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KEY POINTS

� Combining drugs that target multiple monoaminergic sites has become the standard treatment for patients who do not
respond to targeting single monoaminergic sites such as the serotonin transporter.

� One therapeutic strategy for treatment-resistant depression is to combine agents that target multiple monoamine
transporters such as those for serotonin (SERT), norepinephrine (NET), and dopamine (DAT).

� Another strategy is to combine agents that target both monoamine transporters and monoamine receptors.

� Future use of this strategy may take this combination targeting approach earlier in the sequence of options for treatment
resistance or even at the initiation of treatment for best possible outcomes.
INTRODUCTION
As our understanding of the neurobiology of psychiatric
illness continues to evolve, so does the armamentarium
of psychopharmacological treatments [1,2]. Unfortu-
nately, the suboptimal efficacy of currently available an-
tidepressants has left many providers and patients
discouraged. It is a sobering statistic that up to one-
third of patients in a real clinical practice setting never
fill their first antidepressant prescription [3]. This wary
attitude isn’t helped by the results from the STAR*D
trial in which only one-third of patients remitted on
their first antidepressant treatment [4]. Even more dis-
heartening is that roughly one-third of patients don’t
achieve remission of their symptoms after a year of
treatment with adequate trials of 4 different antidepres-
sants [1,4–7]. Yet, despite these discouraging statistics,
physicians continue to prescribe these antidepressants
because they can be lifesaving for many individuals. It
takes only a short time in clinical practice to appreciate
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the powerful therapeutic potential of currently available
antidepressants in many patients.

The traditional approach to treating depression has
been to prescribe monotherapies in sequence, an
approach congruent with currently recommended treat-
ment guidelines [1,5–7]. However, given the lack of
robust responses to monotherapy in many patients, the
paradigm has rapidly shifted to using multiple antide-
pressants with different mechanisms—or using a single
antidepressant with multiple mechanisms—earlier in
treatment to achieve more robust responses [1,2,5–18].
If a serotonin selective reuptake inhibitor (SSRI) only
gets us half way [5,8], perhaps adding another antide-
pressant targeting a different neurotransmitter system
or even a completely different mechanism of action
[11,16] would work synergistically to propel depressed
patients out of the abyss—a concept akin to the treat-
ment of multidrug-resistant tuberculosis, human immu-
nodeficiency virus (HIV), and refractory hypertension.
f California Riverside. E-mail address: smstahl@neiglobal.

www.advancesinpsychiatryandbehavioralhealth.com
185

mailto:smstahl@neiglobal.com
mailto:smstahl@neiglobal.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ypsc.2021.05.001&domain=pdf
https://doi.org/10.1016/j.ypsc.2021.05.001
http://www.advancesinpsychiatryandbehavioralhealth.com


186 Ingram, Maguire, Stahl
Anecdotal experience [1,5–7,19] further legitimizes the
powerful therapeutic effects of combining single-action
and multiple-action agents despite the dearth of clinical
trial data supporting these practices.

It would be naïve and overly simplistic to conceptu-
alize a complex and multifactorial behavioral disorder
like depression as a dysfunction in one neurotransmitter
system or neural circuit. After all, the brain is an incom-
prehensibly intricate network of billions of neurons with
trillions of connections with different functions depend-
ing on numerous variables—a network we are only
beginning to understand. A more realistic conceptualiza-
tion of depression, and likely many other behavioral dis-
orders, is that depression is the final common pathway
resulting from a dynamic interplay of various genes
and environmental insults leading to aberrant activity
in multiple systems and neural circuits [1,5,7].

Peculiar changes in gene expression and the resulting
dysfunction of numerous neurotransmitter systems and
circuits may be a more accurate view of how depression
manifests [1,5,7]. The fine tuning of serotonergic, dopa-
minergic, and noradrenergic systems to varying degrees
may be enough to solve the puzzle of depression in
some patients but not in others. With this working
framework, we turn now to a review of the various mech-
anisms for treating depression followed by a discussion
of the potential positive and negative effects of
combining different mechanisms using one or more
medications to achieve an antidepressant response.
MULTIFUNCTIONAL ANTIDEPRESSANT
MECHANISMS
Monoamine reuptake inhibition
Monoamine neurotransmitters such as serotonin, norepi-
nephrine, and dopamine represent a small fraction of all
neurotransmitters in the brain but have very important
roles in themodulation and regulation of neurotransmis-
sion in a variety of neurocircuits. Monoamines released
from presynaptic nerve terminals must be rapidly
removed fromthe synaptic cleft toprepare for thenext im-
pulse. The rapid removal of monoamine neurotransmit-
ters from the synaptic cleft occurs via multiple
mechanisms, which include active transport back into
the presynaptic nerve terminal by monoamine trans-
porters, passive diffusion, and enzymatic degradation [5].

Monoamine transporters located at the presynaptic
nerve terminals are named after the specific mono-
amine they remove from the synaptic cleft. However,
the specificity of monoamine transporters is variable
(ie, multiple monoamines can be taken up by a single
monoamine transporter). For example, norepinephrine
transporters (NETs) show specificity for both norepi-
nephrine and dopamine, which may be important for
the removal of both norepinephrine and dopamine in
regions of the brain such as the prefrontal cortex, where
dopamine transporters are expressed at relatively low
levels [5]. Blocking monoamine transporters selectively
or in combination leads to accumulation of these neu-
rotransmitters in the synaptic cleft and theoretically
contributes, in part, to both the therapeutic and adverse
effects of many psychotropic medications (eg, antide-
pressants [1,5–7]).

Asdescribedbelow, varyingdegrees andcombinations
of serotonin, norepinephrine, anddopamine reuptake in-
hibition, for example, SSRIs, serotonin norepinephrine
reuptake inhibitors (SNRI), norepinephrine reuptake in-
hibitors (NRIs), and norepinephrine dopamine reuptake
inhibitors (NDRIs) in certain brain regions may provide
additive or even synergistic effects—a rational argument
for antidepressant polypharmacy in patients unrespon-
sive to a singlemechanismor the use of “multimodal” an-
tidepressants with multiple mechanisms built in to a
single molecule [1,2,5–7,10,15–18].

