1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Prog Neurobiol. 2009 May ; 88(1): 17-31. doi:10.1016/j.pneurobio.2009.01.009.

5-HT.» Receptor Function in Major Depressive Disorder

Jonathan Savitz, Ph.DL1:", Irwin Lucki, Ph.D2, and Wayne C Drevets, m.D.1

1 Section on Neuroimaging in Mood and Anxiety Disorders, Mood and Anxiety Disorders Program,
NIH/NIMH, Bethesda, MD, 20892

2 Department of Pharmacology, University of Pennsylvania, Philadelphia, PA, 19104

Abstract

Dysfunction of the serotonin 1A receptor (5-HT1 ) may play arole in the genesis of major depressive
disorder (MDD). Here we review the pharmacological, post-mortem, positron-emission tomography
(PET), and genetic evidence in support of this statement. We also touch briefly on two MDD-
associated phenotypes, cognitive impairment and somatic pain. The results of pharmacological
challenge studies with 5-HT 5 receptor agonists are indicative of blunted endocrine responses in
depressed patients. Lithium, valproate, selective serotonin reuptake inhibitors (SSRIs), tricyclic
antidepressants (TCAS), and other treatment, such as electroconvulsive shock therapy (ECT), all
increase post-synaptic 5-HTq 4 receptor signaling through either direct or indirect effects. Reduced
somatodendritic and postsynaptic 5-HTqa receptor numbers or affinity have been reported in some
post-mortem studies of suicide victims, a result consistent with well-replicated PET analyses
demonstrating reduced 5-HT 1 4 receptor binding potential in diverse regions such as the dorsal raphe,
medial prefrontal cortex (mPFC), amygdala and hippocampus. 5-HT1 a receptor knockout (KO) mice
display increased anxiety-related behavior, which, unlike in their wild-type counterparts, cannot be
rescued with AD treatment. In humans, the G allele of a single nucleotide polymorphism (SNP) in
the 5-HT 1A receptor gene (HTR1A,; rs6295), which abrogates a transcription factor binding site for
Deaf-1 and Hes5, has been reported to be over-represented in MDD cases. Conversely, the C allele
has been associated with better response to AD drugs. We raise the possibility that 5-HT1a receptor
dysfunction represents one potential mechanism underpinning MDD and other stress-related
disorders.

Introduction

The decreased levels of serotonin metabolites in cerebrospinal fluid (CSF), coupled with the
mood-lowering effects of tryptophan depletion and the efficacy of serotonin-modulating
antidepressants, have lent support to the notion that a dysfunctional serotonergic system is a
vulnerability factor for major depressive disorder (MDD; or “unipolar depression”) and other
forms of affective illness (Jans et al 2006).

At least 14 different serotonin receptors have been identified (Hoyer et al 2002). These
receptors can be divided into distinct families - denoted, 1, 2, 3, 4, 5, 6 and 7, with subtypes
in each family denoted by letters such as a, b, and c. A number of these receptors may play a
role in the genesis of psychiatric illness. For example, polymorphisms of the HTR2A gene
[Entrez 1D 3356], which codes for the 5-HT, receptor, have been associated with major
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depressive illness (MDD) (Christiansen et al 2007) and the efficacy of antidepressant drug
(AD) treatment (McMahon et al 2006). In addition, variants of the HTR3A gene [Entrez ID
3359], which codes for the A subunit of the 5-HT3 receptor, have been associated with bipolar
disorder and schizophrenia (Niesler et al 2008). This study will, however, focus on one of the
best characterized of these receptors, the serotonin 1A receptor (5-HT14), which is a key
mediator of serotonergic signaling in the central nervous system..

Central serotonergic neurons are located in the raphe nuclei in the brain stem (Jans et al
2006). The 5-HTq receptor is a G-protein-coupled receptor widely distributed in regions that
receive serotonergic input from the raphe nuclei: the frontal cortex, septum, amygdala,
hippocampus, and hypothalamus (Lesch and Gutknecht 2004) (Sharp et al 2007). In these
cortico-limbic regions 5-HT a is distributed post-synaptically (Celada et al 2004) (Sharp et al
2007). The 5-HT 44 receptor also serves as the predominant (somatodendritic) autoreceptor of
the raphe nuclei, reducing the firing rate of these neurons, the amount of serotonin released per
action potential, and the synthesis of the neurotransmitter; and thus by implication, the
serotonergic activity of its projection areas (Wang and Aghajanian 1977) (Verge et al 1985)
(Sprouse and Aghajanian 1986) (Blier and de Montigny 1987) (Hutson et al 1989) (Meller et
al 1990) (Hjorth and Sharp 1991) (Kreiss and Lucki 1994). Activation of the somatodendritic
(i.e. presynaptic) 5-HT A receptors may also indirectly reduce serotonergic transmission
through the inhibition of tyrosine hydroxylase synthesis [reviewed in (Drevets et al 2007)], as
well as an excitatory, glutamatergic pathway that originates in the medial prefrontal cortex
(PFC) and projects to the raphe nuclei (Sharp et al 2007).

The 5-HT; A receptor not only contributes not only to the dynamic modulation of serotonergic
activity impacting diverse functions such as cognition and emotion, but is thought to play a
crucial role in the neuronal migration, neurite outgrowth and synapse formation inherent to the
neurodevelopmental process (Whitaker-Azmitia et al 1996). The 5-HTq 4 receptor is therefore
a natural candidate for impacting an array of phenotypes, among them affective disorders.

There are four strands of evidence implicating the 5-HT1 receptor in affective illness,
especially MDD: pharmacological challenge studies; post-mortem studies; neuroreceptor
imaging, and genetic analyses. We will discuss each of these in turn.

Pharmacological Challenge Studies

The serotonin system has a facilitatory influence on cortisol, adrenocorticotrophic hormone
(ACTH) and prolactin release. It also plays a role in the regulation of body temperature, and
therefore a number of studies have evaluated 5-HT; A receptor function in depression through
the administration of 5-HTq A agonists which elicit these endocrine and hypothermic responses.
The data are difficult to interpret because known 5-HT 1 agonists and antagonists bind to both
somatodendritic and post-synaptic 5-HT1 4 receptor types (see page 10 for a more detailed
discussion).

(Young et al 1992) has argued that 5-HTq agonist temperature changes are a better model of
somatodendritic than postsynaptic 5-HT 1 5 function because hypothermic responses have been
shown to be precipitated by the injection of the 5-HT 5 agonist 5-OH-DPAT into the dorsal
raphe. (Cowen et al 1994) reported that buspirone (which behaves as a full agonist at the
somatodendritic 5-HT1 5 autoreceptor, but a partial agonist at post-synaptic receptors) reduced
hypothermic responses, but not growth hormone or adrenocorticotrophic hormone (ACTH)
levels in their depressed sample, a result the authors attribute to a desensitization of the 5-
HT1 A autoreceptor, but not the post-synaptic receptor. On the other hand, (Blier et al 2002)
reject the notion that buspirone-induced hypothermia is purely a measure of 5-HT1a
autoreceptor function, and ascribe the effects of the drug to enhanced post-synaptic receptor
activation.
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There is greater consensus that the endocrine and ACTH release that follows 5-HT 5 receptor
agonist administration is indicative of postsynaptic 5-HT1 receptor signaling (Van de Kar et
al 1985) (Pan and Gilbert 1992) (Cowen 2000) (Blier et al 2002). Ipsapirone, a partial agonist
at both somatodendritic and post-synaptic 5-HT 4 receptors, was found to produce attenuated
hormonal or temperature responses in depressed patients, possibly indicative of decreased
sensitivity of the post-synaptic 5-HTa receptor (Lesch et al 1990) (Meltzer and Maes 1995)
(Shapira et al 2000) (Riedel et al 2002). Depressed patients with a history of suicidal behavior
were shown to exhibit a blunted hormonal and temperature response to flesinoxan, a full pre-
and post-synaptic 5-HTq receptor agonist (Pitchot et al 2005). Additionally, injection of
flesinoxan into the amygdala and hippocampus has been shown to ameliorate prototypical
stress-related behavior in rats, suggesting that the anxiolytic effects of the drug are mediated
by the post-synaptic 5-HT1a receptor (Li et al 2006). This hypothesis is supported by the
finding that rats exposed to prenatal stress show decreased 8-OH-DPAT binding in the
hippocampus compared with non-stressed controls (Griffin et al 2005).

