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Serum amyloid P component (SAP) modulates antidepressant
effects through promoting membrane insertion of the
serotonin transporter
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Serum amyloid P component (SAP) is a universal constituent of human amyloid deposits including those in Alzheimer’s disease.
SAP has been observed to be elevated in patients with depression, and higher SAP levels are associated with better response to the
antidepressant escitalopram. The mechanisms underlying these clinical observations remain unclear. We examined the effect of
SAP on serotonin transporter (SERT) expression and localization using Western blot, confocal microscopy, and positron emission
tomography with the radioligand [11C]DASB. We also investigated the effect of SAP on treatment response to escitalopram in mice
with the forced swim test (FST), a classical behaviour paradigm to assess antidepressant effects. SAP reduced [11C]DASB binding as
an index of SERT levels, consistent with Western blots showing decreased total SAP protein because of increased protein
degradation. In conjunction with the global decrease in SERT levels, SAP also promotes VAMP-2 mediated SERT membrane
insertion. SAP levels are correlated with behavioural despair and SSRI treatment response in mice with FST. In MDD patients, the
SAP and membrane SERT levels are correlated with response to SSRI treatment. SAP has complex effects on SERT levels and
localization, thereby modulating the effect of SSRIs, which could partially explain clinical variability in antidepressant treatment
response. These results add to our understanding of the mechanism for antidepressant drug action, and with further work could be
of clinical utility.
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INTRODUCTION
Major depressive disorder (MDD), or simply depression, is a
leading cause of disability worldwide, and is characterized by
episodes of low mood, neurovegetative disturbances, and
suicidality [1]. Many antidepressant medications are used, but
efficacy is modest [2] and treatment response is often unpredict-
able [3], necessitating repeated trials of different medications. The
most common class of antidepressants is the selective serotonin
reuptake inhibitors (SSRIs), which target the serotonin transporter
(SERT) to increase synaptic serotonin levels. However, the
molecular mechanisms by which this proximal action leads to
antidepressant effects remains an active area of research [4].
Serum amyloid P component (SAP) is a glycoprotein that forms a

dual pentamer structure capable of binding amyloid protein
deposits such as those characteristic of Alzheimer’s disease [5].
SAP is also one of the acute phase proteins induced in the liver by
infection or injury, under the regulation of CD14 and toll-like

receptor 4 (Tlr4) [6]. There is evidence that inflammation in MDD can
reduce the effect of antidepressant medications and psychotherapy
[7]. Inflammatory markers such as IL-6, TNFα, and CRP have been
associated with antidepressant treatment resistance [7, 8], but the
neurobiological mechanisms underlying the association between
inflammation and mood symptoms remain obscure [9].
Serotonin uptake from the synaptic space into cells is the

function of the SERT, which is encoded by the SLC64A gene (solute
carrier family 6, member A4). The SERT contains 12 transmem-
brane domains and relies on the Na+ gradient to drive active 5-HT
transport across the cell membrane [10]. The SERT has been
studied extensively because it is targeted by the SSRIs, and may
affect susceptibility to depression. For example, a polymorphic
repeat in the 5-HTT gene promotor region (5-HTTPR) has short (14
repeats) or long alleles (16 repeats) [11]. The short 5-HTTPR allele is
associated with lower 5-HTT expression and increased suscept-
ibility to depression with childhood or adult stressors [12].
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Aside from inflammation, another possible relationship
between SAP and depression could be mediated by SERT.
Recently, we found that peripheral blood plasma SAP levels were
higher at baseline in patients with depression than unaffected
controls [13]. Our study also reported that SAP levels are reduced
by antidepressant treatment, yet paradoxically, higher SAP levels
are associated with better response to SSRI treatment. A greater
reduction in SAP levels with antidepressant treatment was
associated with better clinical response.
In this paper, we investigate a potential mechanism that may

explain our earlier clinical observations. We hypothesize that SAP
regulates both SERT levels and membrane localization, thereby
modulating response to antidepressants. Our proposed model is
that SAP reduces total SERT levels while simultaneously increasing
membrane localization of SERT. Thus, a higher baseline SAP level is
difficult to interpret clinically without knowing the proportion of
SERT in the membrane, which is the fraction targeted by SSRI
antidepressants. Understanding more about these molecular
mechanisms may help to design clinical predictors of antidepres-
sant response that could assist in the selection of treatments that
are more likely to be effective.

