIRIAIGQY "SAIISNBYXS 10U ‘spoylawl uonisinboe salias awil Jo mm_Qmem_m

JUBWIBAOIA ‘B1eIpaWLIaIUl asuodsal o_Emc%oEmm_w_omw_wm abueyd alweuApoway [euoibay alog SpU028S < 1IN Buibew| [euonoun4
uoIN|osal paywi 13d 'SA 1502 JamoT] ay108ds SINOH < 103ds

2Insodxa uoleIpe) 0] aNPSULIS OM] JO W] 11500 ayded 1oy Auo1y10ads Jeuoibay 131em ¢;0 SINOH < 13d S|age| aAndeoIpEYy
anleladoenu]
Buiddey piaid

Auanisuas ainyonais dsap Jood ‘ANoi410ads a|qeynuend 933 99eJNS | SPU0ISS 0} SPUOIBSI||IIN < NV3gd 933 | weibojeydsousonos|g
Burdwes 450

AAISeAU| uonoayyal 1alipu] | Bundwes jessyduad SAINUIN < S8)1]0ge18W BUILBOUOIN AnsiwaydoinaN
Anoiy108ds a|qelnuend AydesBouwosAjod
Anowy10ads ‘Auigerjsy 1509 MO yodal-}jas

Auoy10ads ‘[eLioloennA SAISeAUI-UON UoIeAIasqO sInoH < | Ananoe Jolop ‘Apnis das|s loineyag

sassaudeap\\ Joley syibuans poylaw Burdwes 1uun awi | sajdwex3 saansea

NIH-PA Author Manuscript

I 31qel

 SUOITR[12S0 SUILLBOUOW MO|S SND 40 U0I19818p [edIul]d

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Synapse. Author manuscript; available in PMC 2014 November 01.



Page 36

Salomon and Cowan

NIH-PA Author Manuscript

"SUOINPUO09 JuswIeall-1sod pue -aid usamiag ‘10algns-uiyym paired ‘3 JUSPMS PajIel-om L

*Arep Bw pog uoidoidng Jo Bw QT 8UIfLISS SYdM g JusLWIeal |

q

'$193[gns g=u Q'S F ues\ 193lgns Jad (y 8y) sajdwes 88z 40 (Y ) sejdwes T ul mocm:m\/w

100>d 100>d | go0>d 29UBIUBIS
99 6'TT eLe (8'8)4
98'0F.2°0 SY'0¥82°0 | 0Z'0FLT'0 | S0'0¥80°0 ¥0'0790°0 | G0'0¥80°0 | VVIHSG:VAH
[e303 4 8% | Utz puodss | yvzisdid | leworygy | Upez puodss | g isiid
gPusWIes.-150d Juswieaalaid podUBLIEA

Il a|qeL

e JUaWYea] Juessaadapiiue Y1m adueLieA oned Vv IHS: VAH

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Synapse. Author manuscript; available in PMC 2014 November 01.



Page 37

Salomon and Cowan

NIH-PA Author Manuscript

'SPU02BS = § 132IS J93)Y9 = ST (9A0ge 810ul00y 99s) ANjiqedoud = d 1381p uons|dap ueydoldAll ande = QLY 10T JUsUOdX3 = 3 'SUOIRINSIGAY

'SUOIIIPUOY 131P Udamiaq Aljigeqoad syuel paubis UOXO0D|IAN

4
"“TT=U ‘Buiialy 19]oABM JaJe spueq Aousnbaiy oiy19ads 1e Jlamod QS F %m_\,_N
6L | Y000 | ¥99'T+¥80°C | €99'G+E96'L S8 ubIH
€9’ 120 €96'GFY3C’T | Y90 T+E30'6 S91-8 wnipsiN
6%’ €10 €98'GFE30'6 | €9T'EFESC'9 | S¢E-9T MO
T €90 Yoy’ 9 ¥G9T'C | ¥96'6+590°C S ¢e< MoTenIN
sa| ed aiv weys pouad

lrajgeL

NIH-PA Author Manuscript

1(TT=U) 18m0d @109 syde. sunuod

NIH-PA Author Manuscript

Synapse. Author manuscript; available in PMC 2014 November 01.