However, some studies measuring hormonal responses to buspirone (Navines et al 2007)or
ipsapirone (Price et al 1997) (Shiah et al 1998) have questioned whether the post-synaptic 5-
HT 1 receptor is truly desensitized in depression. Other studies have hypothesized that the
somatodendritic 5-HT1 5 receptor mediates the serotonergic response to challenge studies. The
submissive and defensive behavior characteristic of socially-defeated Syrian hamsters was
shown to be attenuated by injection of the agonist flesinoxon into the dorsal raphe before the
animal is subjected to a social defeat, while injection of the antagonist WAY 100635 into the
dorsal raphe enhanced defeat-related conditioning (Cooper et al 2008). Similarly, earlier
studies had reported that injection of the 5-HT1 5 receptor agonist 8-OH-DPAT into the dorsal
raphe (but also the ventral hippocampus) had alleviated the anxiety of rats in a maze task (File
and Gonzalez 1996) and reduced the efficacy of fear conditioning using inescapable shock
(Maier et al 1995) (Jolas et al 1995).

In addition to the lack of specificity of 5-HT receptor agonists or antagonists for
somatodendritic versus post-synaptic 5-HT; 4 receptors - a phenomenon influenced by the dose
of the ligand administered as well as the intrinsic properties of the compound (Ogren et al
2008) - subtype of depression may be a confounding variable (Navines et al 2007). Melancholic
patients are thought to suffer from a greater dysregulation of the hypothalamic-pituitary-
adrenal (HPA) axis than their non-melancholic counterparts (Barden 2004). (Robinson et al
1990) found that MDD patients with melancholia responded better to treatment with buspirone
than patients with other subtypes of depression. A similar finding has been obtained in a trial
of ipsapirone (Lapierre et al 1998). Further, a functional genetic variant of the HTR1A gene,
which codes for the 5-HT 1 5 receptor, was recently reported to be associated with antidepressant
treatment response in melancholic MDD but not non-melancholic MDD patients (Baune et al
2008). In another study, however, plasma and cortisol response to buspirone reportedly failed
to differentiate melancholic individuals from other MDD patients (Meltzer and Maes 1994),
while gepirone, a somatodendritic and post-synaptic 5-HT 1 receptor partial agonist, was
reportedly ineffective in alleviating depressive symptoms in a melancholic MDD sample
(Amsterdam 1992).

The potential impact of HPA axis dysregulation on 5-HT 1 receptor function is illustrated by
animal (Young et al 1992) (Young et al 1994a) (Laaris et al 1999) (Lanfumey et al 1999)
(McAllister-Williams et al 2001) (Fairchild et al 2003) (Leitch et al 2003) (Hensler et al
2007) and human (Young et al 1994b) (McAllister-Williams et al 2007) studies which have
demonstrated that the physiological effects of 5-HT1 4 receptor agonists are attenuated after
chronic treatment with glucocorticoids. These data are interpreted by the authors of the above
studies to be suggestive of down-regulation or desensitization of the somatodendritic 5-
HT 1 receptor.
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Other studies have shown that postsynaptic 5-HT1 receptors are also impacted by stress or
corticosteroids. 5-HT1 4 receptors in the rodent hippocampus (Chalmers et al 1994) (Lopez et
al 1998) (Karten et al 1999) (van Riel et al 2003) (van Riel et al 2004) frontal cortex (Watanabe
et al 1993), and basolateral anterior, basolateral ventral and basomedial amygdaloid nuclei as
well as the hypothalamus (Vicentic et al 2006) are desensitized or down-regulated after chronic
stress or corticosterone administration. In addition, tree shrews, which show a “primate-like”
distribution of glucocorticoid receptors, exposed to psychosocial stress show a decrease in 5-
HT 44 receptor numbers in the posterior cingulate cortex, parietal cortex, hippocampus, and
PFC (Flugge 1995) (Flugge et al 1998). These stress effects are prevented by adrenalectomy
(Chalmers et al 1994) and suggest that the hypothetical dysregulation of both somatodendritic
and post-synaptic 5-HTqa receptor function is intimately linked to stress.

Exposure to a stressor increases secretion of cortisol partly through the action of the post-
synaptic 5-HTqa receptors of raphe -originating serotonergic fibres which terminate in the
corticotrophin-releasing hormone (CRH)-producing neurons of the hypothalamus (Raap and
Van de Kar 1999) (Lesch and Gutknecht 2004) (Schule 2007). Cortisol binds to two different
receptor types found in multiple brain regions such as the hippocampus, amygdala, mPFC, and
hypothalamus. High-affinity and occupancy mineralocorticoid receptors (MR) tonically inhibit
serotonergic neurotransmission, while lower-affinity and occupancy glucocorticoid receptors
(GR) are activated only by rising cortisol levels (De Kloet et al 1998). Cortisol-induced
activation of GR receptors results in the formation of GR-MR dimers which are transported to
the nucleus where they bind to glucocorticoid response elements (GRES) on the 5-HT 5 gene
promoter, inhibiting gene expression (Flugge 1995) (Lopez et al 1998) (Ou et al 2001).

The possibility that glucocorticoids might attenuate somatodendritic as well as post-synaptic
5-HT 1 receptor function is interesting as GR have traditionally not been viewed as playing
an important role in the modulation of raphe activity. The distribution of the GR receptor in
the brain is not entirely clear. In two studies, the GR receptor gene was found to be highly
expressed in the PFC and limbic region of rats but less so in the raphe (Reul and de Kloet
1985) (Sah et al 2005). On the other hand, (Harfstrand et al 1986) reported significant levels
of GR immunoreactivity in the dorsal raphe, a result echoed by (Morimoto et al 1996) who
found high densities of the GR in the dorsal raphe as well as cerebral cortex, limbic structures
and cerebellum in the rat. Further, moderate to high immunoreactivity of the GR in the raphe
of neonatal rats was detected by (Cintra et al 1991).

Notably, lithium and valproate may exert part of their therapeutic effect by attenuating GR
signaling through the up-regulation of BCL2-associated athanogene (BAG1: Entrez Gene ID,
573) expression. BAG1 inhibits the chaperone protein, HSP70, which facilitates the
translocation of the GR-MR complex to the nucleus after cortisol binding (Zhou et al 2005).
In line with this hypothesis, we recently showed that lithium and valproate increase baseline
levels of 5-HT 1 receptor binding in the parieto-occipital cortex, anterior cingulate, and
anterior temporopolar cortex of bipolar depressives (Carlson et al 2007).

