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In the conventional model of serotonin neurotransmission, serotonin released
by neurons in the midbrain raphe nuclei exerts its actions on forebrain neur-
ons by interacting with a large family of post-synaptic receptors. The actions
of serotonin are terminated by active transport of serotonin back into the
releasing neuron, which is mediated by the serotonin reuptake transporter
(SERT). Because SERT is expressed pre-synaptically and is widely thought
to be the only serotonin transporter in the forebrain, the conventional
model does not include serotonin transport into post-synaptic neurons. How-
ever, a large body of evidence accumulating since the 1970s has shown that
serotonin, despite having a positive charge, can cross cell membranes through
a diffusion-like process. Multiple low-affinity, high-capacity, sodium-inde-
pendent transporters, widely expressed in the brain, allow the carrier-
mediated diffusion of serotonin into forebrain neurons. The amount of sero-
tonin crossing cell membranes through this mechanism under physiological
conditions is considerable. Most prominent textbooks fail to include this
alternative method of serotonin uptake in the brain, and even most
neuroscientists are unaware of it. This failure has limited our understanding
of a key regulator of serotonergic neurotransmission, impeded research on the
potential intracellular actions of serotonin in post-synaptic neurons and glial
cells, and may have impeded our understanding of the mechanism by which
antidepressant medications reduce depressive symptoms.

1. Introduction
In the conventional model of serotonin neurotransmission in the central nervous
system, serotonin is released into synapses1 in forebrain regions from neurons that
originate primarily in the dorsal raphe nucleus (DRN). Serotonin then affects post-
synaptic2 neurons through receptor-mediated signalling pathways, presumably
without ever entering the post-synaptic neuron. The serotonin transporter (SERT),
which is expressed adjacent to release sites on serotonergic neurons, mediates
reuptake of serotonin into the releasing cell, limiting the magnitude and duration
of target cell responses. SERT has high affinity for serotonin, but a low transport
capacity, and SERT-mediated transport is an energy-dependent process [1–3].

According to the conventional model, serotonin does not cross the membrane
of the post-synaptic neuron because its positive charge at physiological pH pre-
vents diffusion across the post-synaptic cell’s plasma membrane, and because
SERT is expressed only on serotonergic neurons. However, research since the
1970s has shown that serotonin can cross cell membranes through a diffusion-

© 2022 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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like process, despite having a positive charge [3–9]. Subsequent
research solved this apparent paradox through the discovery of
multiple transporters in addition to SERT that are widely
expressed in the brain, and that canmediate diffusion of seroto-
nin and other monoamines across cell membranes. These
transporters, which include the organic cation transporters
(OCT1, OCT2 and OCT3) and the plasma membrane mono-
amine transporter (PMAT), are broadly specific and are able
to move catecholamines and histamine in addition to serotonin
[10,11]. In comparison to SERT, they have relatively low affinity
for serotonin, but they have substantially higher capacity [10]
and, unlike SERT, transport mediated by these carriers is
energy-independent [12–14]. The rate of serotonin transport
via these higher capacity carriers can exceed the rate of seroto-
nin reuptake via SERT at concentrations of serotonin commonly
found in serotonergic synapses, suggesting that carrier-
mediated diffusion of serotonin is physiologically consequen-
tial [15]. Importantly, these transporters are expressed in
neuronal and glial cells in the brain and have been shown to
play roles in the regulation of extracellular monoamine concen-
trations [16–18]. Through these transporters, serotonin may
enter non-serotonergic neurons, a possibility not considered
in the conventional model of serotonergic neurotransmission.
Because most neuroscientific textbooks have neglected the
roles of these transporters in the clearance of extracellular sero-
tonin, most neuroscientists are unaware of their existence and
potential role in regulating serotonergic neurotransmission.

The failure of the conventional model to incorporate mech-
anisms that allow serotonin to cross cell membranes and enter
non-serotonergic cells perpetuates a limited view of the mech-
anisms by which serotonin may regulate cellular function
and, consequently, influence brain function and behaviour.
Transporter-mediated clearance is a key determinant of the
magnitude, duration, and physical spread of released seroto-
nin. Ignoring the contribution of non-SERT transporters to
serotonin clearance limits our understanding of a key regulator
of serotonergic neurotransmission. It also limits research aimed
at understanding the potential intracellular actions of serotonin
in post-synaptic neurons and glial cells. The limited view per-
petuated by the conventional model also has implications for
the pharmacological strategies widely used to treat depression
and other neuropsychiatric conditions. In the USA, nearly 13%
of people aged 12 or older have taken an antidepressant in the
last month [19], and the most commonly prescribed anti-
depressants are the selective serotonin reuptake inhibitors
(SSRIs), which elevate extracellular serotonin concentrations
by inhibiting SERT-mediated serotonin transport. While these
are among the most widely prescribed drugs, and while
many patients benefit from them, the mechanisms by which
SSRIs exert their therapeutic effects, and by which serotonin
regulates mood and anxiety, are still not understood [20–23].
The ability of non-serotonergic neurons and glia to take up ser-
otonin indicates that current models of serotonin’s role in
depression, and of the actions of widely used antidepressants,
must be re-evaluated to incorporate additional mechanisms.

In this paper, we first provide some relevant background
on serotonin before reviewing the molecular mechanisms that
allow serotonin to cross cell membranes and enter forebrain
neurons. We then provide a brief review of some of the
known intracellular functions of serotonin. We suggest that
intracellular actions of serotonin may contribute to the well-
described effects of serotonin on critical neuronal functions,
including plasticity, and we discuss some implications of

the ability of serotonin to cross cell membranes and enter
forebrain neurons.

2. Background
Serotonin, a monoamine derived from the amino acid trypto-
phan, exerts powerful and pervasive influences on behaviour
by regulating the activity of neurons throughout the brain.
It is synthesized by a small population of serotonergic neur-
ons in the brainstem raphe nuclei. These neurons project
widely throughout the brain such that there is essentially
no region of the brain that does not receive serotonergic
innervation [1,24]. Serotonin synthesis is a two-step process
[25]. The first step, which is rate-limiting, is the oxidation of
tryptophan to 5-hydroxytryptophan (5-HTP), catalysed by
the enzyme tryptophan hydroxylase (Tph). There are two
variants of the tryptophan hydroxylase enzyme: Tph1 is
expressed in peripheral tissues including the pineal gland,
while Tph2 is expressed in the brain [26]. The second step
is the conversion of 5-HTP to 5-hydroxytryptamine (5-HT,
serotonin) catalysed by aromatic L-amino acid decarboxylase
(AADC). Serotonin is unstable at physiological pH and, after
synthesis, it is usually packaged into vesicles via vesicular
monoamine transporter 2 (VMAT2). Uptake of serotonin into
these vesicles is an active process; VMAT2 uses a proton gradi-
ent to transport serotonin into vesicles [27]. Serotonin is also
synthesized by enterochromaffin cells in intestinal epithelium.
This serotonin acts locally on intestinal neurons to regulate
gastrointestinal smooth muscle tone and contractions; how-
ever, much of it is taken up into blood platelets in the portal
vein, packaged in vesicles, and circulated via these platelets
throughout the periphery [20]. Peripherally synthesized
serotonin does not enter the brain, as it cannot cross the
blood-brain-barrier, but platelets were key model systems in
early studies of serotonin transport and release [1,20].

After it is released, serotonin exerts powerful and diverse
effects on neuronal and other cells via a large family of recep-
tors, the 5-HT receptors, consisting of seven distinct classes
(5-HT1 to 5-HT7) [28]. With the exception of the 5-HT3 receptor,
which is an ion channel, all of the 5-HT receptors are G-protein-
coupled receptors. This diversity of receptors is thought to
underlie the diverse cell type- and brain region-specific
responses to serotonin.

During a single neuronal impulse, local extracellular con-
centrations of serotonin can reach 100 nM, but they can reach
micromolar levels with repeated firing [29]. Most serotoner-
gic synapses in the prefrontal cortex are non-junctional,
which allows serotonin to diffuse out of the synapse before
it is removed by SERT [30]. While SERT is transiently
expressed in non-serotonergic neurons in early development,
this is not usually the case in the brains of adult mammals
[31] such that synaptic serotonin cleared by SERT is usually
taken back into the serotonergic neuron. Serotonin can diffuse
more than 20 µm while maintaining a micromolar to nano-
molar concentration, while a typical synapse size is on the
order of magnitude of tens of nanometres [6].

The duration, peak concentration, and physical spread
of transmitted serotonin, and therefore the magnitude and dur-
ation of serotonin actions on target cells, are largely determined
by transport mechanisms that clear serotonin from the extra-
cellular space. Serotonin clearance has long been attributed
exclusively to SERT, which is expressed in tissues throughout
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the body, including the heart, blood vessels, platelets, liver, gall-
bladder, adrenal gland, kidney, immune system and lungs [32–
35]. This widespread expression allows many organs to actively
take up serotonin, following the exocytosis of serotonin from
platelets [36]. It is perhaps not surprising, then, that serotonin
is involved in just about everymajor process in the body: seroto-
nin regulates the functioning of many organs (e.g. heart, blood
vessels, lungs, muscles, pancreas, kidney) and processes (e.g.
clotting, development, thermoregulation, hunger, reproduction,
immune function), and it functions as a potent neuromodulator
in the central nervous system, across the spectrum of vertebrate
and invertebrate eukaryotic organisms [1,20,37]. Intracellular
serotonin can be metabolized into 5-hydroxy-indoleacetic acid
(5-HIAA) in a reaction catalysed by the enzymemonoamine oxi-
dase (MAO), which occurs as two isoforms, MAO-A andMAO-
B, which display different affinities for serotonin and different
cellularexpressionpatterns [1]. BothMAOisoformsare localized
to theoutermitochondrialmembrane, but theircatalytic surfaces
are oriented differently, with MAO-A oriented on the cytosolic
face, andMAO-B oriented facing the intermembrane space [38].