Combining types of monoamine reuptake
inhibition for multifunctional treatment of
depression
Serotonin reuptake inhibition
The monoamine hypothesis of depression states that
monoamines such as serotonin and norepinephrine
may be deficient at both the somatodendritic region
and in the synaptic cleft of serotonin-producing neu-
rons [5] (Fig. 1A). Psychotropic medications like the
widely used selective serotonin reuptake inhibitors
(SSRIs) selectively block serotonin transporters (SERTs)
at both the somatodendritic region (Fig. 1B, C) and the
nerve terminal region (Fig. 1D), resulting in the accu-
mulation of serotonin in those areas [5,8]. Interestingly,
serotonin levels rise to a greater degree at the somato-
dendritic end of serotonin neurons in the midbrain
raphe nuclei (see Fig. 1B) than the nerve terminal re-
gions when antidepressants like SSRIs are initiated [5].
Even more perplexing is the observation that medica-
tions like SSRIs that selectively block SERTs do not
immediately produce improvements in mood. These
findings suggest that elevation of serotonin at both
the somatodendritic and synaptic cleft is only a piece
of the desired antidepressant response [5].

The neurotransmitter receptor hypothesis of depres-
sion may explain the delayed onset of mood changes
observed with many antidepressants [5,7]. The receptor
hypothesis of depression proposes that monoamine



FIG. 1 (A) Mechanism of action of selective serotonin reuptake inhibitors (SSRIs), part 1. Depicted here is a
serotonin (5HT) neuron in a depressed patient. In depression, the 5HT neuron is conceptualized as having a
relative deficiency of the neurotransmitter 5HT. Also, the number of 5HT receptors is upregulated, including
presynaptic 5HT1A autoreceptors as well as postsynaptic 5HT receptors. (B) Mechanism of action of selective
serotonin reuptake inhibitors (SSRIs), part 2. When an SSRI is administered, it immediately blocks the
serotonin reuptake pump [see icon of an SSRI drug capsule blocking the reuptake pump, or serotonin
transporter (SERT)]. However, this causes serotonin to increase initially only in the somatodendritic area of the
serotonin neuron (left) and not very much in the axon terminals (right). (C) Mechanism of action of selective
serotonin reuptake inhibitors (SSRIs), part 3. The consequence of serotonin increasing in the somatodendritic
area of the serotonin (5HT) neuron, as depicted in Figs. 7–14, is that the somatodendritic 5HT1A
autoreceptors desensitize or downregulate (red circle). (D). Mechanism of action of selective serotonin
reuptake inhibitors (SSRIs), part 4. Once the somatodendritic receptors downregulate, as depicted in Figs. 7–
15, there is no longer inhibition of impulse flow in the serotonin (5HT) neuron. Thus, neuronal impulse flow is
turned on. The consequence of this is release of 5HT in the axon terminal (red circle). However, this increase is
delayed as compared with the increase of 5HT in the somatodendritic areas of the 5HT neuron, depicted in
Figs. 7–14. This delay is the result of the time it takes for somatodendritic 5HT to downregulate the 5HT1A
autoreceptors and turn on neuronal impulse flow in the 5HT neuron. This delay may explain why
antidepressants do not relieve depression immediately. It is also the reason why the mechanism of action of
antidepressants may be linked to increasing neuronal impulse flow in 5HT neurons, with 5HT levels increasing
at axon terminals before an SSRI can exert its antidepressant effects. (E) Mechanism of action of selective
serotonin reuptake inhibitors (SSRIs), part 5. Finally, once the SSRIs have blocked the reuptake pump [or
serotonin transporter (SERT) in Figs. 7–14], increased somatodendritic serotonin (5HT) (see Figs. 7–14),
desensitized somatodendritic 5HT1A autoreceptors (see Figs. 7–15), turned on neuronal impulse flow (see
Figs. 7–16), and increased release of 5HT from axon terminals (Figs. 7–16), the final step (shown here) may be
the desensitization of postsynaptic 5HT receptors. This desensitization may mediate the reduction of side
effects of SSRIs as tolerance develops.
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receptors such as postsynaptic serotonin receptors and
presynaptic somatodendritic 5HT1A autoreceptors may
be upregulated in the depressed brain (see Fig. 1A)
[5]. Recall that somatodendritic 5HT1A autoreceptors,
when stimulated by serotonin, decrease the firing rate
of serotonin neurons. Therefore, overexpression of
5HT1A receptors may account for the dysregulated firing
patterns of neurons in certain areas of the depressed
brain, ultimately affecting information processing and
the development of specific symptoms, depending
upon which regions are affected (see Fig. 1A).

Acute administration of medications that block sero-
tonin transporters (SERTs) leads to immediate increases
in serotonin levels at the somatodendritic region more
so than the nerve terminal region [5] (see Fig. 1B).
Repeated perturbation of 5HT1A autoreceptors by
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elevated serotonin levels at the somatodendritic region
may lead to the desensitization and downregulation of
5HT1A autoreceptors and the disinhibition of serotonin
firing (see Fig. 1C). The increased firing rate of serotonin
neurons due to downregulation of somatodendritic
5HT1A autoreceptors in combination with the potent
inhibition of serotonin transporters at the nerve termi-
nal may lead to robust increases in serotonin levels in
the synaptic cleft of the nerve terminal regions (see
Fig. 1D) and may account for the initial side effects
observed when initiating serotonin reuptake inhibitors
(anxiety, nausea, and jitteriness). The delayed therapeu-
tic effect of antidepressants may be explained, in part,
by the slow downregulation of postsynaptic serotonin
receptors due to persistently elevated serotonin levels
in the synaptic cleft as a result of serotonin reuptake in-
hibition (Fig. 1E) [5].
Combining serotonin and norepinephrine
reuptake inhibition
Norepinephrine is a catecholamine synthesized from
tyrosine and stored in synaptic vesicles located at the
nerve terminal of norepinephrine neurons (Fig. 2) [5].
FIG. 2 Norepinephrine is produced. Tyrosine, a precursor
to norepinephrine (NE), is taken up into NE nerve terminals
via a tyrosine transporter and converted into dopa by the
enzyme tyrosine hydroxylase (TOH). Dopa is then converted
into dopamine (DA) by the enzyme dopa decarboxylase
(DDC). Finally, DA is converted into NE by dopamine beta
hydroxylase (DBH). After synthesis, NE is packaged into
synaptic vesicles via the vesicular monoamine transporter
(VMAT2) and stored there until its release into the synapse
during neurotransmission.
Once released, norepinephrine acts on postsynaptic re-
ceptors to mediate changes in signal transduction and
eventually postsynaptic gene expression [5]. Like sero-
tonin, norepinephrine is rapidly removed from the syn-
aptic cleft by passive diffusion, active reuptake by
presynaptic norepinephrine transporters (NETs)
(Fig. 3), or enzymatic degradation by metabolizing en-
zymes such as monoamine oxidase (MAO) and cate-
chol-O-methyltransferase (COMT) (Fig. 4) [5,7].