Most antidepressant drugs (AD), in contrast, appear to exert their therapeutic effects viaa more
direct mechanism. Several weeks of treatment with selective serotonin reuptake inhibitors
(SSRIs) and monoamine oxidase inhibitors (MAOISs) leads to desensitization of the raphe 5-
HT 44 autoreceptors (but not cortical or limbic post-synaptic receptors), thereby resulting in a
stable upturn in post-synaptic serotonergic transmission (Blier et al 1987) (Chaput et al
1991) (Invernizzi et al 1994) (Stahl 1994) (Kreiss and Lucki 1995) (Lerer et al 1999) (Pineyro
and Blier 1999) (Riad et al 2004) (Giovacchini et al 2005) (Rausch et al 2006). Moreover, the
desensitizing effect of fluoxetine on somatodendritic receptors is reportedly blocked by
concurrent administration of the 5-HT a receptor antagonist WAY 100635, this despite the fact
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that WAY 100635 had no effect on 5-HT 1 somatodendritic receptor sensitivity in the absence
of fluoxetine (Hervas et al 2001) (Castro et al 2008).

Nevertheless, a recent study has questioned the homogeneity of therapeutic mechanism within
the SSRI class of drugs. Although both fluoxetine and sertraline reduce the binding of 5-
HT1 4 agonists (presumably indicative of receptor desensitization) in the raphe, chronic
treatment with fluoxetine (Hensler 2002) (Pejchal et al 2002) (Shen et al 2002) (Elena Castro
et al 2003) but not sertraline (Rossi et al 2008) limits the capacity of somatodendritic
autoreceptors to activate G proteins.

Tricyclic antidepressants (TCAs) have been hypothesized to act via a distinct mechanism to
that of SSRIs, enhancing tonic serotonergic transmission by facilitating the activation of G
proteins by the postsynaptic 5-HTq 4 receptor, thereby increasing the sensitivity of the post-
synaptic receptor rather than desensitizing the 5-HT; o somatodendritic autoreceptor (Gravel
and de Montigny 1987) (Chaput et al 1991) (Blier and Bouchard 1994) (Rossi et al 2006).

The increased sensitivity of post-synaptic 5-HTq receptors has also been shown to occur in
limbic structures such as the hippocampus following repeated administration of
electroconvulsive shock (ECS) (Hayakawa et al 1994) (Ishihara et al 1999) or the selective
norepinephrine reuptake inhibitor reboxetine (Szabo and Blier 2001).

Long-term treatment with 5-HT1 5 receptor agonists such as buspirone have been reported to
exert modest antidepressant and anxiolytic effects in both animal and human studies, possibly
through a combination of their desensitizing effects on 5-HT1 5 autoreceptors and their
activation of normally sensitive post-synaptic receptors (Lucki 1991) (Detke et al 1995) (Kreiss
and Lucki 1997) (Sussman 1998) (Blier and Ward 2003). Further, the 5-HT1 5 autoreceptor
antagonist pindolol has been reported to accelerate SSRI-driven AD response by blocking the
initial negative feedback mediated by increased raphe 5-HT 5 autoreceptor binding (Artigas
et al 1994) (Zanardi et al 1997) (Zanardi et al 1998) (Hjorth et al 2000) (Zanardi et al 2001)
(Berney et al 2008). Nevertheless, a number of clinical trials have questioned the clinical utility
of both buspirone and pindolol (Berman et al 1997) (Berman et al 1999) (Perry et al 2004)
which appear to show more promise as augmentation agents than first-line treatments (Trivedi
et al 2006) (Shelton 2007) (Thase et al 2007) (Geretsegger et al 2008).

Nonetheless, the importance of the 5-HT1 5 receptor agonist treatment data for testing the the
hypothesis that enhanced post-synaptic 5-HTq 4 receptor function produces antidepressant
effects in depression is limited by two factors. Firstly, the available 5-HTq 4 agonists are only
partial agonists, because full 5-HTq A receptor agonists produce intolerable gastrointestinal
side effects in humans. Consequently, such agents have mixed agonist/antagonist effects, and
do not exert the full agonist effects of serotonin at post-synaptic 5-HTq 4 receptors. Thus, under
conditions of increased serotonin release, the occupancy of post-synaptic 5-HT1 4 receptors by
a partial agonist may actually reduce 5-HT; 4 receptor transmission by blocking the direct
effects of serotonin while inducing only a partial agonist effect instead.

Secondly, the trans-synaptic nature of the 5-HTqa receptor system complicates the
interpretation of clinical responses to 5-HTq receptor agonists. Such agents stimulate both
somatodendritic autoreceptors and post-synaptic 5-HT1a receptors, effects that would exert
opposing influences on post-synaptic 5-HT1 4 receptor transmission. Stimulation of
somatodendritic autoreceptors reduces serotonin release and synthesis, resulting in reduced 5-
HT transmission. Although desensitization of the somatodendritic autoreceptor in response to
5-HT1a receptor partial agonists (e.g., buspirone) has been demonstrated in rodents, whether
this effect fully offsets the effect of stimulating somatodendritic autoreceptors on serotonin
release remains unclear. Moreover, the reduction in serotonin transmission is only partly
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compensated by direct stimulation of post-synaptic 5-HT1 receptors by partial agonists, for
the reasons listed above.

A minority of ADs have been hypothesized to impact the 5-HT1 5 receptor signaling indirectly.
For example, nefazodone acts as a selective antagonist at post-synaptic 5-HT,a receptors,
blocking these receptors, and thus theoretically shifting the balance of receptor activation in
favor of 5-HT 5 (Artigas et al 2002). There is a possibility that the selectivenoradrenaline (NA)
reuptake inhibitor reboxetine may also modulate 5-HT1 5 receptor signaling via its effect on
noradrenergic neurons of the locus coeruleus which communicate with their serotonergic
counterparts in the raphe (Harkin et al 1999) (Szabo and Blier 2001) (Troelsen et al 2005).
Further evidence for the interaction between these two systems comes from the study of (Detke
et al 1995) who found that the anti-depressant effect of the NA reuptake inhibitor desipramine
was reduced by concurrent administration of 5-HT A receptor antagonists.

In summary, despite potential differences in the specific physiological effects exerted by AD,
increased limbic serotonin turnover and post-synaptic 5-HT 14 receptor function/transmission
appear to be one possible pathway of AD action (Detke et al 1995) (Haddjeri et al 1998). These
theoretical changes in 5-HTq A receptor-mediated signaling may lead to a restoration of top-
down control over hyperactive limbic nuclei and with it physiological homeostasis (Gartside
et al 1995) (Albert et al 1996) (Artigas et al 1996) (Pineyro and Blier 1999) (Albert and
Lemonde 2004) (Celada et al 2004).

While changes in neurotransmission have traditionally been invoked as the mechanism of
action underlying AD response, psychopharmacology appears to be in the early stages of a
paradigm shift driven by evidence of depression or stress-associated neuronal atrophy. New
data indicate that psychiatric medication, in particular mood stabilizers (Moore et al 2000)
(Manji etal 2000), but also various AD drugs (McEwen and Olie 2005) (Duman and Monteggia
2006), may ameliorate this neuronal atrophy by encouraging cell proliferation (Malberg and
Duman 2003), neurogenesis (Malberg et al 2000), and the up-regulation of neurotrophins such
as brain-derived neurotrophic factor (BDNF) (Duman and Monteggia 2006).

