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Purpose: Increased incidence of depression in HIV+ patients is associated with 
lower adherence to treatment and increased morbidity/mortality. One possible 
underlying pathophysiology is serotonergic dysfunction. In this study, we used an 
animal model of HIV, the SIV-infected macaque, to longitudinally image serotonin 
transporter (SERT) expression before and after inoculation, using 11C-DASB (SERT 
ligand) PET imaging.

Methods: We infected seven rhesus macaques with a neurovirulent SIV strain and imaged 
them at baseline and multiple time points after inoculation (group A). Pyrosequencing 
methylation analysis of the SERT promoter region was performed. We also measured 
SERT mRNA/protein in brain single-cell suspensions from another group (group B) of 
SIV-infected animals (n = 13).

Results: Despite some animals showing early fluctuations, 86% of our group A 
animals eventually showed a net increase in midbrain/thalamus binding potential 
(BPND) over the course of their disease (mean increased binding between last 
time point and baseline = 30.2% and 32.2%, respectively). Repeated-measures 
mixed-model analysis showed infection duration to be predictive of midbrain BPND 

(p = 0.039). Thalamic BPND was statistically significantly associated with multiple 
CSF cytokines (P  < 0.05). There was higher SERT protein levels in the second 
group (group B) of SIV-infected animals with SIV encephalitis (SIVE) compared to 
those without SIVE (p = 0.014). There were no longitudinal changes in SERT gene 
promoter region percentage methylation between baselines and last time points in 
group A animals.
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Conclusion: Upregulated SERT leading to lower synaptic levels of serotonin is a possible 
mechanism of depression in HIV+ patients, and extrapolating our conclusions from SIV to 
HIV should be sought using translational human studies.

Keywords: HIV, SIV, depression, serotonin transporter, PET

INTRODUCTION

Despite mounting evidence of higher depression rates in HIV-
positive (HIV+) individuals compared to seronegative controls 
and associated increased morbidity and mortality (1), there 
is limited literature targeting the underlying mechanisms of 
depressive disorders in HIV. In one paper, the levels of serotonin 
transporter (SERT) mRNA in the peripheral blood mononuclear 
cells (PBMCs) of SHIV-infected rhesus macaques were 
significantly reduced compared to control animals, suggesting 
that SERT expression might be affected in HIV (2). In another 
study, disruption of cytoskeletal genes and dysregulation of 
somatostatin were found to be part of the pathologic process 
of major depressive disorder (MDD) in the setting of HIV (3). 
Tryptophan metabolism dysregulation is also suspected to play 
a role (4, 5).

The only previous positron emission tomography (PET) study 
targeting SERT in the setting of HIV depression demonstrated 
generally lower 11C-DASB (radioactive ligand targeting SERT) 
binding in HIV+ patients compared to healthy controls. Depressed 
HIV+ patients, however, showed higher 11C-DASB binding than 
non-depressed patients, suggesting SERT upregulation in the 
depressed group and possible abnormal serotonergic transmission 
in HIV-associated depression (6). No other similar cross-sectional 
or longitudinal PET studies have been performed to date.

In the current study, we used PET and 11C-DASB to assess 
SERT binding in an HIV animal model, the SIV-infected 
macaque, at baseline and at different intervals after inoculation 
with a neurotropic SIV strain (SIVsm804E) to determine the 
natural history of serotonergic dysregulation in relation to serum 
and CSF markers of SIV infection. We correlated our findings 
with clinical and laboratory markers of SIV infection and 
performed a detailed analysis of the SERT gene promoter region 
methylation changes between baseline and the last time point to 
assess any potential epigenetic effects on gene expression. Based 
on previous literature describing in vitro and in vivo interactions 
between various cytokines (e.g., IL-1, IL-6, IL-10, TNFα, and 
IFNγ) and SERT expression (7–12), we specifically correlated 
11C-DASB binding with levels of various CSF cytokines.

METHODS AND MATERIALS

Subjects
All procedures were performed in accordance with the 
recommendations of the Guide for the Care and Use of Laboratory 
Animals. The study was approved by the Animal Care and Use 
Committee of the National Institutes of Allergy and Infectious 
Diseases (NIAID), National Institutes of Health (NIH).

