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Abstract

Selective serotonin reuptake inhibitors are the mostly widely used treatment for major depressive
disorders and also are prescribed for several anxiety disorders. However, similar to most
antidepressants, selective serotonin reuptake inhibitors suffer from two major problems: They only
show beneficial effects after 2 to 4 weeks and only about 33% of patients show remission to first-
line treatment. Thus, there is a considerable need for development of more effective
antidepressants. There is a growing body of evidence supporting critical roles of 5-HT | and 5-
HT4 receptor subtypes in mediating successful depression treatments. In addition, appropriate
activation of these receptors may be associated with a faster onset of the therapeutic response.
This review will examine the known roles of 5-HT 5 and 5-HT4 receptors in mediating both the
pathophysiology of depression and anxiety and the treatment of these mood disorders. At the end
of the review, the role of these receptors in the regulation of adult hippocampal neurogenesis will
also be discussed. Ultimately, we propose that novel antidepressant drugs that selectively target
these serotonin receptors could be developed to yield improvements over current treatments for

major depressive disorders.

Keywords

major depressive disorders; neurogenesis; 5-HT 5 receptor; 5-HT4 receptor; mood disorders;
anxiety

Reprints and permissions: sagepub.com/journalsPermissions.nav

Corresponding Author: Denis J. David, Laboratoire de Neuropharmacologie, EA3544 “Pharmacologie des troubles anxio-depressifs
et Neurogenese”, Faculté de Pharmacie, Université Paris-Sud, 5 Rue J-B Clement, Tour D1, 2e etage, F-92296 Chatenay-Malabry,
France. denis.david @u-psud.fr.

Benjamin Adam Samuels and Indira Mendez-David contributed equally to this work.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.


http://sagepub.com/journalsPermissions.nav

1duiosnuey Joyiny 1duosnuepy Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Samuels et al. Page 2

Introduction

Depressive and anxiety disorders are a major burden on society. Major depressive disorder
(MDD) affects more than 20 million Americans every year and is currently the second
leading cause of disability worldwide (Ferrari and others 2013; Kessler and others 2005). In
addition, the World Health Organization predicts that depression will be the leading cause of
disease burden globally by 2030 (World Health Organization 2011). MDD also displays
high comorbidity with anxiety disorders. A reported 50% to 60% of patients with MDD also
have a history of anxiety disorders that usually precede depression (Kaufman and Charney
2000). These findings raise the question of whether mood and anxiety disorders, despite the
diagnostic distinctions made clinically, share a common pathophysiology.

Since the discovery and development of these medications, depression has been associated
with impairment of serotonergic, noradrenergic, and to a lesser extent dopaminergic
neurotransmissions. Most drugs that are currently used to treat MDD, such as selective
serotonin reuptake inhibitors (SSRIs; the most commonly prescribed), activate serotonin
neurotransmission and also are effective treatments for generalized anxiety (Burghardt and
Bauer 2013; Samuels and others 2011; Schatzberg and Nemeroff 2009). SSRIs act as
indirect agonists of serotonin receptors, blocking the serotonin transporter (SERT). After
chronic SSRI treatment, serotonin (5-HT) is released throughout the forebrain by axons
emanating from cell bodies located in the midbrain raphe (Barnes and Sharp 1999) (Figure
1A). The largely neuromodulatory effects of serotonin are mediated through 14 distinct
receptor subtypes (heteroreceptors) located postsynaptic to serotonergic nerve terminals
(Figure 1B). In addition, 5-HT levels are limited by two inhibitory autoreceptors (5-HT | a
and 5-HT ) expressed in the somatodendritic compartments (5-HT7 ) and nerve terminals
(5-HTp) of the serotonergic raphe neurons (Barnes and Sharp 1999). However, it is largely
unknown which of the 14 receptor subtypes actually mediate the clinical effects of SSRIs.
While there is some evidence that 5-HT,, 5-HT3, 5-HT¢, and 5-HT7 receptor subtypes may
play roles in mood disorders and the treatment response (Middlemiss and others 2002), there
is a wealth of historical and recent data implicating 5-HT| o and 5-HT4 receptors. This
review summarizes the roles that 5-HT o and 5-HT, receptors play in mood disorders and
the mechanisms underlying their antidepressant action. The impact of these receptors on
adult hippocampal neurogenesis, a phenomenon that may be required for some of the
clinical response to antidepressants, is also addressed.

5-HT,, Receptor Expression Pattern and Signal Transduction

With the exception of the 5-HTj receptor, which is a ligand-gated ion channel, all serotonin
receptors are G-protein coupled receptors containing seven hydrophobic transmembrane
helices, three extracellular loops, and three intracellular loops that activate intracellular
second messenger cascades to yield either excitatory or inhibitory responses (Hannon and
Hoyer 2008) (Figure 2). The first evidence that there were multiple distinct 5-HT receptor
types came in the late 1950s, when Gaddum and colleagues found that the effects of 5-HT in
guinea pigs could be blocked in part by morphine and in part by dibenzyline (Gaddum and
Picarelli 1957). By the late 1970s, radioligand binding studies were beginning to hint at the
diversity of the 5-HT receptor family (Hannon and Hoyer 2008). Then, in the late 1980s,
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advances in molecular biology permitted cloning of the 5-HTj 5 receptor (Fargin and others
1988; Kobilka and others 1987).

5-HT A heteroreceptors are expressed in the brain primarily in the septum, hippocampus,
amygdala, thalamus, and hypothalamus, and in these areas are mainly located on pyramidal
and granule neurons as well as GABAergic interneurons (Albert and others 1996; Garcia-
Garcia and others 2014; Tanaka and others 2012) (Figure 3). At these postsynaptic sites, 5-
HT 5 heteroreceptor activation is thought to primarily exert an inhibitory effect on the
neuronal activity induced by various neurotransmitters (Hannon and Hoyer 2008; Li and
others 1996). By contrast, 5-HT 5 autoreceptors are located on the soma and dendrites of
serotonergic neurons in the dorsal and median raphe nuclei where they exert inhibitory
control over raphe firing rates and 5-HT release through a negative feedback mechanism
(Hannon and Hoyer 2008).

5-HT A receptors are coupled to G(i/o) type a subunits, which act on downstream effectors
to induce inhibition of neuronal firing (Albert and others 1996). Specifically, the G(i/0)
subunit inhibits adenylyl cyclase, which results in a reduction in cellular levels of cyclic
adenosine monophosphate (cAMP), the closing of calcium channels, and a reduction in the
intracellular calcium concentration.

Activation of 5-HT 5 receptors in different brain regions can yield at times opposing
intracellular effects. This is because of the fact that different cell types express distinct Ga
subunits. For example, 5-HT 5 autoreceptors in the dorsal raphe nuclei (DRN) primarily
couple to Gia3, while heteroreceptors in the hippocampus primarily couple to Goa
(Mannoury la Cour and others 2006). Therefore, the differential effects of 5S-HT1A receptors
are mediated both by distinct anatomical localizations and distinct inhibitory Gai/o subunit
couplings (Garcia-Garcia and others 2014; Polter and Li 2010).

5-HT, Receptor Expression Pattern and Signal Transduction

The 5-HT, receptor was originally identified by its pharmacology, which was unique among
the serotonin receptor subtypes known at the time. In the late 1980s there was speculation
that a novel 5-HT receptor subtype was expressed in collicular and hippocampal neurons
that stimulated adenylyl cyclase activity and increased cAMP production. However, this
receptor subtype was insensitive to known antagonists of the 5-HT, 5-HT,, and 5-HTj
receptor subtypes (Bockaert and others 1990; Bockaert and others 2004; Dumuis and others
1988). For several years, investigators thought that the 5-HT3 and 5-HT, receptors were
closely related because they have similar pharmacological profiles. The first ligands
discovered for the 5-HT,4 receptor also had high affinity for the 5-HT3 receptor (Bockaert
and others 2004; Dumuis and others 1988; Eglen and others 1990). The 5-HT, receptor was
finally recognized as a new serotonergic receptor subtype in 1992 and subsequently several
ligands with high affinity and/or selectivity for this receptor subtype were developed. In the
late 1990’s, the gene encoding the 5-HT, receptor, which is exceptionally large and complex
(700 kb, 38 exons), was simultaneously cloned in two different species (Bockaert and others
2004; Claeysen and others 1996; Gerald and others 1995). The 5-HT, receptor possesses
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three intracellular loops and three extracellular loops. The amino terminus is in the
extracellular space and the carboxyl terminus (C-terminus) is in the cytoplasm (Figure 2).