MATERIALS AND METHODS
PET imaging
Mouse imaging studies were approved by the animal care committee at
the Center for Addiction and Mental Health (CAMH protocol #831). Two
groups of four healthy adult male mice (DBA/2J) underwent 90-minute
dynamic PET imaging following bolus injection of [11C]DASB through a
catheter (Anicath™ Non-Wing IV Cannula) in the lateral tail vein. The
patency of the catheter was maintained by flushing with heparinized saline
(30 IU/ml). Temperature and respiration were monitored closely during the
scan and under anesthesia (isoflurane: 1.5–2%; O2 rate: 1 L/min). One hour
after the baseline scan, SAP (50 μg) or saline were injected i.p. before a
second [11C]DASB PET scan. The SAP and saline group of mice were not
significantly different in weight (29 ± 1 vs. 31 ± 1 g), injected activity at
baseline (7.03 ± 0.38 vs. 6.84 ± 0.44 MBq, respectively) or after treatment
(6.92 ± 0.58 vs. 6.93 ± 0.47 MBq, respectively), or injected mass before
(3.0 ± 1.1 vs. 3.2 ± 1.0 nmol/kg, respectively) or after treatment (1.7 ± 0.3 vs.
1.8 ± 0.2 nmol/kg, respectively). PET images were acquired using a
nanoScan PET/CT scanner (Mediso, Budapest, Hungary).
The acquired list mode data were sorted into 39, 3D (3 × 5 s, 3 × 15 s,

3 × 20 s, 7 × 60 s, 17 × 180 s and 6 x 300s) true sinograms (ring difference
84). The 3D sinograms were converted to 2D sinograms using Fourier-
rebinning [14], during which corrections were included for detector
geometry and efficiencies, attenuation, and scatter using a CT-based body-
air map, prior to image reconstruction using a 2D–filtered back projection
(FBKP) with a Hann filter at a cutoff of 0.50 cm−1. A static image of the
complete emission acquisition was reconstructed with the manufacturer’s
proprietary iterative 3D algorithm (6 subsets, 4 iterations). All image data
were corrected for dead-time and decay corrected to the start of
acquisition. The dynamic FBKP images were used for the extraction of
time-activity curves (TACs) and kinetic modelling. The static iterative image
was used for PET and CT co-registration and for co-registration with a
standard mouse brain MR template and atlas [15]. Image analyses
including CT to MR brain template co-registration, extraction of regional
brain TACs, kinetic modelling, and BPND map construction were performed
using PMOD (version 4.203, Zürich, Switzerland). Modified cerebellar cortex
with voxels close to the brainstem removed was used as the reference
region for modelling with a simplified reference tissue model [16, 17].

Animal experiments
All non-PET scan animal procedures were approved by the Institutional
Animal Care and Use Committee of Capital Medical University (the ethics
protocol number is AEEI-2020-150). All animal experiments were con-
ducted in accordance with the procedures approved in the protocols. Male
DBA/2N mice at the age of 7 weeks were purchased from Vital River
Laboratories and acclimatized to the animal facility for one week. Tail
blood samples were collected 2 days before behavioural testing. Mice were
randomly divided into two groups: 8 animals were injected with saline, and
20 animals were injected with escitalopram oxalate (SSRI) (i.p. 5 mg/kg) 1 h
before the start of testing. The forced swim test was conducted as

previously described [18]. For tissue analysis, mice were sacrificed by
cervical dislocation, and specific brain regions were dissected according to
mouse brain atlas landmarks [19].

SERT internalization assay
Cortical neurons were plated on coverslips and incubated with or without
SAP (100 nM) for 1 h, and then escitalopram (10 μM) was added and
incubated for another 1 h. Neurons were “live”-labeled in culture medium
with antibodies recognizing extracellular epitopes of SERT (1.6 μg/ml) for
15min at 37 °C. After washing twice with PBS, antibodies localized to the
cell surface were immediately removed with a 0.5 M glycine (pH2.2) wash.
Cells were fixed in 4% paraformaldehyde for 20min at room temperature.
The secondary antibody was added to permeabilized cells. A control with
no primary antibody added was included for each experiment to ensure
that antibody internalization was specific. Cells were viewed using confocal
microscopy (Olympus FluoView FV1200, 60× oil-immersion lens). The mean
intensity of SERT signal in each cell was quantified using ImageJ. An
alternative protocol for internalization was described in supplementary
materials.

SERT membrane insertion
Existing cell surface SERT in WT or VAMP2-KD cortical neurons was pre-
blocked with antibody recognizing extracellular epitopes of SERT and non-
fluorescent secondary antibody for 45min at 4 °C, respectively. For
insertion, cortical neurons were treated with or without SAP (100 nM) for
10min at 37 °C. Newly inserted SERT on the plasma membrane was stained
first with SERT primary antibody and then the secondary antibody for
45min at 4 °C. Cells were fixed in 4% paraformaldehyde for 20min at room
temperature. For SERT internalization and membrane insertion, cortical
neurons were imaged by confocal microscopy (Olympus FluoView FV1200,
60× oil-immersion lens). The mean fluorescence intensity of the SERT
signal in cells was analyzed using ImageJ (NIH).
The nucleotide sequence CATGAGGGTGAACGTGGACAA (Sigma-Aldrich,

catalog TRCN0000236330,) was used to silence the expression of VAMP2.