Most of the norepinephrine neurons which project
to numerous cortical and subcortical regions originate
in a region of the pons called the locus coeruleus
[1,5,7]. However, there are also descending noradren-
ergic (and serotonergic) neurons which also originate
in brainstem nuclei and synapse in the dorsal horn of
the spinal cord to where they appear to modulate
afferent pain signals from the periphery [7,15].
Blockade of norepinephrine transporters results in the
accumulation of norepinephrine in the synaptic cleft,
similar to the increased serotonin seen with blockade
of the serotonin transporter (SERT) described above.
FIG. 3 Norepinephrine receptors. Shown here are receptors
for norepinephrine that regulate its neurotransmission. The
norepinephrine transporter (NET) exists presynaptically and
is responsible for clearing excess norepinephrine out of the
synapse. The vesicular monoamine transporter (VMAT2)
takes norepinephrine up into synaptic vesicles and stores it
for future neurotransmission. There is also a presynaptic
alpha 2 autoreceptor, which regulates release of
norepinephrine from the presynaptic neuron. In addition,
there are several postsynaptic receptors. These include
alpha 1, alpha 2A, alpha 2B, alpha 2C, beta 1, beta 2, and
beta 3 receptors.



FIG. 4 Norepinephrine’s action is terminated.
Norepinephrine’s action can be terminated through multiple
mechanisms. Dopamine can be transported out of the
synaptic cleft and back into the presynaptic neuron via the
norepinephrine transporter (NET), where it may be
repackaged for future use. Alternatively, norepinephrine may
be broken down extracellularly via the enzyme catechol-O-
methyl-transferase (COMT). Other enzymes that break down
norepinephrine are monoamine oxidase A (MAO-A) and
monoamine oxidase B (MAO-B), which are present in
mitochondria both within the presynaptic neuron and in other
cells, including neurons and glia.
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Inhibiting NET in various brain circuits in certain indi-
viduals may restore the dysregulated or “deficient”
noradrenergic neurotransmission in regions associated
with specific depressive symptoms such as fatigue, diffi-
culty concentrating, and amotivation [5,10–14]. Norad-
renergic modulation of afferent pain signals in the
FIG. 5 SNRI actions. The dual actions of the serotonin n
Both the serotonin reuptake inhibitor (SRI) portion of the
reuptake inhibitor (NRI) portion of the SNRI molecule (rig
pumps. Consequently, both pumps are blocked, and th
dorsal horn of the spinal cord may partially explain
the proven efficacy of some tricyclic antidepressants
and duloxetine, a serotonin norepinephrine reuptake
inhibitor, for alleviating pain with or without depres-
sion [5,14].

If boosting serotonergic neurotransmission in
various brain areas alleviates depressive symptoms in
some individuals, then one wonders whether boosting
both serotonin and norepinephrine neurotransmission
would be even better (Fig. 5), which explains the
reasoning behind developing drugs that inhibit both se-
rotonin and norepinephrine transporters, also called
the serotonin norepinephrine reuptake inhibitors
(SNRIs). To date, clinical trials have not demonstrated
superior efficacy of SNRIs over SSRIs, but anecdotal re-
ports and existing trends have suggested that SNRIs may
be more effective agents [10–12,14].

Combining norepinephrine and dopamine
reuptake inhibition
Initially, there was debate whether norepinephrine
(NE) or serotonin (5HT) was the more important defi-
ciency in the monoamine hypothesis of depression, and
dopamine was relatively neglected. Now the mono-
amine theory suggests that boosting any or all of the
3 monoamines (serotonin, norepinephrine, dopamine)
could have therapeutic benefits in depression.

As mentioned previously, norepinephrine trans-
porters (NETs) are widely expressed in the prefrontal
cortex and have specificity for dopamine as well as
norepinephrine (Fig. 6A) [5]. When dopamine is
released in the prefrontal cortex, there are few dopa-
mine transporters (DATs) for the reuptake of dopamine
orepinephrine reuptake inhibitors (SNRIs) are shown.
SNRI molecule (left panel) and the norepinephrine
ht panel) are inserted into their respective reuptake
e drug mediates an antidepressant effect.



FIG. 6 Norepinephrine transporter blockade and dopamine
in the prefrontal cortex. (A) Although there are abundant
serotonin transporters (SERTs) and norepinephrine
transporters (NETs) in the prefrontal cortex, there are very
few dopamine transporters (DATs). This means that
dopamine can diffuse away from the synapse and therefore
exert its actions within a larger radius. Dopamine’s actions
are terminated at norepinephrine axon terminals, because
DA is taken up by NET. (B) NET blockade in the prefrontal
cortex leads to an increase in synaptic norepinephrine, thus
increasing norepinephrine’s diffusion radius. (C) Because
NET takes up dopamine as well as norepinephrine, NET
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into presynaptic terminals (see Fig. 6A) [5]. Conse-
quently, NETs are considered the primary mechanism
for the reuptake of dopamine that has diffused away
from its synapse and blocking NETs in the prefrontal
cortex indirectly potentiates dopaminergic neurotrans-
mission by expanding the diffusion radius of dopamine
(see Fig. 6A) [5].