The large and complex nature of the gene encoding the 5-HT,4 receptor results in several
different isoforms, generated through alternative splicing of the gene, with distinct
functional properties (Bockaert and others 2004; Claeysen and others 1999; Pindon and
others 2002). The sequences of the different isoforms are identical throughout the first 358
residues, but then diverge, which results in differential G protein coupling (Bockaert and
others 2004; Claeysen and others 1999). In brain and peripheral tissues, humans have at
least six distinct variants of the 5-HT4 receptor (a, b, c, g, i, and n), whereas mice are
currently thought to have only four (a, b, e, and f) (Claeysen and others 1999). In addition to
differences in G protein coupling, these distinct splice variants also show differences in the
intracellular loops (i3 in particular), and in both phosphorylation and palmitoylation of the
C-terminus (Barthet and others 2005). The exact functional roles of these distinct isoforms
remain unresolved. However, numerous studies suggest that isoform-specific differences in
5-HT4 receptors and their distribution impact the overall coupling and regulation of the
receptor and, in turn, the potential for 5-HT, receptors to be targets for therapeutic
intervention (Barthet and others 2005; Bohn and Schmid 2010; Marin and others 2012;
Mnie-Filali and Pineyro 2012; Vilaro and others 2005).

The 5-HT4 receptor plays important roles in the heart, gastrointestinal tract, adrenal gland,
and urinary bladder, as well as in the central nervous system (Hegde and Eglen 1996). The
development in 1993 of two specific radioligands for the 5-HT4 receptor, the antagonists
[3H]-GR 113808 and [1251]-SB 207710, revolutionized the study of this receptor. The usage
of these radioligands in biochemical assays and autoradiography experiments permitted
accurate determination of the regional distribution of 5-HTy receptors in the brain
(Grossman and others 1993). The vast majority of 5-HT, receptors are expressed in the
hypothalamus, hippocampus, nucleus accumbens, the ventral pallidum, amygdala, the basal
ganglia, olfactory bulbs, frontal cortex, the septal area, the substantia nigra, and the fundus
striatus (Bockaert and others 2004; Eglen and others 1995; Vilaro and others 1996; Vilaro
and others 2005; Waeber and others 1993) (Figure 3). More specifically, 5-HT,4 receptors
are located in somatodendritic compartments and in axon terminals of striatal spiny efferent
neurons containing y-aminobutyric acid (GABA) (Cai and others 2002; Compan and others
1996; King and others 2008). 5-HT, receptors are also expressed in glutamatergic pyramidal
neurons in the medial prefrontal cortex and hippocampus (CA1, CA3) and in granule cells of
the dentate gyrus (King and others 2008; Roychowdhury and others 1994; Tanaka and
others 2012; Vilaro and others 2005). In the cortex, hippocampus, and amygdala, 5-HTy
receptors are expressed in cholinergic neurons where the binding of selective agonists can
stimulate the release of acetylcholine (Waeber and others 1994). Furthermore, recent work
demonstrates that 5-HT,4 receptors are also expressed by efferent neurons of the nucleus
accumbens that project to the lateral hypothalamus (Jean and others 2012).

Recent work has also used quantitative analyses of mRNA levels and polymerase chain
reaction experiments in rat and guinea pig brains to determine the distribution of the 5-HT4
receptor splice variants. 5-HTy receptor isoforms a, b, ¢, g, and n are highly expressed in the
central nervous system (Bockaert and others 2004; Vilaro and others 2002; Vilaro and others
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2005). Isoform (a) is highly expressed in the amygdala, hippocampus, nucleus accumbens,
and caudate nucleus. Lower levels of expression are found in the small intestine, the atrium,
and pituitary gland. Isoform (b) appears to be the most abundant form in the CNS and
periphery, and is expressed in the caudate nucleus, putamen, amygdala, pituitary gland, and
small intestine. Isoform (g) seems to be highly expressed in the hypothalamus and cortex
and isoform (c) is highly expressed in the pituitary gland and small intestine. Lower levels
of isoform (c) are found in the caudate nucleus, hippocampus, and putamen. Isoform (d) is
not expressed in the CNS, but is found in the small intestine (Bockaert and others 2004;
Vilaro and others 2005; Vilaro and others 2002). The 5-HTyy) variant, which lacks the
alternatively spliced C-terminal exon, is widely and abundantly expressed in human
peripheral tissues and brain regions including areas involved in mood disorders (frontal
cortex, hippocampus) (Vilaro and others 2002).

Roles of 5-HT;, and 5-HT,; Receptors in Mood Disorders and Treatment

Response: Evidence from Clinical Studies

In general, across therapeutic areas, there is often an overall paucity of clinical data that link
the pharmacodynamic effects of drugs to the underlying disease or to treatment response.
However, several recent complementary studies support important roles of the 5-HT 5 and
5-HT, receptors in the treatment of anxiety and/or depression (Lucas 2009; Lucas and others
2007; Mendez-David and others 2014; Pascual-Brazo and others 2012). Electrophysiology,
behavioral, and binding studies in different brain regions all suggest that 5-HT o and 5-HT,
receptors play a role in the pathophysiology of mood disorders and in the treatment response
(Licht and others 2009; Lucas 2007; Lucas and others 2009).

For 5-HT | A receptors, human genetic and imaging studies demonstrate that differences in
receptor levels and regulation are associated with depression, anxiety, and the response to
antidepressants (Le Francois and others 2008; Lesch and Gutknecht 2004; Strobel and others
2003). Postmortem analyses of brainstem samples from depressed suicide patients show a
significant increase in levels of 5-HT 4 autoreceptors compared wth non-depressed control
individuals, especially in the dorsal raphe nuclei (Boldrini and others 2008; Stockmeier and
others 1998). Positron emission tomography (PET) studies have yielded some contrasting
results when attempting to confirm these data, but this may be due to differences in the
characteristics of the populations studied (Descarries and Riad 2012; Drevets and others
2007; Meltzer and others 2004; Parsey and others 2006b; Parsey and others 2010). One of
the most recent PET studies, which used a method that made the fewest possible
assumptions about nonspecific binding and also used a reference region that did not express
5-HT A receptors, indeed found that 5-HT o receptor binding potential was higher in
antidepressant-naive major depressive disorder subjects than in control subjects (Parsey and
others 2010). Importantly, these PET findings indicate that 5-HT 5 auto- and
heteroreceptors are both affected in MDD, but do not decipher whether alterations in
binding are causal or a consequence of the disorder.

A C(-1019)G polymorphism in the promoter of the gene encoding the 5-HT o receptor is
associated with several mood-related variables, including trait anxiety, depression, and the
response to chronic antidepressant treatment (Fakra and others 2009; Le Francois and others
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2008). Depressed patients are more likely to be homozygous for the GG genotype at the
C(-1019) allele. They are also more likely to have higher 5-HT 4 binding potential
(Lemonde and others 2003; Parsey and others 2006b). Furthermore, higher 5-HT 5 binding
potential and the GG genotype also predict remission failure to antidepressant treatment
(Parsey and others 2006a). Taken together, these clinical findings strongly implicate an
essential role for 5-HT 5 receptors in both the pathophysiology of mood disorders and in the
response to antidepressants.

For 5-HT4 receptors, there are two studies suggesting a role in clinical depression. One
study reported that polymorphisms in the splice variant region of the gene encoding the 5-
HT, receptor are associated with unipolar depression (Ohtsuki and others 2002). The second
study revealed alterations in both 5-HTy4 receptor binding and cAMP concentration levels in
several brain regions of depressed violent suicide victims (Rosel and others 2004). These
results, while more preliminary than the collection of data from the 5-HT A studies, also
implicate a role for 5-HT4 receptors in mood disorders.

