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A B S T R A C T   

Serotonin (5-hydroxytryptamine, 5-HT) signaling plays an important role in dynamic control of peripheral and 
central nervous system physiology, with altered 5-HT homeostasis implicated in a significant number of 
disorders, ranging from pulmonary, bowel, and metabolic disease to depression, obsessive-compulsive disorder, 
and autism spectrum disorder (ASD). The presynaptic, 5-HT transporter (SERT) has a well-established role in 
regulating 5-HT signaling and is a target of widely prescribed psychotherapeutics, the 5-HT selective reuptake 
inhibitors (SSRIs). Although SSRI therapy provides symptom relief for many suffering from mood and anxiety 
disorders, response to these medications is slow (weeks), and too many receive modest or no benefit. At present, 
all prescribed SSRIs act as competitive SERT antagonists. Although non-serotonergic therapeutics for 
mood disorders deserve aggressive investigation, the development of agents that target SERT regulatory path
ways have yet to be considered for their possible utility and may possibly offer improved efficacy and more rapid 
onset. Here, we focus attention on a significant body of evidence that SERT transport activity can be rapidly 
elevated by protein kinase G (PKG) and p38α mitogen activated protein kinase (MAPK) linked pathways, 
mechanisms that are impacted by disease-associated genetic variation. Here, we provide a brief overview of 
kinase-linked, posttranslational regulation of SERT, with a particular focus on evidence from pharmacological 
and genetic studies that the transporter’s regulation by PKG/p38α MAPK associated pathways offers an oppor
tunity to more subtly adjust, rather than eliminate, SERT function as a therapeutic strategy.   

1. Introduction 

Serotonin (5-hydroxytryptamine, 5-HT) can be found throughout the 
body, including platelets, gut, placenta, and central nervous system 
(CNS), and thus contributes broadly to both systemic physiology and 
behavior (for an extended review on 5-HT, please see (The Serotonin 
System - History, 2019)). Given the broad actions of 5-HT, it comes as no 
surprise that perturbed 5-HT signaling has been linked to disorders of 
gastrointestinal, pulmonary, and cardiovascular function, as well as al
terations in mood, motivation, anxiety, social behavior, and sleep. In the 
nervous system, 5-HT is released following vesicular fusion mechanisms. 
Subsequently, 5-HT is inactivated efficiently by the high-affinity, pre
synaptic 5-HT transporter (SERT). For more than 30 years, SERT has 
been targeted intentionally for the treatment of mood and compulsive 
disorders. Indeed, 5-HT selective reuptake inhibitors (SSRIs), whose 
members include fluoxetine (Prozac®), escitalopram (Lexapro®), and 

paroxetine (Paxil®), are among the most widely prescribed psycho
therapeutics. These agents block SERT transport function by competi
tively inhibiting 5-HT binding to SERT, with the result being an 
increased availability of the neurotransmitter at somatodendritic, pre
synaptic, and postsynaptic 5-HT receptors. Evidence indicates that SSRIs 
achieve therapeutic effects only after significant SERT blockade (~80% 
or more) attesting to the efficiency of the transporter in clearing 5-HT 
and/or the ability of compensatory mechanisms to offset the effects of 
reduced extracellular 5-HT levels (Meyer et al., 2004). Although SSRIs 
have brought relief from mood disorders to millions worldwide, side 
effects are evident, many do not achieve remission, and for those that do, 
significant delays in therapeutic onset occur. These issues have 
encouraged our team to seek to understand endogenous mechanisms 
that finely tune SERT activity, with the hope that these pathways might 
be targeted for improved efficacy. 