Protein extraction and Western blot
Total protein extraction and Western blot analyses were performed as
previously described [20–22]. Membrane protein extraction was conducted
using the membrane, nuclear, and cytosol protein extraction kit (KeyGEN
BioTECH, Jiangsu, China, Cat # KGBSP002; BioBasic, Canada, Cat # BPS002).
More details are described in the supplementary information.

Pulse-chase experiments
HEK293T cells were transiently transfected with Halo-SERT plasmids using
lipofectamine3000 transfection reagent (ThermoFisher Scientific, Cat #
L3000015). As previously described [23], 11 h after transfection, cells were
treated with vehicle or SAP (100 nM, 1 h), then the cells were labeled with
2 µM HaloTag®TMR (Promega, Cat # G8251; 12 h after transfection) and
were harvested at 0, 4, 8, and 12 h after labeling. Total protein was
extracted with lysis buffer, subjected to SDS-PAGE, and then Western blot.
The blots were analyzed by TMR fluorescence followed by immunoblot-
ting. Fluorescent bands were quantified using ImageLab (Bio-Rad). More
details are described in the supplementary information.

5-HT reuptake assay
5-HT reuptake assays were conducted in HEK293T cells transiently
transfected with SERT plasmid using the Neurotransmitter transporter
uptake assay kit (Molecular Devices, Cat # R8173) according to the
manufacturer’s instruction. More details are described in the supplemen-
tary information.

Human clinical studies
This study was approved by the Human Research and Ethics Committee of
Beijing Anding Hospital, Capital Medical University (Chinese Clinical Trial
Registry Identifier: ChiCTR-OOC-17012566). Patients with major depressive
disorder (MDD) were recruited via referral from healthcare professionals.
All subjects provided written informed consent and capacity to consent
was assessed by a trained research assistant. There were 61 patients with
MDD and clinical assessments were described previously [13].
Inclusion criteria for MDD patients were: (i) outpatients between 18 and

65 years of age, (ii) met DSM-IV criteria for either single episode or
recurrent MDD according to the Chinese version of the Mini International
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Neuropsychiatric Interview (MINI) administered by experienced research
psychiatrists, (iii) a QIDS-SR16 score of ≥11, and (iv) HAMD-17 (Hamilton
Depression Rating Scale) score of ≥14. Exclusion criteria were: (i) >7 days
antidepressant medication in the past 14 days of MDD episode, (ii) lifetime
history of bipolar, schizophrenia, or other Axis I psychiatric disorders, (iii)
drug or alcohol dependence, (iv) pregnancy or breastfeeding, (v) lack of
response or intolerance to escitalopram; (vi) serious suicide risk as defined
by a score of ≥3 based on the item 3 in HAMD-17, and (vii) medical
contraindications to antidepressant medications.
Inclusion criteria for the unaffected controls were: (i) no lifetime DSM-IV

Axis I psychiatric disorder, (ii) no significant medical illness, and (iii)
pregnancy. All participants were required to have the ability to
communicate and provide written informed consent. All patients were
treated with escitalopram, starting at 5 mg/day to 10–20mg/day within
7 days, and the dose remained unchanged until the patients completed
the 12-week study. Peripheral blood samples were collected and
leukocytes isolated as previously described [24].

Statistical analyses
Data were analyzed by t-test, one-way analysis of variance (ANOVA)
followed by Tukey’s test, or two-way ANOVA followed by Bonferroni post
hoc test (GraphPad Prism 6.0, GraphPad Software, CA, USA). All data were
expressed as mean ± standard error of mean (S.E.M.). The significance
levels of p < 0.05, p < 0.01, or p < 0.001 were used for all analyses.
To see if SAP levels predicted the effect of SSRI treatment on learned

behavioural despair in the forced swim test (FST), we fitted a moderated
regression model with SAP levels as a continuous independent variable
and SSRI treatment as a dichotomous moderator on immobility time in the
FST. Pearson’s correlation was calculated to examine the relationships
between SAP levels, SERT membrane expression, HAMD-17 score before
and after escitalopram, and percentage reduction in the HAMD-17 after
treatment. More details are described in the supplementary information.