3. Molecular mechanisms that allow serotonin to
enter forebrain neurons

Starting in the late 1960s, platelets—which store serotonin in
granules—were used as models to elucidate mechanisms of
serotonin neurotransmission, under the assumption that they
would serve as a good model of neuronal transport [39,40].
This research found two transport mechanisms [8]: (1) an
active transport mechanism (via SERT) that predominated at
low extracellular serotonin concentrations (less than 100 nM)
and (2) a passive diffusion-like mechanism that predominated
at high extracellular concentrations (greater than 100 nM).
Serotonin has been found to cross membranes of many cell
types through a diffusion-like process, including kidney
cells [4,9], heart cells [5], endothelial cells [41], neuronal
synaptosomes [6] and neurons [7]. We now know that this
diffusion-like mechanism is mediated by non-specific carriers.
In this context, the micromolar concentrations of serotonin eli-
cited with repeated neuronal firing [28] lie well within the
range required for carrier-mediated diffusion to predominate.

One possible reason for the lack of attention to non-SERT
mechanisms of serotonin uptake is that platelet cells were
models of serotonergic neurons, which synthesize and transmit
serotonin [8,39,40,42]. They were not considered models of
non-serotonergic, forebrain neurons. Nevertheless, we can
think of no rational reason why early researchers would
have assumed that passive transport of serotonin across cell
membranes was limited to serotonergic neurons, particularly
since this mechanism had been demonstrated in multiple cell
types [42]. Another possible reason why the evidence of a dif-
fusion-like mechanism was ignored is because researchers
did not understand the mechanism, due to serotonin’s posi-
tive charge. This is also not a satisfying answer, because it
should have stimulated research that attempted to resolve
the paradox.

In any event, it is surprising that the evidence serotonin
crosses cell membranes through a diffusion-like process was
not even incorporated into the textbook descriptions of sero-
tonergic neurons [1–3]. Some researchers in the early 1970s
thought that the transport of serotonin into serotonergic
neurons by diffusion was not as physiologically important

as SERT uptake [42]. Of course, that does not mean that the
diffusion-like uptake of serotonin was generally unimportant
in the brain.

The paradox regarding serotonin’s transport through a
diffusion-like process despite having a positive charge was
resolved by the discovery of several molecular mechanisms of
passive transport [10,14]. Passive, diffusion-like transport
of serotonin has now been attributed to a family of broadly
specific monoamine transporters. These transporters are all
considered members of the ‘uptake2’ family of monoamine
transporters, to contrast them with SERT, which is a member
of the ‘uptake1’ family. Uptake1 and uptake2 activities were
originally observed in studies of catecholamine uptake in
heart tissue. Uptake1 was a high-affinity (Kd = 0.27 µM), low-
capacity (Vmax = 1.22 nmol min−1 g−1 tissue) transport process,
inhibited by cocaine and desipramine, while uptake2 had lower
affinity (Kd = 252 µM) and higher capacity (Vmax = 100 nmol
min−1 g−1) for catecholamines and was insensitive to cocaine
and desipramine [43,44]. Because of its relatively low affinity,
uptake2 was originally believed to mediate catecholamine
uptake only when its substrates were at very high con-
centrations. However, later studies demonstrated uptake2
contributions to catecholamine clearance under both high and
low substrate concentrations [45].

Uptake2-like activity has been attributed to at least four
distinct transporters, all of which mediate high-capacity trans-
port not only of catecholamines, but also of serotonin and, in
some cases, histamine. These transporters, organic cation trans-
porters (OCT1, OCT2 and OCT3), and the PMAT, all mediate
high-capacity, bidirectional, sodium-independent transport
of serotonin and other monoamines, with each transporter
displaying distinct transport efficiencies for the various mono-
amines [10,46] (table 1). The PMAT is thought to have some
selectivity for serotonin transport in the brain. The Km and
IC50 values for serotonin transport by OCT transporters, multi-
drug and toxin extrusion protein 1 (MATE1), and PMAT as
determined following expression in cell lines (table 1) may
underestimate their functional role in neural tissues, as the
IC50 value for serotonin inhibition of [3H]-histamine uptake—
a known substrate of OCT2 and OCT3 [47]—in rat hypothala-
mic tissue was estimated to be 43 µM [13]. Functionally,
Xenopus laevis oocytes, which are made to express a variant of
PMAT found throughout the human brain, alongside the

Table 1. Molecular mechanisms of passive transport of serotonin across the
plasma membrane.

transporter references
Km (or IC50)
(µM)a

multidrug and toxin extrusion

protein 1 (MATE1)

[14] (>200)

organic cation transporter 1 (OCT1) [14] (>20 000)

organic cation transporter 2 (OCT2) [14] 290 (310)

organic cation transporter 3 (OCT3) [10] 988 (1000)

organic cation transporter 6 (OCT6) [14] (<12 000)

plasma membrane monoamine

transporter (PMAT)

[10] 283

aKm and IC50 values were measured in oocytes of Xenopus laevis or
epithelial cell lines after expression of the transporters.
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human SERT protein, increase the uptake of serotonin by 2.5-
to 3-fold, at 1 µM concentration, relative to when SERT alone
was expressed [48]. The contribution of monoamine transpor-
ters to overall serotonin uptake in the brain, therefore, may
be considerable.

Furthermore, low-affinity, high-capacity serotonin transpor-
ters, such as OCT3, which is widely expressed throughout the
brain in both neurons and astrocytes [16], are functionally
important andmayplaya role in themodulationof serotonergic
signalling following exposure to aversive stimuli [12,13,49–56].
Such data suggest that a sustained elevation in serotonin trans-
mission into the forebrain could boost uptake into post-synaptic
neurons through these transporters (table 1), as has been
demonstrated for OCT3 [50–52].

Although all uptake2 transporters except for PMAT were
originally described in peripheral tissues, all have since been
detected in brain tissue [17,18] and specifically in forebrain
neurons [57–60] and, for OCT3, in astrocytes and ependymal
cells [16,59].

We have conducted studies using immuno-electron
microscopy to examine the subcellular localization of OCT3
in the amygdala and demonstrated that, in addition to
axonal and dendritic plasma membranes, OCT3 is also loca-
lized to Golgi, mitochondrial, and outer nuclear membranes
[59], suggesting a potential mechanism through which
serotonin may enter or exit these organelles (figure 1).

In that same study, we observed similar localization
patterns in cortical neurons (figure 2), although we did not
publish those results at that time. Of particular interest is
the fact that OCT3-expressing mitochondria were often
observed adjacent to dendritic plasma membranes that also
expressed OCT3, suggesting that, in these cortical neurons,
serotonin or other OCT3 substrates may be transported

across the post-synaptic membrane from the extracellular
space, directly into the mitochondrial intermembrane space
(figure 2a,b).

In short, decades of research have demonstrated that
serotonin can cross neuronal and other cell membranes
under physiological conditions through a passive non-SERT,
carrier-mediated process. The relative inattention to this
mechanism, in neurobiology textbooks [1–3] and elsewhere,
means that most models of serotonergic neurotransmission
are incomplete.

4. The distribution of the monoamine oxidase
enzymes

During development, both variants of MAO are often co-
expressed [61]. However, postnatally, MAO-A, which has
the higher affinity for serotonin, tends to be more abundant
in non-serotonergic forebrain neurons such as pyramidal
neurons in the cortex and dentate granule neurons of the hip-
pocampus [62,63]. Conversely, the low-affinity MAO-B is
more abundant in serotonergic neurons, postnatally. Interest-
ingly, MAO-A and MAO-B are co-expressed in astrocytes of
the adult brain [64].

The regional differences in the expression of MAO-A and
MAO-B have puzzled researchers [62,63]. The greater
expression of the low affinity MAO-B enzyme in serotonergic
neurons may be an adaptation to minimize serotonin metab-
olism in those neurons, maintaining the availability for
neurotransmission. The presence of MAO-A in forebrain
neurons poses a conundrum for the conventional model of
serotonin transmission, and it should have been another
clue that the model was wrong or incomplete. While the

SERT
MAO-A

OCT3

OCT3
nucleus

serotonylation?
nuclear receptors?

OCT3

OCT3

post-synaptic neuron
glial cell

5-HTMAO-B

serotonergic terminal

metabolism
anti-oxidant

mitochondrion

5-HT receptor

Golgi

VMAT2

Figure 1. Model of potential intracellular actions of serotonin in post-synaptic neurons and astrocytes due to the expression of OCT3 on plasma and intracellular
membranes. The possible intracellular actions of serotonin include modulation of gene expression by nuclear histone serotonylation, regulation of other nuclear
processes through serotonin receptors expressed on the nuclear membrane, and the reduction of oxidative stress in mitochondria (see text for details). (Online
version in colour.)
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preferential expression of the high-affinity variant of MAO
in forebrain neurons is itself no guarantee of serotonin
being present in these neurons, it does indicate that
MAO-expressing neurons have the capacity to metabolize
monoamines, including serotonin. Furthermore, it suggests
the hypothesis that, in these neurons, MAO-A acts to
metabolize serotonin taken up from the extracellular space.

There are alternative hypotheses that try to explain
the expression of MAO-A under the conventional model of
serotonin transmission. One such hypothesis proposes that
MAO-A acts as a scavenger for errant monoamines that have
inadvertently lost their way and entered neurons where they
have no appropriate physiological role [64]. Another hypoth-
esis suggests that MAO-A might eliminate foreign amines
that are false neurotransmitters [60]. However, neither of
these hypotheses offers a natural explanation for the fact that
MAO-A and MAO-B have higher affinities for deprotonated
serotonin [38]. Below, we provide an explanation for this fact.