Fifty Indian rhesus macaques (Macaca mulatta) were 
genotyped for Trim5α. Seven animals were found to have the 
Q/Q genotype (group A, Supplementary Table 1S) and thus 
were selected for this study, as they are known to have increased 
susceptibility to development of neurological disease (13–15). 
All animals were inoculated intravenously with 500 TCID50 
(50% tissue culture infective doses) of SIVsm804E (14). The 
selected animals included five females and two males (mean 
baseline age = 3.7 years). Five out of seven animals (SIV #1, 
2, 3, 4, and 7) progressed soon after inoculation (mean = 14.6 
weeks, “rapid progressors”) and were rescued with treatment 
(daily subcutaneous injections of tenofovir (PMPA; 20 mg/kg) 
and emtricitabine (FTC; 30 mg/kg) with raltegravir (20 mg/kg) 
mixed with food twice per day). Two of the rapid progressors 
succumbed to the disease despite treatment (SIV #4 and 7), while 
the others responded to treatment and survived. The two “slow 
progressors” (SIV #5 and 6) did not show symptoms until 87 
and 91 weeks after inoculation, respectively. On development of 
symptoms, one slow progressor (SIV #6) responded to treatment, 
while the other subject (SIV #5) developed a presumed 
opportunistic infection and had to be excluded.

Treatment was eventually discontinued, and the surviving 
animals (one slow and three rapid progressors) were allowed 
to progress to a chronic infectious stage prior to necropsy. The 
last imaging time point, however, did not always correspond 
to the survival of the animals, due to logistical considerations. 
Details of group A animals’ imaging and disease progression are 
included in Table 1S.

We also evaluated whole-brain cell suspensions obtained from 
a separate group of SIV-infected monkeys (group B, n = 13), of 
which only six animals showed neurological symptoms and were 
found to have neuropathology consistent with SIVE, as described 
earlier (16).

Magnetic Resonance Imaging
All subjects underwent magnetic resonance (MR) imaging 
using a 3T Achieva Philips scanner (Philips Healthcare, Best, 
Netherlands) and a three-dimensional (3-D) MPRAGE sequence 
with the following parameters: repetition time = 7.77 ms, echo 
time = 3.45 ms, echo train length = 128, flip angle = 9°, number 
of excitations = 1, field of view = 12 × 12 cm, matrix = 256 × 256, 
and slice thickness = 0.5 mm. Baseline and follow-up MR scanning 
was performed within a few days of every PET session to rule out 
structural abnormalities that could affect the PET results.

For both the MRI and PET studies, the animals were 
anesthetized using a combination of ketamine (~0.1 ml/kg) 
and propofol (0.2 mg/kg/min). The concentrations of various 
anesthetics as well as the timing of administration with respect 
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to imaging were kept constant across the studies. Over the 
entire imaging session, the animals were carefully monitored 
for changes in body temperature, spO2, and heart and 
respiratory rates.

PET Imaging
PET images were acquired on a CPS/CTI High Resolution 
Research Tomograph (HRRT), head-only camera (17). Prior to 
radiotracer injection, a 6-min transmission scan was obtained 
for calculation of attenuation correction maps. 11C-DASB was 
synthesized as previously described (18). Following intravenous 
bolus administration of 11C-DASB (mean injected dose = 5.67 ± 
0.61 mCi), a dynamic 120-min-long emission scan was acquired 
using a 50-frame protocol. PET scans were reconstructed 
using the ordered subsets expectation maximization (OSEM) 
algorithm, in a 31 × 31 cm field of view and 256 × 256 pixel matrix 
with pixel size of 1.2 × 1.2 mm. PET frames were corrected for 
radioactive decay. The image frames were then co-registered to 
each animal’s structural MRI image using Pmod 3.7 software 
(PMOD Technologies LLC, Zurich, Switzerland). There was a 
minimum gap of 5 weeks between consecutive PET scans in the 
same animals (range of 5–38 weeks).

