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Abstract

Background: HIV-related neuroinflammation has been proposed as a catalyst

for dopaminergic dysregulation in mesocortical pathways, which may
contribute to the pathogenesis of depression. Abnormalities in dopaminergic
neurotransmission and depression are common in people with HIV (PWH),
however the link between dopamine (DA) and depression in PWH is poorly
characterized. This study investigated CSF dopaminergic biomarkers,
specifically DA and its metabolite, homovanillic acid (HVA), and examined
their relationship with depressive symptoms and CSF neuroinflammatory
markers in PWH and HIV-seronegative (HIV-) individuals.

Methods: Participants were 102 HIV- individuals and 123 PWH (mean
age=42) who underwent neuropsychiatric evaluations and lumbar puncture.
Current depression severity was classified using the Beck Depression
Inventory-Il (BDI-11). CSF was assayed for DA and HVA using high
performance liquid chromatography and neuroinflammatory markers using
immunoassays. Linear regressions modelled BDI-Il scores as a function of
HIV, dopaminergic biomarker z-scores, and their interaction, controlling for
psychosocial factors. Correlational analyses examined dopaminergic and
neuroinflammatory relationships.

Results: PWH had significantly higher BDI-II scores than HIV- participants. DA
and HVA were not associated with HIV status but both significantly
moderated the effect of HIV on BDI-Il scores, such that PWH exhibited higher
depressive symptoms than HIV- participants only at lower concentrations of
HVA (z<0.06) and DA (z<0.11). In PWH only, lower HVA significantly
correlated with higher BDI-II scores and higher neuroinflammation, including
higher MCP-1 and IP-10.

Conclusions: Results suggest that the pathophysiology of depression in PWH

differs from that in HIV- individuals. Specifically, lower central dopaminergic



activity was selectively associated with greater depressive symptoms and
neuroinflammation in PWH. With the rise in consideration of DA agonists for
the treatment of depression, these results suggest that PWH may show a

greater response to these agents than their HIV- peers.

Keywords: dopamine; homovanillic acid; inflammation; depression; HIV; MCP-
1; IP-10

1. Introduction

Depression, including both major depressive disorder (MDD) and
subsyndromal depressive symptomatology, is a frequent and disabling co-
occuring condition among people with HIV (PWH). PWH are twice as likely to
develop MDD compared to HIV-seronegative (HIV-) individuals, with
prevalence estimates of lifetime MDD in PWH ranging from 22-54% (Rabkin,
2008; Rooney et al., 2019; Rubin and Maki, 2019). Comorbid depression in
PWH increases risk for a host of adverse biopsychosocial outcomes. Greater
depressive burden is related to poorer adherence to antiretroviral therapy
(ART), increased viral load, and reduced immune function (Ammassari et al.,
2004; Leserman, 2003, 2008). Moreover, depression is associated with
functional impairments, including dependence in activities of daily living,
subjective and objective deficits in neurocognitive function, and even
premature mortality (Rabkin, 2008; Rubin and Maki, 2019; Thames et al.,

2011).



Dopaminergic dysfunction and neuroinflammation are distinct yet
related neurobiological processes that are thought to contribute to the
development of depression among PWH. Upon entry into the CNS, HIV-
infected cells release neuroinflammatory cytokines and chemokines as well
as neurotoxic viral proteins that disproportionately compromise dopamine-
rich, fronto-striatal regions (Gaskill et al., 2017; Plessis et al., 2014). Chronic
neuroinflammation is a hallmark feature of HIV-associated neurocognitive
disorders (Williams et al., 2014) and neuropathological data indicate that
PWH have markedly decreased concentrations of dopamine (DA) and its
metabolite, homovanillic acid (HVA), in both cortical and subcortical
structures (Kumar et al., 2011). Recent literature from animal and human
studies indicate a robust link between chronic inflammation and
dopaminergic deficiencies, including cytokine-induced reductions in the
synthesis and release of DA (Felger, 2017; Felger and Miller, 2012).
Importantly, inflammation-related dysregulation of dopaminergic activity
dampens activity in cortico-striatal reward pathways, which may help explain
depressive symptoms of anhedonia and psychomotor slowing in patients
with high inflammation (Felger, 2017; Felger and Miller, 2012).

Direct and in vivo measurement of central dopaminergic function can
be accomplished via assays of dopamine and its metabolites in cerebrospinal
fluid (CSF). Several studies demonstrate reduced CSF levels of DA and HVA
in PWH with and without neurocognitive complications in comparison to HIV-

controls (Berger et al., 1994; di Rocco et al., 2000; Larsson et al., 1991).



