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Abstract
Serotonin is an influential monoamine neurotransmitter that signals through a number of receptors
to modulate brain function. Among different serotonin receptors, the serotonin 1A (5-HT1A)
receptors has been tied to a variety of physiological and pathological processes, notably in anxiety,
mood, and cognition. 5-HT1A receptors couple not only to the classical inhibitory G-protein-
regulated signaling pathway, but also to signaling pathways traditionally regulated by growth factors.
Despite the importance of 5-HT1A receptors in brain function, little is known about how these
signaling mechanisms link 5-HT1A receptors to regulation of brain physiology and behavior.
Following a brief summary of the known physiological and behavioral effects of 5-HT1A receptors,
this article will review the signaling pathways regulated by 5-HT1A receptors, and discuss the
potential implication of these signaling pathways in 5-HT1A receptor-regulated physiological
processes and behaviors.
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1. Introduction
Serotonin (5-Hydroxytryptamine, 5-HT) is a monoamine neurotransmitter that plays important
roles in physiological functions such as sleep, feeding, sexual behavior, temperature regulation,
pain, and cognition, as well as in pathological states including mood disorders, anxiety
disorders, psychosis, and pain disorders. Serotonergic neurons originate in the dorsal and
median raphe nucleus of the brainstem. Ascending projections from these neurons reach
throughout the brain to release serotonin in a paracrine manner, allowing serotonin released
from one terminal to activate receptors on a number of post-synaptic cells and modulate a
variety of neuronal activities [4].

There are at least 16 different types of serotonin receptors, and these are broadly grouped into
sub-families based on their primary signaling mechanisms [5]. 5-HT1 receptors (A, B, D, E,

© 2010 Elsevier Inc. All rights reserved.
Corresponding Author: Xiaohua Li, MD, PhD, University of Alabama at Birmingham, 1720 7th Avenue South, Sparks Center 1001A,
Birmingham, AL 35294, xili@uab.edu, Phone: (205) 934-1169, Fax : (205) 934-2500.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Cell Signal. Author manuscript; available in PMC 2011 October 1.

Published in final edited form as:
Cell Signal. 2010 October ; 22(10): 1406–1412. doi:10.1016/j.cellsig.2010.03.019.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and F) classically couple to the inhibitory G proteins (Gi/o) that inhibit adenylyl cyclase/protein
kinase A (PKA) signaling cascade. 5-HT2 (A, B, C) receptors couple to Gq protein that
stimulates the phospholipase C (PLC)/protein kinase C (PKC) signaling cascade and enhance
intracellular calcium signaling. 5-HT3 receptors (A, B, C) are unique among serotonin
receptors as they are ligand-gated ion channels. 5-HT4, 6, and 7 receptors couple to the
stimulatory G protein (Gs) and activate adenylyl cyclase/PKA. Signaling of 5-HT5 (A and B)
receptors is less clear, but evidence suggests that it may be linked to Gi/o proteins and inhibition
of adenylyl cyclase/PKA [4,6]. Further diversity of serotonin receptors is derived from
transcriptional modifications, such as mRNA editing [7] and alternative splicing [8]. Among
these subtypes of serotonin receptors, the 5-HT1A receptors were the first to be cloned and are
widely studied for their roles in regulation of mood, anxiety, and cognition [1-3]. Below, we
will summarize the known functions of 5-HT1A receptors, placing an emphasis on the
regulation of signal transduction pathways by 5-HT1A receptors in neurons and brain.

2. Characterization and localization of 5-HT1A receptors
5-HT1A receptors are among the best characterized serotonin receptors due to the early
discovery of its encoding gene and the availability of selective ligands. The gene for the human
5-HT1A receptors was cloned in 1987 as a single intronless gene, and was identified as a G
protein-coupled receptor (GPCR) based on sequence homology to the β2-adrenergic receptor
gene [9]. Subsequent binding studies identified the gene as encoding for the 5-HT1A receptors
[10].