RESULTS
SAP decreases in vivo [11C]DASB binding in mouse brain
We quantified the amount of SERT using PET imaging with [11C]
DASB. At baseline, [11C]DASB binding in DBA/2J mice showed the
expected anatomical distribution, with strong binding in midbrain
and thalamus, moderate levels in striatum, and relatively lower
levels in hippocampus, cortex, and cerebellum. [11C]DASB binding
was markedly decreased throughout the brain one hour after
treatment with SAP (i.p. 50 μg), but not saline (Fig. 1A, B). BPND
values after SAP administration in thalamus, midbrain, striatum,
hippocampus, frontal cortex and whole brain without cerebellum
were 1.58 ± 0.17, 1.55 ± 0.14, 1.22 ± 0.18, 1.03 ± 0.11, 0.61 ± 0.14,
0.76 ± 0.11, respectively. In comparison, baseline values were
2.00 ± 0.12, 1.96 ± 0.08, 1.63 ± 0.13, 1.28 ± 0.08, 0.89 ± 0.13,
1.03 ± 0.07, respectively. Thus, SAP induced a significant decrease
in SERT binding of 26% in whole brain (p < 0.05). For the saline-
treated mice, BPND values in above brain regions were 2.12 ± 0.18
vs. 2.09 ± 0.11, 1.92 ± 0.18 vs. 1.90 ± 0.14, 1.80 ± 0.14 vs.
1.74 ± 0.08, 1.30 ± 0.14 vs. 1.25 ± 0.11, 1.18 ± 0.09 vs. 1.16 ± 0.05,
1.14 ± 0.10 vs. 1.12 ± 0.06, respectively, before and after injection
of the saline (p > 0.05).

SAP reduces total SERT levels by promoting degradation
To confirm the PET data, we used Western blots as an alternate
method to quantify SERT levels in response to SAP treatment. We
first determined the dose of SAP needed by measuring SERT-
mediated 5-HT reuptake in SERT plasmid-transfected
HEK293T cells treated with various concentrations of SAP. As
shown in Fig. S1A, 5-HT reuptake was significantly inhibited by
100 nM SAP, so this dose was chosen for the following
experiments. Consistent with the results from PET data, mouse
brain slices treated with SAP had lower total levels of SERT as
measured by Western blot (Fig. 2A, B, t4= 5.297, p < 0.01). Testing
in HEK293T cells transfected with SERT plasmid showed similar
results (Fig. S1B, C, t4= 5.983, p < 0.01). This decrease in SERT
induced by SAP could be due to decreased protein synthesis or

increased degradation. To determine which of these possibilities
was more likely, we used pulse-chase studies to examine SERT
protein half-life in transfected HEK293T cells in the presence or
absence of SAP. The amount of fluorescent halo-tagged SERT is
significantly lower 8 and 12 h after adding SAP, suggesting that
SAP facilitates SERT degradation (Fig. 2C, D).

SAP increases SERT levels at the cell membrane
The SERT must be on the cell membrane to transport serotonin
from the synapse into the cell. Thus, we examined the localization
of SERT in mouse brain tissue with and without SAP. We found
that membrane levels of SERT are significantly increased after SAP
administration, despite a reduction of total SERT levels (Fig. 2E–G,
t4= 4.254, p < 0.05; Figure S2A, B detecting on the same blots as
Fig. 2E, t4= 2.937, p < 0.05). This suggests that SAP may have two
effects on SERT: simultaneously decreasing total levels by
increasing degradation while increasing membrane levels.

SAP enhances VAMP-2 mediated SERT membrane insertion
To investigate the mechanism by which SAP increases membrane
levels of SERT, we examined the effect of SAP on the membrane
insertion of SERT in cortical neurons using confocal microscopy. As
shown in Fig. 3A, B, SAP-treated neurons have a significantly
higher newly inserted SERT levels on the membrane than control
neurons (n= 36 cells per group from 2 independent experiments.
Unpaired t-test, t70= 5.629, ****p < 0.0001 compared to Ctr.)
These results confirm that SAP enhances membrane insertion of
the SERT.
Previous studies have reported that SERT interacts with VAMP-2

(vesicle-associated membrane protein 2) [25], suggesting that SERT
cell membrane insertion could occur through a membrane fusion-
dependent exocytotic process that relies on VAMP2. To further
delineate the mechanism by which SAP increased membrane SERT,
we repeated the previous experiment after knocking down VAMP-2
with shRNA in cortical neurons. As shown in Fig. S3A, B, the
expression levels of VAMP-2 were significantly decreased with
transfection of VAMP-2 shRNA (n= 4, t6= 8.247, p < 0.001). We
found that VAMP-2 shRNA blocked the effect of SAP on increasing
membrane SERT levels (Fig. 3C, D: n= 17/14 cells per group,
unpaired t-test, t29= 0.6601, p= 0.5831). These data suggest that
VAMP-2 is necessary for SAP to enhance membrane SERT levels.