5. Post-synaptic and intracellular functions of
serotonin

Surprisingly, the ability of serotonin to cross cell membranes
through a diffusion-like process has even been neglected in
the textbooks of researchers [3,65] who were instrumental
in demonstrating it [8]. Again, the reasons for this are
unclear. By the 1970s, serotonin was known to have both
excitatory and inhibitory effects on post-synaptic neurons
[66,67]. Generally, researchers thought that the excitatory
and inhibitory effects required the existence of multiple sero-
tonin receptor subtypes expressed on post-synaptic neuron
membranes [66]. Thus, it is possible that most researchers
thought that serotonin affected post-synaptic neurons primar-
ily through receptor-mediated signalling pathways, negating
other possible mechanisms. This might have implied that
even if serotonin entered post-synaptic neurons through dif-
fusion-like processes, it would have no important
intracellular effects. Nevertheless, the intraneural metabolism

of serotonin led some researchers to question whether seroto-
nin had intraneural functions [68].

The strong anatomical and physiological evidence that cells
other than serotonergic neurons can take up serotonin via a
variety of transporters raises important questions about the
fate of serotonin in these cells. Indeed, we now know that ser-
otonin has important intracellular effects, and these effectsmay
complement serotonin’s plasma membrane receptor-mediated
effects on neuronal firing. Below, we describe evidence for
three potential fates of intracellular serotonin: (1) metabolism
by MAO at the mitochondrion; (2) covalent attachment to pro-
teins at glutamine residues by transglutaminase enzymes (i.e.
serotonylation); and (3) activation of serotonin receptors at
intracellular membranes.

(a) Serotonin can trigger sustained neuronal firing via
signal transduction

Serotonin plays an important role in repetitive neuronal or
cellular activity [69]. For instance, a subgroup of serotonergic
neurons in the DRN involved in motor activity do not fire in
response to stress or motor activity per se [69,70]. Rather, they
fire when motor activity is repetitive. Relatedly, central pat-
tern generators (neuronal circuits capable of generating
rhythmic behavioural actions, such as breathing) are modu-
lated by serotonin receptor activity [71,72], and serotonin
stimulates ciliary beat frequency in ependymal cells lining
the ventricular system [73].

Additionally,many neurons have both a phasic firingmode
and a repetitive or sustained firing mode. Among the various
neurotransmitters, serotonin has an unusual capacity to
switch neurons in the brain and the periphery into the repeti-
tive firing mode [74–76]. The effect appears to be driven by
the duration of exposure to serotonin [74]. Brief exposures to
serotonin tend to limit firing through the inhibitory 5-HT1A

receptor, while longer exposures tend to promote repetitive
firing through excitatory 5-HT2A/2C receptors [75,77].

We also note that the high exposure to serotonin required to
trigger receptor-mediated repetitive firing of a post-synaptic

(a) (b) (c)

m

m

m
N

Figure 2. Electron photomicrographs depicting OCT3-immunoreactivity (dark staining) in cortical neurons. OCT3-immunoreactivity was observed localized to plasma
and mitochondrial membranes in close apposition (thick arrows in a,b), as well as in nuclear membranes (arrowheads in c). Thin arrow in (a) indicates OCT3
immunoreactivity in a dendritic plasma membrane. See [59] for details regarding image collection methodology.
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neuron could also cause substantial carrier-mediated diffusion
of serotonin into that neuron. Thus, serotonin’s effects on
repetitive neuronal firing provide important context for the
intracellular properties of serotonin, to which we now turn
(table 2).

(b) Mitochondrial functions of serotonin
The fact that serotonin evolved in the ancestral mito-
chondrion [78] may help explain why it has important
mitochondrial functions [20]. For instance, serotonin is a
powerful antioxidant that inhibits the production of reactive
oxygen species (ROS), malondialdehyde and carbonyls [80].
It prevents thiol oxidation, decreases the degradation of
2-deoxy-D-ribose and prevents apoptosis [80].

Serotonin also has a capacity to donate protons [81], and
this capacity has been linked to its antioxidant properties
[79,82]. This linkage suggests a possible adaptive explanation
for MAO’s high affinity for deprotonated serotonin in par-
ticular. We hypothesize that MAO-A is present in forebrain
neurons to metabolize deprotonated serotonin after it has
neutralized sources of oxidative stress from active mitochon-
dria, such as might occur under serotonin-triggered sustained
neuronal firing. The localization of the MAO-A enzyme to
mitochondria—where the bulk of oxidative stress is gener-
ated—would also be adaptive under this hypothesis [38,83].

The widespread expression in the brain of low-affinity,
high-capacity transporters like OCT3 provides a mechanism
by which serotonin has broad access to the mitochondria of
forebrain neurons through carrier-mediated diffusion
(figure 1). Carrier-mediated diffusion will eventually cease
unless there is some mechanism by which concentration gra-
dients can be maintained across cell membranes. In active
forebrain neurons under oxidative stress, MAO-A may help
maintain low intracellular concentrations of serotonin by
metabolizing the deprotonated form to 5-HIAA. Serotonin
has several other effects on mitochondria that could be
useful in supporting sustained neuronal activity, such as pro-
moting the proliferation and migration of mitochondria,
although both of these effects are receptor-mediated [84,85].

(c) Serotonin actions at other cellular compartments
In addition to their typical plasma membrane localization,
recent studies have demonstrated that some G-protein-
coupled receptors, including adrenergic receptors, are
localized to, and activated at, the endomembrane, including
Golgi and inner nuclear membranes [86]. While OCT3 loca-
lized to the Golgi apparatus or other organelles could be
immature or misfolded protein, studies have shown that at
least some of the OCT3 localized to organelles is functional
[87,88], which suggests additional intracellular mechanisms
of serotonin actions.

For instance, activation of Golgi and inner nuclear
membrane adrenergic receptors by norepinephrine requires
OCT3-mediated transport of the ligand [89]. Interestingly,
there have been several reports of endomembrane serotonin
receptor localization, including Golgi and mitochondrial
membranes [90–95]. While there have been no studies testing
the functionality of these intracellular serotonin receptors,
they represent a powerful potential mechanism by which
serotonin may exert diverse actions on post-synaptic neur-
onal physiology.

Recent studies have identified another mechanism, which
is not receptor-mediated, by which serotonin may alter cellular
function. Serotonin and other monoamines can be covalently
attached, in a reaction catalysed by transglutaminase enzymes,
to intracellular proteins at glutamine residues [26], resulting in
modification of protein function. The covalent addition of ser-
otonin, termed serotonylation, has been observed in cultured
cortical neurons, where addition of serotonin to the cytosolic
protein Rac1 leads to alterations in spine density [96,97].
Most recently, the group of IanMaze has demonstrated seroto-
nylation of histones in neurons and has shown that this
modification enhances transcription factor binding to histones
[98]. The mechanisms by which intracellular serotonin reaches
the nuclear compartment where it can be attached to histones
have not been elucidated. But the presence of OCT3 at the
nuclear envelope suggests that it may play a role in gating
this potentially powerful mechanism by which serotonin
may regulate gene expression (figure 1).

Table 2. Key findings suggesting that serotonin adaptively coordinates intracellular responses associated with sustained neuronal activity of post-synaptic
neurons.

finding references possible implication

1. serotonin evolved in mitochondria [78] serotonin had mitochondrial functions that may still be present;

carrier-mediated diffusion gives serotonin wide access to brain

mitochondria

2. sustained exposure to serotonin can trigger repetitive

neuronal firing through 5-HT2A/2C pathway

[74–76] carrier-mediated diffusion allows serotonin access to the

intracellular environments of the neurons it activates

3. serotonin is a powerful antioxidant, probably related to its

ability to donate protons

[79,80] through carrier-mediated diffusion, serotonin may reduce oxidative

stress, particularly in highly active neurons

4. within cells, MAO-A and MAO-B are localized to outer

mitochondrial membrane

[38] serotonin must enter cells to be metabolized

5. MAO-A is more likely to be found in forebrain neurons;

MAO-B is more likely to be found in serotonergic midbrain

neurons

[62,63] suggests that serotonin may enter post-synaptic forebrain neurons

by carrier-mediated diffusion or some other process

6. MAO has high affinity for deprotonated serotonin [38] serotonin is metabolized after scavenging ROS in activated neurons
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6. Discussion
The conventional model of serotonin neurotransmission does
not include mechanisms mediating serotonin transport across
the post-synaptic membrane. In the absence of a transport
mechanism, the positive charge at physiological pH should pre-
vent the passive diffusion of serotonin across cell membranes,
and yet several decades of research have demonstrated that ser-
otonin passes across cell membranes through a diffusion-like
process [4–9]. The discovery of high-capacity, low-affinity,
sodium-independent transporters, including OCT3 and
PMAT, resolves this paradox. These transporters, which had
not yet been discovered in the 1970s when the traditional
model of serotonergic signalling was developed, offer a gate-
way for serotonin to passively diffuse across cell membranes
despite its positive charge.

Carrier-mediated diffusion puts the intracellular environ-
ment of post-synaptic forebrain neurons within reach of
serotonin. Similarly, the widespread expression of SERT and
non-specific carriers in the periphery arguably gives every
organ the capacity to take up serotonin from the bloodstream
[20]. Thus, the cytoplasm of every cell in the body is poten-
tially a stage for serotonin’s actions.

(a) The intracellular functions of serotonin
Access of serotonin to cytosolic and organellar compartments
suggests important intracellular functions for the monoamine.
There is a need to explore the potential intracellular functions
of serotoninmore rigorously, particularly those involvingmito-
chondria. Arguably, the most important biochemical aspect of
serotonin is its indole ring—inherited from its tryptophan pre-
cursor—that allows for light capture and electron transfer [25].
Melatonin is synthesized from serotonin, and its indole ring
has been hypothesized to have a number of effects on mito-
chondrial processes beyond ROS scavenging (e.g. electron
donation at Complex I or regulatory functions at a number of
possible points along the electron transport chain) [99].
It may be useful to look for similar effects with serotonin,
particularly in non-serotonergic neurons.

(b) Does serotonin trigger and support sustained
neuronal activity?