High resolution structural studies, along with modeling of transport 
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dynamics, has provided a mechanistic understanding of 5-HT transport 
and the competitive basis for SERT antagonism by SSRIs (Rudnick and 
Sandtner, 2019). Transport of 5-HT by SERT begins with the binding of 
extracellular Na+ and Cl− to the transporter when the transporter is in an 
“outward facing conformation”, followed by the binding of cationic 
5-HT. The collective energy released in these binding reactions triggers a 
series of conformational changes that occludes 5-HT from both the 
extracellular and intracellular space. Subsequently, SERT moves to an 
“inward facing conformation”, which leads to a reduction in the affinity 
of substrates, promoting the release of 5-HT into the cytoplasm. Struc
tural analysis and computational modeling studies of SERT in different 
conformations supports a “rocking bundle” mechanism of 5-HT trans
port, whereby mobile helices shift in relation to adjoining stable helices 
to allow the 5-HT binding site to move from outward to inward facing, 
leading to, sequentially, the binding of extracellular 5-HT and the 
release of 5-HT to the cytoplasm (Forrest et al., 2008). In the inward 
facing conformation, SERT binds intracellular K+ which promotes a shift 
of SERT back to an outward facing position where the ion is released to 
the extracellular space, and another cycle of 5-HT binding and transport 
can begin. As 5-HT is a cation at physiological pH, inward transport of 
one 5-HT+, one Na+, one Cl− , and one K+ outward means that no net 
charge moves across one full transport cycle, and thus membrane po
tential changes are predicted to have little to no effect on the rate of 
5-HT transport. But, as noted below, biochemical mechanisms exist that 
can adjust SERT surface expression and the intrinsic cycle rate (catalytic 
activity). Evidence from in vivo genetic and biochemical studies in
dicates that both facets of SERT regulation are behaviorally significant 
and relevant to our understanding of serotonergic dysfunction, possibly 
representing novel opportunities for therapeutic “tuning” of 5-HT 
transport. 

2. The ins and outs of SERT regulation 

With the availability of cloned SERT cDNAs opportunities arose to 
determine whether the protein is subject to regulation, initially pursued 
using heterologous expression strategies (Blakely et al., 1991; Hoffman 

et al., 1991). Protein phosphorylation is a well-known, reversible 
mechanism for changing the activity and trafficking of membrane pro
teins including receptors, channels, and transporters. In this regard, an 
initial inspection of SERT sequence revealed the cytoplasmic N- and 
C-termini, as well as intracellular loops that link the transporter’s twelve 
transmembrane domains, to possess a multitude of potential serine, 
threonine, and tyrosine phosphorylation sites (Bermingham and 
Blakely, 2016). As of this writing, multiple kinases have been identified 
as regulators of SERT, with isoforms of protein kinase C (PKC), protein 
kinase G (PKG), and p38 mitogen activated protein kinase (p38 MAPK) 
the most intensively studied (Fig. 1A and B). The first evidence that one 
or more of these sites might be utilized came from studies by Qian and 
colleagues (Qian et al., 1997) who found that β-phorbol 12-myristate 
13-acetate (β-PMA) and β-phorbol 12,13-dibutyrate (β-PDBu), activa
tors of multiple forms of PKC, produce a rapid (minutes) reduction in 
5-HT transport activity in human SERT cDNA transfected HEK-293 cells. 
Subsequently, Ramamoorthy et al. demonstrated that PKC-dependent 
reductions in 5-HT uptake and transporter surface expression are par
alleled temporally by elevations in SERT phosphorylation (Ram
amoorthy et al., 1998). Notably, Ramamoorthy and Blakely 
demonstrated that the ability of PKC activation to phosphorylate SERT, 
to induce SERT surface endocytosis, and to diminish 5-HT uptake de
pends on whether SERT molecules are in the act of transporting sub
strates at the time of PKC activation, suggesting a “use it or lose it” 
process of SERT regulation (Ramamoorthy and Blakely, 1999). One 
mechanism that could support activity-dependent PKC regulation is the 
differential exposure of SERT phosphorylation sites across the 5-HT 
transport cycle. Alternatively, conformational transitions associated 
with 5-HT transport may change the probability that sites phosphory
lated following PKC activation may become more readily dephos
phorylated (Ramamoorthy and Blakely, 1999). Although not mutually 
exclusive, Bauman and colleagues provided support for the latter 
mechanism in demonstrating a PKC- and 5-HT-dependent physical as
sociation between SERT and the catalytic subunit of the Ser/Thr phos
phatase PP2A (PP2Ac) (Bauman et al., 2000). One could envision that 
small molecule inhibitors of PP2Ac/SERT associations could lead to a 