PET Data Analysis
The reconstructed PET images were first co-registered to their 
respective MR images using rigid body transformation. Volumes 
of interest (VOIs) were selected based on a monkey brain 
template overlaid on the MR images and readjusted manually as 
necessary. One set of VOIs (for the midbrain, thalamus, caudate, 
and putamen) adjusted for the baseline study was reapplied on 
follow-up MRI scans to maintain consistency in measurements. 
One VOI was also selected in the cerebellar cortex, avoiding 
the cerebellar white matter and cerebellar vermis, to be used as 
a reference region (19). The outcome measure in our study was 
SERT binding potential normalized to non-displaceable tissue 
radioligand (BPND), measured using a simplified reference tissue 
model (SRTM) (20) with the cerebellar cortex as a reference 
region (19). Although VOIs were drawn in the midbrain, 
thalamus, caudate, and putamen, only thalamic and midbrain 
values were used for statistical analysis due to their relevance 
to disease pathophysiology. Mean voxel BPND values for each 
VOI were extracted from the scans and compared over time. 
Parametric maps were generated using the Pixel-wise modeling 
tool (PXMOD) in PMOD.

We performed a total of 27 PET scans on the 7 macaques, 
including 7 baseline and a total of 20 follow-up scans (Table 1S).

Specimen Collection
Cytokine/Chemokine Level Measurements 
in the CSF
Cytokine/chemokine levels in the CSF were obtained to assess 
the potential relationship between CSF neuroinflammatory 
markers and SERT expression levels as assessed by PET imaging. 
Concentrations of MCP-1, TNFα, IFNγ, IL-1ra, IL-2, IL-6, IL-8, 
IL-10, IL-18, GCSF, sCD40L, and VEGF were measured in the 

CSF of five infected animals within a few days of each PET scan, 
using a bead-based multiplex assay (EMD Millipore). The assay 
was performed according to the manufacturer’s instructions. The 
assay plates were read on the Bio-plex 200 System (Bio-Rad).

PBMC Collection
We collected blood specimens from our animals (group A) 
corresponding to their imaging sessions in order to assess 
viral load, cell counts (flow cytometry), and peripheral SERT 
mRNA and to evaluate for potential peripheral epigenetic 
changes corresponding to changes in SERT expression. Blood 
collected was used for PBMC isolation using Ficoll. The PBMCs 
were re-suspended in cell freezing medium at 10 million cells/
vial and stored in liquid nitrogen until needed. DNA/RNA was 
isolated from the cells using the ZR-Duet DNA/RNA Miniprep 
kit (Zymo Research) as per the manufacturer’s instructions for 
downstream applications.

Preparation of Whole-Brain Cell Suspensions
Due to our small sample number of imaged animals and since 
the brain tissues of those animals could not be used for detailed 
PCR and Western analysis of SERT expression, we decided to 
evaluate another group of animals that were similarly infected 
and assessed for development of SIV encephalitis in another 
study (16). Whole-brain single-cell suspensions had already been 
obtained from a separate group of SIV-infected monkeys (group 
B, n = 13). Following saline perfusion of the animals, fresh brain 
tissues were collected from the frontal, parietal, and temporal 
lobes, the cerebellum, and the midbrain during necropsy. Multiple 
pieces of brain tissue from each region were then homogenized 
and pooled to obtain a cell suspension representative of the 
whole brain (14). RNA was extracted from these samples using 
the RNeasy Lipid Tissue Mini Kit from Qiagen. Protein lysates 
were obtained by re-suspending the cells in cold RIPA buffer with 
protease inhibitors (Roche). The samples were then vortexed and 
centrifuged at 14,000 rpm for 30 min at 4°C to remove debris.