The findings reviewed above suggest that a key action of
serotonin is to coordinate processes that trigger and support sus-
tained neuronal activity. This argument is based on several
findings, each of which are well-replicated (table 2). Specifically,
sustained serotonin transmission should cause the concentration
of serotonin to build in the synaptic cleft and spread, which in
turn should trigger repetitive neuronal firing through 5-HT2A/

2C receptor pathways. The increasing concentration of serotonin
in the synaptic cleft should concurrently facilitate carrier-
mediated diffusion by creating a concentration gradient
whereby serotonin moves downstream into the post-synaptic
neuron via the high-capacity transporter, OCT3. Once inside
the post-synaptic cell, serotonin may exert its powerful antiox-
idant effects, thereby ameliorating the oxidative stress that
accumulates in actively firing neurons. Scavenging and depro-
tonation will trigger metabolism by MAO-A, which should
maintain the low intracellular serotonin concentrations
required for carrier-mediated diffusion to continue.

We hope further research will examine whether all the
elements are coordinated as our argument requires. If an

increase in serotonin transmission to forebrain regions simul-
taneously: (i) increases the firing rates of forebrain neurons;
(ii) promotes carrier-mediated diffusion of serotonin into
activated neurons; (iii) neutralizes the oxidative stress in acti-
vated neurons; and (iv) maintains the concentration gradient
required for carrier-mediated diffusion to continue through
the metabolism of deprotonated serotonin, it would be a
highly non-random confluence of beneficial effects all directed
towards triggering and promoting sustained neuronal firing.
Highly non-random biological organization is a telltale sign
of evolved adaptation by natural selection [100,101].

The non-random distribution of MAO-A and MAO-B
enzymes in the brain would further support the argument
that components of the serotonin system are an evolved adap-
tation for triggering and supporting sustained neuronal firing.
MAO-B tends to be more expressed in serotonergic cells where
the lower affinity will adaptively maintain the availability of
stores for neurotransmission. MAO-A is more expressed in
non-serotonergic neurons in forebrain areas. The high affinity
of MAO for the deprotonated form of serotonin should allow
serotonin to adaptively function as an antioxidant in active
forebrain neurons before it is metabolized.

(c) The 5-HIAA/5-HT ratio as an index for serotonin
neurotransmission

Transport mechanisms that allow serotonin to enter forebrain
neurons may help explain why the ratio of forebrain tissue
concentrations of 5-HIAA to 5-HT is a useful index of sus-
tained serotonin transmission [102], at least so long as SERT
is not blocked [103]. This index was derived from research
attempting to find combinations of serotonin parameters in
forebrain regions that were sensitive to electrical stimulation
of the DRN in a frequency- and time-dependent manner
[68,102]. With serotonin in the denominator, the 5-HIAA/
5-HT ratio is a counterintuitive index of neurotransmission
because it could be taken to suggest that higher forebrain
tissue concentrations somehow represent lower transmission
rates.

Together, 5-HIAA and 5-HT represent the total pool of
metabolized and unmetabolized serotonin in a particular
region. Thus, an increase in the 5-HIAA/5-HT ratio represents
a shift in the total serotonin pool towards the metabolized
form.We suggest that 5-HIAA is not predominantly generated
in the pre-synaptic neuron, which is more likely to express the
low-affinity MAO-B, but is instead mostly generated in the
mitochondria of non-serotonergic forebrain neurons, or fore-
brain glial cells, where the high-affinity MAO-A is expressed.
Thus, we suggest that 5-HIAA is in the numerator because it
represents serotonin that has been effectively transmitted
(because it entered active forebrain neurons or glial cells and
was metabolized). Finally, we suggest that 5-HT is in the
denominator because it represents the remainder of the total
pool that has not yet been effectively transmitted.

(d) The potential role of low-affinity, high-capacity
transporters in the antidepressant response

The conceptual foundation for the modern pharmacological
treatment for depression had its origins in the serendipitous
discovery of drugs with depression-reducing effects [104].
These drugs all had the effect of increasing synaptic levels of
monoamine neurotransmitters (norepinephrine, dopamine,
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serotonin), which suggested that depression was a state in
which monoamine levels were reduced or depleted [105].
Later work suggested that diminished serotonin transmission
might be the primary cause of depression [106]. However,
the known antidepressant drugs all affected multiple mono-
amines. For instance, the tricyclic antidepressant imipramine
blocked both the SERT and the norepinephrine transporter.
In the early 1970s, then, there was an interest in the develop-
ment of drugs that more effectively and selectively blocked
SERT in an attempt to improve their antidepressant properties
and reduce side effects related to norepinephrine [42,107,108].
That research effort bore fruit in 1974 when the first report on
an SSRI (fluoxetine) was published [109]. Now, SSRIs are the
most commonly prescribed antidepressant medications [110].

There is some evidence that researchers in the 1970s
ignored the passive diffusion of serotonin because SERT pro-
vided a clear molecular target for the pharmaceutical
treatment of depression [42]. In contrast, the molecular basis
for the observed diffusion-like process was unknown and it
was unaffected by drugs with known antidepressant proper-
ties [42]. Because many researchers were unaware of the
diffusion-like mode of transport, the search for the mechanism
by which SSRIs reduced symptoms tended to focus on post-
synaptic, receptor-mediated pathways [111]. The existence of
low-affinity, high-capacity transporters expressed in non-
serotonergic cells (neurons and astrocytes) complicates the
ongoing search for the mechanism of the antidepressant
response because it increases the degrees of freedom by
which SSRIs affect the action of serotonin on post-synaptic
neurons and astrocytes [51]. For instance, the increase in synap-
tic serotonin concentrations caused by SERT blockade could
increase the carrier-mediated uptake of serotonin through
OCT3 and other low-affinity, high-capacity transporters [51].
If the antidepressant response to SSRIs does involve a recep-
tor-mediated pathway, these alternative transporters could
limit the response by providing anothermechanismof synaptic
clearance [51]. On the other hand, these alternative transporters
could be crucial to the antidepressant response to SSRIs if the
mechanism of action requires serotonin to enter into post-
synaptic neurons or astrocytes. Moreover, synaptic serotonin
is under homeostatic control, and the body produces compen-
satory responses to SSRIs that may play a role in symptom
reduction [22,111], but the role of low-affinity, high-capacity
transporters in these compensatory responses has not been
fully investigated [51]. For instance, in SERT-deficient mice,
the expression of OCT1 andOCT3 (and possibly other low-affi-
nity, high-capacity transporters) is upregulated, and a similar
compensatory response could occur under prolonged SERT
blockade [51]. Future research should focus on sifting through
the numerous possibilities.

7. Conclusion
There are multiple low-affinity, high-capacity, sodium-
independent transporters—such as OCT3—that are widely

expressed in the brain and allow the carrier-mediated diffu-
sion of serotonin into post-synaptic neurons and glial cells.
The evidence that serotonin can cross cell membranes through
a diffusion-like mechanism despite having a positive charge—
now several decades old—is no longer a paradox and should
no longer be ignored. There is also considerable evidence that
serotonin enters forebrain neurons and interacts with orga-
nelles, such as the Golgi apparatus, mitochondria and
nucleus. Even small concentrations of serotonin could have
important intracellular effects, similar to how small concen-
trations of melatonin have important intracellular effects
[112,113]. The story of serotonin neurotransmission is far
from complete, but research on this is hindered by the fact
that the mechanisms by which serotonin can enter forebrain
neurons are not widely known. We encourage the textbooks
to modify the conventional model to include carrier-mediated
diffusion mechanisms, and we encourage new research that
focuses on the intracellular functions of serotonin, particularly
those in post-synaptic neurons and glia.
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Endnotes
1Serotonin is now understood to often have non-junctional effects,
including the capacity to interact with extrasynaptic receptors
(volume transmission), for instance. Nevertheless, the conventional
view does not refer to non-junctional effects.
2Because serotonergic neurons often do not form tight synaptic con-
nections with target forebrain neurons, it is not always technically
accurate to refer the target neuron as a ‘post-synaptic’ neuron.
Again, the conventional view does not recognize these distinctions.
We use ‘post-synaptic’ to refer to forebrain neurons that are receiving
serotonergic input, even if the connections are non-junctional.

References

1. Frazer A, Hensler JG. 1999 Serotonin. In Basic
neurochemistry: molecular, cellular and medical aspects

(eds GJ Siegel, BWAgranoff, RWAlbers, SK Fisher, MD
Uhler), pp. 263–292. Philadelphia, PA: Lippincott-Raven.

2. Kandel ER, Schwartz J, Jessel T, Seigelbaum S,
Hudspeth A. (eds). 2013 Principles of

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20221565

8

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

19
 S

ep
te

m
be

r 
20

23
 



neural science, 5th edn. New York, NY:
McGraw-Hill.

3. Stahl SM. 2013 Stahl’s essential
psychopharmacology: neuroscientific basis and
practical application, 4th edn. New York, NY:
Cambridge University Press.

4. Erickson JD, Eiden LE, Hoffman BJ. 1992 Expression
cloning of a reserpine-sensitive vesicular
monoamine transporter. Proc. Natl Acad. Sci. USA
89, 10 993–10 997. (doi:10.1073/pnas.89.22.10993)

5. Grohmann M, Trendelenburg U. 1984 The substrate
specificity of uptake2 in the rat heart. Naunyn.
Schmiedebergs Arch. Pharmacol. 328, 164–173.
(doi:10.1007/BF00512067)

6. Hagan CE, Schenk JO, Neumaier JF. 2011 The
contribution of low-affinity transport mechanisms to
serotonin clearance in synaptosomes. Synapse 65,
1015–1023. (doi:10.1002/syn.20929)

7. Mlinar B, Montalbano A, Baccini G, Tatini F, Palmini
RB, Corradetti R. 2015 Nonexocytotic serotonin
release tonically suppresses serotonergic neuron
activity. J. Gen. Physiol. 145, 225–251. (doi:10.
1085/jgp.201411330)

8. Stahl SM, Meltzer HY. 1978 A kinetic and
pharmacologic analysis of 5-hydroxytryptamine
transport by human platelets and platelet storage
granules: comparison with central serotonergic
neurons. J. Pharmacol. Exp. Ther. 205, 118–132.