Fig. 1. Regulation of SERT trafficking and intrinsic activity. 1A) ① Phosphorylation by PKC causes SERT to enter a “low” functioning state (SERTlow). ② SERTlow 
is targeted for endocytosis. ③ The active transport of 5-HT precludes the ability of PKC to cause the endocytosis of SERT (Forrest et al., 2008). Phosphatase activity 
(PP2A) also inhibit this process. 1B) ① Activation of the A3AR spurs PLC-mediated Ca2+ availability (likely from internal stores). ②The available Ca2+ leads to 
calmodulin activation, ③subsequent NOS activation, and production of ④ cGMP. ⑤ The increased cGMP activates PKG which can stimulate SERT surface trafficking 
as well as ⑥ p38α MAPK activation and subsequent phosphorylation of SERT (SERT*) which confers enhanced intrinsic activity. ⑦ Other pathways, such as those 
triggered by IL-1R1 activation by IL-1β, can also activate p38α MAPK to regulate SERT. Abbreviations: NOS, nitric oxide synthase); cGMP, cyclic guanine mono
phosphate; PKG, protein kinase G; MAPK, mitogen activated protein kinase; IL-1β, interleukin-1β, IL-1R1, interleukin-1 receptor type 1; PKC, protein kinase C, PP2A, 
protein phosphatase 2A; PLC, phospholipase C. All figures produced with BioRender. 
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promotion of SERT endocytosis, boosting extracellular 5-HT levels, and 
with specificity achieved by inhibition of the unique intersection of the 
as yet undefined PP2Ac/SERT binding site. 

Although studies in transfected cells clearly revealed SERT to be 
regulated through phosphorylation, whether these mechanisms are 
relevant for natively expressed SERT remained to be demonstrated. In an 
important study, Jayanthi and colleagues (Jayanthi et al., 2005) 
demonstrated that platelet SERT is phosphorylated and endocytosed 
following PKC activation as seen with transfected SERT, but with an 
important wrinkle. These investigators followed the process of platelet 
SERT endocytosis and changes in 5-HT transport kinetics over time and 
demonstrated that at 5 min post PKC activation, SERT activity is 
significantly reduced, with an increase in KM, often interpreted as lower 
apparent 5-HT affinity, and a reduction in transport VMAX. Surprisingly, 
no change in SERT surface levels occurred, suggesting that a portion of 
SERT had become functionally inactivated, with the remaining trans
porters shifted to a conformation that may exhibit a lower affinity for 
5-HT. In contrast, when SERT was assessed at 30 min post PKC activa
tion, the transporter demonstrated a reduction in surface expression, 
paralleled by a reduced VMAX and with no change in 5-HT KM. Together, 
these data suggest that following PKC activation, platelet SERT rapidly 
becomes catalytically inactivated followed later by transporter endo
cytosis, the first evidence of SERT catalytic activity as a modifiable 
component of transporter regulation (Fig. 1A, SERTlow). Notably, the 
group also showed that 5 min after PKC activation, SERT is phosphor
ylated at Ser residues, whereas after 30 min of PKC activation, SERT 
demonstrated both Ser and Thr phosphorylation. As of yet, the sites 
differentially phosphorylated in association with reduced transporter 
catalytic function or transporter endocytosis following PKC activation 
have yet to be defined, although Serine 277 (Ser277) and/or Threonine 
276 (Thr 276) in intracellular loop 2 (IL2) are possible given the 
implication of analogous sites in the closely related norepinephrine 
transporter (NET) (Jayanthi et al., 2006). 

3. Receptor regulation of 5-HT uptake exposes both trafficking- 
dependent and independent mechanisms of SERT regulation: 
contrasting contributions of PKG and p38α MAPK 