SAP blocks SSRI-induced SERT internalization
One potential mechanism by which SSRI antidepressants function
to inhibit SERT function is by increasing SERT internalization,
thereby reducing the membrane levels of SERT that can function
to reuptake serotonin. Because we found that SAP increases SERT
insertion into the membrane, we sought to investigate whether
SAP affects SSRI-induced SERT internalization. We used a modified
version of an internalization assay that has been described
previously [26]. SSRI treatment significantly increased the amount
of internalized SERT in cortical neurons, consistent with previous
reports [27]. SAP diminished the effect of SSRI treatment on
increasing internalized SERT, while SAP alone did not alter the
amount of internalized SERT vs. control (Fig. 4A, B: *p < 0.05
compared to Ctr, #p < 0.05 compared to SSRI, one-way ANOVA,
F3,94= 1.149, n= 23/33/22/20 cells per group; Fig. S4A, B (used an
alternative protocol): ****p < 0.0001 compared to Ctr,
####p < 0.0001 compared to SSRI, one-way ANOVA, F3,54= 1.548,
n= 16/17/13/12 cells per group; Fig. 4C, D and Fig. S4C, D with no
primary antibody added during staining). Western blots produced
similar results in mouse brain tissues (Fig. 4E–G and Fig. S5A, B)
and transfected HEK293T cells (Fig. S5C, D): the membrane levels
of SERT were significantly decreased by SSRI treatment, and this
effect was blocked by co-treatment with SAP (Fig. 4E–G,
F2,6= 0.6141, p < 0.05; Figure S5A, B (detected on the same blots
as Fig. 4E), F2,6= 0.3900, p < 0.01; Fig. S5C, D, n= 4, F2,9= 1.722,
p < 0.001).
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SAP levels are correlated with depression-like behaviour and
SSRI treatment response in mice
To examine the relationship between SAP levels and depression-
like behaviour in mice, we examined mice either treated with the
SSRI escitalopram or vehicle in the forced swim test (FST).
Immobility time during the last 4 min of the FST is thought to
be a measure of behavioural despair, and has been used as a
screening test for antidepressant action [28]. There was a

significant correlation between SAP levels and immobility time
that interacted with SSRI treatment (R2adj= 0.46, F3,24= 8.57,
p= 0.00048) (Fig. 5A). As expected, escitalopram treatment
significantly lowered immobility time in the FST (t=−3.98,
p= 0.00055). SAP levels were significantly correlated with
immobility time (t= 3.12, p= 0.0046) and there was a significant
interaction between SAP and escitalopram on immobility time
(t=−3.32, p= 0.0029). This suggests that escitalopram treatment

Fig. 1 Decreased [11C]DASB binding in brains of mice treated with SAP. A Average binding potential (BPND) map in coronal, sagittal, and
transverse planes of four mice at baseline and after SAP treatment (left panel) as compared to another four mice before and after saline
injection (right panel), superimposed with the MR template of Dorr [15]. B BPND in frontal cortex, hippocampus, striatum, thalamus, midbrain,
and whole brain without cerebellum (WB). *p < 0.05 (paired t-test, SAP versus baseline1).
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Fig. 2 SAP treatment regulates the total and membrane expression levels of SERT. A Representative Western blot images of total SERT in
mouse brain tissue in the presence of SAP (50 μg, 1 h). β-actin was used as a loading control. B Densitometric analysis of total SERT levels,
normalized to β-actin, shown as a percentage of the saline group on the same blots: mean ± S.E.M. N= 3 independent repeats. Data were
analyzed by t-test, *p < 0.05 as compared to the saline group. Pulse-chase labelling of SERT protein in HEK293T cells transiently transfected
with Halo-SERT plasmid treated with either vehicle or SAP (100 nM, 1 h). The amount of fluorescent Halo-tagged SERT was plotted over time
(C) and quantified (D). β-actin was used as a loading control. The level of Halo-SERT was normalized to β-actin, and shown as the percentage of
the levels of Halo-SERT at 0 h. N= 3 independent repeats. Data are shown as mean ± S.E.M., and analyzed by two-way ANOVA followed by
Sidak’s post hoc test. **p < 0.01, and ****p < 0.0001 as compared to vehicle. E Representative Western blot images of SERT on cell surface
membrane in mouse brain tissue in the presence of SAP (50 μg, 1 h). TfR was used as a loading control. F Densitometric analysis of SERT levels
on the cell surface, normalized to the level of TfR, presented as a percentage of the saline group on the same blots. G Densitometric analysis
of TfR levels on the cell surface presented as a percentage of the saline group on the same blots. Data shown as mean ± S.E.M. N= 3
independent repeats; t-test, *p < 0.05 as compared to saline group.
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changed the relationship between SAP levels and behavioural
despair in mice. Simple slopes analysis revealed that SAP was
positively correlated with immobility time in untreated mice
(β= 1.16 [0.34–2.0], p= 0.0096) but there was a trend towards a
negative correlation in mice treated with escitalopram (β=−0.76
[−1.54–0.022], p= 0.062).
In essence, mice with higher SAP levels demonstrated greater

behavioural despair in the FST, but mice with higher SAP levels also
had greater reductions in behavioural despair when treated with
escitalopram. SSRI treatment was effective at lowering immobility
time overall (F1,24= 12.66, p= 0.0016), but the main effect of SSRI
treatment on behavioural despair occurs in the mice with the
highest SAP levels (p= 0.0011). In contrast, there is little effect of
SSRI treatment for mice with lower SAP (p= 0.91) (Fig. 5B).