Specimen Analysis
Flow Cytometry
Absolute blood CD3, CD4, and CD8 T-cell counts as well as 
% Ki67 in CD4 and CD8 T-cells were measured as previously 
described (14).

qPCR
qPCR was performed to assess SERT mRNA levels in PBMCs 
derived from group A animals, in order to evaluate for potential 
peripheral changes of SERT transcription after inoculation. 
qPCR was also performed to assess SERT mRNA levels in whole-
brain single-cell suspensions from group B animals, in order 
to correlate with the incidence of SIV encephalitis. cDNA was 
synthesized using the RT2 First Strand (Qiagen). The qPCR assay 
was set up using RT² SYBR Green qPCR Mastermix (Qiagen) 
to measure SERT (Qiagen) and normalized to rpl13a (Qiagen). 
The plates were run on the CFX96 real-time qPCR system (Bio-
Rad). For data analysis, we calculated fold change using the 
comparative CT method as previously described (21).
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Western Blotting
Western blotting was performed to assess SERT protein levels 
in whole-brain single-cell suspensions from group B animals. 
Protein lysates from whole-brain cell suspensions (group B) 
were used for Western blotting as previously described (22). 
The primary antibodies used were SERT (Abcam) at 1:300 and 
GAPDH (CST) at 1:1,000 dilutions. The secondary antibody, 
goat anti-rabbit (Jackson), was used at 1:50,000. ImageJ was used 
to quantify the band intensities from scanned blots. Results are 
shown as fold change with respect to the average of animals with 
no SIVE.

Epigenetic (Methylation) Analysis
Pyrosequencing analysis was performed for the promoter region 
of the SLC6A4 gene by Qiagen (GmbH Hilden, Germany) on DNA 
from group A animals, sampled at baseline and multiple time points 
between inoculation and euthanasia. Briefly, DNA extracted from 
the PBMCs of macaques (n = 7) was used for bisulfite conversion 
using the Epitect Fast Bisulfite Conversion Kit (Qiagen). The 
promoter region of SLC6A4 was amplified from 20 ng of treated 
DNA using the primers (TAGAGTTAGGAGGGGAGGGAT) 
and (ACACCAACAAACCCCTAT). This was followed by 
sequencing using the primer (AGGAGGGGAGGGATT) with 
PyroMarkQ24 Advanced (Qiagen). A total of nine CpG islands 
were analyzed in the promoter region.

To assess global methylation changes, a Methylated CpG 
Island Recovery Assay (MIRA) was used as previously described 
(23). The assay enriches methylated CpG islands based on 
high-affinity interactions to methyl-binding protein complexes 
using the MethylCollector Ultra Kit (ActiveMotif). PBMC 
DNA of group A (n = 7) macaques (baseline and last time 
points) were used and sequenced using the Illumina Platform 
(NIH Intramural Sequencing Center). Data analysis was done 
by Acura Science (Iowa, USA). FASTQC was used for quality 
control of the sequencing data. Reads were aligned to the rhesus 
reference genome (Ensembl release 88). Methylation peaks were 
subsequently identified using MACS2. Differential methylation 
analysis was performed as before (24). Peak “summits”—i.e., the 
single points representing the center point of the peaks—located 
within 600 bp were grouped together and then merged (extended 
peaks) using a locally developed Perl script. Normalized counts for 
each extended peak were calculated as total count in this region 
divided by the length of the extended peak and then by the number 
of reads mapped in the sample. Differentially methylated regions 
(DMRs) were defined as extended peaks with large fold changes 
(>1.5) in normalized counts, and only DMRs covered by five or 
more reads in the samples being compared were considered. Each 
DMR was annotated into the following categories: exon, intron, 
transcription start site (TSS), promoter (−1 kb and +100 bp of a 
gene’s TSS), 5’ UTR, 3’ UTR, intergenic, and non-coding.

Statistical Analysis
Statistical analysis was performed using SAS, version 9.4 (SAS 
Institute, NC, USA), and Prism (GraphPad, version 7.01).