Roles of 5-HT,5 Receptors in Mood Disorders and Treatment Response:

Evidence from Preclinical Studies

In addition to the clinical studies, there is a wealth of preclinical data from rodent studies
that indicate a role for 5-HT 5 receptors in mood disorders and treatment response. Initial
preclinical studies led to the hypothesis that 5-HT; 5 autoreceptors delay the therapeutic
action of SSRIs and other drugs that increase serotonin levels (Blier and others 1998). More
specifically, since 5-HT 5 autoreceptors exert negative feedback inhibition in response to
increased serotonin levels, progressive autoreceptor desensitization may underlie the
delayed onset of SSRIs (Blier and others 1998; Gardier and others 1996; Richardson-Jones
and others 2010). The functional desensitization of 5-HT 5 autoreceptors is because of
decreased levels of G(o) proteins following chronic SSRI treatment (Li and others 1996),
and not down-regulation of the receptor (Le Poul and others 1995). In rats treated for up to
21 days with SSRIs (either fluoxetine or paroxetine), in vitro recordings show attenuation of
the inhibitory effects of 8-OH-DPAT (a 5-HTjp receptor agonist) on firing rates of DRN 5-
HT neurons that develops over time (Le Poul and others 1995). Therefore, with sustained
SSRI treatment the firing rates of DRN 5-HT neurons initially decreases because of 5-HT |
autoreceptor-mediated inhibition, but then recovers as the receptors desensitize, and is fully
restored by 14 days after the initiation of the chronic SSRI treatment (Blier and others 1990;
Czachura and Rasmussen 2000). Chronic treatment with 5-HT 5 receptor agonists also
produces desensitization of somatodendritic 5-HT; o autoreceptors as indicated by
electrophysiological and in vivo microdialysis studies (Blier and de Montigny 1987; Kreiss
and Lucki 1997). Interestingly, local administration in the dorsal raphe of the 5-HT | /13
receptor antagonist, WAY-100635, or (+)-pindolol potentiates the effects of paroxetine on
mouse cortical extracellular dialysate 5-HT levels ([5-HT]cy), which suggests that the onset
of action of antidepressant treatment is mediated by somatodendritic 5-HT 5 autoreceptors
(Guilloux and others 2006). A more recent study suggests that 5-HT o autoreceptor
desensitization alone is not sufficient to induce a SSRI response. Rather, serotonergic tone,
governed by intrinsic autoreceptor levels prior to the onset of treatment, is critical for
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establishing responsiveness and the onset of the SSRI response (Richardson-Jones and
others 2010).

Several studies have used 5-HT 5 receptor germline deficient mice to investigate the role of
these receptors in anxiety and depression-related behavior. However, these studies are
confounded by the fact that they cannot distinguish between the effects of auto- and
heteroreceptors. Generally these studies have found a robust anxiety-like phenotype in
conflict anxiety paradigms and a decrease in behavioral despair in the forced swim and tail
suspension test (Heisler and others 1998; Klemenhagen and others 2006; Mayorga and
others 2001; Parks and others 1998; Ramboz and others 1998). In addition, other studies
have used mice that are germline deficient for 5-HT 5 receptors to determine that 5-HTa
receptors are required for some (Mayorga and others 2001; Santarelli and others 2003), but
not all (Holick and others 2008), behavioral effects of antidepressants. More specifically,
constitutive 5-HT 5 receptor knockout mice do not respond to acute administration of the
SSRIs fluoxetine and paroxetine in the tail suspension test (Mayorga and others 2001), or to
chronic treatment with fluoxetine in the novelty-suppressed feeding paradigm (Santarelli
and others 2003).

More recent studies have used mice engineered to specifically manipulate either auto- or
heteroreceptors while preserving the other receptor population. One study used a conditional
and inducible transgenic strategy to assess 5-HT receptor gain-of-function by conferring
temporal and spatial control over receptor expression. This study found that postsynaptic 5-
HT A receptors expressed during a specific developmental window (from postnatal day 5 to
21) are important for establishing normal anxiety-like behavior in the adult mouse (Gross
and others 2002). More specifically, spatially selective overexpression of postsynaptic 5-
HT A receptors in the hippocampus and cortex on the knockout mouse background results in
mice that perform similarly to wild-type controls in anxiety-related tasks. However,
interpretation of these results is slightly confounded by the approach that used ectopic
overexpression. More recently, another study developed a genetic system to independently
decrease levels of the 5-HT o auto- and heteroreceptor populations (Richardson-Jones and
others 2011). In this study, 5-HT 5 autoreceptors affected anxiety-like behavior, while 5-
HT A heteroreceptors affected behavioral despair responses. Ultimately, these lines of work
are in their infancy and future studies are necessary to investigate not only autoversus
heteroreceptor populations but also subpopulations of heteroreceptors and the temporal roles
of all of the different populations.

There are also pharmacological data suggesting a role for 5-HT 5 receptors in mood
disorders and the response to antidepressant and anxiolytic treatments (Table 1). 5-HT o
receptor agonists induce behavioral effects that are comparable to antidepressant drugs
(Blier 2003; Lucki 1991; Santarelli and others 2003). In addition, buspirone and 8-OH-
DPAT are 5-HT 5 receptor agonists that reduce anxiety (Barrett and Vanover 1993; Griebel
1995; Tunnicliff 1991). Drugs that target 5-HT o receptors, such as pindolol, have led to
somewhat disappointing results in clinical trials (McAskill and others 1998). However, a
large-scale clinical study found that buspirone was equally effective as other drugs, such as
the dopaminergic agent bupropion, when used as an augmentation therapy for depressed
patients that did not remit on initial treatment with a SSRI (Warden and others 2007).
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Ultimately, given the differences between auto- and heteroreceptors regarding their
distribution and function in the brain, it is now clear that future treatments targeting 5-HT o
receptors will need to specifically target only one of these populations of receptors to
improve the antidepressant response.

Roles of 5-HT, Receptors in Mood Disorders and Treatment Response:

Evidence from Preclinical Studies

The understanding of the roles that 5-HTy receptors play in mood disorders also mainly
comes from preclinical studies. Animal models of anxiety/depression such as the Flinders
sensitive line of rats, olfactory bulbectomy, glucocorticoid receptor heterozygous mice (GR
+/-), and maternal prenatal stress, show changes in 5-HT, receptor density in limbic areas
such as the hippocampus and the caudal portion of the caudate-putamen complex (Chen and
others 2012; Licht and others 2010; Licht and others 2009; Ridder and others 2005).
Similarly, some chronic monoaminergic antidepressant drugs, such as fluoxetine or
venlafaxine, but not reboxetine, decrease 5-HT, receptor density in rat brain (Vidal and
others 2010).

Further studies investigated whether 5-HT4 receptor ligands can directly exert
antidepressant-like effects or modify the effects of monoaminergic antidepressants (Table
2). In naive rats, acute fluoxetine-induced decreases in immobility in the forced swim test
(FST) are not affected by co-administration of the 5-HT4 receptor antagonist SB 204070A.
In addition, this antagonist has no independent effects in the FST (Cryan and Lucki 2000).
Conversely, in a model of anxiety/depression based on chronic elevation of glucocorticoids,
a brain penetrant 5-HT4 receptor antagonist (GR 125487) prevents the effects of the SSRI
fluoxetine in Open Field, Tail Suspension Test, Novelty Suppressed Feeding, and the
Sucrose Splash test (Mendez-David and others 2014). These results suggest that the
antidepressant-like effects of SSRIs are mediated in part through activation of 5-HT4
receptors. In addition, 5-HT4 receptor activation with the partial agonist RS 67333 increases
the effects of acute SSRI (paroxetine) administration on extracellular 5-HT levels in rat
ventral hippocampus (Licht and others, 2010). These increased 5-HT levels are observed
both immediately and 3 days after administration (Licht and others 2009; Licht and others
2010). 5-HT4 receptors are only localized postsynaptic to serotonergic nerve terminals and
thus are heteroreceptors. An in vivo electrophysiology study demonstrated that 5-HTy4
receptors exert excitatory influence on central 5-HT neuron activity (Lucas and others
2005). These data suggest that frontocortical 5-HT, receptors exert positive feedback on
serotoninergic activity by controlling a population of DRN 5-HT neurons.