9. Yu H, Dickson EJ, Jung S-R, Koh D-S, Hille B. 2016
High membrane permeability for melatonin. J. Gen.
Physiol. 147, 63–76. (doi:10.1085/jgp.201511526)

10. Duan H, Wang J. 2010 Selective transport of
monoamine neurotransmitters by human plasma
membrane monoamine transporter and organic
cation transporter 3. J. Pharmacol. Exp. Ther. 335,
743–753. (doi:10.1124/jpet.110.170142)

11. Gründemann D, Hahne C, Berkels R, Schömig E.
2003 Agmatine is efficiently transported by non-
neuronal monoamine transporters extraneuronal
monoamine transporter (EMT) and organic cation
transporter 2 (OCT2). J. Pharmacol. Exp. Ther. 304,
810–817. (doi:10.1124/jpet.102.044404)

12. Gasser PJ, Lowry CA. 2018 Organic cation
transporter 3: a cellular mechanism underlying
rapid, non-genomic glucocorticoid regulation of
monoaminergic neurotransmission, physiology, and
behavior. Horm. Behav. 104, 173–182. (doi:10.
1016/j.yhbeh.2018.05.003)

13. Gasser PJ, Lowry CA, Orchinik M. 2006
Corticosterone-sensitive monoamine transport in the
rat dorsomedial hypothalamus: potential role for
organic cation transporter 3 in stress-induced
modulation of monoaminergic neurotransmission.
J. Neurosci. 26, 8758–8766. (doi:10.1523/
JNEUROSCI.0570-06.2006)

14. Koepsell H, Lips K, Volk C. 2007 Polyspecific organic
cation transporters: structure, function, physiological
roles, and biopharmaceutical implications. Pharm.
Res. 24, 1227–1251. (doi:10.1007/s11095-007-
9254-z)

15. West A, Best J, Abdall A, Nijhout HF, Reed M,
Hashemi P. 2019 Voltammetric evidence for discrete
serotonin circuits, linked to specific reuptake

domains, in the mouse medial prefrontal cortex.
Neurochem. Int. 123, 50–58. (doi:10.1016/j.neuint.
2018.07.004)

16. Gasser PJ, Orchinik M, Raju I, Lowry CA. 2009
Distribution of organic cation transporter 3, a
corticosterone-sensitive monoamine transporter, in
the rat brain. J. Comp. Neurol. 512, 529–555.
(doi:10.1002/cne.21921)

17. Amphoux A et al. 2006 Differential pharmacological
in vitro properties of organic cation transporters and
regional distribution in rat brain.
Neuropharmacology 50, 941–952. (doi:10.1016/j.
neuropharm.2006.01.005)

18. Engel K, Zhou M, Wang J. 2004 Identification and
characterization of a novel monoamine transporter
in the human brain. J. Biol. Chem. 279, 50 042–50
049. (doi:10.1074/jbc.M407913200)

19. Pratt LA, Brody DJ, Gu Q. 2017 Antidepressant use
among persons aged 12 and over: United States,
2011–2014. Hyattsville, MD: National Center for
Health Statistics.

20. Andrews PW, Bharwani A, Lee KR, Fox M,
Thomson Jr JA. 2015 Is serotonin an upper or a
downer? The evolution of the serotonergic system
and its role in depression and the antidepressant
response. Neurosci. Biobehav. Rev. 51, 164–188.
(doi:10.1016/j.neubiorev.2015.01.018)

21. Belmaker RH, Agam G. 2008 Major depressive
disorder. N. Engl. J. Med. 358, 55–68. (doi:10.1056/
NEJMra073096)

22. Andrews PW, Amsterdam JD. 2020 A hormetic
approach to understanding antidepressant
effectiveness and the development of antidepressant
tolerance: a conceptual view. Psychiatr. Pol. 54,
1067–1090. (doi:10.12740/PP/120084)

23. Krishnan V, Nestler EJ. 2008 The molecular
neurobiology of depression. Nature 455, 894–902.
(doi:10.1038/nature07455)

24. Descarries L, Riad M, Parent M. 2010 Ultrastructure
of the serotonin innervation in the mammalian
central nervous system. In Handbook of the
behavioral neurobiology of serotonin (eds C Muller, B
Jacobs). Amsterdam, The Netherlands: Elsevier.

25. Azmitia EC. 2010 Evolution of serotonin: sunlight to
suicide. In Handbook of behavioral neuroscience (eds
C Müller, K Cunningham), pp. 3–22. Burlington,
MA: Academic Press.

26. Walther DJ, Peter JU, Bashammakh S, Hörtnagl H,
Voits M, Fink H, Bader M. 2003 Synthesis of
serotonin by a second tryptophan hydroxylase
isoform. Science 299, 76. (doi:10.1126/science.
1078197)

27. Bernstein AI, Stout KA, Miller GW. 2014 The
vesicular monoamine transporter 2: an
underexplored pharmacological target. Neurochem.
Int. 73, 89–97. (doi:10.1016/j.neuint.2013.12.003)

28. Bockaert J, Claeysen S, Bécamel C, Dumuis A, Marin
P. 2006 Neuronal 5-HT metabotropic receptors: fine-
tuning of their structure, signaling, and roles in
synaptic modulation. Cell Tissue Res. 326, 553–572.
(doi:10.1007/s00441-006-0286-1)

29. Bunin MA, Wightman RM. 1998 Quantitative
evaluation of 5-hydroxytryptamine (serotonin)

neuronal release and uptake: an investigation of
extrasynaptic transmission. J. Neurosci. 18,
4854–4860. (doi:10.1523/JNEUROSCI.18-13-
04854.1998)

30. Séguéla P, Watkins KC, Descarries L. 1989
Ultrastructural relationships of serotonin axon
terminals in the cerebral cortex of the adult rat.
J. Comp. Neurol. 289, 129–142. (doi:10.1002/cne.
902890111)

31. Ugrumov MV. 2008 Brain neurons partly expressing
monoaminergic phenotype: distribution,
development, and functional significance in norm
and pathology. In Handbook of neurochemistry and
molecular neurobiology: neurotransmitter systems
(eds A Lajtha, ES Vizi), pp. 21–73. Boston, MA:
Springer.

32. Ahern GP. 2011 5-HT and the immune system. Curr.
Opin. Pharmacol. 11, 29–33. (doi:10.1016/j.coph.
2011.02.004)

33. Lin K-J, Weng Y-H, Wey S-P, Hsiao I-T, Lu C-S,
Skovronsky D, Chang H-P, Kung M-P, Yen T-C. 2010
Whole-body biodistribution and radiation dosimetry
of 18F-FP-(+)-DTBZ (18F-AV-133): a novel vesicular
monoamine transporter 2 imaging agent. J. Nucl.
Med. 51, 1480–1485. (doi:10.2967/jnumed.110.
078196)

34. Maclean MR, Dempsie Y. 2010 The serotonin
hypothesis of pulmonary hypertension revisited.
Adv. Exp. Med. Biol. 661, 309–322. (doi:10.1007/
978-1-60761-500-2_20)

35. Ni W, Watts SW. 2006 5-Hydroxytryptamine in the
cardiovascular system: focus on the serotonin
transporter (SERT). Clin. Exp. Pharmacol. Physiol. 33,
575–583. (doi:10.1111/j.1440-1681.2006.04410.x)

36. Axelrod J, Inscoe JK. 1963 The uptake and binding
of circulating serotonin and the effect of drugs.
J. Pharmacol. Exp. Ther. 141, 161–165.

37. Andrews PW, Thomson Jr JA, Amstadter A, Neale
MC. 2012 Primum non nocere: an evolutionary
analysis of whether antidepressants do more harm
than good. Front. Psychol. 3, 117. (doi:10.3389/
fpsyg.2012.00117)

38. Edmondson DE, Binda C, Mattevi A. 2007 Structural
insights into the mechanism of amine oxidation by
monoamine oxidases A and B. Arch. Biochem.
Biophys. 464, 269–276. (doi:10.1016/j.abb.2007.
05.006)

39. Pletscher A. 1968 Metabolism, transfer and storage
of 5-hydroxytryptamine in blood platelets.
Br. J. Pharmacol. Chemother. 32, 1–16. (doi:10.
1111/j.1476-5381.1968.tb00423.x)

40. Pletscher A. 1988 Platelets as models: use and
limitations. Experientia 44, 152–155. (doi:10.1007/
BF01952200)

41. Bailey SR, Wheeler-Jones C, Elliott J. 2003 Uptake of
5-hydroxytryptamine by equine digital vein
endothelial cells: inhibition by amines found in the
equine caecum. Equine Vet. J. 35, 164–169. (doi:10.
2746/042516403776114171)

42. Sneddon JM. 1973 Blood platelets as a model for
monoamine-containing neurones. Prog. Neurobiol.
1, 151–198. (doi:10.1016/0301-0082(73)
90019-1)