Although the above studies clearly demonstrated a capacity of SERT 
for kinase-mediated posttranslational regulation, missing was an un
derstanding as to how such mechanisms are normally initiated. They 
also revealed mechanisms by which SERT function can be rapidly 
diminished, leaving open the possibility that opposing mechanisms exist 
endogenously to increase SERT surface expression and/or catalytic ac
tivity. Evidence that the latter mechanisms may indeed exist arose first 
from studies by Miller and Hoffman who demonstrated that 5-HT 
transport activity was increased in RBL-2H3 cells following activation 
of cell surface adenosine receptors, with pharmacological approaches 
suggesting involvement of an A3 receptor subtype (A3AR) (Miller and 
Hoffman, 1994). These investigators also implicated nitric oxide syn
thetase (NOS) and a cGMP dependent pathway in the process. We 
further delineated this pathway, finding that A3AR activation leads to a 
NOS and cGMP dependent activation of PKG, leading to an increase in 
SERT trafficking to the cell surface (Zhu et al., 2004, 2005). Surprisingly, 
we also found that an elevation in surface trafficking induced by acti
vated PKG does not lead to elevated SERT activity unless PKG also ac
tivates p38 MAPK, revealing the first pathway by which SERT catalytic 
function can be elevated (Fig. 1B). In our RBL-2H3 studies, we found 
that siRNAs specific to the α form of p38 MAPK could block anisomycin 
stimulation of SERT (Zhu et al., 2004), leading us to suspect that this 
isoform deserved prime attention in relation to SERT regulation. As 
such, our subsequent text describes and depicts p38α MAPK as the key 
SERT regulatory isoform. Interestingly, the ability of SERT catalytic 
activity to increase following p38α MAPK activation is shared with the 
norepinephrine transporter (NET), but not the dopamine transporter 
(DAT) (Zhu et al., 2005), possibly providing clues to conserved sites 

where such regulation occurs. Together, findings PKC and p38α MAPK 
reveal that SERT has the capacity to move between states of low activity 
(SERTlow), basal activity (SERT), and high activity (SERT*) that are 
temporally linked to trafficking away from or toward the cell surface 
(Fig. 1A and B). 

Being most interested in the connection of SERT regulation to neu
robehavioral disorders and their treatment, we extended our RBL-2H3 
cell culture studies to native mouse brain preparations (Zhu et al., 
2007). Here, again we found that A3AR activation rapidly triggered an 
increase in SERT activity, linked to a reduction in KM, effects that are 
absent from samples prepared from A3AR KO mice. Also, pretreatment 
with PKG or α/β selective p38 MAPK antagonists blocked the ability of 
A3AR activation to increase SERT activity. Interestingly, A3AR stimu
lated SERT activity was observed in synaptosomes prepared from the 
cortex, hippocampus, and midbrain, but not the striatum, indicating a 
unique region-specificity to SERT regulation that remains an important 
area of investigation in future studies. Subsequently, we established that 
SERT and A3ARs colocalized in midbrain serotonergic neurons and were 
found to be physically associated in co-transfected cells, with in
teractions regulated by A3AR activation (Zhu et al., 2011). Importantly, 
a translational relevance of A3AR regulation of SERT was suggested by 
our finding that an autism spectrum disorder (ASD)-associated hyper
functional A3AR variant (L90V) disrupts SERT:A3AR interactions as well 
as SERT regulation (Zhu et al., 2011; Campbell et al., 2013). 

Early on, we suspected that activation of p38α MAPK pathways to 
regulate SERT activity was likely to extend beyond A3ARs. A multitude 
of stimuli are known to activate p38α MAPKs, in a PKG-independent 
manner, such as oxidative stress, and we found these to also lead to 
elevated SERT activity in vitro (Zhu et al., 2005). To further probe this 
idea, two major inflammatory signals were assessed for their ability to 
regulate SERT in cultured serotonergic RN46A cells, interleukin-1 beta 
(IL-1β) and tumor necrosis factor alpha (TNFα) (Zhu et al., 2006). 
Indeed, both cytokines demonstrated an ability to rapidly modulate 
SERT activity, though they did so in different ways. Whereas IL-1β 
rapidly stimulated SERT activity in a fully p38α MAPK-dependent 
manner, solely decreasing KM, stimulation by TNF-α was only partially 
p38α MAPK-dependent and displayed changes in both KM and transport 
VMAX. As to the in vivo significance of these findings, similar observations 
were found in synaptosomes collected from multiple brain regions (Zhu 
et al., 2005, 2006, 2010). Importantly, multiple studies using either in 
situ hybridization of IL-1R1 mRNA (Takahashi et al., 2022) or IL-1R1 
transcriptional reporter transgenic mice (Liu et al., 2019), have now 
demonstrated significant expression of the major signaling receptor for 
IL-1β, IL-1R1, in serotoninergic neurons of the dorsal raphe. These 
studies also provide a signaling basis for findings showing that these 
neurons in brain slices can be inhibited by bath application of IL-1β (Liu 
et al., 2019). Together, these findings demonstrate a strong connection 
between inflammatory cytokine signaling and SERT regulation and 
suggest that IL-1β likely acts acutely to reduce serotonergic transmission 
(Fig. 3). At a molecular level, it might be envisioned that catalytic 
activation of SERT reflects a subtle change in kinetic steps along the 
5-HT transport cycle. However, work by Chang and colleagues in the 
Rosenthal group (Chang et al., 2012) has shown that IL-1β/p38α MAPK 
induces rapid lateral movement in quantum dot labeled SERT proteins 
that remained within a membrane microdomain, often called a “lipid 
raft.” We speculate that these movements reflect an untethering of SERT 
from interacting proteins to facilitate the conformational dynamics that 
govern the rate of the transport cycle. 