In addition, administration of 5-HT4 receptor agonists induces similar molecular and
behavioral changes as SSRI antidepressants in rodents (Bockaert and others 2008; Lucas and
others 2007; Pascual-Brazo and others 2012). Lucas and colleagues showed that
administration of the 5-HT4 receptor agonists RS 67333 and prucalopride reduce immobility
time in rats exposed to the FST by about 50% compared with controls, whereas citalopram
only reduces immobility time by about 23%. Additional behavioral experiments also found
that the 5-HT4 receptor agonist RS 67333 is more effective than citalopram in the Rat
Forced Swim test and also increases the locomotor activity induced by olfactory bulbectomy
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(Lucas and others 2007). Depressed-like behavioral phenotypes observed with olfactory
bulbectomy or exposure to chronic mild stress are reversed by 10 to 14 days of RS67333
treatment in rats, suggesting that RS67333 displays a faster antidepressant-like response
relative to classical antidepressants (Lucas and others 2007). In addition, short periods of RS
67333 treatment results in antidepressant/anxiolytic-like effects in the sucrose consumption
test of anhedonia, in socially defeated mice exposed to the FST, and in the novelty
suppressed feeding test in rats (Gomez-Lazaro and others 2012; Pascual-Brazo and others
2012) (Table 2).

In addition, activation of 5-HT,4 receptors mediates several intracellular changes that are
associated with the antidepressant drug response. These changes include increases in cAMP
levels, protein kinase A activation, phosphorylation of cAMP response element—binding
protein (CREB), and transcription of brain-derived neurotrophic factor (BDNF) (Pascual-
Brazo and others 2012) (Nibuya and others 1995). Therefore, mechanistic data also suggest
that direct activation of 5-HTy4 receptors yield antidepressant-like effects (Lucas and others
2007; Pascual-Brazo and others 2012; Tamburella and others 2009). Furthermore, signaling
molecules that interact with the 5-HT,4 receptor, such as P11 (S100A10), in brain regions
important for anxiety/depression and cognition such as hippocampal pyramidal cells in CA1
and the hippocampal granule cells in the dentate gyrus (Egeland and others 2011; Warner-
Schmidt and others 2009) may provide novel targets for fast-acting anxiolytic/antidepressant
treatments. Recent results suggest that cortical neurons expressing both P11 and 5-HTy4
receptors regulate the behavioral effects of SSRIs in mice and that chronic treatment with
fluoxetine increases 5-HT, receptor expression in these neurons (Schmidt and others 2012).
In addition, in behavioral tests such as FST and tail suspension test (T'ST), the
antidepressant-like activity of RS67333 was abolished in P11 knockout mice (Warner-
Schmidt and others 2009). Taken together, these studies suggest a link between the 5-HTy
receptor and depression and provide an encouraging pharmacological strategy to obtain a
faster treatment response.

Some historical studies also investigated whether 5-HT4 receptors mediate the anxiolytic
behavioral effects of SSRIs. However, these studies were unable to determine a clear role
for 5-HT4 receptors in anxiety. For instance, in the light/dark choice test, diazepam induces
dose-dependent anxiolytic-like effects in mice that are inhibited by 5-HT4 receptor
antagonists (GR 113808, SB 204070, and SDZ 205-557) (Costall and Naylor 1997). These
data suggest that activation of 5-HT,4 receptors mediate the anxiolytic effects of diazepam.
In addition, while this study did not find any effects of 5-HT4 receptor antagonists alone on
anxiety behavior (Costall and Naylor 1997), others report anxiogenic effects of the 5-HT4
receptor antagonists SB 204070, GR 113808 (Silvestre and others 1996) and SB 207266A
(Kennett and others 1997; Silvestre and others 1996) in the elevated plus maze in rats. In
these studies, rats acutely treated with SB 204070 or GR 113808 display an increase in the
percentage of total time spent in the open arms, which is indicative of anxiety-like behavior.
However, while one study did not detect an effect of the antagonists SB 204070 and GR
113808 on the number of open arm entries when a 10 minute pretest injection interval was
used (Silvestre and others 1996), another study reported an increase in the percent of open
arm entries after SB 204070 or SB 207266A injections when a one hour pretest injection
interval was used (Kennett and others 1997). 5-HT, receptor knockout mice do not display
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an anxious or depressed-like phenotype, but they do show an attenuated response to novelty
that may be relevant for mood disorders (Compan and others 2004). In a more recent study,
chronic treatment with GR125487 did not affect the anxiety-like phenotype induced by
chronic corticosterone treatment in mice (Mendez-David and others 2014). Interestingly,
this study found that, while a 7-day treatment with fluoxetine or RS67333 induced
antidepressant-like activity in the TST and FST, only the 5-HT, receptor agonist RS67333
displayed an anxiolytic-like activity in the Open Field paradigm and the Elevated Plus
Maze. By contrast, a longer duration of treatment (28 days) was required for fluoxetine to
exert anxiolytic-like effects in these tests. These data support the idea that 5-HT, receptor
agonists may treat anxiety and depression disorders with faster efficacy than traditional
antidepressants.

Other investigations have found that 5-HT, receptor stimulation inhibits the anxiolytic
effects of diazepam (an enhancer of GABA response), particularly under conditions of high
serotonergic tone (Costall and others 1993). Since GABA 4 receptor-mediated inhibition of
synaptic transmission is highly involved in controlling neuronal excitability, and GABA 5
receptors are implicated in the pathogenesis of anxiety disorders (Cai and others 2002;
Macdonald and Olsen 1994), these data suggest that 5-HT4 receptors may also act on
GABAergic signaling in PFC neurons. Taken together, these studies demonstrate that 5-HTy
receptors are important mediators of the antidepressant response. Future work, involving
spatially restricted deletions of 5-HTy4 receptors or local administration of pharmacological
ligands, is necessary to more precisely determine the cellular and circuit-based mechanisms
by which 5-HT, receptors influence behavior.

Roles of 5-HT;, and 5-HT,; Receptors in Mediating Adult Hippocampal

Neurogenesis

It is well established that new neurons are continuously generated and incorporated into the
functional neural network of the mammalian adult brain through a process referred to as
adult neurogenesis (Spalding and others 2013). More specifically, neurogenesis occurs in the
subventricular zone (SVZ) of the lateral ventricle and in the subgranular zone (SGZ) of the
dentate gyrus in most adult mammals (Ming and Song 2005). Adult hippocampal
neurogenesis in the SGZ has gained considerable attention over the last decade and a half as
a neural substrate potentially underlying the pathophysiology of depression (Figure 4A and
B). Most antidepressants, including SSRIs, are potent stimulators of adult hippocampal
neurogenesis when administered chronically. Antidepressant treatment increases the
proliferation of newborn cells as well as the survival and maturation of the young neurons
(Malberg and others 2000; Santarelli and others 2003). The neurogenesis hypothesis
originally posited that a decrease in the production of newborn dentate granule cells leads to
depression, while enhanced neurogenesis (proliferation, survival, and maturation) is required
for treatment of depression (Duman and others 2000; Jacobs and others 2000; Sahay and
others 2007; Samuels and Hen 2011). Evidence suggests that this hypothesis is partially
correct since adult hippocampal neurogenesis is indeed necessary for some of the behavioral
effects of antidepressants (David and others 2009; Santarelli and others 2003; Surget and
others 2008; Wang and others 2008). In addition, while no evidence has yet shown that
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decreasing the production of newborn dentate granule cells leads to depression, a large body
of evidence also suggests that mental illness is often marked by diminishments in
hippocampal structure and function. For example, patients with depression, posttraumatic
stress disorder, schizophrenia, Alzheimer’s disease, or stress show decreased hippocampal
volume, learning and memory deficits, and mood dysregulation (Nestler and others 2002;
Sapolsky 2000). Interestingly, both 5-HT 5 and 5-HT, receptors are implicated in regulating
adult hippocampal neurogenesis.