Longitudinal changes of midbrain and thalamus BPND values 
were plotted for every animal, and the percentages of differential 

binding between the last time point and baseline were calculated. 
Repeated-measures mixed models were used to predict 
11C-DASB BPND in the midbrain and thalamus of group A 
animals, based on CSF VL, plasma VL, the duration of infection, 
CD4, CD3, CD8 T-cell counts, and % Ki67 in CD4 and CD8 
T-cells. CSF concentrations of MCP-1, IL-1ra, IL-2, IL-6, IL-10, 
IL-18, GCSF, sCD40L, and VEGF were available for five animals 
and were included as potential predictors. Each measurement was 
first included individually in a statistical model as an explanatory 
variable, with BPND as the response variable. We then included all 
measurements in one model to assess combined relationship with 
BPND. A mixed model was fit to the data because of the repeated-
measures nature of the data. Several variance–covariance 
matrix structures were considered for each model, and the one 
with lowest Bayesian information criterion (BIC) was applied. 
Model-fit diagnostics were examined to check whether model 
assumptions were met. Because this is an exploratory study with a 
relatively small sample size, no multiple-comparisons adjustment 
was used (all reported p-values are unadjusted).

For group B animals, we compared the fold increase in SERT 
protein and mRNA of SIVE (n = 6) vs. non-SIVE animals (n = 7) 
using the Mann–Whitney test.

All data are represented as mean ± SD except for group B 
qPCR and Western results, which are displayed as median values ± 
interquartile range (IQR).

RESULTS

PET Imaging Analysis
Mean BPND values in the selected VOIs were highest in the 
midbrain, followed by the thalamus, caudate/putamen, and 
cerebellum, which is similar to reported postmortem SERT 
densities (25). Even though SIV involves the whole brain, including 
the cerebellum, the lack of specific uptake in the cerebellar cortex 
still warrants its use as a reference region (20, 26).

We concentrated on two high-binding regions, the midbrain 
and thalamus, due to their relevance to disease pathophysiology. 
Regional midbrain BPND values at 5–10 weeks after inoculation 
increased in four animals (16–38%) and decreased in two animals 
(22–26%). One animal did not show substantial change. Over the 
course of disease, six out of seven subjects showed a net increase in 
midbrain BPND values at the last time point compared to baseline 
(range: 7.1–72.4%), while one subject showed a minimal decrease 
(−2.6%) (Figure 1). The average change in all seven animals was an 
increase of 30.2% ± 25.8% over the course of disease.

Thalamic BPND values at 5–10 weeks after inoculation 
increased in five animals and decreased in two animals. Over the 
course of disease, all animals showed a net increase in BPND at 
the last time point (32.2% ± 21.1%), although in one animal, the 
increase was minimal (3.8%) (Figure 1).

A repeated-measures mixed-model analysis taking into 
account all the measured time points showed that among the 
selected variables, duration of infection correlated positively 
with 11C-DASB midbrain BPND (p = 0.039), with a positive trend 
also observed between duration of infection and thalamic BPND 
(p = 0.081). Neither treatment initiation nor interruption had a 
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consistent effect on BPND (Figure 2). There were no significant 
correlations between BPND and CD4, CD3, CD8 T-cell counts, or 
% Ki67 in CD4 or % Ki67 in CD8 T-cell counts.

Cytokine/Chemokine Measurements
CSF cytokine analysis showed an increase in MCP-1, TNFα, IFNγ, 
IL-1Ra, IL-2, IL-6, IL-8, IL-10, Il-12, and IL-18 concentrations 
after inoculation in all animals, which corresponded to a 
concomitant increase in CSF VL. In four treated animals, 
cytokine levels decreased after treatment and rebounded after 
interruption of treatment, as expected.

There were significant positive correlations between CSF 
levels of MCP-1, IL-1Ra, IL-6, IL-8, IL-10, and IL-18 and 
thalamic BPND (p = 0.002, 0.003, 0.035, 0.013, 0.023, and 0.014, 
respectively). No significant correlations between CSF cytokines 
and midbrain BPND were found.

Expression of SERT in the Periphery  
and the Brain
Group A Animals
The expression of SERT mRNA in PBMCs was very low across 
all samples and undetectable in one animal (SIV #3). It increased 
slightly in three out of six animals at the last time point compared 
to baseline (Figure 3B).