4. Systemic inflammation regulates SERT activity and 
modulates behavior via IL-1R1 activation 

The interplay between immune and nervous systems exists in a 
delicate balance with disruptions to this equilibrium triggering the 
development of psychiatric conditions such as major depressive disorder 
(for review: ref Dantzer et al., 2010 (Dantzer et al., 2011)). Clinical 
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studies examining patients diagnosed with depression have found 
elevated blood levels of proinflammatory cytokines including IL-1β and 
TNFα (Sluzewska et al., 1996). Moreover, peripheral immune activation 
in both animal models and humans leads to behavioral alterations 
characteristic of depression (Zhu et al., 2010; Pinto and Andrade, 2016). 
Proinflammatory cytokines rapidly increase SERT activity, effects 
opposite to, and treatable with SSRIs (Fig. 2). To complement our ex vivo 
studies of cytokine regulation of SERT, we sought a paradigm that can 
mimic inflammatory states and increase CNS cytokine production in vivo 
under temporal control. Peripherally administered lipopolysaccharide 
(LPS) generates a “cytokine storm” which includes proinflammatory 
signals like IL-1β and TNFα, thus generating an immune stimulation 
more akin to infection. We found that i.p. administration of a low dose of 
LPS (0.2 mg/kg) that did not induce long-term sickness behavior rapidly 
(minutes) increased CNS 5-HT uptake ex vivo and in extracellular 5-HT 
clearance in vivo (Zhu et al., 2010). These changes were accompanied 
by despair-like behavior, as assessed in the tail suspension test (TST) and 
forced swim test (FST). IL-1R1 knockout mice demonstrated no 
LPS-mediated change in SERT activity, nor alterations in the TST and 
FST. Importantly, mice pretreated with a p38α/β MAPK inhibitor also 
showed no LPS-mediated increase in SERT activity (Zhu et al., 2010). As 
systemic drug administration and constitutive gene elimination present 
confounds as to the specific location of relevant p38α MAPK expression, 
we opted next to implement a conditional genetic approach. Consistent 
with our surmise, elimination of p38α MAPK specifically in serotonergic 
neurons eliminated the LPS-induced increase in SERT activity, as well as 
subsequent behavioral changes (Baganz et al., 2015). Together these 
studies reveal that induction of peripheral inflammation by LPS requires 
serotonergic IL-1R1, p38α MAPK, and SERT to produce despair 
behavior. Moreover, they provide support for the idea that components 
of the “cytokine storm” that reaches the brain following peripheral 
inflammation can communicate through neurotransmitter-specific brain 
circuits to modulate discrete behaviors. Although our emphasis here is 
on 5-HT releasing pathways, we must remember that these projections 
are themselves under local control by other signaling molecules, such as 

histamine, that rise extracellularly as a consequence of inflammation 
(Hersey et al., 2021). 