Interestingly, extant evidence suggests that chronic activation of post-synaptic 5-HT1a
receptors may stimulate neurite outgrowth in the hippocampus (Huang and Herbert 2005),
although the effect may be dependent on HPA axis function (Huang and Herbert 2006). In
earlier studies, (Santarelli et al 2003) had shown that administration of a 5-HT 1 receptor
agonist increased cell proliferation in the dentate gyrus of wild-type but not 5-HT; o knockout
mice. Similarly, (Fricker et al 2005) reported that hippocampal cell survival was enhanced by
5-HT 1A receptor agonists; an effect which was blocked by the receptor antagonist
WAY-100635. This result supports the study of (Radley and Jacobs 2002) who found that 5-
HT 44 receptor antagonists were associated with a 30% decline in cell proliferation in the
dentate gyrus.

Stimulation of 5-HTq A receptors may also protect against glutamate-induced apoptosis. (Yuen
et al 2005) have shown that 5-HT; 5 receptor activation disturbs microtubule stability, thereby
inhibiting the microtubule-associated transport of the N-methyl-D-aspartate (NMDA) receptor
to the dendritic surface, and by implication, reducing glutamate signaling. These data may
explain the results of previous studies which showed that administration of 5-HTqa receptor
agonists rescues neurons from glutamate or ischemia-induced cell death (Nakata et al 1997)
(Harkany et al 2001) (Gandolfi et al 2002) (Madhavan et al 2003). (Salazar-Colocho et al
2008) recently postulated that these neuroprotective effects result from reduced 5-HT1a
receptor-mediated phosphorylation of the N-methyl-D-aspartate (NMDA) receptor NR1
subunit, as well as increased expression of brain-derived neurotrophic factor (BDNF). The
latter finding is certainly consistent with a report of attenuated hippocampal 5-HT; A receptor
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signaling in BDNF knockout (KO) mice exposed to stress (Hensler et al 2007), as well as a
burgeoning literature detailing AD-associated changes in BDNF gene regulation [reviewed in
(Martinowich and Lu 2008)].

Post-Mortem Analyses

An early post-mortem study reported reduced 5-HTqa receptor numbers and lowered receptor
affinity in the hippocampi and amygdalae of depressed suicide victims, respectively [N=19; 6
medicated with antidepressants (AD) (Cheetham et al 1990)]. Other post-mortem studies have
also produced evidence for reduced 5-HT1 5 receptor gene expression, binding and/or numbers
in the ventrolateral prefrontal cortex and the temporal polar cortex [all subjects received AD,
tranquilizers or ECT prior to death (Bowen et al 1989)]; caudal aspects of the dorsal raphe
nucleus [no subjects medicated at the time of death in the Boldrini et al. study (Arango et al
2001) (Boldrini et al 2008)]; dorsolateral prefrontal cortex (DLPFC) and hippocampus
[“subset” of sample on medication at time of death (Lopez-Figueroa et al 2004)], Brodmann
area (BA) 10 of the PFC in females but not males [none of whom were medicated with AD
based on toxicology (Szewczyk et al 2008)], hippocampus [subjects not “chronically” taking
medication at time of death (Lopez et al 1998)], and orbital frontal cortex (OFC) [subjects did
not use AD for at least 2 months prior to death (Anisman et al 2008)]. In a similar vein, a small
group (n=4) of severely depressed patients, surgically treated by excision of DLPFC tissue in
vivo, displayed a 29% reduction in receptor binding in this region of the brain (Francis et al
1993). Most recently, (Albert et al 2008) found evidence for increased methylation of the
promoter region of the 5-HTq 4 receptor gene in the PFC region of MDD subjects who had
committed suicide. The increased methylation was interpreted by the authors as being
indicative of decreased PFC 5-HT; 5 receptor expression in MDD.

On the other hand, some post-mortem analyses of depressed suicides have reported increased
5-HT 1 ligand binding in the ventrolateral prefrontal cortex [(Arango et al 1995); although
this elevation in 5-HT1 5 receptor binding was later shown to be accounted for by the depressed
cases with co-morbid alcoholism in this sample; V. Arango, personal communication].
Increased 5-HT 1A receptor binding has also been \noted in BA 8 and 9 of the PFC [(Matsubara
et al 1991); although this sample was not psychiatrically characterized], the rostral aspects of
the raphe (Boldrini et al 2008), including the ventrolateral and dorsal nuclei [majority of sample
medicated before death (Stockmeier et al 1998)], frontal polar cortex (males only) and
paraventricular nucleus of the hypothalamus (Anisman et al 2008), and the outermost cortical
layers {BA 9, 10, 40 and 46) of a sample of bipolar I subjects [half treated with lithium before
death (Gray et al 2006)]. A recent paper presented in abstract form has reported an increase in
neurons immunoreactive for the 5-HT 1A receptor in BA 10 (rostral orbital frontal cortex) of
depressed suicides (Liu et al 2008).

Negative reports have also surfaced in the literature: frontal cortex (BA 9, 10, and 11) [at least
some of the sample was medicated before death (Arranz et al 1994)]; amygdala, hippocampus,
frontal and occipital cortex [in both AD-treated and AD-free samples (Lowther et al 1997)];
right prefrontal cortex (BA 10) and hippocampus [3 out of 13 subjects taking AD at time of
death (Stockmeier et al 1997)]; and DRN, hippocampus and amygdala (Anisman et al 2008).

The effects of medication confound most published studies, and thus treatment differences are
unlikely to be the only explanation for the discrepancy in results across studies. Another
possibility, at least in the case of the dorsal raphe, is sub-nucleus specific changes. The increase
in 5-HT A receptor binding seen in the suicide samples of (Stockmeier et al 1998) and (Boldrini
et al 2008) may be specific to rostral, ventrolateral and dorsal sub-nuclei: the latter group
reported lower 5-HTq 4 receptor binding in the caudal sub-nucleus, making up the pontine
portion of the raphe (Boldrini et al 2008). Sex differences, substance abuse, medication use,
the psychiatric status of the suicide cases at the time of death, post-mortem interval, and
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variations in techniques used to measure receptor binding may also be important (Stockmeier
et al 1997) (Stockmeier et al 1998) (Boldrini et al 2008). The collection from which the post-
mortem samples were obtained may be another source of noise. (Deep-Soboslay et al 2008)
point out that in the case of bipolar disorder, the sample characteristics of the two largest
collections, the Harvard Brain Tissue Resource Center, and the Stanley Foundation brain
collection, differ with respect to age at death and illness onset, number of suicides, tissue pH
and post-mortem interval.

Peripheral attention has also been paid to potential abnormalities in 5-HT1 4 signal transduction.
5-HT 1A receptor agonist-induced activation of adenylyl cyclase (AC) as well as
phosphatidylinositol 3-kinase and its downstream effector, Akt, was found to be blunted in
depressed suicide victims (Hsiung et al 2003). Since the activity of AC has been reported to
be inhibited by 5-HT1 A receptor binding (Hoyer et al 1994) (Albert et al 1996) (Barnes and
Sharp 1999) (Lisinicchia and Watts 2003), the expression of AC and its downstream effector,
cyclic-AMP dependent protein kinase A (PKA), may prove to be an indirect marker of 5-
HT 44 receptor function.