SAP levels and SERT expression in MDD patients
We previously reported that SAP is higher in patients with MDD,
and is associated with clinical response to SSRI treatment [13].
Thus, we hypothesized that SAP and SERT membrane levels may
affect the efficacy of SSRI treatment for depression. To test this
hypothesis, we measured SERT membrane levels in peripheral

blood mononuclear cells (PBMCs) from depressed patients who
were SSRI responders or non-responders. As predicted, SSRI-
responsive depressed patients had significantly higher SERT
membrane levels than non-responders or healthy controls (Fig. 5C,
D, F2,23= 5.261, p < 0.001; Fig. S6A–C (detected on the same blots
as Fig. 5C). Figure S6B, C: F2,23= 2.934, p < 0.0001). Similarly, SAP
levels in depressed patients who responded to SSRI treatment was
higher than in unaffected controls or SSRI non-responders (Fig. 5E,
F2,58= 0.5347, p < 0.001). The demographic and clinical informa-
tion for patients with MDD and control subjects was shown in
Table S1.

SAP levels are correlated with SSRI treatment response and
SERT membrane expression but not initial depression
symptoms in humans
To examine the relationship between SAP levels and SSRI
treatment in MDD, SAP levels were measured in 40 MDD patients,
and HAMD-17 (Hamilton Depression Rating Scale-17) scores were
measured before and after SSRI (escitalopram) treatment. SERT
membrane expression levels were obtained from 18 of the 40
patients. SAP levels significantly positively correlated with SERT

Fig. 3 SAP facilitates membrane insertion of SERT in a VAMP2-dependent manner in cortical neurons. A After preblocking existing cell
surface SERT with antibodies recognizing extracellular epitopes of SERT and nonfluorescent secondary antibody, we incubated cells (cortical
neurons) with or without SAP for 10min at 37 °C. Neurons were stained for SERT (green) to detect newly inserted SERT on the plasma
membrane. B Quantification shows the normalized percentage in the mean intensity of SERT. N= 36 cells per group from 2 independent
experiments. ****p < 0.0001, unpaired t-test. C, D Confocal images and quantification of immunostaining for SERT insertion in Ctr or VAMP2-
KD cells (cortical neurons) with or without SAP treatment for 10min at 37 °C. Neurons were stained for SERT (green) to detect newly inserted
SERT on the plasma membrane under nonpermeabilized conditions. N= 17/14 cells per group. p= 0.5144, unpaired t-test. Scale bars: 10 μm.
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membrane expression (r (16)= 0.75 [0.43–0.90], t= 4.52,
p= 0.0021) (Fig. 5F, G) and reduction in HAMD-17 score after
SSRI treatment (r(38)= 0.49 [0.22–0.70], t= 3.50, p= 0.0048)
(Fig. 5F, H). SERT membrane expression was also significantly
correlated with reduction in HAMD-17 score (r(16)= 0.72
[0.38–0.90], t= 4.17, p= 0.0036) (Fig. 5F, I). In contrast to the
mouse data, SAP levels were not significantly correlated with pre-
treatment HAMD-17 score (r(38)= 0.13 [−0.19–0.42], t= 0.80,
p= 0.43) (Fig. 5F, J).

DISCUSSION
Our results indicate that SAP has complex effects on SERT levels,
SERT localization, and response to SSRI treatment. SAP reduces
SERT levels in vivo as measured by PET scans with the radiotracer
[11C]DASB in mouse brain, and this is confirmed by Western blots
with mouse brain protein. SAP reduces total SERT levels by
promoting degradation instead of reducing synthesis, while also
enhancing VAMP-2 mediated SERT membrane insertion. The SSRI
antidepressant escitalopram induces SERT internalization that is
blocked by SAP. In human subjects, higher SAP and SERT
membrane levels are associated with better response to SSRI
treatment. In the mouse, SAP levels are correlated with
depression-like behaviour and response to SSRI treatment. The
data presented here add to our previously published results that

higher SAP levels are associated with both depression and better
response to the SSRI antidepressant escitalopram [13].
These results support our hypothetical model in which the

higher SAP levels in depression leads to both a reduction in total
SERT and increased membrane insertion of SERT. Since SERT must
be on the cell membrane to be targeted by SSRIs, it is logical that
higher SAP and greater SERT at the cell membrane would also be
correlated with better response to SSRI treatment. Thus, measure-
ment of SAP levels in patients with depression could be useful as a
clinical indicator of the potential efficacy of SSRI treatment, and
with further work, could potentially be used to guide the selection
of antidepressant medication.
Future work could explore this idea further by testing whether