In the mammalian brain, 5-HT1A receptors are divided into two distinct classes based on their
location. The 5-HT1A autoreceptors are located on the soma and dendrites of serotonergic
neurons in the raphe nucleus [11-16]. Activation of 5-HT1A autoreceptors suppresses firing
of serotonergic neurons and thus reduces activity-dependent serotonin release [17]. The 5-
HT1A heteroreceptors are located on non-serotonergic neurons, primarily of the limbic areas,
such as on the dendrites and soma of glutamatergic pyramidal neurons [16]; axon terminals of
GABAergic [18,19], and cholinergic [20] neurons. Activation of 5-HT1A heteroreceptors on
these distinct neurons usually reduces neuronal excitability and firing [21,22]. The
heterorecepters are particularly enriched in the hippocampus, where immunohistochemistry
and radioligand binding have demonstrated high receptor levels in the stratum radiatum of CA1
and the granule cell layer of the dentate gyrus, and at moderate levels in CA3 [11-15]. 5-HT1A
heteroreceptors are also strongly expressed in the entorhinal cortex, frontal cortex, and lateral
septum, and moderately expressed in the amygdala, superior colliculus, piriform cortex, and
interpeduncular nucleus, as well as in several hypothalamic and thalamic nuclei [11-15]. The
broad distribution of 5-HT1A receptors suggests that they have a variety of functions in brain.

3. Functions of 5-HT1A receptors in neuronal activity
3.1 Synaptic physiology and plasticity

In neurons, activation of 5-HT1A receptors activates the G protein-coupled inwardly-rectifying
potassium (GIRK) channels, an action that profoundly hyperpolarizes neurons [23,24] and
decreases firing [25-28]. 5-HT1A receptors also reduce calcium currents and evoked calcium
influx [29-31]. The combination of these two effects allows serotonin to rapidly and effectively
silence neuronal transmission.

5-HT1A receptors also play a role in regulation of post-synaptic activity. Activation of 5-HT1A
receptors reduces N-Methyl-D-Aspartate (NMDA) receptor mediated currents in the prefrontal
and visual cortex [25,32-34]. In cortical pyramidal neurons, this action of 5-HT1A receptors
involves down-regulation of surface NR2B subunit of NMDA receptors [33]. Activation of 5-
HT1A receptors also reduces α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
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(AMPA) receptor currents [35] as well as surface expression of GluR2/3 subunits of AMPA
receptors [36]. Through these actions, 5-HT1A receptor activation reduces excitatory
postsynaptic potentials (EPSPs) in several brain regions [28,31]. 5-HT1A receptors also have
effects on prolonged changes in the strength of synapses, known as synaptic plasticity. In the
visual cortex and the dentate gyrus of the acute brain slices, 5-HT1A receptor agonist 8-
Hydroxy-N,N-dipropyl-2-aminotetralin (8-OH-DPAT) blocks long term potentiation (LTP)
[37] [26], one of the best studied forms of synaptic plasticity induced by robust activation of
a synapse, whereas the 5-HT1A receptor antagonist NAN-190 reverses the in vivo inhibitory
effect of antidepressants fluvoxamine and milnacipran on LTP in area CA1 of the hippocampus
[38,39].

However, the effect of 5-HT1A receptors in synaptic plasticity may depend on the type of
activation in specific brain regions, as direct activation of 5-HT1A receptors in the dentate
gyrus of the hippocampus results in increased glutamatergic output of granule cells [40].
Conversely, recordings in the intact dentate gyrus reveal decreased LTP when 5-HT1A
autoreceptors are activated, and thus reducing release of serotonin in the dentate gyrus, or 5-
HT1A heteroreceptors in the dentate gyrus are blocked [41]. The direct effect of 5-HT1A
receptors in the dentate gyrus is thought to be a result of silencing inhibitory interneurons
[41]. Thus, the effects of 5-HT1A receptors on synaptic plasticity may also be tied to state-
dependent alterations in GABAergic tone [42,43].

While it seems clear that 5-HT1A receptors can profoundly affect synaptic physiology and
plasticity through changes in membrane potential and alteration of excitatory and inhibitory
tones, the signaling mechanisms mediating the effect of 5-HT1A receptors to the induction or
long-term maintenance of synaptic plasticity are not completely understood, and remain to be
elucidated.