Reduced levels of AC in the temporal (Reiach et al 1999) and occipital (Cowburn et al 1994)
cortices, as well as PKA in the PFC and nucleus accumbens (but not the hippocampus), have
been recorded in depressed suicide samples (Dwivedi et al 2002) (Dwivedi et al 2004) (Pandey
et al 2005). Other studies have, however, returned non-significant results (Dowlatshahi et al
1999) (Gonzalez-Maeso et al 2002). Nevertheless, 5-HT 14 receptor-induced inhibition of AC
may be a regionally specific phenomenon (Marazziti et al 2002) (Hensler 2003), and,
furthermore, stimulation of other receptor types may impact AC activation, rendering the
relevance of these data to 5-HTq A function, debatable.

The evidence for reduced 5-HTq 4 receptor affinity or numbers in the hippocampus and diverse
regions of the frontal cortex at post-mortem is congruent with the proposed mechanism of
action of TCAs and ECS: facilitating the activation of G proteins at the post-synaptic 5-
HTqa receptor. Similarly, the studies of (Stockmeier et al 1998) and (Boldrini et al 2008) that
found decreased 5-HT 4 receptor numbers in the rostral aspects of the raphe are consistent
with the hypothesized mechanism of action of SSRIs such as fluoxetine and sertraline which
either desensitize the somatodendritic autoreceptor, or limit the somatodendritic receptor’s
capacity to activate G proteins. On the other hand, reports of increased 5-HT1 4 receptor binding
or numbers in regions of the PFC at post-mortem (Arango et al 1995) (Anisman et al 2008)
are not consistent with the hypothesis that depression is associated with reduced post-synaptic
5-HT 1 receptor signaling. Perhaps a more resilient subset of patients with MDD is able to
compensate for the reduction in post-synaptic 5-HTa receptor signaling. Nevertheless, the
fact that the post-mortem samples are largely composed of suicide victims, many of whom
suffered from chronic alcoholism, weakens this argument.

Positron Emission Tomography (PET) Studies of Receptor Binding Potential

In an [11C]WAY-100635 5-HT1 4 receptor antagonist positron emission tomography (PET)
study, (Drevets et al 1999) (Drevets et al 2000) showed that unipolar and bipolar depressives
with a familial form of illness exhibited reduced binding potential (BP) in the medial temporal
cortex and hippocampus (25-33%), as well as the midbrain raphe (42%), compared with
healthy controls. This result has been independently replicated: (Sargent et al 2000) reported
a wide-spread reduction (frontal, temporal and limbic cortices) in 5-HT1 receptor binding in
both medicated and unmedicated individuals with major depressive disorder (MDD), and a
follow-up study indicated that this effect holds true for remitted patients (Bhagwagar et al
2004). A similar conclusion was reached by (Hirvonen et al 2008) who reported 9-25%
reductions in receptor binding across large regions of the brain (but not the raphe) in drug-
naive individuals with MDD.
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A sample of elderly, depressed patients provided further evidence for this effect, showing
reduced BP in the dorsal raphe nucleus (Meltzer et al 2004). Moreover, in a mixed sample of
women with post-partum MDD and bipolar disorder (BD), (Moses-Kolko et al 2007) reported
post-synaptic 5-HTq receptor binding reductions in the order of 20% in the subgenual and
pregenual anterior cingulate, lateral orbital, and mesiotemporal cortices. Mostly recently,
(Drevets et al 2007) replicated their previous results (Drevets et al 1999), detecting a mean 5-
HTq receptor BP reduction of 26% in the medial temporal cortex and 43% in the raphe nucleus
in non-medicated recurrent depressives.

This pattern of depression-associated 5-HTq A receptor dysregulation is equally salient in non-
human primates. PET imaging (using the antagonist [*8F]MPPF) of subordinate cynomolgous
monkeys, who showed behavioral signs of depression after exposure to social defeat, was
indicative of reduced 5-HT1 4 receptor binding in diverse areas of the brain, including the raphe
nuclei, amygdala, hippocampus, and anterior cingulate cortex (Shively et al 2006). Moreover,
parentally-deprived monkeys display reduced hippocampal WAY 100635 binding, and mMRNA
expression relative to their normally-reared siblings (Law et al 2008). Nonetheless, 5-HT 1A
receptor binding was actually increased in the dentate gyrus and CA3 field in males, raising
the possibility of gender-stress interactions (Law et al 2008). Reports of reduced 5-HT A
receptor BP are congruent with a non-PET study using the agonist ipsapirone, which reported
a long-term desensitization of 5-HT; o autoreceptors in mice exposed to chronic mild stress
(Lanfumey et al 1999).

The phenomenon of reduced 5-HT1 4 BP has been extended to panic disorder [anterior and
posterior cingulate cortex and raphe nuclei, irrespective of past history and treatment]
(Neumeister et al 2004), [raphe, OFC, temporal cortex and amygdala] (Nash et al 2008), social
anxiety disorder [amygdala, anterior cingulate, insula, raphe] (Lanzenberger et al 2007),
chronic fatigue syndrome [hippocampus] (Cleare et al 2005), and the depressive symptoms of
temporal lobe epilepsy [anterior and posterior cingulate cortex; anterior insula, raphe, right
hippocampus and amygdala] (Hasler et al 2007), but not post-traumatic stress disorder (Bonne
et al 2005), schizophrenia (Frankle et al 2006), or anorexia nervosa (Bailer et al 2005).

On the other hand, (Parsey et al 2006) recorded higher 5-HT1 A receptor BP across all measured
brain regions using [11C]JWAY-100635 PET in AD naive, but not AD-exposed patients with
MDD. (Parsey et al 2008) recently extended their original finding in an expanded sample. The
AD naive subjects showed a greater—approximately 25%higher—5-HTa receptor BP in 12
different brain regions, including the raphe, the mPFC, hippocampus, and amygdala.
Nevertheless, these data conflict with the recent report by (Hirvonen et al 2008) indicating that
AD naive subjects with MDD have decreased 5-HTq receptor BP relative to controls (by 9
to 25%) in these and other brain regions.

A sample of patients with panic disorder and social phobia displayed decreased 5-HT15 BP
(measured with [11CJWAY-100635) in the subgenual cortex, hippocampus and posterior
cingulate cortex after 12 weeks of treatment with escitalopram (Spindelegger et al 2008).
Nevertheless, the relevance of these data to MDD is questionable because subjects with a
history of co-morbid depression were specifically excluded from the study. Further, the
methods applied by (Spindelegger et al 2008) did not allow for assessment of the reference
tissue (cerebellum) distribution volume (DV). Further, 5-HT1p receptor specific binding of
[11C]WAY 100635 is relatively insensitive to changes in intrasynaptic serotonin concentrations
(Hume et al 2001). Thus the (Spindelegger et al 2008) finding may not reflect the elevated
serotonin transmission expected with SSRI treatment.

In sum, the data suggest that a dysregulation of 5-HT1  receptor-mediated serotonergic activity
may constitute one potential common disease pathway for psychiatric disorders associated with
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chronic hypothalamic-pituitary-adrenal (HPA) axis dysfunction. Since not all patients with
MDD display HPA axis abnormalities, illness subtype may contribute to variability in study
outcome. For example, the Drevets group participants suffered from familial, primary,
recurrent mood disorders and as a group showed abnormally elevated stress plasma cortisol
concentrations (Drevets et al 1999), while other studies have included patients with depression
secondary to other medical conditions [reviewed in (Drevets et al 2007)]. Genetic factors may
also predispose to dysfunction of the 5-HT 5 receptor signaling system, and by implication,
MDD [see (Drago et al 2007) for a recent review].