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20221565

9

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

19
 S

ep
te

m
be

r 
20

23
 

http://dx.doi.org/10.1073/pnas.89.22.10993
https://doi.org/10.1007/BF00512067
http://dx.doi.org/10.1002/syn.20929
http://dx.doi.org/10.1085/jgp.201411330
http://dx.doi.org/10.1085/jgp.201411330
http://dx.doi.org/10.1085/jgp.201511526
http://dx.doi.org/10.1124/jpet.110.170142
http://dx.doi.org/10.1124/jpet.102.044404
http://dx.doi.org/10.1016/j.yhbeh.2018.05.003
http://dx.doi.org/10.1016/j.yhbeh.2018.05.003
https://doi.org/10.1523/JNEUROSCI.0570-06.2006
https://doi.org/10.1523/JNEUROSCI.0570-06.2006
http://dx.doi.org/10.1007/s11095-007-9254-z
http://dx.doi.org/10.1007/s11095-007-9254-z
https://doi.org/10.1016/j.neuint.2018.07.004
https://doi.org/10.1016/j.neuint.2018.07.004
http://dx.doi.org/10.1002/cne.21921
http://dx.doi.org/10.1016/j.neuropharm.2006.01.005
http://dx.doi.org/10.1016/j.neuropharm.2006.01.005
http://dx.doi.org/10.1074/jbc.M407913200
https://doi.org/10.1016/j.neubiorev.2015.01.018
http://dx.doi.org/10.1056/NEJMra073096
http://dx.doi.org/10.1056/NEJMra073096
https://doi.org/10.12740/PP/120084
http://dx.doi.org/10.1038/nature07455
http://dx.doi.org/10.1126/science.1078197
http://dx.doi.org/10.1126/science.1078197
http://dx.doi.org/10.1016/j.neuint.2013.12.003
http://dx.doi.org/10.1007/s00441-006-0286-1
http://dx.doi.org/10.1523/JNEUROSCI.18-13-04854.1998
http://dx.doi.org/10.1523/JNEUROSCI.18-13-04854.1998
http://dx.doi.org/10.1002/cne.902890111
http://dx.doi.org/10.1002/cne.902890111
http://dx.doi.org/10.1016/j.coph.2011.02.004
http://dx.doi.org/10.1016/j.coph.2011.02.004
https://doi.org/10.2967/jnumed.110.078196
https://doi.org/10.2967/jnumed.110.078196
http://dx.doi.org/10.1007/978-1-60761-500-2_20
http://dx.doi.org/10.1007/978-1-60761-500-2_20
http://dx.doi.org/10.1111/j.1440-1681.2006.04410.x
https://doi.org/10.3389/fpsyg.2012.00117
https://doi.org/10.3389/fpsyg.2012.00117
http://dx.doi.org/10.1016/j.abb.2007.05.006
http://dx.doi.org/10.1016/j.abb.2007.05.006
http://dx.doi.org/10.1111/j.1476-5381.1968.tb00423.x
http://dx.doi.org/10.1111/j.1476-5381.1968.tb00423.x
http://dx.doi.org/10.1007/BF01952200
http://dx.doi.org/10.1007/BF01952200
http://dx.doi.org/10.2746/042516403776114171
http://dx.doi.org/10.2746/042516403776114171
http://dx.doi.org/10.1016/0301-0082(73)90019-1
http://dx.doi.org/10.1016/0301-0082(73)90019-1


43. Burgen ASV, Iversen LL. 1965 The inhibition of
noradrenaline uptake by sympathomimetic amines
in the rat isolated heart. Br. J. Pharmacol.
Chemother. 25, 34–49. (doi:10.1111/j.1476-5381.
1965.tb01754.x)

44. Iversen LL, Salt PJ. 1970 Inhibition of catecholamine
Uptake2 by steroids in the isolated rat heart.
Br. J. Pharmacol. 40, 528–530. (doi:10.1111/j.1476-
5381.1970.tb10637.x)

45. Lightman SL, Iversen LL. 1969 The role of Uptake2
in the extraneuronal metabolism of catecholamines
in the isolated rat heart. Br. J. Pharmacol. 37,
638–649. (doi:10.1111/j.1476-5381.1969.tb08502.x)

46. Schömig E, Lazar A, Gründemann D. 2006
Extraneuronal monoamine transporter and organic
cation transporters 1 and 2: a review of transport
efficiency. In Neurotransmitter transporters (eds HH
Sitte, M Freissmuth), pp. 151–180. Berlin, Germany:
Springer.

47. Gründemann D, Liebich G, Kiefer N, Köster S,
Schömig E. 1999 Selective substrates for non-
neuronal monoamine transporters. Mol. Pharmacol.
56, 1–10. (doi:10.1124/mol.56.1.1)

48. Zhou M, Engel K, Wang J. 2007 Evidence for
significant contribution of a newly identified
monoamine transporter (PMAT) to serotonin uptake
in the human brain. Biochem. Pharmacol. 73,
147–154. (doi:10.1016/j.bcp.2006.09.008)

49. Baganz NL et al. 2008 Organic cation transporter 3:
keeping the brake on extracellular serotonin in
serotonin-transporter-deficient mice. Proc. Natl
Acad. Sci. USA 105, 18 976–18 981. (doi:10.1073/
pnas.0800466105)

50. Baganz N, Horton R, Martin K, Holmes A, Daws LC. 2010
Repeated swim impairs serotonin clearance via a
corticosterone-sensitive mechanism: organic cation
transporter 3, the smoking gun. J. Neurosci. 30,
15 185–15 195. (doi:10.1523/JNEUROSCI.2740-10.2010)

51. Daws LC. 2009 Unfaithful neurotransmitter
transporters: focus on serotonin uptake and
implications for antidepressant efficacy. Pharmacol.
Ther. 121, 89–99. (doi:10.1016/j.pharmthera.2008.
10.004)

52. Daws LC, Koek W, Mitchell NC. 2013 Revisiting
serotonin reuptake inhibitors and the therapeutic
potential of ‘Uptake-2’ in psychiatric disorders.
ACS Chem. Neurosci. 4, 16–21. (doi:10.1021/
cn3001872)

53. Feng N, Mo B, Johnson PL, Orchinik M, Lowry CA,
Renner KJ. 2005 Local inhibition of organic cation
transporters increases extracellular serotonin in the
medial hypothalamus. Brain Res. 1063, 69–76.
(doi:10.1016/j.brainres.2005.09.016)

54. Feng N, Telefont M, Kelly KJ, Orchinik M, Forster GL,
Renner KJ, Lowry CA. 2009 Local perfusion of
corticosterone in the rat medial hypothalamus
potentiates d-fenfluramine-induced elevations of
extracellular 5-HT concentrations. Horm. Behav. 56,
149–157. (doi:10.1016/j.yhbeh.2009.03.023)

55. Feng N, Lowry CA, Lukkes JL, Orchinik M, Forster GL,
Renner KJ. 2010 Organic cation transporter
inhibition increases medial hypothalamic serotonin
under basal conditions and during mild restraint.

Brain Res. 1326, 105–113. (doi:10.1016/j.brainres.
2010.02.044)

56. Hassell Jr JE et al. 2019 Local inhibition of uptake2
transporters augments stress-induced increases in
serotonin in the rat central amygdala. Neurosci. Lett.
701, 119–124. (doi:10.1016/j.neulet.2019.02.022)

57. Dahlin A, Xia L, Kong W, Hevner R, Wang J. 2007
Expression and immunolocalization of the plasma
membrane monoamine transporter in the brain.
Neuroscience 143, 1193–1211. (doi:10.1016/j.
neuroscience.2007.01.072)

58. Vialou V, Balasse L, Dumas S, Giros B, Gautron S.
2007 Neurochemical characterization of pathways
expressing plasma membrane monoamine
transporter in the rat brain. Neuroscience 144,
616–622. (doi:10.1016/j.neuroscience.2006.09.058)

59. Gasser PJ, Hurley MM, Chan J, Pickel VM. 2017
Organic cation transporter 3 (OCT3) is localized to
intracellular and surface membranes in select glial
and neuronal cells within the basolateral
amygdaloid complex of both rats and mice. Brain
Struct. Funct. 222, 1913–1928. (doi:10.1007/
s00429-016-1315-9)

60. Bacq A et al. 2012 Organic cation transporter 2
controls brain norepinephrine and serotonin
clearance and antidepressant response. Mol.
Psychiatry 17, 926–939. (doi:10.1038/mp.2011.87)

61. Vitalis T, Fouquet C, Alvarez C, Seif I, Price D, Gaspar
P, Cases O. 2002 Developmental expression of
monoamine oxidases A and B in the central and
peripheral nervous systems of the mouse. J. Comp.
Neurol. 442, 331–347. (doi:10.1002/cne.10093)

62. Jahng JW, Houpt TA, Wessel TC, Chen K, Shih JC,
Joh TH. 1997 Localization of monoamine oxidase A
and B mRNA in the rat brain by in situ
hybridization. Synapse 25, 30–36. (doi:10.1002/
(SICI)1098-2396(199701)25:1<30::AID-SYN4>3.0.
CO;2-G)

63. Luque JM, Kwan S-W, Abell CW, Prada MD, Richards
JG. 1995 Cellular expression of mRNAs encoding
monoamine oxidases A and B in the rat central
nervous system. J. Comp. Neurol. 363, 665–680.
(doi:10.1002/cne.903630410)

64. Westlund KN, Denney RM, Rose RM, Abell CW. 1988
Localization of distinct monoamine oxidase A and
monoamine oxidase B cell populations in human
brainstem. Neuroscience 25, 439–456. (doi:10.1016/
0306-4522(88)90250-3)

65. Maes M, Meltzer H. 1995 The serotonin hypothesis
of major depression. In Psychopharmacology: the
fourth generation of progress (ed. FE Bloom et al.),
pp. 921–932. New York, NY: Raven Press.

66. Gershon MD. 1977 Biochemistry and physiology of
serotonergic transmission. In Handbook of
physiology, the nervous system I (eds J Brookhart, V
Mountcastle), pp. 573–623. Bethesda, MD:
American Physiological Society.