Dopamine is a modulatory neurotransmitter associ-
ated with working memory, concentration, salience,
and motivational behaviors [1,5,7]. Rapid elevations
in synaptic dopamine levels via blockade of dopamine
transporters (DATs) or increased dopamine release in
the nucleus accumbens contributes to the pleasurable
and reinforcing aspects of most drugs of abuse [1,5,7].
However, decreased dopaminergic tone in the prefron-
tal circuits and nucleus accumbens could theoretically
explain the fatigue, amotivation, concentration deficits,
and anhedonia seen in many depressed patients [1,5,7].
It appears the solution would be a medication that en-
hances dopaminergic transmission just enough in the
nucleus accumbens and prefrontal circuits to relieve
depressive symptoms without the euphoric and rein-
forcing effects of too much dopamine (Fig. 6B, C). An-
tidepressants such as venlafaxine (SNRI) [12,14],
bupropion (NDRI) [13], and atomoxetine (NRI) [5]
enhance dopaminergic transmission indirectly in the
frontal cortex by the mechanism described above
without the euphoria or reinforcing effects. These anti-
depressants may be best suited for patients feeling
lethargic, unmotivated, and anhedonic.

Adding an SNRI or SSRI with an NDRI: A triple-
action combination
If targeting 2 monoamine neurotransmitters is better
than 1, then maybe 3 is best. Triple-action antidepres-
sant therapy by modulating all 3 monoamines (5HT,
DA, and NE) would be predicted to occur by combining
either an SSRI with an NDRI, perhaps the most popular
combination in US antidepressant psychopharmacol-
ogy (Fig. 7A), or by combining an SNRI with an NDRI
(Fig. 7B), providing evenmore noradrenergic and dopa-
minergic action [7,10,13–16]. The combination of ser-
traline, an SSRI, and bupropion, an NDRI, is a
common strategy used by many clinicians for individ-
uals who only respond partially to one agent, who
have more severe symptoms, or who would benefit
blockade also leads to an increase in synaptic dopamine,
further increasing its diffusion radius. Thus, agents that block
NET increase norepinephrine throughout the brain and both
norepinephrine and dopamine in the prefrontal cortex.

=



FIG. 7 (A). SSRI plus NDRI. Selective serotonin reuptake inhibitor (SSRI) plus a norepinephrine dopamine
reuptake inhibitor (NDRI) leads to a single boost for serotonin (5HT), norepinephrine (NE), and dopamine (DA).
(B). SNRI plus NDRI. Serotonin norepinephrine reuptake inhibitor (SNRI) plus a norepinephrine dopamine
reuptake inhibitor (NDRI) leads to a single boost for serotonin (5HT), a double boost for norepinephrine (NE),
and a single boost for dopamine (DA).
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from the additional dopaminergic and noradrenergic
boost to help alleviate fatigue, poor concentration, or
even the sexual side effects of serotonergic
antidepressants.

Arousal combinations: SNRI 1 stimulant
The frequent complaints of residual fatigue, loss of en-
ergy, low motivation, decreased libido, and poor
FIG. 8 (A) SNRI plus stimulant. Here serotonin (5HT) an
norepinephrine (NE) is double-boosted. (B) SNRI plus mo
are single-boosted by the serotonin norepinephrine reup
boosted by modafinil.
concentration may be approached by combining either
a stimulant or modafinil with an SNRI to recruit triple
monoamine action with the focus on enhancing dopa-
minergic neurotransmission (Fig. 8) [1,5–7]. The long-
acting stimulant lisdexamfetamine, which links the
amino acid lysine to the stimulant D-amphetamine,
slows the delivery and potentially reduces the abuse li-
ability of D-amphetamine after oral administration [6].
d dopamine (DA) are single-boosted and
dafinil. Here serotonin (5HT) and norepinephrine (NE)
take inhibitor (SNRI), while dopamine (DA) is single-



FIG. 9 (A) Mechanism of action of serotonin partial agonist reuptake inhibitors (SPARIs), part 1. When an
SPARI is administered, about half of serotonin transporters (SERTs) and half of serotonin 1A (5HT1A)
receptors are occupied immediately. (B) Mechanism of action of serotonin partial agonist reuptake inhibitors
(SPARIs), part 2. Blockade of the serotonin transporter (SERT) causes serotonin to increase initially in the
somatodendritic area of the serotonin neuron (left). (C) Mechanism of action of serotonin partial agonist
reuptake inhibitors (SPARIs), part 3. The consequence of serotonin increasing in the somatodendritic area of
the serotonin (5HT) neuron, as depicted in Fig. 7-26, is that the somatodendritic 5HT1A autoreceptors
desensitize or downregulate (red circle). (D) Mechanism of action of serotonin partial agonist reuptake
inhibitors (SPARIs), part 4. Once the somatodendritic receptors downregulate, as depicted in Fig. 7-27, there
is no longer inhibition of impulse flow in the serotonin (5HT) neuron. Thus, neuronal impulse flow is turned on.
The consequence of this is release of 5HT in the axon terminal (red circle). (E) Mechanism of action of
serotonin partial agonist reuptake inhibitors (SPARIs), part 5. Finally, once the SPARIs have blocked the
serotonin transporter (SERT) (B), increased somatodendritic serotonin (5HT) (C), desensitized somatodendritic
5HT1A autoreceptors (Fig. 7-27), turned on neuronal impulse flow (D), and increased release of 5HT from axon
terminals (E), the final step (shown here, red circle) may be the desensitization of postsynaptic 5HT receptors.
This timeframe correlates with antidepressant action. In addition, the predominance of 5HT1A actions may
lead to downstream enhancement of dopamine (DA) release, which may mitigate sexual dysfunction.
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Given its simple once-daily dosing schedule, long half-
life, and reduced abuse potential, lisdexamfetamine is a
good choice for adults and adolescents with attention
deficit hyperactivity disorder or perhaps as an augment-
ing agent for patients with treatment-resistant depres-
sion [1,5,6].