The molecular correlates of 5-HTq A receptor BP changes are unclear. Most of the PET studies
discussed above have been completed using the potent antagonist, [11CJWAY-100635.
Antagonists bind with equal affinity to receptors in both high and low affinity states while
agonists bind preferentially to receptors in the high affinity state. Thus the decreased BP seen
in many 5-HT receptor [L1C]JWAY-100635 PET analyses of MDD could theoretically be
indicative of a reduction in receptor density rather than desensitization of the 5-HT1 A receptor.

The PET data, which like the post-mortem data, are largely indicative of decreased 5-HT1a
receptor BP in the frontal, temporal and limbic cortices (although see (Parsey et al 2006)),
support the hypothesis of a MDD-associated reduction in postsynaptic 5-HT1 5 receptor
signaling. The evidence for reduced 5-HTq receptor BP in the dorsal raphe (Drevets et al
1999) (Meltzer et al 2004) (Shively et al 2006) (Drevets et al 2007) is not necessarily at odds
with the received wisdom that SSRI medications such as fluoxetine normalize postsynaptic 5-
HT 14 receptor signaling by desensitizing the somatodendritic 5-HTq 4 receptor. Post-mortem
studies have shown that 5-HTq 5 receptor binding is increased only in the rostral aspects of the
dorsal raphe but decreased in the caudal raphe nuclei (Boldrini et al 2008). PET does not
possess the necessary resolution to differentiate subnuclei within the raphe and thus the
decrease in raphe BP seen in most PET studies is indicative of 5-HTq 5 receptor function across
the entire raphe.

Genetic Studies

Serotonin transporter (SERT) KO mice show behavioral effects akin to depression in humans
(Holmes et al 2003) (Lira et al 2003) (Wellman et al 2007). Congruent with the PET imaging
data, these SERT KO mice have also been reported to display a reduced density of 5-HT 4
receptors in the hypothalamus, amygdala and dorsal raphe nucleus (Li et al 2004). Similarly,
an earlier study reported a desensitization of somatodendritic 5-HTq 4 receptors in the dorsal
raphe nucleus, but not post-synaptic receptors of the hippocampus, in SERT KO mice
(Mannoury la Cour et al 2001). Further, the depressive behavior and sleep abnormalities of
SERT KO mice have been demonstrated to be “durably” normalized by the postnatal
administration of a 5-HT1 4 receptor antagonist which prevented excessive stimulation of the
5-HT 14 receptor early in life (Alexandre et al 2006), thus presumably preventing a
compensatory desensitization of post-synaptic receptors.

5-HT; A receptor KO mice display reduced exploratory behavior and enhanced reactivity to
fear cues; a potential anxious phenotype (Heisler et al 1998) (Parks et al 1998) (Ramboz et al
1998) (Gross et al 2000) (Olivier et al 2001) (Toth 2003) (Klemenhagen et al 2006). In line
with these data, (Mayorga et al 2001) showed that fluoxetine and paroxetine fail to ameliorate
immobility behavior in 5-HT 1 receptor KO mice exposed to a stressor, suggesting that 5-
HT 14 receptor activation is a necessary feature of the AD response.

A single-nucleotide promoter polymorphism (SNP) found within a 26bp palindromic promoter
sequence of the intronless 5-HT; A receptor gene (HTR1A:-1019C/G; rs6295), (Wu and
Comings 1999) has been reported to regulate gene expression (Lemonde et al 2003). The G
allele putatively disrupts a transcription factor-binding site for two transcription factors:
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deformed epidermal autoregulatory factor-1 (Deaf-1) [Entrez ID 10522] (sometimes known
as NUDR), and hairy and enhancer of split 5 (Drosophila) (Hes5) [Entrez ID 388585]. (Czesak
et al 2006) hypothesize that Deaf-1 recruits DNA-binding protein complexes in a cell-specific
manner, leading to differential exposure of critical functional domains. More specifically,
Deaf-1 shows differential activity at somatodendritic and postsynaptic 5-HT, 4 receptors. In
the raphe, Deaf-1 is inhibitory but acts as an enhancer of transcription in non-serotonergic
neurons, that is, neurons expressing postsynaptic 5-HTq receptors (Le Francois et al 2008).
Thus, in the raphe, the G allele up-regulates autoreceptor expression, decreasing the firing rate
of these cells, and reducing serotonergic neurotransmission in projection areas (Lemonde et al
2003). Consistent with this hypothesis, the G/G genotype has been associated with an increase
in raphe 5-HT 1 A autoreceptor expression (David et al 2005) (Parsey et al 2006). Moreover, the
G allele putatively results in lowered expression of the postsynaptic 5-HT 4 receptor because
of the abrogation of enhancer function (Czesak et al 2006) (Le Francois et al 2008). This
hypothesis is congruent with the post-mortem study of (Szewczyk et al 2008) who reported
both decreased 5-HT1 4 receptor and Deaf-1 protein numbers in the PFC of depressed female
suicide victims. The G allele also prevents the binding of Hes5 which represses transcription
at both somatodendritic and postsynaptic 5-HT1a receptor expressing neurons (Czesak et al
2006) (Le Francois et al 2008).

Consistent with the rs6295 G allele-associated decrease in postsynaptic 5-HTq A receptor
expression, (Lemonde et al 2003) reported a two-fold increase in the frequency of the rs6295
G/G genotype in patients with MDD. The association was accentuated in an independent
sample of suicide attempters, with a four-fold increase in the frequency of the G/G genotype.
The latter finding, in particular, has attracted some interest in more recent studies. (Parsey et
al 2006) partially replicated these data, finding a trend towards over-representation of the G
allele intheir MDD group, while (Kraus et al 2007) noted that Hepatitis C patients homozygous
for the G allele showed an increased incidence and severity of interferon-induced depression.
Further, an elderly sample of G allele carriers with hip fractures were reportedly more likely
to become depressed than C/C homozygotes (Lenze et al 2008).

A recent paper reported an over-representation of the G allele and G/G genotype in an MDD
sample (effect size of 1.10-1.34), and a subsequent linkage analysis conditional on possession
of at least one G allele generated a significant signal on chromosome 10, suggesting a possible
epistatic interaction with a gene in this region (Neff et al 2008). (Zhang et al 2008) reported
that individuals homozygous for the L/L 5-HTTLPR polymorphisms of the SLC6A4 gene who
were also homozygous for the rs6295 G allele, and were exposed to negative life events, had
an increased odds ratio for MDD. In support of the genetic association data, the rs6295 G/G
genotype was found to be associated with greater methylation of the HTR1A promoter
(indicative of decreased gene expression) in a post-mortem sample of suicide attempters
(Albert et al 2008). Nevertheless, other studies do not indicate that the G allele is over-
represented in MDD or suicide attempters (Videtic et al 2006) (Wasserman et al 2006) (Serretti
et al 2007).

fMRI studies have begun to shed light on the broader functional correlates of 5-HT 1 receptor
activity. (Dannlowski et al 2006) report that patients with MDD who carry the G allele of the
—1019C/G SNP show hyperactivity of the amygdala in response to emotional stimuli compared
to their C/C genotype counterparts. In a similar vein, the G allele was recently reported to be
negatively associated with amygdala volume in depressed subjects with borderline personality
disorder, but not healthy controls (Zetzsche 2007).

These data are consistent with a report detailing an inverse relationship between 5-
HTareceptor BP in the raphe, and amygdala reactivity: autoreceptor BP accounted for 30—
44% of the variance in amygdala reactivity (Fisher et al 2006). In contrast, post-synaptic
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receptor BP in the amygdala accounted for only 8% of the variation in amygdala activity
(Fisher et al 2006).