Group B Animals
SERT protein levels in whole-brain lysates of group B animals 
were compared between infected animals that showed 
neurological symptoms associated with the development of 
SIVE (n = 6) and a group that was infected but did not display 
neurological dysfunction (n = 7). The values were normalized 
to the average of animals with no SIVE. Expression of mRNA 
normalized to a housekeeping gene (rpl13A) was also compared 
between SIVE (n = 6) and non-SIVE animals (n = 7), with data 
represented as fold increase with respect to the average of non-
SIVE animals. There was no significant change in SERT mRNA 
expression (average increase = 1.24-fold, p = 0.55); however, there 
was a significant increase in SERT protein expression (average 
increase = 3.35-fold, p = 0.014) (Figure 4).

Epigenetic (Methylation) Analysis
To assess whether the observed increases in SERT expression 
were mediated by epigenetic regulation, our pyrosequencing 
analysis was focused on evaluating the percent methylation of 
9 CpG islands closest to the TSS of the SLC6A4 (SERT) gene, 
isolated from PBMC DNA of seven macaques taken at various 
time intervals starting with baseline and continuing until the 
terminal time point. In each case, the percent methylation was 
less than 5%, indicating there was hardly any methylation in the 
promoter region of SERT (Supplementary Table 1S). We did 

FIGURE 1 | Sagittal and axial brain MRI images (A) as well as parametric maps of 11C-DASB BPND at baseline (B) and last time point (C) of SIV #4. Increased 
BPND can be detected visually at the last time point compared to baseline. Changes in BPND over the course of disease in all seven animals in the midbrain (D) and 
thalamus (E).
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not find any appreciable change in percent methylation between 
baseline and multiple time points after inoculation.

The MIRA-seq analysis of the whole genome was done to 
identify potential epigenetic modifications to other upstream 
factors that could affect SERT expression and trafficking. 

Methylated CpG islands across the entire genome were assessed 
for differentially methylated regions (DMR). An average of 
91.4% of the reads were mapped back to the genome. Based on 
the differential methylation analysis obtained for the baseline 
and the last time point, fold change was calculated, and only 
genes that met the cutoff of >1.5 (hypermethylated) and <0.5 
(hypomethylated) were considered. In five out of the seven 
animals, the promoter region (−350 to −390 from TSS) of 
the transcription factor deformed epidermal autoregulatory 
factor-1 (DEAF1) was differentially methylated. DEAF1 was 
hypermethylated in three animals at the last time point compared 
to baseline, with a fold change (FC) range of 1.6–2.2. On the 
other hand, DEAF1 was slightly hypomethylated in one animal 
that succumbed to the disease very early on (FC = 0.4) and 
another animal that survived and was treated (FC = 0.7). There 
were no consistent methylation peaks captured for two animals 
in the DEAF1 promoter region, though we saw some peaks in the 
intragenic regions at the terminal time point.

DISCUSSION

Using 11C-DASB high-resolution PET imaging, we have 
documented longitudinal in vivo increases in SERT expression 

FIGURE 2 | Examples of changes of BPND values at different time points with respect to CSF and plasma VL changes in one fast progressor, SIV #2 (A), and one 
slow progressor, SIV #5 (B). The green shadow in (A) reflects the duration of antiretroviral treatment.

FIGURE 3 | Change in SERT mRNA levels in PBMCs of infected animals 
(group A) between baseline and last time point; 50% of the animals showed 
slight increase in SERT mRNA compared to baseline values.
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in 85% of SIV-infected macaques when we compared baseline 
BPND levels to multiple time points between inoculation and 
euthanasia. In a mixed-effect analysis model, midbrain BPND 
values for 11C-DASB correlated significantly with duration of 
infection, although we did not find significant correlations to CSF/
plasma VL or various T-cell counts. There were also significant 
positive correlations between thalamic BPND and CSF levels of 
MCP-1, IL-6, IL-8, and IL-18, cytokines with pro-inflammatory 
properties, as well as IL-1Ra and IL-10, both anti-inflammatory 
cytokines. Our imaging data were further supported by findings 
of increased SERT protein levels in another set of SIV-infected 
animals with symptoms of SIVE compared to asymptomatic 
infected animals.