Combining serotonin reuptake inhibition with
agonist or antagonist actions at multiple
serotonin receptor subtypes
Serotonin receptors
Before discussing the various combinations of seroto-
nin reuptake inhibition and serotonin receptor
agonism and antagonism, we will briefly review the
serotonin receptors relevant to psychopharmacology.
Approximately 14 different serotonin receptors have
been identified to date, which are classified as
5HT1–7 with additional subtypes within each numeric
class (Figs. 9–14). All serotonin receptors, except
5HT3 receptors, are G-protein-coupled receptors
(GPCRs); 5HT1A receptors were mentioned previ-
ously. 5HT1B/D receptors are primarily autoreceptors
located on the presynaptic nerve terminals of seroto-
nin neurons and decrease the amount of serotonin
released with each nerve impulse, providing a nega-
tive feedback mechanism for serotonin release.



FIG. 10 SSRI versus SARI. (Left) Inhibition of the serotonin transporter (SERT) by a selective serotonin
reuptake inhibitor (SSRI) at the presynaptic neuron increases serotonin at all receptors, with 5HT1A-mediated
antidepressant actions but also 5HT2A- and 5HT2C-mediated sexual dysfunction, insomnia, and anxiety.
(Right) SERT inhibition by a serotonin 2A antagonist/reuptake inhibitor (SARI) at the presynaptic neuron
increases serotonin at 5HT1A receptors, where it leads to antidepressant actions. However, SARI action also
blocks serotonin actions at 5HT2A and 5HT2C receptors, thus failing to cause sexual dysfunction, insomnia,
or anxiety. In fact, these blocking actions at 5HT2A and 5HT2C receptors can improve insomnia and anxiety,
and theoretically can exert antidepressant actions of their own.
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5HT1B/D agonists, such as sumatriptan, are widely
used to treat migraines [1,5,7].

5HT2A receptors are almost exclusively postsynaptic
and are thought to be involved in the hallucinogenic
properties of drugs such as LSD and the hallucinatory
phenomena commonly associated with Parkinson dis-
ease [1,5,20]. 5HT2A receptors are important in the
regulation of dopamine release in the striatum where
antagonism of these receptors hypothetically mitigates
the risk of extrapyramidal side effects associated with
antipsychotics [5].

5HT2C receptors are widespread in the central ner-
vous system, particularly the choroid plexus, the hypo-
thalamus, and the cerebral cortex. When 5HT2C
receptors are knocked out in rodent models or antago-
nized pharmacologically in humans, there appears to
be significant weight gain [1,5,14]. In addition, 5HT2C
receptors located on GABA interneurons in the brain-
stemmodulate the release of norepinephrine and dopa-
mine in the prefrontal cortex (PFC), and will be
discussed later.

Interestingly, both 5HT2A and 5HT2C receptors have
been implicated in the common side effects associated
with initiating SSRIs such as sexual dysfunction,
insomnia, and anxiety [1,5,7]. Not surprisingly, antide-
pressants with both 5HT2A and 5HT2C antagonism such
as mirtazapine [9], trazodone [15] and nefazodone are
associated with less insomnia, anxiety, and sexual
dysfunction than SSRIs and SNRIs (see Fig. 10).

5HT3 receptors are postsynaptic ionotropic receptors
that regulate GABA interneurons in various brain areas
which, in turn, regulate other neurotransmitter systems
such as glutamate, acetylcholine, norepinephrine,
dopamine, histamine, and serotonin itself [5]. Mecha-
nisms relevant to antidepressants will be discussed in
the relevant sections below.

5HT3 receptors are also highly expressed both in
the circumventricular organs and peripherally in the
gut, where they regulate the vomiting reflex and
bowel motility, respectively [5]. Antiemetics like
ondansetron are thought to work via 5HT3 antago-
nism to relieve nausea associated with medications
or chemotherapeutic agents. 5HT3 antagonism theo-
retically reduces the nausea and gastrointestinal side
effects associated with initiating serotonergic
antidepressants.



FIG. 11 (A) Serotonin inhibits norepinephrine and dopamine release. Normally, serotonin binding at 5HT2C
receptors on gamma-aminobutyric acid (GABA) interneurons (bottom red circle) inhibits norepinephrine and
dopamine release in the prefrontal cortex (top red circle). (B) 5HT2C antagonists disinhibit norepinephrine and
dopamine release. When a 5HT2C antagonist binds to 5HT2C receptors on GABA interneurons (bottom red
circle), it prevents serotonin from binding there and thus prevents inhibition of norepinephrine and dopamine
release in the prefrontal cortex; in other words, it disinhibits their release (top red circle).
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Lastly, 5HT7 receptors, like 5HT2C receptors, are
expressed on GABA interneurons in the brainstem and
cortex, where they modulate serotonin and glutamate
release in the prefrontal cortex. Antagonism of 5HT7 re-
ceptors may have antidepressant effects as discussed
below [5].

Combining serotonin reuptake inhibition with
serotonin 1A partial agonism (SPARI)
The combinationof serotonin reuptake inhibitionand se-
rotonin5HT1Apartial agonismhasbeenusedbymanycli-
nicians to boost antidepressant response and mitigate
side effects [1,5,7,8,10,11,17]. Recall that 5HT1A autore-
ceptors located at the somatodendritic end of serotonin
neurons act as a negative feedbackmechanism for seroto-
nin release by inhibiting the firing rate of serotonin neu-
rons. As discussed earlier, repeated stimulation of
somatodendritic 5HT1A autoreceptors on serotonin neu-
rons in the dorsal raphe nucleus leads to desensitization
and downregulation of these receptors, resulting in
increased serotonin neuronal impulse flow and serotonin
release. Stimulation of postsynaptic 5HT1A receptors in
the cortex and raphe nucleus has downstream effects
enhancing dopamine release and may hypothetically
explain thedecreased sexual side effects seenwithmedica-
tions that stimulate postsynaptic 5HT1A receptors [13].

By combining 5HT1A partial agonism with SERT inhi-
bition, one can appreciate the hypothetical additive or
synergistic enhancement of serotonin release by hasten-
ing the downregulation of 5HT1A autoreceptors (see
Fig. 9). This combination, in theory, would lead to a
faster andmore robust response than either action alone.