The G allele of -1019C/G SNP has also been associated with a variety of other psychiatric
phenotypes, including substance abuse (Huang et al 2004), panic disorder (Rothe et al 2004)
(Domschke et al 2006), the depression-associated personality trait neuroticism (Strobel et al
2003) and greater autonomic arousal during reward and punishment, a trait putatively
correlated with anxiety (Schmitz et al 2008). The polymorphism has also been shown to impact
response to pharmacological treatments—although see (Peters et al 2004) and (Levin et al
2007) for negative reports.

Depressed patients homozygous for the C allele have been reported to respond better to
fluoxetine than their counterparts (Hong et al 2006) (Yu et al 2006). Furthermore, the
antidepressants nefazodone and flibanserin (Lemonde et al 2004), fluvoxamine (Hong et al
2006) (Serretti etal 2004), and citalopram (Arias et al 2005) may be more efficacious in carriers
of the C allele. (Arias et al 2005) proposed an epistatic effect: S/S and G/G homozygotes for
the serotonin transporter promoter (5-HTTLPR) and rs6295 HTR1A polymorphisms,
respectively, were less likely than their counterparts to achieve clinical remission. In another
analysis of gene-gene interactions, the rs6295 GG genotype was reported to predispose to
treatment resistant depression in individuals who also carried the met allele of the val66met
BDNF SNP (Anttilaetal 2007). The effect may hold equally true for anti-psychotic medication.
The C allele has been reported to be associated with a greater improvement in depressive and
negative symptoms in a group of first-episode psychosis patients (Reynolds et al 2006).

The treatment-genotype associations reported above should, however, be interpreted with
caution. (Kato et al 2008) detected a putative error in the allele-calling of the rs6295 SNP in
the studies of (Arias et al 2005), (Hong et al 2006) and (Yu et al 2006). According to (Kato et
al 2008), the G allele and not the C allele, improved response to antidepressant medication in
these studies, supporting their finding of greater fluvoxamine, paroxetine, and milnaciplan
efficacy in carriers of a 3-SNP hapotype that included the rs6295 G allele. Similarly, C allele
carriers with melancholic depression reportedly demonstrated an attenuated response to a
variety of AD medication in the sample of (Baune et al 2008).

On the other hand, two studies comparing the frequencies of the —1019C/G alleles in MDD
and healthy cases have returned negative results (Huang et al 2004) (Zill P 2001), while another
study reported an over-representation of the putatively protective C/C genotype in women with
premenstrual dysphoric disorder (Dhingra et al 2007). Most recently, negative results were
also obtained in a large sample of 589 MDD cases and 539 controls (Hettema et al 2007).

The fact that the rs6295 G allele both decreases postsynaptic 5-HT a receptor expression, and
increases the risk of developing MDD, is consistent with pharmacological, postmortem and
PET data suggesting impaired serotonergic signaling at the postsynaptic 5-HT 5 receptor.
Nonetheless, one important caveat in the interpretation of the genetic association studies is that
genes other than HTR1A might exert a signficant effect on 5-HT; 4 receptor binding. A
quantification of 5-HT A receptor binding in suicide cases failed to produce a significant
association with the —=1019C/G polymorphism (Huang et al 2004). Further, (Lesch and
Gutknecht 2004) reported that the —1019C/G variant did not predict neuroendocrine responses
to a 5-HT 1 receptor agonist challenge in healthy individuals. In fact, (David et al 2005) found
that the 5-HTTLPR polymorphism of the serotonin transporter gene, but not the —-1019C/G
HTRZ1A variant, impacts 5-HT A receptor binding. Most recently, (Mickey et al 2008) found
that a putatively functional variable number tandem repeat (VNTR) polymorphism in the
monoamine oxidase A gene (MAOA; Entrez ID 4128) predicted 42-74% of in vivo 5-HT1a
receptor availability in the raphe, mPFC, temporal cortex, hippocampus, amygdala and anterior
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cingulate cortex. Nevertheless, the effect of MAOA genotype on 5-HTqa receptor BP was
restricted to women, and the frequency of the MAOA VNTR alleles did not differ significantly
between healthy controls and patients with MDD. In fact, the MAOA gene has been not been
convincingly associated with MDD in previously published genetic association studies. We
raise the possibility that the size of the phenotypic effect exerted by a polymorphism cannot
always be equated with the importance of this effect for the development of psychiatric illness.

MDD-Associated Phenotypes

The 5-HT 1 receptor has been implicated in cognition and the regulation of pain perception.
Since cognitive dysfunction and somatic symptoms are associated with mood disorders (Savitz
et al 2005) (Vaccarino et al 2008), understanding the impact of the 5-HTq A receptor on these
two phenotypes may have relevance for MDD.

Long-term potentiation (LTP) is believed to be the neurobiological mechanism underlying
learning and memory. At least one type of LTP is dependent on glutamatergic
neurotransmission at the N-methyl-D-aspartate (NMDA) receptor (Lisman 2003) (Pare
2004). 5-HT 1A receptor mRNA has been detected in the excitatory pyramidal cells of the
hippocampus (Pompeiano et al 1992), possibly explaining why 5-HT 1A receptor agonists like
8-OH-DPAT have been reported to inhibit hippocampal pyramidal cell firing and suppress
LTP (Sakai and Tanaka 1993) (Edagawa et al 1998). One would therefore expect 5-HT1a
receptor antagonists to enhance LTP. LTP has, however, been found to be attenuated by
administration of the 5-HT; A receptor antagonist WAY-100635 into the dentate gyrus of rats
(Sanberg et al 2006). One explanation for this finding is that the majority of postsynaptic 5-
HT 1 receptors are found on GABAergic interneurons (Freund et al 1990) (Halasy et al
1992). Blocking these GABAergic interneurons with 5-HT; 4 receptor antagonists may
enhance excitatory neurotransmission and LTP. Conversely, suppression of interneuron
GABAergic neurotransmission with 5-HT1 a receptor agonists may enhance LTP. The situation
is rendered even more complicated, however, by the fact that agonists like 8-OH-DPAT could
theoretically block LTP, not by acting directly on postsynaptic 5-HT1 4 receptors at pyramidal
neurons or GABAergic interneurons, but by activating somatodendritic 5-HT 1A receptors and
thus reducing serotonergic signaling (Sanberg et al 2006).

The relationship between LTP and the cognitive impairment seen in MDD is unknown. The
5-HT1 A receptor does, however, appear to play some role in less specific, psychometrically-
defined cognitive performance [reviewed in (Borg 2008)]. The 5-HT1 receptor agonist
tandospirone administered together with typical neuroleptics has been reported to improve
verbal memory and executive function in people with schizophrenia (Sumiyoshi et al 2001)
(Sumiyoshi et al 2007). In contrast, verbal recall (but not working) memory was reported to
be impaired by tandospirone in a sample of healthy volunteers (Yasuno et al 2003); raising the
possibility of differential effects of 5-HT1 4 receptor agonists on cognition in healthy and
psychiatrically ill populations (Riedel et al 2002).

In sum, extant data suggest that serotonergic signaling at the 5-HT1 5 receptor may moderate
the process of LTP through a complex series of mutually antagonistic pathways. Interpreting
the impact of the 5-HTq receptor on LTP and neuropsychological task performance using
pharmacological challenge studies faces the same drawback as discussed previously: known
5-HT1 A receptor agonists and antagonists bind to both somatodendritic and postsynaptic
receptors. Another approach to addressing the role of the 5-HT 1 receptor in cognition is to
make use of molecular imaging techniques such as PET.