The Role of 5-HT;5 Receptors in Mediating Adult Hippocampal

Neurogenesis

Several studies, when taken together, suggest that activation of 5-HT o receptors increases
adult hippocampal neurogenesis (Table 3). The first evidence that 5-HT 5 receptors
regulated adult hippocampal neurogenesis came from a study assessing the effects of acute
administration of antagonists on cell proliferation in the rat dentate gyrus. In this study, three
different 5-HT 5 antagonists (NAN-190, p-MPPI, and WAY-100635) all resulted in an
approximately 30% reduction in the number of BrdU-positive cells (Radley and Jacobs
2002), a marker of cell proliferation. A later study then found that the 5-HT; 5 and 5-HT>
receptor agonist 8-OH-DPAT not only increases cell proliferation in the dentate gyrus but
can also reverse decreases in cell proliferation induced by a 5-HT synthesis inhibitor, para-
cholorophenylalanine (Banasr and others 2004). Other 5-HT 5 receptors partial agonists,
buspirone or tandospirone, increases the number of newborn cells and the number of DCX-
positive cells in the DG respectively (Grabiec and others 2009; Mori and others 2014). In
addition, an in vitro study found that 5-HT 5 receptors regulate self-renewal of precursor
cells (Klempin and others 2010).

Another study investigated whether chronic treatment with various antidepressants enhances
adult hippocampal neurogenesis in germline 5-HT o receptor knockout mice (Santarelli and
others 2003). Interestingly, while the effects of tricyclic antidepressants remain intact, the
effects of the SSRI fluoxetine on both adult hippocampal neurogenesis (newborn cell
proliferation) and behavior are abolished in 5-HT 5 receptor knockout mice. Taken
together, these data suggest that 5-HT 5 receptors are critical mediators of the effects of
SSRIs on adult hippocampal neurogenesis and behavior. In addition, this study also showed
that the effects of the 5-HT 5 and 5-HT7 agonist 8-OH-DPAT are also abolished in 5-HT 5
receptor knockout mice, confirming the importance of 5-HT 5 receptors in mediating
serotonin-induced enhancements in neurogenesis in the adult DG of the hippocampus.

Mice with decreased 5-HT 5 autoreceptor levels still show a behavioral and neurogenic
response to chronic antidepressants (Richardson-Jones and others 2010), suggesting that 5-
HT 5 heteroreceptors mediate the effects of increased serotonin neurotransmission on
neurogenesis and behavior. Future studies are required to determine the anatomical location
of the 5-HT | 5 heteroreceptor population that mediates these effects.
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The Role of 5-HT, Receptors in Mediating Adult Hippocampal Neurogenesis

5-HT4 receptor agonists also can induce neurogenesis in the hippocampus as well as in the
enteric system in adult rodents (Ishizuka and others 2014; Liu and others 2009; Lucas and
others 2007; Pascual-Brazo and others 2012). Interestingly, the beneficial effects of 5-HT4
receptor agonists seem to appear faster than traditional antidepressants not only on behavior
but also on adult hippocampal neurogenesis (Table 4). A recent study performed in naive,
non-stressed rats confirmed that 3 days of treatment with the 5-HT, receptor agonist
(RS67333) significantly enhanced neurogenesis in the subgranular zone of the dentate gyrus
of the hippocampus, an effect that requires at least 2 weeks of treatment with classical
antidepressants such as SSRIs (Pascual-Brazo and others 2012). However, no direct
evidence currently links the antidepressant-like behavioral effects of 5-HT,4 receptor
activation to increased adult hippocampal neurogenesis. A recent study found that the 5-HT4
receptor agonist RS67333 increases neurogenesis (proliferation and maturation) to a lesser
extent than fluoxetine and that the 5-HT,4 antagonist GR125487 partially blocks the
neurogenic effects of chronic fluoxetine treatment (Mendez-David and others 2014). Taken
together, these results suggest that while 5-HT, receptors contribute to the effects of
fluoxetine on proliferation and maturation of newborn neurons other 5-HT receptors, such as
the 5-HT A receptor, are also important.

Recent work also indicates that 5-HT4 receptor activation may result in antidepressant-
induced dematuration of mature dentate granule cells (Kobayashi and others 2010). This
study found that upregulation of 5-HTy receptor induced cAMP signaling may play an
instructive role in the reversal of neuronal maturation induced by chronic antidepressant
treatment (Kobayashi and others 2010). However, the exact mechanisms underlying this
phenomenon will require further investigation using spatially restricted 5-HT4 receptor
knockout mice.

Analysis of 5-HTy receptor-mediated intracellular signaling further suggests that targeting
this receptor yields antidepressant-like effects. More specifically, 5-HT, receptors are G(s)-
coupled G-protein coupled receptors that activate adenylyl cyclase, and thus increase
production of cAMP (Dumuis and others 1989; Torres and others 1995). Increased
production of cAMP activates protein kinase A, which in turn phosphorylates the
transcription factor CREB. Interestingly, chronic antidepressant drug treatment activates the
same signal transduction machinery (Nibuya and others 1996). Phosphorylation of CREB is
thought to constitute a key step in the facilitation of adult hippocampal neurogenesis as it
results in increased BDNF levels (Castren 2014; Duman and others 2001; Malberg and
others 2000). Increased BDNF levels can modulate behavior, promote neurite outgrowth and
synaptic plasticity, and enhance survival of new neurons (Duman and Monteggia 2006).
Therefore, since activation of 5-HT,4 receptors ultimately increases BDNF expression, it is a
reasonable target to achieve antidepressant-like effects. Interestingly, BDNF levels are
increased in the rat hippocampus after only 3 days of treatment with the 5-HT, receptor
agonist RS67333 (Pascual-Brazo and others 2012). Another study found that acute
administration of the 5-HT, partial receptor agonist SL.65.0155 also increases BDNF levels
in rats (Tamburella and others 2009). These preclinical studies, when combined with
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behavioral test results, indicate that 5-HTy4 receptors provide a putative target for faster
acting antidepressants.

Conclusions

Taken together, much evidence indicates that SSRIs mediate some of their effects through
both 5-HTj 5 and 5-HTy4 receptors, thus being reasonable targets for future antidepressant
drug development. However, 5-HT| 5 receptors in different anatomical locations show
distinct brain functions, and therefore it may be necessary to selectively target
subpopulations of these receptors to attain the optimal therapeutic outcome. In addition, the
localization of 5-HT,4 receptors may also be a critical consideration for drug targeting since
these receptors also play important roles outside the central nervous system. More
specifically, 5S-HT4 receptors are also expressed in cardiac and intestinal tissues and
administration of 5-HTy4 receptor agonists can lead to arrhythmia (Ferrari and others 2013).
Thus, future antidepressants should target either specific anatomical populations of 5-HT | 5
and 5-HT, receptors or downstream effectors. To this end, recently developed 5-HT | 5
receptor agonists seem to preferentially target 5-HT o receptor subpopulations (Garcia-
Garcia and others 2014). If the appropriate 5-HT 5 heteroreceptor population can be
targeted, then these agonists may be faster acting antidepressants that avoid the delays
caused by autoreceptor-mediated feedback inhibition of serotonergic tone observed
following chronic administration of SSRIs. In addition, signaling molecules that interact
with the 5-HTy4 receptor, such as P11, may also represent novel targets for faster-acting
antidepressant activity (Egeland and others 2011; Warner-Schmidt and others 2009).
Perhaps novel multitarget-directed ligands with both 5-HT 5 and 5-HT, agonistic properties
could also yield more effective antidepressants.
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Serotoninergic system in rodent brain. (A) The serotoninergic system is organized in nine
raphe nuclei (from B1 to B9). B1 to B3 nuclei project axons to the spinal cord and the
periphery, Dorsal raphe nuclei (DR, B6-B7), Medial Raphe nuclei (MR, B5, BS), and the
B9 nucleus project throughout the brain. (B) Steps involved in the synthesis and release of
serotonin. Serotonin (5-HT) synthesis depends on the uptake of tryptophan (Trp) into the
presynaptic cells localized in the raphe nuclei. The conversion of Trp to 5-
hydroxytryptophan (5-HTP) is catalyzed by tryptophan hydroxylase (TPH). 5-HTP is
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converted to 5-HT by aromatic amino acid decarboxylase (AADC) before being stored in
vesicles. The release of 5-HT into the synapse is calcium-dependent. Once released, 5-HT
binds to postsynaptic receptors (e.g., S-HT s, 5-HT g, 5-HTp, 5-HT)4, 5-HT»,g, 5-HT(,
5-HTj, 5-HTy, 5-HTs, 5-HT¢, 5-HT5), pre-synaptic autoreceptors (5-HT 5, S-HTg, 5-
HTp), or is transported back into the serotonergic cell by the 5-HT transporter (SERT).
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Figure 2.
Two-dimensional representation of the 5-HT 5 and the 5-HT, receptor sequences. The 5-