5. ASD associated SERT coding variants: role for p38α MAPK in 
transporter hyperactivity 

Multiple rare missense coding variants in the human SERT gene 
(SLC6A4) have been identified (Sutcliffe et al., 2005; Prasad et al., 
2005), with several of these shown to impact SERT protein function, 
regulation, and to be associated with 5-HT linked neurobehavioral dis
orders such as OCD and depression (Di Bella et al., 1996; Ozaki et al., 
2003). Prasad and colleagues screened a panel of naturally occurring 
SERT coding variants and identified multiple constitutively hyperfunc
tional variants (Prasad et al., 2005). Interestingly, the four SNPs found 
on intracellular portions of SERT (Thr4Ala, Gly56Ala, Lys605Asn, 
Pro621Ser) were the only variants screened that did not respond to PKG 
or p38α MAPK activation, suggesting that these cytoplasmic sites may 
contribute to regulation through their interactions with accessory pro
teins such as syntaxin 1A or PP2Ac (Bauman et al., 2000; Haase et al., 
2001) (Fig. 3A). The SERT Gly56Ala variant is discussed more below due 
to its relatively simultaneous discovery as associated with ASD. 

Contemporaneously with the studies of human SERT coding variants 
by Prasad and colleagues that were not archived based on a clinical 
diagnosis, Sutcliffe et al. (2005) identified a set of rare, human SERT 
coding variants, underlying a male-specific linkage signal for ASD. 
Surprisingly, each of these variants conferred enhanced 5-HT uptake 
(Fig. 3B) (Prasad et al., 2009). Observations from transfected cell studies 
revealed that three of the variants led to increased uptake due to 
elevated surface density, whereas one SERT variant (Ala56) conferred 
enhanced 5-HT uptake in transfected cells via an increase in SERT cat
alytic activity. To evaluate the impact of SERT Ala56 in vivo, 
Veenstra-VanderWeele and colleagues (Veenstra-VanderWeele et al., 
2012) generated a knock-in mouse line that expresses the coding variant 
from the native mouse SERT gene. These investigators found that, at 
baseline, synaptosomes from Ala56 mice demonstrate 

Fig. 2. Effect of peripheral inflammation as modeled with LPS on CNS SERT activity. ① Peripheral LPS triggers innate immune system activation, such as the 
production and secretion of IL-1β. This signal travels through the circulatory system and leads to system-wide inflammation. ② Inflammation is sensed by the brain, 
either by directly receiving the cytokines, or by more indirect stimulation. Inflammatory signals are then made directly in the brain, which leads to binding to their 
receptors. ③ Binding of IL-1β to its receptor activates an intracellular signaling cascade that phosphorylates and activates p38α MAPK. ④ Activated p38α MAPK is 
responsible for the phosphorylation of SERT and leads to a hypermorphic transporter (SERT*). ⑤ One way to combat this is the use of pharmacological agents known 
to directly inhibit SERT such as with SSRIs. Abbreviations: LPS, lipopolysaccharide; SSRI; selective 5-HT reuptake inhibitor. 
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hyperphosphorylation under basal conditions that can be blocked with a 
p38α/β MAPK antagonist. This suggests the variant’s increased activity 
may arise from changes in conformation or protein interactions that 
enhance access to the kinase and/or that limits phosphatase in
teractions. Quinlan et al. (2019) would later demonstrate that indeed, 
the Ala56 variant shifts transporter conformation to one more biased 
toward the outward facing state, consistent with an elevated rate of 
5-HT transport. Moreover, LC-MS/MS analysis of immunoprecipitates 
derived from the Ala56 knock-in mice revealed multiple changes in 
protein associations as compared to wildtype (WT) mice, including a 
scaffolding protein of the PP2A complex, though their functional sig
nificance remains to be directly demonstrated. 

One of the more striking effects observed in SERT Ala56 mice was 
hyperserotonemia, or increased whole-blood 5-HT (Fig. 3C). Hyper
serotonemia is one of the most consistent biomarkers seen in ASD cases, 
although it only occurs in approximately 30% of subjects (Mulder et al., 
2004). Moreover, the SERT Ala56 mice demonstrate reduced colonic 

motility (Veenstra-VanderWeele et al., 2012) due to alterations in 5-HT 
dependent development of late born neural architecture (Margolis et al., 
2016), consistent with the high comorbidity of ASD with gastrointestinal 
(GI) dysfunction. Interestingly, brain slices from SERT Ala56 mice 
indicate reduced basal firing of 5-HT that in vivo likely underlies altered 
5-HT receptor sensitivity and impairments in social behavior and 
communication as well as the repetitive behaviors (Fig. 3C). 