SAP levels predict response to other types of antidepressant
medications that act primarily at the norepinephrine transporter
like the tricyclic antidepressants despimpramine, nortryptiline and
clomipramine, the dopamine transporter inhibitor buproprion, or
the monoamine oxidase inhibitors. We predict that higher SAP
levels would not affect treatment response to these other non-
SSRI antidepressant medications.
Interestingly, the PET data suggest a rapid decrease in [11C]

DASB binding one hour after SAP administration (Fig. 1). This
could imply that SAP modifies SERT binding affinity for [11C]DASB;
however, we also detected decreased SERT levels in mice 1 h after
SAP treatment, with the pulse-chase data suggesting SAP

Fig. 4 SAP blocks SSRI-induced SERT internalization. A-D SERT staining in neurons treated with SSRI and SAP, including a 0.5 M glycine wash.
A, B Quantification shows the mean intensity of SERT (n= 23, 33, 22, 20 cells per group, respectively). *p= 0.0438 relative to Ctr group,
#p= 0.0268 relative to SSRI group, 1-way ANOVA. C, D Quantification shows the mean intensity of signal with no primary antibody added
(n= 16, 14, 14, 12 cells per group, respectively). Scale bars, 10 μm. E Representative Western blots showing SERT on the cell membrane in
mouse brain tissue in the presence of SAP (50 μg, 1 h) and/or SSRI (5 mg/kg, 1 h). TfR was used as a loading control. F Densitometric analysis of
SERT levels on cell surface membrane, normalized to the level of TfR, shown as a percentage of the saline group from the same blots.
G Densitometric analysis of TfR levels on the cell membrane shown as a percentage of the saline group from the same blots. Data were shown
as mean ± S.E.M. N= 3 independent repeats. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test, *p < 0.05 as compared
to saline group, #p < 0.05 as compared to SSRI group.
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increased SERT degradation. The typical half-life of SERT is several
days at baseline [29], so SAP may interact with SERT to engage
rapid degradation. There is currently little research of SAP in the
context of protein degradation pathways; however, disruption of

the ubiquitin proteasome system (UPS) has been implicated in
Alzheimer’s [30]. SERT degradation by the UPS has been
demonstrated [31], so future experiments could explore whether
SAP affects SERT ubiquitination.
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An important question that is not addressed by our experi-
ments is whether increased SAP levels are a consequence of
depression or instead, that SAP elevation is part of the
pathophysiology of depression. Prospective clinical studies of
patients with recurrent episodes of depression could provide a
platform to better understand the timing of events in this
relationship by measuring SAP levels during both episodes of
depression and when symptoms are in remission. Ascertaining
when SAP levels are altered relative to symptom could suggest
directionality. Another approach to attempt to disentangle the
causality of this relationship could be to measure SAP levels in
mice undergoing chronic mild stress, social defeat, or other
environmental paradigms designed to induce a depression-like
state. If SAP increase is necessary for the behavioural manifesta-
tions of depression, then one would expect to see higher levels of
SAP early in the course of these depression induction procedures.
If elevated SAP is observed only after the behavioural correlates of
depression are observed in the mouse, this would suggest that
SAP elevation is a consequence of the depressed state.
Although both the mouse and human data are consistent with

our proposed model, in the current study we did not observe
significantly higher SAP levels in patients with depression, which
we reported previously [13]. The simplest interpretation of this
lack of replication is that we had a smaller number of patients with
depression in the current study (n= 40) compared to our previous
work (n= 85), so we were underpowered to detect the previous
findings. We also observed that SAP levels in mice were positively
correlated with both immobility time in the FST (a behaviour
related to depression in humans), and with response to
escitalopram treatment. FST is established in the literature to
predict SSRI treatment response [32]; however, this behaviour
alone may not be reflective of MDD as a complete syndrome. It
would be interesting to explore the relationship between SAP,
SERT, and treatment in more valid mouse models for depression
involving chronic and psychosocial stress.
In humans, the combination of SAP levels and membrane SERT

provides the best prediction of reductions in depressive symp-
toms, although adding SERT expression alone explains most of the
variance in antidepressant response. This suggests that SERT
membrane expression is more explanatory than SAP levels in this
data, which could indicate that most of the relationship between
SAP levels and antidepressant response was mediated through
the relationship between SAP levels and SERT expression.
Another approach to determining whether SAP elevation is