3.2 Neurogenesis and neuroprotection
Adult neurogenesis is increasingly recognized as an important process in the maintenance of
normal neuronal function [44], and 5-HT1A receptors have been shown to regulate
neurogenesis in the subgranular zone of the dentate gyrus. Activation of 5-HT1A receptors
increases proliferation of neuronal progenitors [45] and promotes development of neural
precursors into adult neurons [46], whereas 5-HT1A receptor antagonists decrease
neurogenesis in the dentate gyrus [47]. This effect of 5-HT1A receptors is not prevented by
serotonin depletion, suggesting that this is a direct function of 5-HT1A heteroreceptors [48].
The effect of 5-HT1A receptors on neurogenesis may have important roles in maintaining
normal contextual memory formation that requires ongoing neurogenesis [49], as well as
mediating antidepressant action as it may be mediated by neurogenesis [50].

5-HT1A receptors also have important function in neuroprotection in both neuronal cell
cultures [51-59] and in the mammalian brain [60,61]. In animal models of ischemia [60-63]
and Parkinson’s disease [64], 5-HT1A receptor agonists have shown promise as potential
neuroprotective therapies. The neuroprotective effect of 5-HT1A receptors is dependent on the
activities of the growth factor-associated signaling molecules mitogen-activated protein kinase
(MAPK) and Akt [65-67], and involves inhibition of NMDA receptor-mediated excitotoxicity
by reducing calcium influx and glutamate release [57,58,63].

4. Functions of 5-HT1A receptors in Behaviors
4.1 Anxiety

5-HT1A receptors are particularly influential in anxiety-related behaviors [68]. Systemic
administration of 5-HT1A receptor agonist 8-OH-DPAT and partial agonists buspirone and
gepirone generally decreases anxiety in rodents, as observed in the elevated plus maze and
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social interaction tests [69]. The effects of 5-HT1A receptor agonists on anxiety in rodents
appear to be ligand-specific. The structurally similar ligands buspirone and gepirone are
consistently anxiolytic [69-71], although gepirone may only be effective after chronic
treatment [72], while mixed results have been found with 8-OH-DPAT [69,71,73]. The
anxiolytic effect of buspirone after local injection to the hippocampus is task-specific since it
reduces anxiety-like behaviors in the elevated plus maze and the open field [70], but not in the
social interaction test [74]. Buspirone has demonstrated clinical efficacy for generalized
anxiety disorder [75,76], but it remains to be determined how the ligand-, temporal-, spatial-,
and task-specific regulation of anxiety by 5-HT1A receptor agonists determines their
therapeutic implication in anxiety disorders.

Some of these questions have been addressed using genetically modified animals. 5-HT1A
receptor knockout mice exhibit increased anxiety-like behaviors in the elevated plus maze,
elevated zero maze, open field test, and novel object exploration [77-79]. The impaired
performance of these mice in anxiety-related tasks is likely due to an enhanced fear response
in aversive environments [80], but not due to changes in exploration or behavioral inhibition
[81]. Furthermore, restoring 5-HT1A receptor function to the forebrain of 5-HT1A knockout
mice rescues anxiety-like behaviors, suggesting a crucial role for heteroreceptors in regulation
of anxiety and fear [82]. This rescue does not occur if forebrain 5-HT1A receptors are restored
after postnatal day 20, whereas elimination of forebrain 5-HT1A receptors after postnatal day
80 has no effect on anxiety [82], further suggesting that 5-HT1A receptor signaling early in
life plays a crucial role in the development of the brain’s fear and anxiety systems [83].

4.2 Depression
5-HT1A receptors also regulate mood-related behaviors, particularly those related to
depression. Sub-chronic administration of the 5-HT1A receptor agonists 8-OH-DPAT and
azapirones reduces depressive behaviors in the forced swim test [71,84] and tail suspension
test [85]; and chronic administration of 8-OH-DPAT reduces depressive behavior in the
novelty-suppressed feeding test [50]. In the learned helplessness model of depression, systemic
injection of 5-HT1A agonists reversed escape deficits induced by inescapable stress [86], and
this effect can be observed after direct injection of an agonist into the septum or after ascending
serotonergic fibers are destroyed [87,88], suggesting that the antidepressant-like effect is due
to action of 5-HT1A heteroreceptors. However, one study reports reduced escape deficits in
the learned helplessness model after intra- dorsal raphe infusion of 5-HT1A receptor agonist
[89], suggesting that 5-HT1A autoreceptors may also contribute to an antidepressant effect.