Adding the 5HT1A partial agonist properties of buspir-
one to an SSRI or SNRI to mitigate side effects and/or to
boost the antidepressant effects in patients unresponsive
to monotherapy has become common practice [1,4],
leading to the development of medications such as vila-
zodone [18] and vortioxetine [2] with both actions in
one medication. Many atypical antipsychotics such as
aripiprazole, brexpiprazole, cariprazine, and quetiapine



FIG. 12 5HT3 antagonists increase norepinephrine and acetylcholine release. (A) Serotonergic neurons
synapse with noradrenergic neurons, cholinergic neurons, and GABA-ergic interneurons, all of which contain
serotonin 3 (5HT3) receptors. (B) When serotonin is released, it binds to 5HT3 receptors on GABA-ergic
neurons, which release GABA onto noradrenergic and cholinergic neurons, thus reducing release of
norepinephrine and acetylcholine, respectively. In addition, serotonin may bind to 5HT3 receptors on
noradrenergic and cholinergic neurons, further reducing release of those neurotransmitters. (C) A 5HT3
antagonist binding at GABA-ergic neurons inhibits GABA release, which in turn disinhibits (or turns on)
noradrenergic and cholinergic neurons, leading to release of norepinephrine and acetylcholine, respectively.
Likewise, a 5HT3 antagonist binding directly at noradrenergic and cholinergic neurons prevents serotonin
from binding there and inhibiting release of their neurotransmitters.
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have prominent 5HT1A partial agonist actions among
their many pharmacologic properties [1,5–7] and are
commonly used as augmentation agents in depressed pa-
tients unresponsive to an SSRI or SNRI. Finally, one of
the newer antidepressants vortioxetine [2,5] combines
5HT1A agonism with 5HT reuptake inhibition in addi-
tion to several other actions at serotonin receptors which
are discussed below [1,5,6].
Combining serotonin reuptake inhibition with
serotonin receptor antagonism
Combining serotonin reuptake inhibition with
5HT2A and/or 5HT2C antagonism
When 5HT2C receptors located on GABA interneurons
in the brainstem are stimulated by serotonin they stim-
ulate GABA interneurons acting on norepinephrine and
dopamine neurons in the locus coeruleus and ventral



FIG. 13 (A) Function of 5HT7 receptors in the raphe nucleus. Shown here is a serotonergic neuron projecting
from the raphe nucleus to the prefrontal cortex, where it releases serotonin. The release of serotonin is
regulated in part by GABA-ergic neurons within the raphe nucleus that contains 5HT7 receptors. (B)
Stimulation of 5HT7 receptors in the raphe reduces serotonin release. When serotonin binds to 5HT7
receptors on GABA-ergic interneurons within the raphe nucleus, this activates the GABA neuron (indicated by
the red color of the neuron) to release GABA. GABA then inhibits serotonergic projections from the raphe
nucleus to the prefrontal cortex, thus reducing serotonin release there (indicated by the dotted outline of the
serotonin neuron). (C) Blockade of 5HT7 receptors in the raphe nucleus increases serotonin release. If 5HT7
receptors on GABA-ergic interneurons in the raphe nucleus are blocked, then GABA release is inhibited
(indicated by the dotted outline of the GABA neuron). Without the presence of GABA, the serotonergic
projection from the raphe nucleus to the prefrontal cortex can become overactivated (indicated by the red
color of the neuron), leading to increased serotonin release in the prefrontal cortex.
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tegmental area, respectively, which subsequently in-
hibits norepinephrine and dopamine projections to
the prefrontal cortex (see Fig. 11A) [5,7]. By inhibiting
5HT2C receptors, both norepinephrine and dopamine
neurons projecting to the prefrontal cortex are disinhi-
bited and increase their monoamines there (see
Fig. 11B) [5]. This may lead to beneficial changes in
mood and may partially explain the antidepressant
mechanism of 5HT2C antagonists. The addition of an
SSRI/SNRI to a 5HT2A/5HT2C antagonist may have ad-
ditive or synergistic antidepressant effects when an SSRI
or SNRI alone is not enough [5,9,11,15–18]. However,
as discussed previously, 5HT2C receptors are also
located in the hypothalamus, where antagonism has
been associated with weight gain. The propensity to-
ward weight gain with 5HT2C antagonists may be bene-
ficial for elderly cachectic patients and/or intolerable for
those concerned about weight gain.
Some antidepressants such as trazodone [15] have
both SERT inhibition and 5HT2A/5HT2C antagonism
properties built in (see Fig. 10B) [5]. The combination
of SERT inhibition with 5HT2A/5HT2C antagonism
may provide some protection from, or treatment of,
the initial side effects seen with SSRI/SNRIs, as dis-
cussed above, and potentiate the antidepressant effect
of serotonin reuptake inhibition either additively or
synergistically [5,15].

It is worth mentioning that pimavanserin, a selec-
tive 5HT2A and 5HT2C antagonist approved for psycho-
sis associated with Parkinson disease [5,20] has
preliminary evidence of efficacy in treatment-resistant
depression (Acadia Pharmaceuticals, personal
communication) [1,5,6]. Pimavanserin’s antidepres-
sant actions can be hypothetically explained by the
increased dopaminergic and noradrenergic tone in
the prefrontal cortex associated with blockade of