causal in the pathogenesis of depression is to use the SAP knock
out mouse mutant (Apcs−/−) [33]. We would predict that the loss of
function of SAP in the homozygous Apcs−/− mouse or hetero-
zygous Apcs−/+ mouse should protect against the depressive
phenotype in mice exposed to chronic mild stress or other
depression-inducing paradigms. If SAP elevation is but one of
many consequences of depression, then the Apcs−/− mice would

show the same depression-related behaviours as wild type Apcs+/+

mice when subject to chronic mild stress or social defeat.
Another potential clinical application of our findings is the

possibility that SAP or a small molecule analog could be used to
augment SSRI treatment. The idea would be to pharmacologically
enhance SERT membrane levels to improve SSRI efficacy. Related
to this idea is the observation that both antidepressant medica-
tions and electroconvulsive therapy for depression increase
VAMP-2 levels [34]. VAMP-2 is required for SAP to increase
membrane SERT, and it is possible that increased VAMP-2 and
SERT membrane insertion are important for the treatment of
depression in general, not only with SSRI medications.
Because SAP is an important component of the amyloid plaques

in Alzheimer’s disease, it is possible that SAP could play a role in the
very high prevalence of depression in Alzheimer’s, which has been
reported to be as high as 50% [35]. The accumulation of amyloid
plaques could contribute to the emergence of depression, in
addition to the psychological effects of progressive dementia and
disability in Alzheimer’s. There are of course many other features of
Alzheimer’s disease that could increase susceptibility to depression,
such as the loss of noradrenergic neurons in the locus ceruleus and
cholinergic neurons in the basal nucleus of Meynert [36].
A final point of discussion is to reflect on our incomplete

knowledge of antidepressant medication action and the difficulty
in interpreting the data presented here. Our results show that SAP
has two different effects on SERT: decreasing the total amount of
SERT while simultaneously increasing membrane levels. These
dual effects prevent a simple model to explain the relationships
between depression, SSRI treatment response, and the levels of
SERT and SAP. It remains a challenge to experimentally dissect
these relationships because of the limitations of clinical research
with human subjects and the limited validity of animal models for
psychiatric disorders [37, 38]. Similarly, the increased susceptibility
to depression associated with lower SERT expression from the
5-HTTPR short allele seems to be incompatible with the action of
SSRI antidepressants, which would further decrease SERT activity
[12]. While we cannot completely explain our experimental
observations, we argue that our data provide new insights into
the complex regulation of SERT in the context of depression and
antidepressant treatment.
In summary, we have identified a novel molecular biomarker

associated with both depression and with response to SSRI
treatment that could be useful to guide the clinical selection of
antidepressant medication treatment. The modulation of SERT
degradation and membrane insertion by SAP is also of interest in
unravelling the neurobiological origin and pathobiology of
depression, as well as being relevant to antidepressant mechan-
isms of action. Future studies could expand on our results by
studying additional antidepressant medications and SAP knock-
out mice, with the potential for short term and long-term clinical
applications in the treatment of depression.

Fig. 5 SAP levels are correlated with behavioural despair and SSRI treatment response in mice, and the levels of SERT on the membrane
of PBMCs from patients with MDD with escitalopram treatment. A Immobility time in the FST plotted against SAP levels in mice treated with
the SSRI escitalopram (red) or saline (blue). B Mean immobility time in the FST for the 50th and 100th percentile of SAP levels in mice treated
with the SSRI [escitalopram oxalate] or saline-treated controls. C Representative Western blot images of SERT on the cell surface of PBMCs from
patients with MDD. TfR was used as the loading control. D Densitometric analysis of the levels of SERT on the cell surface, normalized to the
level of TfR and presented as a percentage of the control group from the same blot. Data are shown as mean ± S.E.M. N= 11 non-responders,
7 controls, and 8 responders. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. **p < 0.01 as compared to controls,
and ###p < 0.001 as compared to responders. E SAP levels in plasma from patients with MDD and healthy controls were measured with an
ELISA. Results are shown as the Log of SAP concentration. N= 21 controls, 22 non-responders and 18 responders. Data were analyzed by one-
way ANOVA followed by Tukey’s post hoc test. *p < 0.05 as compared to control group, and ###p < 0.001 as compared to those of responders
group. F Correlation table showing the Pearson’s r comparing SAP levels (SAP), SERT membrane expression (SERT), HAMD-17 score before
treatment with SSRI’s (Pre), and the % improvement in HAMD-17 score after treatment (% improvement). Correlations passing the significance
threshold (p < 0.05) are shown in colour. G SAP levels plotted against SERT membrane expression. H SAP levels plotted against the %
improvement in HAMD-17 score after SSRI treatment. I SERT membrane expression plotted against the % improvement in HAMD-17 score
after SSRI treatment. J SAP levels plotted against pre-treatment [HAMD-17 score].
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