Higher frequency of depression has been repeatedly 
documented in HIV+ compared to HIV-negative (HIV-) subjects: 
a 2001 meta-analysis found the frequency of MDD to be nearly 
two times higher in HIV+ subjects (27), with more recent work 
confirming that figure (1, 28, 29). Beyond the psychological toll of 

depression in HIV+ subjects, the ramifications extend to its impact 
on survival, mainly through its effect on treatment adherence (30) 
and secondary control of the infection: untreated depression was 
associated with significantly decreased odds of achieving >90% 
adherence to HAART and significantly lower odds of controlling 
HIV RNA levels to <500 copies/ml (31). In another study, somatic 
symptoms of depression were associated with shortened survival 
in HIV+ patients (32). More recently, depression was found to be 
associated with increased risk of missing appointments, increased 
risk of a detectable viral load, and a doubled mortality rate (1). 
Despite the magnitude of the problem, the mechanisms underlying 
higher depression rates in HIV remain poorly understood. 
Previous studies suggested disturbances of tryptophan metabolism 
and SERT expression both in vitro and in vivo (2, 4–6). The only 
previous imaging study assessing the serotonergic system in HIV 
showed higher 11C-DASB BPND in depressed compared to non-
depressed HIV+ patients (6).

Upregulation of SERT reflected by increased 11C-DASB BPND 
values has been described in subjects with MDD and bipolar 
disease (33), Parkinson’s patients with depression (34), and patients 
with highly negativistic dysfunctional attitudes (35), among 
others. A possible explanation for depressive symptomatology 
in the setting of upregulated SERT is exaggerated serotonin 
reuptake into the presynaptic neurons, which subsequently leads 
to decreased serotonin levels in the synapse.

Our current results are not consistent with previous work where 
we found generally decreased 11C-DASB binding in HIV+ patients 
compared to controls (6). Those subjects, however, had been infected 
with HIV for a much longer period of time than our animals, which 
could have resulted in neuronal loss. Interestingly, the depressed 
HIV+ patients in that study showed higher 11C-DASB binding 
than non-depressed subjects, pointing towards a connection 
between SERT expression and depressive symptomatology.

What could be the cause of increased SERT expression in SIV/
HIV? There is a large body of literature describing interactions 
between various cytokines (e.g., IL-1, IL-6, IL-10, TNFα, and 
IFNγ) and SERT expression, both in vitro and in vivo (7–12).  
For example, TNFα was found to enhance the transport capacity 
of SERT-specific serotonin uptake in primary astrocytes, consistent 
with prior observation of an increase in SERT mRNA levels (10). This 
seemed to be mediated through activation of the p38 mitogen-
activated protein kinase (MAPK) signaling pathway, since 
pre-treatment with a p38 MAPK inhibitor attenuated the TNFα-
mediated stimulation of serotonin transport (10). In support 
of this potential interaction, we have found significant positive 
correlations between thalamic BPND and CSF levels of multiple pro-
inflammatory and anti-inflammatory cytokines. Interestingly, the 
cytokine correlations with the midbrain BPND were not significant. 
The reason for this discrepancy is unclear, although similar 
findings have been previously reported by another group where 
only thalamic and not midbrain SERT availability was correlated 
with IL-10 in bipolar disorder (11). One possible explanation is 
that thalamic neurons are in closer contact with the CSF and thus 
could be more affected by CSF cytokines (36).

Another connection between HIV and SERT upregulation 
could be through the production of SIV/HIV viral proteins. 
In mice, a single exposure to Tat in the brain was enough to induce 

FIGURE 4 | Western blotting and qPCR results in group B animals (whole-
brain lysates). (A) Fold change in protein levels of SIVE compared to non-
SIVE animals. (B) Fold change in mRNA expression of SIVE compared to 
non-SIVE animals. Median and interquartile range values are shown  
(* = p < 0.05; n.s. = non-significant).
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brain cytokine signaling that resulted in depressive-like behavior 
(37). In a paper by Fu et al., Tat increased the expression of SERT 
in organotypic hippocampal slice cultures, an effect that was 
attenuated by pre-treatment with SB 202190, a p38 MAPK inhibitor 
(38). Prolonged exposure to viral proteins in our animals could 
therefore have contributed to increased SERT expression over time.