5-HT1A receptors are likely important mediators of antidepressant responses. In animal
studies, 5-HT1A receptor antagonists alone do not alter depressive behaviors, but they prevent
the antidepressant effect of desipramine in the forced swim test [90] and fluoxetine in the tail
suspension test [85], and 5-HT1A receptor knockout mice fail to respond to fluoxetine in the
novelty-suppressed feeding test [50]. It is also thought that 5-HT1A autoreceptor
desensitization is a necessary step for the chronic effect of antidepressants in animals and in
humans [91]. In accordance with these finding, 5-HT1A receptor knockout mice have intrinsic
antidepressant-like behavioral phenotypes [77,78]. However, a recent study suggests that
autoreceptor desensitization alone is not sufficient for the response of antidepressant to occur,
but a sufficient basal serotonergic tone at a low autoreceptor level is necessary for a better
response to antidepressant [92].

Evidence from human studies also supports a role of 5-HT1A receptors in the pathology and
treatment of depression. Well-replicated postmortem and brain imaging studies have shown
that 5-HT1A receptors are reduced in crucial areas of brain in depressed subjects, including
the dorsal raphe nucleus, hippocampus, amygdala, and prefrontal cortex [91,93]. Additionally,
postmortem brains of suicide subjects have decreased 5-HT1A coupling to G-proteins and
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reduced activity of signaling molecules associated with 5-HT1A receptors [94]. A single
nucleotide polymorphism of the 5-HT1A receptor gene that alters expression levels of the
receptors has been associated with both susceptibility to depression and responsiveness to
antidepressants [91]. Although it has not determined whether the diminished function of 5-
HT1A receptors in depressed patients is a cause or an effect of the disease, the results from
these studies, combined with the strong evidence from animal studies, suggest that 5-HT1A
receptors play an important role in mood regulation. A better understanding of this role, and
of the signaling molecules mediating it, may yield more effective and faster acting
antidepressant treatments.

4.3 Learning and Memory
Many studies have investigated the role of 5-HT1A receptors in learning and memory. The
most consistent effect has been shown in passive avoidance learning, a paradigm in which
animals are trained to avoid natural behavioral responses to stressful stimuli by associating
those responses with an aversive stimulus, such as a shock. Systemic administration of several
5-HT1A receptor agonists suppresses performance [95-99], whereas 5-HT1A receptor
antagonists facilitates learning [100], suggesting that 5-HT1A receptors play a role in
controlling inhibitory learning. Regulation of passive avoidance learning is primarily a function
of heteroreceptors, as the 5-HT1A receptor agonist 8-OH-DPAT is effective both when injected
into the entorhinal cortex [101], and after endogenous serotonin is depleted [97,98].

In fear conditioning, a hippocampus- and amygdala- dependent paradigm in which animals
learn to associate a cue or a context with an aversive stimulus, both systemic and local 8-OH-
DPAT injections into the hippocampus or the medium raphe nucleus inhibit contextual fear
conditioning [102,103]. In agreement, 5-HT1A receptor knockout mice have enhanced
contextual fear conditioning [81,104], an effect that can be reversed by selectively expressing
and activating 5-HT1A receptors in the dentate gyrus [104].

While there is a consensus that 5-HT1A receptor activation inhibits learning in the passive
avoidance and fear conditioning paradigms, both paradigms depend on learning being induced
by activation of fear circuits in the brain [105]. Given the fact that 5-HT1A receptors alter these
fear circuits and regulate anxiety [80], it is difficult to determine if the effects of 5-HT1A
receptors in these learning paradigms are a reduction of anxiety or suppression of learning.
However, the effect of 5-HT1A receptors on cognition does not appear to be solely due to the
receptor’s strong effect on anxiety. In the Morris Water Maze, a spatial memory task that is
not intertwined as strongly with anxiety and fear, 5-HT1A receptor agonists also show
inhibitory effects on learning and memory [106-109].