In an effort to further solidify the pathways responsible for the 
functional upregulation of SERT Ala56 in vivo, and to specify the site of 
SERT regulation by p38α MAPK, Robson et al. implemented a condi
tional genetic elimination strategy, deleting the kinase selectively from 
5-HT neurons (Robson et al., 2018). In this background, the in
vestigators demonstrated a normalization of both social behavior and 
gut motility. To move these efforts to a context that might offer possi
bilities for therapeutic intervention, the group also found that five days 
of treatment with the highly selective, brain penetrant p38α MAPK in
hibitor, MW150 (Roy et al., 2019) was able to normalize a host of altered 

Fig. 3. Multiple gain of function SERT mutations identified in autism spectrum disorder. A) The twelve transmembrane domains of SERT and cytoplasmic tails 
are illustrated to display the location of four mutations in the transporter found in individuals diagnosed with ASD (see main text). B) All four of these mutations were 
found to confer elevated 5-HT transport upon transfection into cells in culture or when assayed in native lymphoblasts from carriers. Although the Gly56Ala sub
stitution did not reveal the largest change in SERT activity, it was the most common variant found, and does not induce elevated surface trafficking, indicative of 
catalytic activation. C) SERT Ala56 causes a decrease in basal firing rate of 5-HT neurons ①, along with increased sensitivity to 5-HT1A and 5HT2A receptors ②③. The 
increase in SERT activity due to the Ala56 mutation appears to be dependent on phosphorylation in a p38α MAPK-dependent manner ④. At baseline, the SERT Ala56 
variant is phosphorylated to a higher level than WT and activation of p38α MAPK cannot increase it further. However, inhibition of p38α MAPK via MW150 and other 
inhibitors, brings the levels of SERT phosphorylation down to WT levels. Dysregulation in this manner leads to the manifestation of ASD-related behaviors, such as 
impaired social communication, social interaction, and repetitive behavior ⑤. The increased SERT activity in Ala56 causes an accumulation of 5-HT in platelet cells, 
which leads to hyperserotonemia ⑥. The SERT Ala56 mice show reduced intestinal motility, altered epithelial structure, hypo-innervation of the enteric nervous 
system, and decreased neuron number ⑦. Abbreviations: ASD, autism spectrum disorder. 
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traits in the Ala56 mice, including both 5HT1A and 5HT2A dependent 
behaviors as well as social avoidance. In vivo chronoamperometry 
studies confirmed that MW150 normalized hippocampal 5-HT clearance 
rates, with western blots demonstrating a lack of changes in SERT pro
tein, consistent with a failure to catalytically activate the transporter. 
Moreover, colonic function was normalized. Finally, O’Reilly and col
leagues demonstrated that multi-site changes in gene expression arise in 
the context of social encounters in the SERT Ala56 mice (O’Reilly et al., 
2020), suggesting that a fuller understanding of the in vivo impact of the 
Ala56 variant will benefit from assessments in the context of sensory, 
physiological, behavioral or pharmacological stimuli. In this regard, 
SERT Ala56 mice have been found to display deficits in multi-sensory 
integration, a phenotype also observed in association with ASD (Sie
mann et al., 2017). 

6. Conclusion and future directions 

SERT can no longer be considered a quantitatively static contributor 
to extracellular 5-HT homeostasis, and as such, a deeper analysis of how 
SERT trafficking and activity is normally regulated is likely to inform our 
analysis of the true contribution made by SERT to the risk for neuro
behavioral disorders and possibly to improved therapeutics. However, 
many questions remain. We also need to better understand when and 
where the in vivo changes detected in SERT Ala56 mice emerge. We have 
found that SERT Ala56 imparts a multitude of CNS changes that ulti
mately leads to a decrease in 5-HT signaling (Veenstra-VanderWeele 
et al., 2012; Robson et al., 2018). 5-HT also plays important roles in 
many peripheral tissues and as such the variant can be expected to result 
in additional peripheral effects. Prominent among these are enteric 
nervous system hypoplasia, decreased GI motility, and reduced peri
stalsis (Margolis et al., 2016). Importantly, the ability of MW150 to 
normalize both gut and brain phenotypes observed in SERT Ala56 mice 

indicates an ongoing and reversible contribution of elevated SERT ac
tivity to multiple aspects of systemic physiology and behavior. It is likely 
that the impact of Ala56 in vivo will depend not just on the intrinsic 
structural effects of the variant, but also on conditions that engage 
specific serotonergic pathways involved in stress response, reinforce
ment, and social behavior. 