HT ;A and the 5-HT4 receptors are metabotropic receptors that are coupled to G proteins and
contain a seven-transmembrane domain structure. The 5-HT| o and 5-HT4 receptors possess
three intracellular loops and three extracellular loops. The amino terminus is oriented toward
the extracellular space, whereas the carboxyl terminus (C-terminus) is oriented toward the
cytoplasm. Primary sequences of the different isoforms are identical throughout the first 358
residues but diverge at their C-terminal end resulting in differential G protein coupling.
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Figure 3.

Localization of the 5-HT| o and 5-HT,4 receptor in the human brain. Both 5-HT 5 and 5-HTy
are heteroreceptors, but only the 5-HT  is also an autoreceptor localized in the raphe
nuclei. 5-HT; o and 5-HT4 heteroreceptors are both expressed in the brain primarily in the
hippocampus, the cortex, the globus pallidus, and the caudate nucleus.
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Figure4.
Production of new neurons in the adult dentate gyrus. (A) The hippocampal trisynaptic

circuit in mouse brain. Neurons of the enthorinal cortex project to the dentate gyrus, with
additional collaterals projecting to the CA3 subfield (perforant pathway). Granule cells in
the dentate gyrus project to the CA3 field of the hippocampus via the mossy fiber pathway.
The CA3 pyramidal cells project onto themselves and also to the CA1 through Schaffer
collaterals. (B) Hippocampal neurogenesis is possible in the subgranular zone (SGZ) of the
dentate gyrus of the hippocampus because of the presence of stem cells. These stem cells
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evolve into neural progenitor cells that can produce multiple cell types in the central nervous
system such as neurons, astrocytes, oligodendrocytes, or microglial cells. In rodents, the
duration of the mitotic cycle of proliferating precursors is approximately 12 to 24 hours,
leading to the production of about 8,000 to 10,000 new neurons per day.

Neuroscientist. Author manuscript; available in PMC 2016 February 01.



Page 27

Samuels et al.

‘proy uado = O Surpoeoy passarddns Kjjoaou = JSN ssousso[d[oy poures] = HT $159) WIMS P10} = [ S

JuouEan)
juessoxdopnue
S1uoIyd

JO $109JJ9 [eIoTARYdq

QY sorwrw Jsruose skep g7
103dooar VI H-¢ 10} p
€ JO uonensIuIupe Pa9j /38w (€007) s1Uy10
Bltitiie) 0] AouQ)e[ Pasearddq ASN QN 1 Is1U03 Yy urenajourwe[Adoxdip-g-£xoIpAH-8 1 LVdd-HO-8 pue I[[oIejUBS
oryoxd
AYI[-ONAJOTXUR UE MOYS
SIIpMS 1T JO %19
Jey) punoj sAWodINo
Surssasse MoIAdY poLIEA Jstuody urpenojourwre[Adoidip-z-£xo01pAy-g : 1.vdd-HO-8
onAjorxue syoid
re systuoge 103doddl  oyi-onA[orxue ue Moys
VILH-S Jo $109)J2 SIIPMIS OTC JO %IL
[eIOIARYRq Y) Jey) Jey) punoj saWooINo
15933ns sAIpmIs SO SuISSOssE MITAY poLIBA poLeA poLIeA Jstuoge [ented quonidsng  (Sg61) [99LID
Lvda
“HO-8 JO S1991J2 4]
-juessaidopniue pasIoAdl
INq ‘OUO[E PAIASIUTPE
usym s199JJ3 oprwoiqoipAy aurzeradid [[Kinq(opruieyyd
Ol PaMOYs SaIpmjs 1sout Istuoseiuy “O¥1-p-(1KusydAxoyrow-7)-1 :061 NVN
Jey) PUNoj SOWO0INO
Surssasse Ma1AdYy jstuoSejue/Isiuoge fented [oropurg
sjuessardopnue
JO 9soy) oruwrr $1001J0 Jurensay
sistuo3e 103doodr yi-uessaxdapnue 1e
VILH-G Jo s109p50 PaMOYs SAIPMS Jsow Supaog sistuoge [enied quondesdr ‘ouomnde3 touomndsng
[eIOTARYSq Y} Jey) Jey) punoj SOWoINO pue JO
15933ns saIpnis 1O Surssasse Mo1AdY ‘HT'LSd  (sjerdpsowr) pauep  poLIBA Js1uody urpenajourwe[Adoidip-z-£xo01pAy-g :1.Vdd-HO-8 (1661) DONT
soueliodw | S199443 swbipe fed sa109ds sas0Qq sal1ledoud aweN SI0UB P PY

©olb60j0oeW freyd

Author Manuscript

Author Manuscript

‘sadKjouayq oyr1-uotssarda/A1vrxuy uo spuesry 101deoay VI H-¢ Jo s10oq
I alqel

Author Manuscript Author Manuscript

Neuroscientist. Author manuscript; available in PMC 2016 February 01.



Page 28

Samuels et al.

‘skep //¢ e uonemp A)IqOWWI aSLAIP

skep //¢

(ououedoid-|-[[Autpriodid--[A1ng-1]-¢

Neuroscientist. Author manuscript; available in PMC 2016 February 01.