5. 5-HT1A receptor-regulated Signal transduction pathways
5.1 Canonical 5-HT1A receptor-regulated signaling pathway

Early studies identified that 5-HT1A receptors couple to the inhibitory G-proteins (Gi/o)
[112]. Agonist binding to the receptor exchanges GDP for GTP on the alpha subunit of Gi/o
(Giα/Goα) [110], active of which primarily functions to inhibit adenylyl cyclase, resulting in
decreased cyclic adenosine monophosphate (cAMP) production and PKA activity [111]
(Figure 1). Experiments in mammalian hippocampal membranes demonstrated that serotonin
inhibited forskolin-stimulated cAMP accumulation through 5-HT1A receptors [112][113].
This effect has been duplicated in hippocampal and cortical neuron cultures [114], and in cells
expressing 5-HT1A receptor gene [21,115-118]. In the brain, only 5-HT1A heteroreceptors
have been shown to couple to Giα-induced inhibition of adenylyl cyclase, as 5-HT1A
autoreceptors located in the dorsal raphe nucleus do not inhibit adenylyl cyclase [119]. The
spatial preference may account for the expression of signaling components in specific brain
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areas. For example, 5-HT1A receptors primarily couple to Giα3 in the dorsal raphe nucleus
and to Goα in the hippocampus [120]. In addition, the desensitization properties of 5-HT1A
autoreceptors in the dorsal raphe nucleus are far more sensitive than are heteroreceptors in the
limbic areas [121-123], which may also affect its coupling to the signaling pathway.

In the passive avoidance paradigm, the 8-OH-DPAT-induced decrease in PKA activity in the
hippocampus causes increased protein phosphatase-1 activity and a reduction of training-
induced phosphorylation of Ca2+/calmodulin-dependent protein kinase II (CaMKII), and this
signaling effect is accompanied by an impairment of performance [124]. Therefore, inhibition
of adenylyl cyclase and PKA activity may mediate 5-HT1A receptor-regulated behaviors.

Activation of 5-HT1A receptors also activates G protein-coupled inward rectifying postassium
channels (GIRKs) [125] in the hippocampus [23,126,127] and in the dorsal raphe nucleus
[119,128]. Given that 5-HT1A receptors do not couple to inhibition of adenylyl cyclase in the
raphe nucleus [119], the robust activation of inward potassium currents in the dorsal raphe
nucleus by 5-HT1A receptor agonists is unlikely to be an adenylyl cyclase-dependent response.
Instead, activation of GIRKs is primarily mediated by G protein βγ subunits upon receptor
activation [129]. The ability of 5-HT1A receptors to activate GIRK-induced hyperpolarizing
currents allows them to have a strong effect on neuronal firing and excitability [128], a
physiological process that may be linked to 5-HT1A receptor-regulated behaviors [104].

Despite of the well-established coupling of 5-HT1A receptors to the Giα/oα-mediated adenylyl
cyclase-cAMP-PKA and the Gβγ-mediated GIRK pathways, the functions of these canonical
signaling mechanisms in 5-HT1A receptor-regulated neuronal activity and behaviors have not
been studied in detail. The complex signal transduction mechanisms in brain require combined
pharmacological, biochemical, and molecular techniques to elucidate the role of each
component within the signaling pathway, which may have limited the in vivo approaches to
define their roles in 5-HT1A receptor-regulated functions in neurons and in brain as a whole.
Additionally, signaling mechanisms other than the canonical pathways may have substantial
effects in mediating functions of 5-HT1A receptors, among which the signaling pathways
traditionally associated with growth factor receptors have been increasingly recognized for
their association with 5-HT1A receptors.