67. Krnjević K. 1974 Chemical nature of synaptic
transmission in vertebrates. Physiol. Rev.
54, 418–540. (doi:10.1152/physrev.1974.
54.2.418)

68. Commissiong JW. 1985 Monoamine metabolites:
their relationship and lack of relationship to

monoaminergic neuronal activity. Biochem.
Pharmacol. 34, 1127–1131. (doi:10.1016/0006-
2952(85)90484-8)

69. Jacobs BL, Fornal CA. 1993 5-HT and motor control:
a hypothesis. Trends Neurosci. 16, 346–352. (doi:10.
1016/0166-2236(93)90090-9)

70. Veasey SC, Fornal CA, Metzler CW, Jacobs BL. 1997
Single-unit responses of serotonergic dorsal raphe
neurons to specific motor challenges in freely
moving cats. Neuroscience 79, 161–169. (doi:10.
1016/S0306-4522(96)00673-2)

71. Dosumu-Johnson RT, Cocoran AE, Chang Y, Nattie E,
Dymecki SM. 2018 Acute perturbation of Pet1-
neuron activity in neonatal mice impairs
cardiorespiratory homeostatic recovery. eLife 7,
e37857. (doi:10.7554/eLife.37857)

72. Harris-Warrick RM. 2011 Neuromodulation and
flexibility in Central Pattern Generator networks.
Curr. Opin. Neurobiol. 21, 685–692. (doi:10.1016/j.
conb.2011.05.011)

73. Nguyen T, Chin W-C, O’Brien JA, Verdugo P, Berger
AJ. 2001 Intracellular pathways regulating ciliary
beating of rat brain ependymal cells. J. Physiol.
531, 131–140. (doi:10.1111/j.1469-7793.2001.
0131j.x)

74. Andrade R, Nicoll RA. 1987 Pharmacologically
distinct actions of serotonin on single pyramidal
neurones of the rat hippocampus recorded in vitro.
J. Physiol. 394, 99–124. (doi:10.1113/jphysiol.1987.
sp016862)

75. Garraway SM, Hochman S. 2001 Modulatory actions
of serotonin, norepinephrine, dopamine, and
acetylcholine in spinal cord deep dorsal horn
neurons. J. Neurophysiol. 86, 2183–2194. (doi:10.
1152/jn.2001.86.5.2183)

76. Zhang Z, Arsenault D. 2005 Gain modulation by
serotonin in pyramidal neurones of the rat
prefrontal cortex: serotonin increases the gain of
neurones. J. Physiol. 566, 379–394. (doi:10.1113/
jphysiol.2005.086066)

77. Celada P, Puig MV, Artigas F. 2013 Serotonin
modulation of cortical neurons and networks. Front.
Integr. Neurosci. 7, 25. (doi:10.3389/fnint.2013.
00025)

78. Iyer LM, Aravind L, Coon SL, Klein DC, Koonin EV.
2004 Evolution of cell–cell signaling in animals:
did late horizontal gene transfer from bacteria have
a role? Trends Genet. 20, 292–299. (doi:10.1016/j.
tig.2004.05.007)

79. Galano A, Castañeda-Arriaga R, Pérez-González A,
Tan D-X, Reiter RJ. 2016 Phenolic melatonin-related
compounds: their role as chemical protectors
against oxidative stress. Molecules 21, 1442. (doi:10.
3390/molecules21111442)

80. Park JW, Youn YC, Kwon OS, Jang YY, Han ES,
Lee CS. 2002 Protective effect of serotonin on
6-hydroxydopamine- and dopamine-induced
oxidative damage of brain mitochondria and
synaptosomes and PC12 cells. Neurochem.
Int. 40, 223–233. (doi:10.1016/S0197-0186(01)
00072-9)

81. Wang G, Geng L. 2005 Statistical and generalized
two-dimensional correlation spectroscopy of

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20221565

10

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

19
 S

ep
te

m
be

r 
20

23
 

http://dx.doi.org/10.1111/j.1476-5381.1965.tb01754.x
http://dx.doi.org/10.1111/j.1476-5381.1965.tb01754.x
http://dx.doi.org/10.1111/j.1476-5381.1970.tb10637.x
http://dx.doi.org/10.1111/j.1476-5381.1970.tb10637.x
http://dx.doi.org/10.1111/j.1476-5381.1969.tb08502.x
http://dx.doi.org/10.1124/mol.56.1.1
http://dx.doi.org/10.1016/j.bcp.2006.09.008
http://dx.doi.org/10.1073/pnas.0800466105
http://dx.doi.org/10.1073/pnas.0800466105
https://doi.org/10.1523/JNEUROSCI.2740-10.2010
http://dx.doi.org/10.1016/j.pharmthera.2008.10.004
http://dx.doi.org/10.1016/j.pharmthera.2008.10.004
http://dx.doi.org/10.1021/cn3001872
http://dx.doi.org/10.1021/cn3001872
http://dx.doi.org/10.1016/j.brainres.2005.09.016
http://dx.doi.org/10.1016/j.yhbeh.2009.03.023
http://dx.doi.org/10.1016/j.brainres.2010.02.044
http://dx.doi.org/10.1016/j.brainres.2010.02.044
https://doi.org/10.1016/j.neulet.2019.02.022
http://dx.doi.org/10.1016/j.neuroscience.2007.01.072
http://dx.doi.org/10.1016/j.neuroscience.2007.01.072
http://dx.doi.org/10.1016/j.neuroscience.2006.09.058
http://dx.doi.org/10.1007/s00429-016-1315-9
http://dx.doi.org/10.1007/s00429-016-1315-9
http://dx.doi.org/10.1038/mp.2011.87
http://dx.doi.org/10.1002/cne.10093
http://dx.doi.org/10.1002/(SICI)1098-2396(199701)25:1%3C30::AID-SYN4%3E3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1098-2396(199701)25:1%3C30::AID-SYN4%3E3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1098-2396(199701)25:1%3C30::AID-SYN4%3E3.0.CO;2-G
http://dx.doi.org/10.1002/cne.903630410
https://doi.org/10.1016/0306-4522(88)90250-3
https://doi.org/10.1016/0306-4522(88)90250-3
http://dx.doi.org/10.1152/physrev.1974.54.2.418
http://dx.doi.org/10.1152/physrev.1974.54.2.418
http://dx.doi.org/10.1016/0006-2952(85)90484-8
http://dx.doi.org/10.1016/0006-2952(85)90484-8
http://dx.doi.org/10.1016/0166-2236(93)90090-9
http://dx.doi.org/10.1016/0166-2236(93)90090-9
http://dx.doi.org/10.1016/S0306-4522(96)00673-2
http://dx.doi.org/10.1016/S0306-4522(96)00673-2
http://dx.doi.org/10.7554/eLife.37857
http://dx.doi.org/10.1016/j.conb.2011.05.011
http://dx.doi.org/10.1016/j.conb.2011.05.011
http://dx.doi.org/10.1111/j.1469-7793.2001.0131j.x
http://dx.doi.org/10.1111/j.1469-7793.2001.0131j.x
http://dx.doi.org/10.1113/jphysiol.1987.sp016862
http://dx.doi.org/10.1113/jphysiol.1987.sp016862
http://dx.doi.org/10.1152/jn.2001.86.5.2183
http://dx.doi.org/10.1152/jn.2001.86.5.2183
http://dx.doi.org/10.1113/jphysiol.2005.086066
http://dx.doi.org/10.1113/jphysiol.2005.086066
http://dx.doi.org/10.3389/fnint.2013.00025
http://dx.doi.org/10.3389/fnint.2013.00025
http://dx.doi.org/10.1016/j.tig.2004.05.007
http://dx.doi.org/10.1016/j.tig.2004.05.007
https://doi.org/10.3390/molecules21111442
https://doi.org/10.3390/molecules21111442
http://dx.doi.org/10.1016/S0197-0186(01)00072-9
http://dx.doi.org/10.1016/S0197-0186(01)00072-9


multiple ionization states. Fluorescence of
neurotransmitter serotonin. Anal. Chem. 77, 20–29.
(doi:10.1021/ac0492362)

82. Álvarez-Diduk R, Galano A, Tan DX, Reiter RJ. 2016
The key role of the sequential proton loss electron
transfer mechanism on the free radical scavenging
activity of some melatonin-related compounds.
Theor. Chem. Acc. 135, 38. (doi:10.1007/s00214-
015-1785-5)

83. Rasbach KA, Funk JA, Jayavelu T, Green PT,
Schnellmann RG. 2010 5-Hydroxytryptamine
receptor stimulation of mitochondrial biogenesis.
J. Pharmacol. Exp. Ther. 332, 632–639. (doi:10.
1124/jpet.109.159947)

84. Chen S, Owens GC, Crossin KL, Edelman DB. 2007
Serotonin stimulates mitochondrial transport in
hippocampal neurons. Mol. Cell. Neurosci. 36,
472–483. (doi:10.1016/j.mcn.2007.08.004)

85. Fanibunda SE et al. 2019 Serotonin regulates
mitochondrial biogenesis and function in rodent
cortical neurons via the 5-HT 2A receptor and
SIRT1–PGC-1α axis. Proc. Natl Acad. Sci. USA 116,
11 028–11 037. (doi:10.1073/pnas.1821332116)

86. Liccardo F, Luini A, Di Martino R. 2022
Endomembrane-based signaling by GPCRs and G-
proteins. Cells 11, 528. (doi:10.3390/cells11030528)

87. Irannejad R, Pessino V, Mika D, Huang B,
Wedegaertner PB, Conti M, von Zastrow M. 2017
Functional selectivity of GPCR-directed drug action
through location bias. Nat. Chem. Biol. 13,
799–806. (doi:10.1038/nchembio.2389)

88. Nash CA, Wei W, Irannejad R, Smrcka AV. 2019 Golgi
localized β1-adrenergic receptors stimulate Golgi
PI4P hydrolysis by PLCε to regulate cardiac
hypertrophy. eLife 8, e48167. (doi:10.7554/eLife.
48167)

89. Benton KC et al. 2022 Norepinephrine activates β1-
adrenergic receptors at the inner nuclear membrane
in astrocytes. Glia 70, 1777–1794. (doi:10.1002/
glia.24219)

90. Bancila M, Vergé D, Rampin O, Backstrom JR,
Sanders-Bush E, McKenna KE, Marson L, Calas A,
Giuliano F. 1999 5-Hydroxytryptamine2C receptors
on spinal neurons controlling penile erection in the
rat. Neuroscience 92, 1523–1537. (doi:10.1016/
S0306-4522(99)00082-2)

91. Morales M, Battenberg E, de Lecea L, Sanna PP,
Bloom FE. 1996 Cellular and subcellular
immunolocalization of the type 3 serotonin receptor
in the rat central nervous system. Mol. Brain Res.
36, 251–260. (doi:10.1016/0169-328X(96)88406-3)

92. Huang J, Pickel VM. 2002 Serotonin transporters
(SERTs) within the rat nucleus of the solitary tract:
subcellular distribution and relation to 5HT2A

receptors. J. Neurocytol. 31, 667–679. (doi:10.1023/
A:1025795729393)