:orgoad oayrj-juessardopnuy /onA[orxuy ASN/LSH 1.y Suump *d'1 ‘Sy/Sw G| swody  -[[AusydAxoyjow-Z-01o[yd-G-ourwe-4]-1) :€€€/9 SY  (Z10T) SIOYI0 pue ozeig-endsed
[opuIo[yo0IpAYOUOW
uonemp Ajjiqowut -ouo-(H¢) g-lozeipexo-f*¢*[-[[Autpiadid-y
Qonpal pue SuIqUIO PUL JUTWWIMS Kep 1 Suump -(1Ayye1Auayd-7)-1]1-¢-(JA-G-urxorp-ozuaq-4* |
asearour :o[joid ayI-juessaidopnuy 1S4 ey d1SyBuw | pue ‘g0 ‘10 Jstuo3e [ered -0IpAYIp-¢‘Z-010[Yo-/-outure-8)-6] :6S10°69 IS (6007) SIYJ0 pue e[aINquIe ],
sKep 4 191ye uondwnsuod uondwnsuod
9SOIONS UL ASBAIOAP PAONPUI-SIAID PISIIAIY aso1ong 101 SIND
sAep 1 J9)Je AJTIATIOR J0JOWOJ0] Kianoe skep 1 pue
Ul 3SBAIOUT PAONPUI-X GO PISIOAY 10)0WO050] 101 X940 ¢ Suump “d'1 ‘Sy/Bw '
uopeInp
Surquirgo 9seaIoul pue uoneInp AJjrqourur skep (euouedoid-1-[[Aurprradid-4-1£ng-1]-¢
9sea109p :9[1joid ayIj-juessaidopnuy 1S4 1y ¢ Supmnp “d-1Sy/Bw G| JsIuody  -[[AuaydAxoyjouw-g-01o[yd-G-ourwe-]-1) :€€€/9 S (L00Z) s1ayjo pue seon]
OPLIO[YO0IPAY
Q1e[AX0qIed-G-UBXOIP-* | -0ZUaq[Ayow-([Apriodid
109JJ2 ON LSd Jer ApaImoe “o's ‘Fy/Sw ¢ Istuogeiuy --1K10q-\))-010[y0- L -OUTWE-8 :0L0F0THS (0007) Mo pue uekr)
qe[Ax0qIed-¢
UOTBZI[BIOA -o[opul-H [ -Axoyiow-g-oJon[j-G [Aypow|[Aurpriadid
199139 ON oruosen[n 1y A1omoe “o's ‘38w ¢ jswoseuy  -p-[[Aypo[outwe(jAuojnsiAyow)]-z]-1] :£L8%ST 1 D (8661) SI2UI0 pue JOQIAIYOS
QPLIO[YO0IPAY
wedozerp Jo 1093J9 A1031qIyuISIp A[oInoe JJB[AX0QIED-G-URXOIP-1* | -0ZUuq[Ayow-([Aprrodid
3y} paonpar Ing ‘Jasi £q 199330 ON “d1°8y/31 01-100°0 Istuogeiny -p-1K1q-\)-010[y0- L -OUTWE-8 :0L00THS
deofew Ae[AX0qIEd
wedozerp Jo 1093J9 A1031qIYUISIp A[oinoe -¢-9[opul-H [ -[Ayow- [ -[Ayyowi[ [Aurpriadid-
3 paonpar Ing ‘J[asi £q 100550 ON “d1°8y/31 01-100°0 Istuogeiny -[1Apa(ourwrerLuoydnsAypow-g]-1 :808€ T TID
uredaze1p Jo 1991J0 K10)1qIyuIsIp A[omoe (19159 ourWR[AYIRIP)-7 pIoE
) padonpar Ing ‘J[asi £q 1095J0 ON N1ep/ysIy QOIN “d1*3y/31 001-100°0 ISIIOSeIUY  J10ZUAQ-0I0[Yd-G-Oute-f-Kxoyloul-g 1/ ¢6—-G0TZdS (L661) T0[ABN pUE [[eIS0D
zew-X Aomoe QpLIO[YI0IPAYOUOW ‘-OIPAYIP-°€
SISA[oIXUe paonpur NIRRT “9's 3y/3w [ pue 100 -(1Ayow(1Aurpriadid-4-141ng-1))-N ‘Oprwexoqred
/ UOTIOBIUI [R1D0S UI Juads own) paseaIou]  UONORIANUI [BIOOS 'o's Sy/Sw ' pue 100°0 JsioSejuy -01-9[opur(e-g‘¢)ourzexo(¢‘1)-HZ 'V992L0T 9S
INdA Aomoe ApLIO[YI0IPAY
SISK[oIXUe paonpur JUOT)ORIIUL “o's 3y/3w [ pue 100 JJB[AX0QIB-G-UBXOIP-1* [ -0ZUq[Ayow-([Aprrodid
/ UOTIORIUI [L100s UI Juads awn pasearouy [ero0s ey ‘o-d 8y/Sw ] pue 10°0 JsioSejuy -p-1KInQ-\ )-0I0[Yo- L-OuTWe-8 :0L0Y0TdS (L66T) SIAYI0 PUB JoUUIY
deofew Ae[AX0qIEd
-g-o[oput-H [ -[Ayjow- [-[Apaw[[Autpradid-4
arjoxd ay1[-onAjorxue ue s)qIYxg Apomoe <o's “Sy/8wr ¢—¢°Q Jstuosejuy -[1Ape(outweAuoydnsiAyow-z]-1 180811 D
QPLIO[YI0IPAY
Q1B[AX0qIRI-G-UBXOIP-* | -0ZUdq[Ayow-(ApLiadid
a[yoxd axr-onAjorxue ue sIqryxy JACE! vy A[aInde <o “Fy/3w ¢ IsuoSelny -p-1A1nq-N)-0I10[Y>- £ -ouTwie-g :0L0F0THS (9661) SI9YIO puB SNSIA[IS
S1094)3 swhipe fed So100ds sasod saedoud aweN SI0UB PJPY
reaibojooew reyd
‘'sadKjouayq oyr1-uotssardo/A1vrxuy uo spuesry 103dedooy Y H-G JO S1091)9
coqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 29

Samuels et al.

*ASN UI PI9J 0] AOUQJe[ UI 9SBAIOOP PIoNPUI-aundxon(j sjudadid 1§ 1, Ul uoneinp AJ[IGOWWI 9SBIIDOP pue IS Ul uorernp SUroos ur 9sealoul padnpur-aunaxonyy sjuaaald ‘JO ur 10)uod oy ur Juads awn ur 9seaIoul paonpur-aunaxonyj sjuaadid Aqrenred /8457 1D,
e

189} uorsuadsns [re) = 1S T, $159) yserds = IS ‘A[snosueinogns = *o's prayy uado = O ‘Aworoeqing £1030e)[0 = X O ‘Surpaoj sassarddns Kyjoaou ‘JSN ‘A[reouoodenur = d'1 $1s9) wims padtoj = 1.6 ‘ozew snjd pajead[d = NJH SSens pIIw JIuoIyd = SIND

Jre[AX0qIRI-¢

ISL Q01w sAep £ Suump sdwnd -o[opul-H [ -Axoyjow-g-oJon[j-G [Aypow|[Aurpriadid
PP ON /T G/ISN/INDE/A0  PAIRAN-M0D  -lurw opowso ‘Sy/Sw | swoSeuy  -p-[[Ayefourwe(jKuoynsiAyow)]-- 1] :L8¥STT UD
K[oAnoadsal ‘SN pue ‘IS.L pPue LS
ur pady 0) Aouaje] ay) ‘uoneanp Ajjrqourur
QSBAIO9P pue uoreInp SUIIO0I3 9SBAIdUL
‘INdH Ul SLIUS PUe W) 9SLAIUT ‘O
Q) UT QOURISIP [£)0) AQ PIPIAIP IOJUD
ay) ur doueysIp A1oje[nquie Jo orjer
pue 19)udd Y} ur Juads owr) aseAIOUT ASN ot sKep , Sunnp sdund (euouedoid-T-[[Aurprrodid-4-1A1nq-1]-¢
:oqyoxd ayr-juessardepnuyonkjorxuy  /LSL/LS/INdH/AO  Paean-j1o)  -Iutw onowso ‘Sy/Suwr ¢ | sody  -[[AuaydAxoyow-g-010[yo-G-ourwe-#]-1) :€€€/9 SY  ($107) SIOYIO pue pIAB(-ZOPUIA
JOIABYQQ SUIILUIMS BLARI skep (euouedoid-| -[[Aurpriodid-4-[A1ng-1]-¢
asearour :oqijoid ayrf-juessardopnuy ISd  Ssems [e100S G Suump d'1 SyBw gy swody  -[[AueydAxoyjeuw-Z-o1o[yd-G-ourwe-4]-1) :€€€/9 SY  (Z107) SIOYI0 pue 0IeZe -ZoWon)
sKep £ /¢ 1e oyejur je1
9so1ons asearour :oqijoid ayif-juessardopnuy OYBIUL 9SOIONS  PAIEaI-1I0))
skep //¢
SAep / I9)Je padJ 01 AoudJe| ASLAIOAP Suump *d'1 38w G|
s199443 swibipe feqd sa109ds sas0Q sa1edoid aweN S30UB BRY
reaibojooew reyd
Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Neuroscientist. Author manuscript; available in PMC 2016 February 01.



Page 30

Samuels et al.