5.2 5-HT1A receptors and Mitogen Activated Protein Kinases (MAPK) signaling pathway
MAPKs are known for their roles in growth and survival [130], and they are critical regulators
of development and plasticity in the central nervous system [131,132]. The MAPK family
includes extracellular signal-regulated kinases 1 and 2 (ERK1/2, also known as p42 and p44
MAPK), p38-MAPK, and c-Jun N-terminal kinase (JNK) [133,134]. Of these MAPKs, ERK
is particularly affected by 5-HT1A receptors. ERK is traditionally activated by growth factor
tyrosine kinase receptors. These receptors activate the small molecule GTPase Ras, which
activates Raf1, which in turn phosphorylates and activates MAPK/ERK kinase 1 and 2
(MEK1/2) [135] (Figure 1). MEK is a direct upstream protein kinase regulator of ERK,
activation of which phosphorylates and activates ERK [131]. Activation of this pathway leads
to changes in downstream protein kinases, such as the Ribosomal S6 kinase (RSK) [136], and
transcription factors such as Myc [137] and the oncogene Elk1 [137]. Phosphorylation of
proteins by ERK in neurons results in receptor and ion channel activation, gene expression,
and neuroplasticity [132], all of which may alter behaviors. One interesting example is
activation of the transcription factor CREB by the ERK substrate serine/threonine protein
kinase RSK [136,138,139]. CREB is a widely studied transcription factor for its gene
expression function and the underlying roles in stress, anxiety, and depression [140], its
regulation by the ERK signaling pathway suggests that ERK may have important impact in
mood-related behaviors. The behavioral effects of the MEK/ERK signaling pathway have been
reported in several studies, with MEK inhibitors causes diverse behavioral changes in animals,
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ranging from hyperactivity, reduced or increased anxiety, and depressive-like behavior
[141-144], and MEK inhibitors also block the behavioral effect of antidepressants [145]. The
diverse effect of MEK inhibitors may be due to the multiple regulators and substrates linked
to MEK/ERK, and to further dissect the behavioral effects of this signaling pathway, it is
important to understand the specific regulators to each component of this signaling pathway.

5-HT1A receptors were first reported to activate ERK by phosphorylation in non-neuronal
cells expressing 5-HT1A receptors [146,147]. This effect of 5-HT1A receptors is sensitive to
pertussis toxin-induced inhibition of G-proteins [66,146-149], suggesting that G-protein-
coupled signaling mechanism is involved in the initiation of ERK activation by 5-HT1A
receptors. As in growth factor-regulated ERK activation, 5-HT1AR-induced ERK activation
is mediated by the small GTPases Ras and Raf [66,146,149,150] and active MEK [66], a signal
cascade that requires the calmodulin-dependent endocytosis of receptors as an intermediate
step [150]. Additionally, activation of ERK by 5-HT1A receptors in non-neuronal cells can be
mediated by the phosphatidylinositol 3-kinase (PI3K) and phosphatidylcholine-specific
phospholipase C (PLC) in a G-protein-dependent manner [66,146,147], but the details of signal
transduction from G-protein-dependent PI3K to ERK during 5-HT1A receptor activation are
not completely known.

Despite consistent findings in cell systems with heterologous expression of 5-HT1A receptors,
effects of 5-HT1A receptors on ERK activity vary in cells of neuronal origin. In hippocampal-
derived differentiated HN2-5 cells, 5-HT1A agonists increase ERK phosphorylation and
activity, an effect that is dependent on the small GTPases Ras and Raf, MEK and calcium
mobilization [54,56]. However, this effect of 5-HT1A receptors was not found in primary
culture of hippocampal neurons [151] or fetal rhombencephalic neurons [65], and in
differentiated raphe neurons, 5-HT1A receptors are coupled to a Gβγ subunit-dependent
decrease in MEK activity and ERK phosphorylation [152]. Many factors may affect the
response of ERK to 5-HT1A receptor activation in cells. For example, high receptor density
in cell culture seems to be required for 5-HT1A receptor-induced activation of ERK [153], but
the preferred coupling of 5-HT1A receptors to a specific G protein subtype and its availability
in the tested cells may also affect the response [154]. Although determinants that associate 5-
HT1A receptors to ERK remain to be identified, results from these studies suggest that 5-HT1A
receptor-mediated regulation of ERK in neurons could be highly selective. This can be
particularly important in the brain because of the diversity of brain regions and neuron types
that are home to 5-HT1A receptors.