93. Doherty MD, Pickel VM. 2000 Ultrastructural
localization of the serotonin 2A receptor in
dopaminergic neurons in the ventral tegmental
area. Brain Res. 864, 176–185. (doi:10.1016/S0006-
8993(00)02062-X)

94. Doherty MD, Pickel VM. 2001 Targeting of serotonin
1a receptors to dopaminergic neurons within the
parabrachial subdivision of the ventral tegmental
area in rat brain. J. Comp. Neurol. 433, 390–400.
(doi:10.1002/cne.1147)

95. Rodríguez JJ, Garcia DR, Pickel VM. 1999 Subcellular
distribution of 5-hydroxytryptamine2A and N-
methyl-D-aspartate receptors within single neurons
in rat motor and limbic striatum. J. Comp. Neurol.
413, 219–231. (doi:10.1002/(SICI)1096-
9861(19991018)413:2<219::AID-CNE4>3.0.CO;2-F)

96. Mi Z, Si T, Kapadia K, Li Q, Muma NA. 2017
Receptor-stimulated transamidation induces
activation of Rac1 and Cdc42 and the regulation of
dendritic spines. Neuropharmacology 117, 93–105.
(doi:10.1016/j.neuropharm.2017.01.034)

97. Dai Y, Dudek NL, Patel TB, Muma NA. 2008
Transglutaminase-catalyzed transamidation: A novel
mechanism for Rac1 activation by 5-
hydroxytryptamine 2A receptor stimulation.
J. Pharmacol. Exp. Ther. 326, 153–162. (doi:10.
1124/jpet.107.135046)

98. Farrelly LA et al. 2019 Histone serotonylation is a
permissive modification that enhances TFIID binding
to H3K4me3. Nature 567, 535–539. (doi:10.1038/
s41586-019-1024-7)

99. Hardeland R, Poeggeler B, Pappolla M. 2009
Mitochondrial actions of melatonin - an endeavor to
identify their adaptive and cytoprotective
mechanisms. Abh Sächs Akad Wiss Math-Nat Kl
Endokrinol. Pt 4 65, 14–31.

100. Andrews PW, Maslej MM, Thomson Jr JA, Hollon SD.
2020 Disordered doctors or rational rats? Testing
adaptationist and disorder hypotheses for
melancholic depression and their relevance for
clinical psychology. Clin. Psychol. Rev. 82, 101927.
(doi:10.1016/j.cpr.2020.101927)

101. Tooby J, Cosmides L, Barrett HC. 2003 The second
law of thermodynamics is the first law of
psychology: evolutionary developmental psychology
and the theory of tandem, coordinated inheritances:
Comment on Lickliter and Honeycutt (2003).
Psychol. Bull. 129, 858–865. (doi:10.1037/0033-
2909.129.6.858)

102. Shannon NJ, Gunnet JW, Moore KE. 1986 A
comparison of biochemical indices of 5-
hydroxytryptaminergic neuronal activity following

electrical stimulation of the dorsal raphe nucleus.
J. Neurochem. 47, 958–965. (doi:10.1111/j.1471-
4159.1986.tb00704.x)

103. Stenfors C, Ross SB. 2004 Changes in extracellular 5-
HIAA concentrations as measured by in vivo
microdialysis technique in relation to changes in 5-
HT release. Psychopharmacology (Berl) 172,
119–128. (doi:10.1007/s00213-003-1736-z)

104. Valenstein ES. 1998 Blaming the brain: the truth
about drugs and mental health. New York, NY: Free
Press.

105. Schildkraut JJ. 1965 The catecholamine hypothesis
of affective disorders: a review of supporting
evidence. Am. J. Psychiatry 122, 509–522. (doi:10.
1176/ajp.122.5.509)

106. Coppen A. 1967 The biochemistry of affective
disorders. Br. J. Psychiatry 113, 1237–1264. (doi:10.
1192/bjp.113.504.1237)

107. Åsberg M, Bertilsson LR, Tuck D, Cronholm B,
Sjoqvist F. 1973 Indoleamine metabolites in the
cerebrospinal fluid of depressed patients before and
during treatment with nortriptyline. Clin.
Pharmacol. Ther. 14, 277–286. (doi:10.1002/
cpt1973142277)

108. Wong DT, Bymaster FP, Engleman EA. 1995 Prozac
(fluoxetine, Lilly 110140), the first selective
serotonin uptake inhibitor and an antidepressant
drug: twenty years since its first publication. Life Sci.
57, 411–441. (doi:10.1016/0024-3205(95)00209-O)

109. Wong DT, Horng JS, Bymaster FP, Hauser KL, Molloy
BB. 1974 A selective inhibitor of serotonin uptake:
Lilly 110140, 3-(p-Trifluoromethylphenoxy)-n-
methyl-3-phenylpropylamine. Life Sci. 15, 471–479.
(doi:10.1016/0024-3205(74)90345-2)

110. Olfson M, Marcus SC. 2009 National patterns in
antidepressant medication treatment. Arch. Gen.
Psychiatry 66, 848–856. (doi:10.1001/
archgenpsychiatry.2009.81)

111. Hyman SE, Nestler EJ. 1996 Initiation and
adaptation: a paradigm for understanding
psychotropic drug action. Am. J. Psychiatry 153,
151–162. (doi:10.1176/ajp.153.2.151)

112. Martín M, Macías M, León J, Escames G, Khaldy H,
Acuña-Castroviejo D. 2002 Melatonin increases the
activity of the oxidative phosphorylation enzymes
and the production of ATP in rat brain and liver
mitochondria. Int. J. Biochem. Cell Biol. 34,
348–357. (doi:10.1016/S1357-2725(01)00138-8)

113. Acuña-Castroviejo D, Escames G, LeÓn J, Carazo A,
Khaldy H. 2003 Mitochondrial regulation by
melatonin and its metabolites. In Developments in
tryptophan and serotonin metabolism (eds G Allegri,
CVL Costa, E Ragazzi, H Steinhart, L Varesio), pp.
549–557. Boston, MA: Springer.

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20221565

11

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

19
 S

ep
te

m
be

r 
20

23
 

http://dx.doi.org/10.1021/ac0492362
http://dx.doi.org/10.1007/s00214-015-1785-5
http://dx.doi.org/10.1007/s00214-015-1785-5
http://dx.doi.org/10.1124/jpet.109.159947
http://dx.doi.org/10.1124/jpet.109.159947
http://dx.doi.org/10.1016/j.mcn.2007.08.004
http://dx.doi.org/10.1073/pnas.1821332116
http://dx.doi.org/10.3390/cells11030528
http://dx.doi.org/10.1038/nchembio.2389
http://dx.doi.org/10.7554/eLife.48167
http://dx.doi.org/10.7554/eLife.48167
http://dx.doi.org/10.1002/glia.24219
http://dx.doi.org/10.1002/glia.24219
https://doi.org/10.1016/S0306-4522(99)00082-2
https://doi.org/10.1016/S0306-4522(99)00082-2
http://dx.doi.org/10.1016/0169-328X(96)88406-3
http://dx.doi.org/10.1023/A:1025795729393
http://dx.doi.org/10.1023/A:1025795729393
http://dx.doi.org/10.1016/S0006-8993(00)02062-X
http://dx.doi.org/10.1016/S0006-8993(00)02062-X
http://dx.doi.org/10.1002/cne.1147
https://doi.org/10.1002/(SICI)1096-9861(19991018)413:2%3C219::AID-CNE4%3E3.0.CO;2-F
https://doi.org/10.1002/(SICI)1096-9861(19991018)413:2%3C219::AID-CNE4%3E3.0.CO;2-F
http://dx.doi.org/10.1016/j.neuropharm.2017.01.034
http://dx.doi.org/10.1124/jpet.107.135046
http://dx.doi.org/10.1124/jpet.107.135046
http://dx.doi.org/10.1038/s41586-019-1024-7
http://dx.doi.org/10.1038/s41586-019-1024-7
http://dx.doi.org/10.1016/j.cpr.2020.101927
http://dx.doi.org/10.1037/0033-2909.129.6.858
http://dx.doi.org/10.1037/0033-2909.129.6.858
http://dx.doi.org/10.1111/j.1471-4159.1986.tb00704.x
http://dx.doi.org/10.1111/j.1471-4159.1986.tb00704.x
http://dx.doi.org/10.1007/s00213-003-1736-z
http://dx.doi.org/10.1176/ajp.122.5.509
http://dx.doi.org/10.1176/ajp.122.5.509
http://dx.doi.org/10.1192/bjp.113.504.1237
http://dx.doi.org/10.1192/bjp.113.504.1237
http://dx.doi.org/10.1002/cpt1973142277
http://dx.doi.org/10.1002/cpt1973142277
https://doi.org/10.1016/0024-3205(95)00209-O
http://dx.doi.org/10.1016/0024-3205(74)90345-2
https://doi.org/10.1001/archgenpsychiatry.2009.81
https://doi.org/10.1001/archgenpsychiatry.2009.81
http://dx.doi.org/10.1176/ajp.153.2.151
http://dx.doi.org/10.1016/S1357-2725(01)00138-8

	All the Brain's a Stage for Serotonin: The Forgotten Story of Serotonin Diffusion across Cell Membranes
	Recommended Citation
	Authors

	All the brain's a stage for serotonin: the forgotten story of serotonin diffusion across cell membranes
	Introduction
	Background
	Molecular mechanisms that allow serotonin to enter forebrain neurons
	The distribution of the monoamine oxidase enzymes
	Post-synaptic and intracellular functions of serotonin
	Serotonin can trigger sustained neuronal firing via signal transduction
	Mitochondrial functions of serotonin
	Serotonin actions at other cellular compartments

	Discussion
	The intracellular functions of serotonin
	Does serotonin trigger and support sustained neuronal activity?
	The 5-HIAA/5-HT ratio as an index for serotonin neurotransmission
	The potential role of low-affinity, high-capacity transporters in the antidepressant response

	Conclusion
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