(Borg 2008) identified 4 published PET studies that examined the relationship between 5-
HT receptor BP and cognition. One study using the antagonist, [11CJWAY 100635 found a
negative association between 5-HT1 A receptor BP and verbal and visual memory performance
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in healthy volunteers (Yasuno et al 2003), while another study using the same radioligand
returned negative results using a broad range of cognitive tests in a sample of healthy
individuals (Borg et al 2006). Two studies were performed with the [18F]MPPF ligand in
Alzheimer’s disease (AD). A positive correlation between 5-HTqa receptor BP in the raphe
and hippocampus was detected by (Kepe etal 2006) but negative results were noted by (Truchot
et al 2007).

Epidemiological studies demonstrate that up to 8 out of 10 patients with MDD suffer from
chronic pain or somatic symptoms (Hotopf et al 1998) (Lepine and Briley 2004) (Gureje et al
2008). Conversely, people suffering from chronic, painful physical conditions have a
significantly increased risk of developing MDD (Moldin et al 1993) (Ohayon and Schatzberg
2003).

Extant evidence implicates the 5-HT1 5 receptor in the modulation of pain. Lesions to the raphe
were shown more than 30 years ago to block morphine-derived analgesia (Yaksh et al 1977).
Preclinical studies have demonstrated the analgesic effects of 5-HT 4 receptor agonists such
as buspirone, gepirone and OH-DPAT (Giordano and Rogers 1992) (Robles et al 1996)
(Galeotti et al 1997) (Bardin et al 2001), while the selective 5-HT A receptor agonist F-13640
reportedly exerts potent, long-term analgesic effects [reviewed in (Colpaert 2006)]. ADs such
as SSRIs and dual reuptake inhibitors such as venlafaxine, have been used with some success
in the treatment of fibromyalgia, neuropathies, somatoform pain disorder, and rheumatoid
arthritis (Jann and Slade 2007).

The raphe nuclei have been postulated to integrate nociceptive and affective stimuli via
ascending and descending spinal projections (Wang and Nakai 1994). Descending projections
from the raphe and the locus ceruleus act to suppress (especially minor) pain signals from the
body (Millan 2002). (Berrocoso and Mico 2008) postulate that the analgesic effects of AD such
as venlafaxine can be partially attributed to a desensitization of somatodendritic 5-HT1a
receptors leading to an increase in serotonergic signaling at descending spinal projections.
Thus, just as dysfunction of the raphe nuclei may lead to abnormal serotonin signaling at
postsynaptic 5-HT1a receptors in the PFC and limbic regions, so too dysfunction of the raphe
may disrupt descending serotonergic signaling at the dorsal horn of the spinal cord, and hence
lead to more permissive pain input from the periphery (Stahl and Briley 2004).

Inarecent [11CJWAY100635 PET study of 11 healthy males, (Martikainen et al 2007)reported
that the intensity of cold pressor pain was inversely correlated with 5-HTq 4 receptor BP in the
raphe, amygdala, insula, posterior cingulate cortex, and PFC. The authors interpret their data
to suggest that individuals with a greater availability of 5-HT1 5 receptors in these regions have
a greater ability to suppress pain.

Cause or Effect?

It remains unclear whether the depression-related changes in 5-HT; 4 receptor binding
discussed above are developmentally or genetically-driven, or whether they are simply an
adaptation to increased or decreased serotonergic neurotransmission. At least in the case of the
dorsal raphe, receptor density is modified by pharmacological interventions. Acute
administration of fluoxetine to rats may cause approximately one third of 5-HT; 5 receptors in
the raphe to become internalized (Riad et al 2001). Similarly, a single dose of the 5-HT1a
receptor agonist 8-OH-DPAT has been reported to induce a 34% increase in the internalization
of the autoreceptor in the raphe (Zimmer et al 2004), while (Cahir et al 2007) reported a 14%
decrease in 5-HTq A receptor binding in the raphe (but no cortical or hippocampal changes)
after tryptophan depletion.
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Nevertheless, there is also evidence to support the role of genetic or developmental influences.
The G allele of the —1019C/G polymorphism has been fairly consistently associated with
psychopathology. It could be hypothesized that the variant in question impacts
neurodevelopment: the 5-HT1a gene is highly expressed early in development (del Olmo and
Pazos 2001), and some reports suggest that, at least in the rat, the 5-HT 14 receptor is found in
regions of the fetal brain such as the cerebellum from which it is absent in mature animals
(Daval et al 1987) (Miquel et al 1994). In a 5-HT 5 KO paradigm that allowed for temporal
manipulation of gene activation, (Gross et al 2002) found that eliminating gene expression
during development, but not adulthood, led to anxiety-related behaviors. When the timing of
gene activity was reversed, however, no salient abnormalities were recorded.

The preclinical literature suggests that acute stress or administration of corticosteroids down-
regulates or desensitizes both somatodendritic and postsynaptic 5-HT A receptors (Figure 1).
This phenomenon may explain why MDD and other psychiatric conditions that have been
associated with elevated secretion of cortisol show blunted endocrine or hormonal responses
to 5-HT 1 receptor agonists, reduced somatodendritic and postsynaptic 5-HTq receptor
numbers or binding at post-mortem, and reduced 5-HT1  receptor binding in the raphe,
hippocampus and PFC in PET studies. Antidepressant medications are believed to enhance
serotonergic signaling at the postsynaptic receptor either by desensitizing the somatodendritic
autoreceptor or by facilitating the activation of G proteins at the postsynaptic 5-HT 1 receptor
(Figure 2). Desensitization of the somatodendritic 5-HT 5 receptor may increase serotonergic
signaling in descending spinal projections and ameliorate somatic pain but more data are
needed to confirm this hypothesis. The G allele of the rs6295 HTR1A polymorphism has been
postulated to up-regulate autoreceptor expression in the raphe but decrease expression of the
postsynaptic 5-HT1 4 receptor; perhaps explaining why the G variant is over-represented in
some MDD samples. Nevertheless, contradictory pharmacological, post-mortem, PET and
genetic studies can be found in the literature, illustrating the complexity of the 5-HT A receptor
signaling system.
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Figure 1. Somatodendritic Autoreceptors and Postsynaptic 5-HT1a Receptors Down-Regulate or
Desensitize in Response to Stress

Excess glucocorticoid receptor stimulation inhibits 5-HTq a receptor mRNA expression and
leads to a down-regulation of both somatodendritic and postsynaptic 5-HT 4 receptors.
Increased stress-induced serotonin release may also contribute to the desensitization of post-
synaptic 5-HTqa receptor binding. Decreased 5-HTq 4 receptor signaling may in turn.attenuate
inhibitory control over the limbic system leading to many of the somatic and psychological
symptoms associated with depression.
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Figure 2. Simplified Model of 5-HT1 Receptor-Mediated Therapeutic Effects of AD

AD are hypothesised to increase serotonergic signaling at the postsynaptic 5-HTq A receptor
either by desensitizing the somatodendritic 5-HT1 A receptor in the raphe, or by facilitating the
activation of G proteins by the postsynaptic 5-HTqa receptor. Normalized signaling at the
postsynaptic 5-HTqa receptor reduces cortisol and CRH release, restores endocrine function,
and improves mood.
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