Indeed, several studies have suggested that activation of ERK by 5-HT1A receptor activation
is not a universal response in brain. Consistent findings have shown that 5-HT1A receptor
agonists rapidly but transiently increase phosphorylation of ERK in the hypothalamus
[155-158], and this effect of 5-HT1A receptors is likely an intermediate step for 5-HT1A
receptor-induced elevation of oxytocin, adrenocorticotropin (ACTH), and prolactin [155]. In
contrast, 5-HT1A receptor activation decreases ERK phosphorylation in the hippocampus
[155-157,159]. Although the underlying significance of this negative coupling of ERK to 5-
HT1A receptors in the hippocampus is unclear, ERK is known as a crucial regulator in
cognition and an important mediator of synaptic plasticity [131,132]. Inhibition of hippocampal
ERK activity could potentially play a role in 5-HT1A receptor-mediated alterations in synaptic
plasticity or in 5-HT1A receptor-induced disruption of cognition. Findings for regulation of
ERK phosphorylation by 5-HT1A receptor activation in other brain areas, such as the cerebral
cortex, amygdala, and dorsal raphe nucleus, are less consistent. In the frontal cortex, 5-HT1A
receptor agonists are reported to increase ERK phosphorylation in some studies [157,158], but
have no effect in other studies [159]. In acute prefrontal cortical slices, activation of neither 5-
HT1A nor NMDA receptors alone affects ERK, but simultaneous activation of both receptors
results in a decrease in ERK phosphorylation [25], suggesting that crosstalk between different
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neurotransmitters, receptors, and signaling mechanisms coordinates the regulation of ERK in
the cortex. Detailed studies in defined cortical areas and neuron types are warranted to further
understanding of a relation between 5-HT1A receptors and ERK signal transduction in the
cortex. In contrast to studies in differentiated raphe neurons showing a decrease in ERK activity
by 5-HT1A receptor activation [152], systemic treatment with 5-HT1A receptor agonist results
in a transient increase in ERK activity in the dorsal raphe nucleus [155,156], whereas selective
activation of 5-HT1A autoreceptors may also indirectly affect ERK activity through regulation
of serotonin release in other brain areas [157]. Therefore, regulation of ERK activity by 5-
HT1A receptors in brain is divergent and complicated. Experiments focusing on localized 5-
HT1A receptor activation or using transgenic mice with spatial- and temporal- 5-HT1A
receptor modification will be useful in further delineating specific regulation of ERK by 5-
HT1A receptors in brain.

With the prominent effect of 5-HT1A receptors in regulating anxiety, mood, and cognition,
and the evidence showing its brain region-selective effect on ERK, further investigation of the
role of ERK in mediating 5-HT1A receptor-regulated neuronal activity and behaviors may help
define the specific function of MAPK signaling pathway in brain, as well as the therapeutic
potentials of modulating this 5-HT1A receptor-regulated signaling pathway.

5.3 5-HT1A receptors and the Akt signaling pathway
Another growth factor-regulated signaling pathway, the PI3K and Akt pathway, can also be
regulated by 5-HT1A receptors. When tyrosine kinase receptors are activated by growth
factors, they recruit PI3K to activate phosphoinositide-dependent kinase (PDK), which
phosphorylates and activates Akt [160] (Figure 1). Akt is a well-known regulator of cell
survival as activation of Akt by growth factors mediates insulin-stimulated growth responses
and promotes survival against apoptotic stimuli [160]. In brain, Akt has been increasingly
recognized as a crucial mediator in neurotrophin and neurotransmitter actions [161,162]. As
with ERK, Akt is a protein kinase that phosphorylates a variety of substrates, such as
downstream protein kinases and transcription factors.

Glycogen synthase kinase 3 (GSK3) is a protein kinase that is primarily phosphorylated and
inactivated by Akt [163] and several other protein kinases, such as PKC [164] and PKA
[165]. GSK3 is a potential molecular target in several psychiatric disorders, particularly mood
disorders, as the mood stabilizer lithium is a selective inhibitor of GSK3 [166,167]. Inhibition
of GSK3 by pharmacological or genetic means mimics the effects of antidepressants [168,
169] and anti-manic drugs [169,170], whereas impaired regulation of GSK3 results in
behavioral abnormalities reminiscent of states of mania and depression [171,172]. Another
relevant group of Akt substrates is the Forkhead box O transcription factors (FoxOs). In
response to growth factors, active Akt phosphorylates and inactivates FoxOs by exporting them
out of the nucleus [173]. In both invertebrate and animal brain, FoxOs can be phosphorylated
and inactivated by serotonin via the PI3K/Akt-dependent mechanism [174,175], and the brain
FoxO3a subtype can be inactivated by the antidepressant imipramine [175] and down-regulated
by lithium [176]. In addition, mice with FoxO deficiency exhibit antidepressive and anxiolytic
behavioral phenotypes [175]. Therefore, regulation of protein substrates by Akt in brain plays
a critical role not only in neuronal growth and survival, but also in the maintenance of neuronal
activity and behavior.