FIG. 14 (A) Function of 5HT7 receptors in the prefrontal cortex. A major function of 5HT7 receptors may be
to regulate serotonin–glutamate interactions. Serotonergic projections from the raphe nucleus to the
prefrontal cortex synapse with GABA-ergic interneurons that contain 5HT7 receptors. The GABA-ergic
neurons, in turn, synapse with glutamatergic pyramidal neurons. (B) Stimulation of 5HT7 receptor in the
prefrontal cortex reduces glutamate release from pyramidal neurons. Serotonin binds to 5HT7 receptors on
GABA interneurons in the prefrontal cortex. This stimulates GABA release (indicated by the red color of the
neuron), which in turn inhibits glutamate release (indicated by the dotted outline of the glutamatergic neuron).
(C) Blockade of 5HT7 receptors in the prefrontal cortex increases glutamate release from pyramidal neurons. If
5HT7 receptors on GABA-ergic interneurons in the prefrontal cortex are blocked, then GABA release is
inhibited (indicated by the dotted outline of the GABA neuron). Without the presence of GABA, glutamatergic
pyramidal neurons in the prefrontal cortex can become overactivated (indicated by the red color of the
neuron), leading to increased glutamate release.
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5HT2A and 5HT2C receptors [5]. The 5HT2A antagonist
properties of pimavanserin have been thought to
decrease the hallucinations and paranoia commonly
seen in patients with Parkinson disease, as well as pa-
tients with dementia-related psychosis, without the
risk of exacerbating extrapyramidal symptoms, a com-
mon problem with the use of currently available anti-
psychotics [5,20].
FIG. 15 Mirtazapine. Mirtazapine is sometimes called a
noradrenergic and specific serotonergic antidepressant
(NaSSA). Its primary therapeutic action is alpha 2
antagonism. It also blocks 3 serotonin (5HT) receptors:
5HT2A, 5HT2C, and 5HT3. Finally, it blocks histamine 1 (H1)
receptors.
Combining serotonin reuptake inhibition with
5HT3 antagonism
Stimulation of 5HT3 receptors on GABA interneurons
results in decreased release of acetylcholine and norepi-
nephrine in the prefrontal cortex (see Fig. 12A, B) [5].
Therefore, inhibiting 5HT3 receptors increases acetyl-
choline and norepinephrine release in the prefrontal
cortex, which may have antidepressant effects (see
Fig. 12C). Perhaps 5HT3 receptor antagonism is much
more important than previously thought given the pos-
itive results seen with the new medication vortioxetine
[2], a medication with multimodal mechanisms
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including potent 5HT3 and SERT inhibition as well as
others. Of note, both mirtazapine [9] and vortioxetine
have potent 5HT3 antagonism, which hypothetically ex-
plains their antidepressant mechanisms and reduced
side effect profiles. Interestingly, mirtazapine was not
only one of the first multifunctional antidepressants,
it was also the first multifunctional agent with com-
bined mechanisms other than reuptake inhibition [5].
Mirtazapine’s mechanism of action will be discussed
in more detail in the section on norepinephrine
antagonism.

Combining serotonin reuptake inhibition with
5HT7 antagonism
As previously explained, 5HT7 receptors are expressed
on GABA interneurons in the brainstem and cortex,
where they stimulate GABA interneurons that project
onto, and inhibit, serotonin and glutamate neurons
FIG. 16 Alpha 2 antagonism increases norepinephrine
receptors are presynaptic autoreceptors and thus are th
antagonists (eg, mirtazapine) can therefore increase nor
the locus coeruleus (A) and in the cortex (B).
(see Figs. 13 and 14) [5]. Blocking 5HT7 receptors
may increase serotonin and glutamate release in impor-
tant projection areas and therefore produce an antide-
pressant effect (see Figs. 13 and 14). Novel
5HT7-selective antagonists are thought to be regulators
of circadian rhythms, sleep, and mood in experimental
animals [5,7]. Several proven antidepressants have at
least moderate 5HT7 receptor antagonism, including
amoxapine, desipramine, imipramine, mianserin,
fluoxetine, and the experimental antidepressant vorti-
oxetine [5,6]. Several of the atypical antipsychotics
within the “pines” (clozapine, quetiapine, and asena-
pine) and “dones” (risperidone, paliperidone, and lur-
asidone) are potent 5HT7 antagonists also [5,6].

One can now appreciate the synergistic or additive
effect of combining SERT inhibition with serotonin re-
ceptor antagonism, which supports the combined use
of some medications and the growing interest in
release in raphe and cortex. Alpha 2 adrenergic
e “brakes” on noradrenergic neurons. Alpha 2
epinephrine release by binding to these receptors in
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developing medications with multiple mechanisms
already “built into” the molecule.

Norepinephrine antagonism and mirtazapine
Mirtazapine is an alpha 2 noradrenergic antagonist, as
well as an antagonist of 5HT2A, 5HT2, 5HT3, and H1
histamine receptors (Fig. 15) [5,6,9]. Antagonism of
alpha 2 receptors is another mechanism for enhancing
the release of monoamines to exert an antidepressant
response. Norepinephrine turns off its own release by
interacting with presynaptic alpha 2 autoreceptors on
noradrenergic neurons [5]. Therefore, inhibiting alpha
2 receptors disinhibits noradrenergic neuronal impulse
flow and enhances the release of norepinephrine in the
raphe nucleus and cortex (Figs. 16 and 17).

In addition to regulating its own release, norepi-
nephrine also regulates serotonin release by two
FIG. 17 Alpha 2 antagonism increases serotonin and n
noradrenergic and serotonergic neurotransmission are ill
noradrenergic neuron is disinhibited in the cortex becau
alpha 2 autoreceptors. This has the effect of “cutting th
addition, alpha 2 antagonists “cut the 5HT brake cable”
blocked on the 5HT axon terminal, thus leading to enha
primary mechanisms. The first involves activation of
alpha 2 heteroreceptors on serotonin neurons, which
inhibits the release of serotonin [5]. Blocking alpha 2
heteroreceptors in the raphe nucleus and cortex en-
hances serotonin release (see Fig. 17; Fig. 18). The sec-
ond mechanism by which norepinephrine regulates
serotonin release involves activation of alpha 1 recep-
tors located on the somatodendritic end of serotonin
neurons in the raphe nucleus which, when stimulated
by norepinephrine, stimulates serotonin neuronal im-
pulse flow and enhances release of serotonin in the cor-
tex (Fig. 19) [5]. One can now see how blocking alpha 2
receptors will enhance norepinephrine release in the
raphe nucleus, as described above, and therefore lead
to enhanced stimulation of alpha 1 receptors with the
effect of increasing serotonin release in the cortex (see
Fig. 19).
orepinephrine release in the cortex. Both
ustrated to be enhanced by alpha 2 antagonists. The
se an alpha 2 antagonist is blocking its presynaptic
e brake cables” for norepinephrine (NE) release. In
when alpha 2 presynaptic heteroreceptors are
nced serotonin release.