We hypothesized that the changes we observed in our SIV-
infected monkeys could also be a result of epigenetic modulation. 
Epigenetic modifications induced by HIV have been previously 
described, especially related to accelerated aging and viral latency 
(39–41). On the other hand, depression in general and changes in 
SERT expression specifically have been found to be associated with 
epigenetic modifications, especially changes in DNA methylation 
(42–45). In our evaluation of SERT gene methylation, however, we 
did not find significant changes in methylation of SERT promoter 
between the pre-infected and latest time point in our imaged 
animals. Looking for potential interactive epigenetic changes 
upstream from SERT throughout the whole genome, we found 
one gene, DEAF1, which seemed to be differentially methylated in 
five out of the seven animals. DEAF1 regulates the transcription 
of multiple genes and has been implicated in type 1 diabetes (46), 
cancer (47), and IFNβ production (48). It is interesting to note that, 
since increased IFNβ secretion can restrict HIV viral replication 
and spreading (49, 50), the silencing of DEAF1 can confer a 
significant advantage in maintaining the potency of infection. 
Additionally, a separate function of DEAF1 is to act as a repressor 
of serotonin receptor subtype 1A (5-HT1A) in non-neuronal 
and presynaptic raphe cells (51–53) and an enhancer of 5-HT1A 
in other neuronal cells (54). Therefore, hypermethylation of 
DEAF1 could potentially reduce its availability to repress 5-HT1A 
autoreceptor expression, which in turn is linked to depression (55, 
56). Multiple reports have shown that dysregulation of 5-HT1A 
function can have a secondary effect on SERT expression: Bose et 
al. showed that presynaptic 5-HT1A expression is related to SERT 
density in specific regions of the brain (57), while another study 
used autoradiography to demonstrate a concomitant decrease 
of SERT expression in the basal ganglia, thalamus, and cortical 
regions of 5-HT1A knockout mice (58). SIV-induced epigenetic 
alterations to DEAF1 expression could thus possibly play a role in 
the perceived changes in SERT expression. However, our current 
findings do not support a definite role, and further work is needed 
to better elucidate the interplay between DEAF1 signaling and 
SERT expression. Additionally, our results do not preclude the 
effect of other epigenetic and non-epigenetic mechanisms on 
SERT expression.

Our study is limited by a relatively small size number of SIV-
infected monkeys. As such, our results should be interpreted with 
caution, as this is an exploratory study. We also did not have fresh 
brain tissue from the imaged animals to systematically assess 
SERT mRNA and protein levels in correlation with 11C-DASB 
binding. Most importantly, we did not collect neuropsychological 
or behavioral measures of depression in the animals, mainly 
because there is no clear consensus on what constitutes depressive-
like behavior in animals compared to humans and because in our 
animals, the presence of a severe infectious process confounds the 
detection of subtle psychiatric manifestations. Even though we did 
not have control animals followed over the same period of time, we 

have used longitudinal imaging with each animal acting as its own 
control. We do not believe that scanning-related stress could have 
affected our results, since the scans were separated by a minimum 
gap of 5 weeks (range: 5–38 weeks). Finally, we have not looked 
for methylation changes in the brains of the infected animals, but 
rather, in the periphery, which allowed us to perform a longitudinal 
assessment. It has been previously shown, however, that there is a 
significant correlation between the methylation levels in the brain 
and peripheral blood (59).

In conclusion, we have identified increased expression of 
SERT in six out of seven SIV-infected monkeys using in vivo 
PET imaging, which correlated with duration of infection in 
the midbrain. The change in expression in the thalamus also 
correlated with pro- and anti-inflammatory cytokine activity in 
the CSF. Although we did not find direct methylation changes 
involving the SERT promoter gene to explain our results, scouring 
of the whole-genome methylation status resulted in a potential 
connection between a differentially methylated gene, DEAF1, 
and upregulated SERT expression. Whether this connection will 
prove to be widespread is unclear, and the possibility of other 
epigenetic factors affecting SERT expression in SIV cannot be 
ruled out. Extending our conclusions from SIV to HIV needs 
further confirmation with translational HIV human studies. 
More work is also needed to better understand the connection 
between SERT upregulation and depression symptomatology.
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