Last, might novel and faster acting therapeutics arise from further 
elucidating mechanisms of SERT regulation, such as agents useful in the 
treatment of OCD or ASD? SERT Ala56 and other hyperfunctional mu
tations to SERT have been shown to alter binding of various drugs to the 
transporter – for example, Ala56 lowers the affinity of SERT for cocaine 
(Prasad et al., 2005) – and while an exhaustive investigation of other 
SERT antagonists needs to be performed, this finding suggests that the 
conformational bias associated with a catalytically modulated trans
porter may specify a therapeutic pharmacology distinct from that simply 
based on 5-HT competition. Recently, manipulation of SERT trafficking 
has been shown to normalize behavioral changes arising from stress 
(Sun et al., 2022). Specifically, Sun and colleagues described a 
somatodendrititc-specific SERT/nNOS interaction that drives intracel
lular sequestration of the transporter, with pharmacological suppression 
of this interaction able to restore surface SERT levels and rescue 
depressive-like behaviors in mice. As modeled by these investigators, 
agents that specifically increase SERT surface density in the cell body vs 
axonal compartments may prove to be an additional target for antide
pressant treatment. Since activation of nNOS activation leads to cGMP 
production and PKG activation, a consequence of disassembling the 
SERT/nNOS complex may allow for SERT catalytic enhancement via 
PKG/p38α MAPK, maximizing SERT activity once the transporter rea
ches the surface. Conversely, agents that catalytically inactivate SERT in 
axonal regions or selectively diminish axonal SERT surface expression, 
might also prove useful as antidepressant agents, diminishing 5-HT 
clearance as observed for SSRIs. 

Fig. 4. The role of microglia in modulating SERT activity and positive feedback of enhanced clearance on sustaining microglia in a reactive state. ① 
Homeostatic microglia are constantly surveying their surrounding environment and respond to the release of neurotransmitters and other stimuli. They are highly 
branched and capable of modulating synaptic plasticity and neuronal activity and are maintained in this state by 5-HT signaling. ② In the context of pro- 
inflammatory stimuli (particularly in the absence of anti-inflammatory molecules), they express and secrete inflammatory cytokines and chemokines and alter 
their morphology, displaying decreased length of processes, branching, and enlargement of the cell body which assist in their mobility. This increase in inflammatory 
signaling in the brain can have a direct effect on 5-HT neurons, as these neurons can directly respond to IL-1β via their expression of IL-1R1. ③ Activation of this 
pathway ultimately leads to a significant increase in SERT catalytic activity (SERT*), elevating 5-HT clearance and reducing the amount of extracellular 5-HT for 
signaling, producing downstream 5-HT signaling alterations ④that impact 5-HT-related behaviors. Diminished 5-HT availability has also been reported to sustain the 
reactive state of microglia, creating a feedback loop that can maintain a pro-inflammatory state in the absence of the originating stimulus. 
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Finally, the studies reviewed above also argue that one important 
therapeutic opportunity involves disrupting the links between periph
eral inflammation, peripheral and CNS IL-1β, p38α MAPK activation, 
and stimulation of SERT catalytic activity. Although the transient use of 
this pathway is likely of survival benefit, our work with SERT Ala56 
mice indicates that developmental and/or prolonged activation may 
have unwanted and even pathological consequences. For example, 5-HT 
has been reported to diminish activation of microglia (Mariani et al., 
2022). As such, catalytic activation of SERT (by mutation or chronic 
stress) could enhance microglial activation via a loss of immunosup
pressive 5-HT, leading to the enhanced production of additional in
flammatory cytokines, creating a self-sustaining cycle that allows CNS 
cytokine activation to remain elevated even when peripheral inflam
matory stimuli or stress is relieved (Fig. 4). Indeed, increased reactive 
microglia have been found in the brains of postmortem individuals and 
in preclinical models of ASD (Vargas et al., 2005; Guneykaya et al., 
2023). MW150 presents one pharmacological tool to interrupt this cycle, 
but as we continue to elucidate modes of SERT regulation, we suspect 
the list will grow. 
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