FIG. 18 Alpha 2 antagonism in raphe stimulates serotonin release in cortex. The noradrenergic neuron is
disinhibited at its axon terminals in the brainstem because an alpha 2 antagonist is blocking its presynaptic
alpha 2 autoreceptors (2). This has the effect of “cutting the brake cables” for norepinephrine (NE) release.
Norepinephrine can then stimulate alpha 1 receptors on the serotonergic neuron, leading to serotonin release
in the cortex (1).
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Antagonism of alpha 2 receptors is thought to be one
of the major antidepressant mechanisms of mirtazapine
[9]. In addition to alpha 2 antagonism, mirtazapine
also has actions at 5HT3, 5HT2A, 5HT2C, and H1 recep-
tors, all contributing to both its antidepressant effects
and side effects (see Fig. 15) [5,6,9]. Mirtazapine is a
unique antidepressant in that it does not have serotonin
uptake inhibition properties. For this reason, mirtaza-
pine is often added to SSRIs/SNRIs as an augmentation
agent and/or to mitigate the initial side effects seen with
SSRIs/SNRIs.

The combination of mirtazapine and an SNRI (such
as venlafaxine) is colloquially termed “California rocket
fuel” [5] and is a commonly used strategy to “propel”
severely depressed patients out of their depressive states
(Fig. 20). This potentially powerful combination uti-
lizes the pharmacologic synergy obtained by adding
the enhanced serotonin and norepinephrine release
from inhibition of both serotonin and norepinephrine
reuptake to the disinhibition of both serotonin and
norepinephrine release by the alpha 2 antagonist ac-
tions of mirtazapine. It is possible that additional pro-
dopaminergic actions result from the combination of
norepinephrine reuptake inhibition from the SNRI in
the prefrontal cortex and the disinhibition of dopamine
release via 5HT2C antagonism of mirtazapine.

Combinations of mirtazapine with various SSRIs
and SNRIs have also been studied as potential initial
treatments for unipolar major depression [1,5–7].

Should a combination of antidepressant
mechanisms be the standard for treating
unipolar depression?
Antidepressant monotherapy has been the traditional
first-line treatment for unipolar major depressive disor-
der given the cost-effectiveness and available evidence
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for monotherapy treatment. However, increasing
numbers of clinicians are finding monotherapy to be
inadequate at relieving depressive symptoms in many
patients. The STAR*D trial confirmed the overall inade-
quacy of monotherapy as only one-third of patients
remitted on their first monotherapy treatment [4].
Even more discouraging was that one-third of patients
never reached remission even after a year of treatment
with adequate trials of 4 different antidepressants in
sequence. These findings suggest that multiple trials of
monotherapy in sequence may not be the best strategy
for treating unipolar depression.

Perhaps an initial trial of monotherapy should be
followed by selecting more aggressive treatment strate-
gies early, such as using a combination of antidepres-
sant mechanisms by switching to multimodal agents
or augmenting monotherapy with agents like lithium,
levothyroxine, trazodone, bupropion, or atypical
FIG. 19 Raphe alpha 1 receptors stimulate serotonin rel
somatodendritic regions of serotonin neurons. When the
some serotonin is released from the serotonin neuron. H
receptor (2) this stimulates the serotonin neuron, accele
antipsychotics [1,5,7,10,16,17]. The controversial ques-
tion that remains to be answered is whether monother-
apy really is the best initial treatment.

It is worth noting that multiple mechanisms do not
always mean multiple agents. As discussed extensively
in previous sections, antidepressants such as mirtazapine
[9], vilazodone [18], trazodone [15], and vortioxetine [2]
are multimodal agents targeting more than one neuro-
transmitter system and utilizing more than one mecha-
nism. Although controversial, many experts believe
SNRIs [14] and other multifunctional agents are more
effective for depression than single-mechanism agents
and should be utilized earlier in treatment. It is impor-
tant to note that there is little clinical trial data support-
ing the superior efficacy of combining multiple
antidepressant mechanisms, but equally important is
the recognition that a lack of data does not necessarily
equate to lack of efficacy. Many combinations of
ease. Alpha 1 adrenergic receptors are located in the
se receptors are unoccupied by norepinephrine,
owever, when norepinephrine binds to the alpha 1
rating release of serotonin (1).



FIG. 20 California rocket fuel (SNRI plus mirtazapine). Serotonin norepinephrine reuptake inhibitor (SNRI)
plus mirtazapine is a combination that has a great degree of theoretic synergy: norepinephrine reuptake
blockade plus alpha 2 blockade, serotonin (5HT) reuptake plus 5HT2A and 5HT2C antagonism, and thus
many 5HT actions plus norepinephrine (NE) actions. Specifically, 5HT is quadruple-boosted (with reuptake
blockade, alpha 2 antagonism, 5HT2A antagonism, and 5HT2C antagonism), NE is quadruple-boosted (with
reuptake blockade, alpha 2 antagonism, 5HT2A antagonism, and 5HT2C antagonism), and there may even be
a double boost of dopamine (with 5HT2A and 5HT2C antagonism).
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antidepressants have enjoyed widespread use with posi-
tive results and may be useful in some patients.
SUMMARY
While the futureof antidepressant pharmacology remains
to be determined, it is evident that a paradigm shift has
occurred in recent years. Anecdotal evidence and clinical
experience suggest superior efficacy associatedwith target-
ing multiple monoamine systems, which is further sup-
ported by the observation that many patients are
prescribed more than one antidepressant or multimodal
agents to achieve remission. And given the complex na-
ture of depression pathophysiology, it isn’t surprising
that some patients do not respond to monoaminergic
agents at all. For some, an SSRI does the trick. For others,
a combination of multiple monoamine mechanisms is
needed to achieve remission. And yet still for someothers,
none of the combinations seem to alleviate their symp-
toms at all. For those patients who fail to achieve remis-
sion with the above combinations, the logical final step
would be to use interventional (ie, ECT, TMS, DBS) or
pharmacologic treatments targeting systems other than
the monoamines such as the glutamate system (keta-
mine/esketamine), the neurosteroid axis, or the endoge-
nous opioid and cannabinoid systems.
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