In non-neuronal cells, activation of heterologously expressed 5-HT1A receptors increases Akt
phosphorylation that represents the active state of Akt [66,67,177]. Similar to regulation of
ERK, regulation of Akt by 5-HT1A receptors is sensitive to Gi/o and is mediated by PI3K and
Ras [66]. Additionally, activation of Akt by 5-HT1A receptors can be inhibited by cAMP and
restored after inactivation of PKA [67], suggesting that 5-HT1A receptor-induced inhibition
of adenylyl cyclase-cAMP-PKA signaling pathway is also involved in activation of Akt. This
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finding are in line with other studies showing that cAMP can induce dephosphorylation and
inactivation of Akt via PKA-dependent activation of protein phosphatases [178].

5-HT1A receptor agonists have consistently shown to increase Akt phosphorylation in neuronal
cells, including hippocampal derived HN2-5 cells [54], primary hippocampal neurons [151,
179], and primary fetal rhombencephalic neurons [65]. As in non-neuronal cells, 5-HT1A
receptor-induced Akt activation in neurons is sensitive to pertussis toxin and is dependent on
PI3K [151]. Therefore, regulation of Akt and its down-stream targets is potentially a signal
transduction mechanism that mediates the physiological and behavioral functions of 5-HT1A
receptors.

Regulation of Akt by 5-HT1A receptors in the mammalian brain has not yet been reported;
however, some indirect evidence does suggest an effect of 5-HT1A receptors in regulating Akt.
For example, systemic treatment of mice with the 5-HT1A receptor agonist 8-OH-DPAT
robustly increased the N-terminal serine phosphorylation of GSK3, a major Akt-regulated
mechanism [163], in several brain regions [180], and the serotonin-induced increase in GSK3
phosphorylation can be blocked by a 5-HT1A receptor antagonist [180]. Additionally, in the
mouse brain, enhancing synaptic serotonin resulted in increased phosphorylation of Akt, an
effect that was blocked by intracerebroventricular injection of a PI3K inhibitor [175]. However,
none of these studies directly examined if 5-HT1A receptors regulate Akt in the mammalian
brain, and it is also not known if an effect of 5-HT1A receptors on Akt is brain region-specific.
Additional studies are also needed to determine if regulation of Akt signaling pathway by 5-
HT1A receptors has an impact in 5-HT1A receptor-regulated neuronal activity and behavior.

Taken together, increasing evidence suggests that 5-HT1A receptors are linked to not only the
conventional Gi/o-mediated signaling pathway, but also MAPK and Akt signaling pathways
that are associated with neuronal development and survival. Additional studies are needed to
elucidate brain region- and cell type-specific signaling mechanisms regulated by 5-HT1A
receptors as they may diversely mediate the physiological and behavioral functions of this
major serotonin receptor. A better understanding of the signal transduction mechanisms
associated with 5-HT1A receptors may lead to discovery of novel drug targets for the treatment
of pathological conditions associated with abnormal activity of 5-HT1A receptors.
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Figure 1.
5-HT1A Receptor-regulated Signal Transduction Pathways.
5-HT, serotonin; 5-HT1A, serotonin 1A receptors; Gi, inhibitory Guanine nucleotide binding
protein; AC, adenylyl cyclase; cAMP, cyclic adenosine monophosphate; GIRK, G-protein
coupled inward rectifying potassium channel; GFR, growth factor receptor; PKA, protein
kinase A; CREB, cAMP response element binding protein; MEK1/2, MAP and ERK kinase
1/2; ERK 1/2, extracellular signal-regulated kinase 1/2; RSK, ribosomal S6 kinase; PI3K,
phosphotidylinositol-3 kinase; PDK, phosphoinositide dependent kinase; GSK3, glycogen
synthase kinase-3; FoxO, forkhead box O transcription factors
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