'Qu0z Je[nueI3qns = 70§ SnIA3 qejuep = N ‘unIodsqnop = XOd

DAy
ur s[[eo aanisod
-X0d Jo 1quinu skep ] 10§ (¥107) s1y0
qy) saseaIouy uoneIjeA syey Sy/Sw g1 10 | jstuoge fenred ouoxidsopue, pue LIO]A
DA Jo ZHS W
ur S[[90 UI0qMaU
JO Ioquinu skep
QY SISBAINR( £ 103 Sy/Sw o]
QO1JLIOES AI0Joq QPLIO[YI0IPAYLI) 9PIUIEXOQIEOIULXYO[IAD
109JJ9 ON Kep [ Sy/8w 01 Istuose)ny (1Aurpikd-g)-N-(1Kpa[Aurzesadid-1-(jAuaydAxoyiow-7)-11-2)-N) :S€900T-AVM
skep
1091J9 ON [ 10} 3y/3uwr |
DA JOZOS =W
ur S[[0 uI0qMau
JOo oquinu QO1JLIORS I0Joq (0107) sy
QU SOSBAIOU]  UOTJBIJI[OI] QTN Kep 1 Sy/Sw | IsTu03Y urpenajourwrejAdodip-z-Axo1pAy-g : 1 VdA-HO-8 pue urdwory]
DA Jo ZHS W
ur S[[0 UWI0qMaU Q01jLI0LS
Jo Ioquinu 910j9q SINOY (6002) s1Py10
oY) sosearou]  uonerdjiord  swnssodo ¢ Sy/Sw ¢ jstuoSe fenred quoridsng pue 291qeIn
DA JoZOS W
ur S[[90 UI0qMau Q01yLIoRS
Jo Ioquinu 210J2q SINOY (#007) s1oy10
QU SOSBAIOU]  UONEBIJI[0I] sy Gz 3y/8w | Is1u03y urrenojourwe[Adoidip-z-Axo01pAy-g 1 L Vdd-HO-8 pue Iseueq
DA JoZOHS =W
ur S[[9d uI0qmau
Jo Joquinu sKep g 10} (€007) s1_yYI0
Q) SOSBAIOU]  UOTJBIJI[OI] QTN Kep/3y/3w | JsTu03Y urpenajourwreAdoidip-z-Axo1pAH-§ :IVdd-HO-§  Pue I[[oIeiues
Q01JLIORS
Q10j0q SINOY QPLIO[YI0IPAYLI) 9PIUIEX0QIEOIULXYO[IKD
STHBug (1AutpLikd-g)-N-(1Aya[[Aurzesodid- 1-([KuaydAxoyow-7)-#1-7)-N) :S€900T-AV M
QO1JLIORS
Q10j0q SINOY
ST HNBu T asprurezuaqAuIpuAd-z-N-[IApo[jAurzeradid-[-([AudydAxomow)-]-g]-N-0pot-4 :IddIN-d
DA Jo ZHS W
ur S[[0 UWI0qMaU QO1yLIoES
Jo Ioquinu 910j0q SINoY (Z007) sqooer
Q) SOSBAINQ  UOneIJIoId syey gz SyBugg sistuoSejuy oprwoiqoIpAy aurzerodid [[Kinq(oprureyiyd-g)-+]--([AusydAxoyow-g)-1 :061-NVN pue Ko[pey
S1094)3 sdais sa109ds sas0(Q salljedouid aweN S30US PRY

reaibojooew reyd

‘sndwreocoddiy 3npy 9y} Ul SUOCINAN UIOgMAN JO UOHRINIBIA PuB UONRIJI0Id uo spuelr 103deoay VI H-G Jo s1001Hq

Author Manuscript

Author Manuscript

€9qel

Author Manuscript

Author Manuscript

Neuroscientist. Author manuscript; available in PMC 2016 February 01.



Page 31

"UOTIEINJRUI UT 9SBAIOUT PUR S[[20 UIOQMAU JO UONEIaJI[0oId UT 9SBaIoul paonpul-ounoXon[jy dIuoIyd JO $199JJ9 Y} SY00[q %:ﬁtumm

ou0z Ie[nueIsqns = 70§ ‘A[snoudaenur = ‘A'1 ‘wa)s Judjodunid peonpur = §qr ‘A[eouoiradenur = *d'1 (sn1kS gjeusp = D) ‘urejoxd Surpuiq—juowele asuodsar JINVO = gH¥D 10308} orqydonoinou paanep-urelq = INJ ‘g ewoydwA| [[00-g = z-[og

Samuels et al.

Author Manuscript

e[Ax0qIEd-¢
-9[opul-H [ -AXOY}oW-g-0I0N[J-G

KSoroydrowr [A&pewr[[Aurprradid-4-[[Ay)0
JuoneInyeur Qo skep / Suump sdwnd [ourwre(jAuognsiAyrown)]-z]-1]
eI ON  juoneropjolg polRan-110)  -IUIW onowso ‘Fy/Sw | jsiogeiuy 18YST1 4D
SUOT)O9SIUI
JNLIPUSP JO JoquInu
Yy pue y3u9|
ONLIPUIP Y} SISBAIOU] KSoroydiop
Xopur uoneInjewt
) % £q sesearouf uoneIeN
(p/33/Sw §1) sunoxoNn[J SNSIOA
D JO ZDS 2y} Ul S[[2d skep £, (euouedoid-1-[[Aurprradid-y
uI0gMau JO Joquinu Qoru Suumnp sdwnd-ruru -14ng-1]-¢-[[AuoydAxoyow-g
ay} 916 £q sesearouy UONBIJI[0I] PaIean-110D) onowso ‘Sy/Sw ¢'| Js1U0S Y -0IO[YI-G-outwe-]-1) :€€€/9 SY  ($107) SIOYIO Pue PIARJ-ZOPUIJA
JdN
0JUI S[[90 S osnouwt skep ¢ J1e[AX0qIRI-¢-9[0pul-H |
JO UOTIBNUAIIIP S[[90 WIS 10J soynuTwr ()¢ Surnp -[Aypowr- [ -[Aypow(jAurprrodid-1,
[eIN2U PAONPUI-PIOR yuarodumnyd I0Je[ SINOY ()} pue -[Aypoourwe[Kuoyns[AyIow-g)-
S10UNAI SUBX-[[E SYO0[  UONBNUAIRIJ  PIdNpul SNOJA urw ()¢ Surmp A | JstuoSeIuy 1808€11 IO (#107) S1oYjo pue eYnzIysy
IV pue ‘gaidD
‘ANdY se sioyreuwr
parefaI-Ayonserdomnau
owos dendai-dn pue (p/3y/3w (1) dunoxonyy
skep //¢ & D JOo ZDS sns1oA(auouedord-1-[[Aurprradid
AU} UI S[[90 UIOgMAU sKep //€ --141q-1 ]-¢-[1AuaydAxoyow-g
JO IoquInu Ay} $ASLAIOU] UONEBIJI0I] syey Surmp “d'1 ‘8y/Sw ¢ Js1U0S Y -0IO[YI-G-outwe-]-1) :€€€/9 SY  (Z107) SIOYI0 pue ozelg-[endseqd
[opuIo[yo0IpAyouow-auo-(Hg)
C-lozetpexo-f*¢ [ -[[Autpuiadid
uonensumnupe -p-(1Ayperkuayd-7)-1]-¢-(14-¢
Qnoe 1ayye uorssardxa Kep 1 Suump "d'1 -UTXOIP-0ZUaq-* [ -0IPAYIP-€‘T
7-199 sosearouf [BAIAINS syey Sy/8w [ pue g ‘10 uoge [ented  -0IO[Yd-/-ournue-8)-G] :$S10°S9 IS (6007) SIYJ0 pue e[aInquie|,
(a13y
/31 00¢—L,) weadore)rd snsioa
0D Jo ZDs skep ¢ (ououedoid-|-[[Aurpriodid-1
Q) UI S[[90 UIOGMAU Suump sdwnd-ruru -141ng-1]-¢-[1AuoydAxoyrow-g
JO Ioquinu ) SISBAIOU] uonerdjIold s1ey anowso ‘Iy/[w G| 1s1u08Y -0I0[yd-G-ourwe-]-1) :€€€.9 SY (L007) S12Y10 pue sean|
S10943 sdais sa10ads sas0(Q saljedoud aweN S30US BRY

reaibojooew reyd

‘sndwreooddiy 3npy 9y} ur SUOINAN UIOqMAN JO [BAIAINS PUB ‘UONBINIBIA ‘UONRIJI[0I] UO spue3rT 103dodoy V1 H-G JO S10od

Author Manuscript

v aiqel

Author Manuscript

Author Manuscript

Neuroscientist. Author manuscript; available in PMC 2016 February 01.