Despite the putative relevance of the dopaminergic system in the
pathogenesis of depression in HIV, CSF biomarkers of dopaminergic function
have not been systematically examined in relation to depressive symptoms
in PWH. The present study evaluated associations between depressive
symptoms and CSF DA and HVA, and whether these relationships differed by
HIV serostatus. We hypothesized that: 1) consistent with the literature, PWH
would report greater depressive symptoms than HIV- individuals; 2) lower
CSF DA and HVA would relate to greater depressive symptoms irrespective of
HIV serostatus, but that these associations would be stronger in PWH and
independent of other psychosocial risk factors and antidepressant
medication use; 3) in the subset of PWH with available CSF
neuroinflammation markers, greater neuroinflammatory burden would relate
to higher depressive symptoms and lower CSF DA and HVA.
2. Materials and Methods
2.1. Participants

Participants were 123 HIV-seropositive (HIV+) and 102 HIV-
seronegative (HIV-) adults enrolled in the University of California San Diego’s
(UCSD) Translational Methamphetamine AIDS Research Center (TMARC), a
NIDA-funded cohort study focusing on the CNS effects of HIV and
methamphetamine. Study visits took place between 2006 and 2010. All
study procedures were approved by the UCSD Institutional Review Board and
all participants provided written informed consent. Exclusion criteria for the

current study were history of psychotic or mood disorder with psychotic



features, presence of a neurological or non-HIV medical condition that may
confound neurobehavioral test results, and positive urine toxicology for
drugs (including methamphetamine) or positive breathalyzer test for alcohol
on the day of testing. A DSM-IV diagnosis of substance use dependence
within the last 5 years or abuse within the last 12 months was exclusionary
for all substances except methamphetamine and cannabis, given the
overarching cohort study aims. Additionally, alcohol dependence or abuse
within the last 12 months was permitted.
2.2. Neuropsychiatric Assessment

Participants were evaluated for substance use disorders (dependence
or abuse) and Major Depressive Disorder (MDD) diagnoses using the
Composite International Diagnostic Interview (CIDI; (World Health
Organization, 1998) or Structured Clinical Interview for DSM-IV (SCID-1V;
(Spitzer et al., 1995), as study methodology was developed prior to the
release of the DSM-5. To measure frequency and severity of current
depressive symptoms, participants completed the Beck Depression
Inventory-Il (BDI-1I; (Beck et al., 1996). The BDI-II consists of 21 items, each
rated on a 4-point scale increasing in severity from 0 to 3 (possible total
score range: 0 to 63). Domain-specific BDI-IlI scores reflecting cognitive
(possible range: 0 to 27), affective (possible range: 0 to 12), and somatic
(possible range: 0 to 24) symptoms of depression were computed based on a

previous factor analysis of the BDI-Il in 1,583 PWH (Hobkirk et al., 2015). The



total BDI-Il score was used as the primary outcome in analyses, while

domain-specific scores were examined in secondary analyses.

A structured, clinician-administered questionnaire was used to obtain
details of current antidepressant use. Participants reported use of a range of
antidepressant medications, which were grouped for analysis as follows: 1)
selective serotonin reuptake inhibitors (SSRIs; citalopram, escitalopram,
fluoxetine, paroxetine, and sertraline); 2) serotonin and norepinephrine
reuptake inhibitors (SNRIs; duloxetine and venlafaxine); 3) tricyclic
antidepressants (TCAs; amitryptiline and despiramine); 4) bupropion; 5)
mirtazapine; and 6) trazodone.

2.3. Neurocognitive Assessment

Participants completed a comprehensive and well-validated

neuropsychological
assessment that measured neurocognitive abilities across seven domains
commonly impacted by HIV: verbal fluency, executive function, speed of
information processing, learning, recall, working memory, and motor speed
(Carey et al., 2004; Heaton et al., 2010). Raw test scores were converted to
T-scores that were corrected for known demographic influences (i.e., age,
sex, education, and race/ethnicity) on neurocognitive performance (Heaton
et al., 2004; Heaton et al., 2003; Norman et al., 2011). T-scores were then
converted to deficit scores that give differential weight to impaired over

normal performance and ranged from 0 (normal) to 5 (severe) in 1-unit



increments (Blackstone et al., 2012). Deficit scores were averaged within
domains and across the entire battery to derive domain-specific scores and a
global deficit score. Consistent with prior studies, global neurocognitive
impairment was classified using a validated global deficit score cut-point of
>0.5 (Blackstone et al., 2012; Carey et al., 2004). The deficit score variables
and global neurocognitive impairment classification were examined in
secondary analyses.
2.4. Neuromedical Assessment

All participants underwent a comprehensive neuromedical assessment,
blood draw, and lumbar puncture. HIV disease was confirmed by MedMira
Multiplo rapid test (MedMira Inc., Nova Scotia, Canada) and/or Western blot
confirmation of at least two of the following HIV proteins: p24, gp41, and
gp120. Clinical disease severity was categorized based on the CDC
classification system. Among PWH, plasma HIV RNA was measured using
reverse transcriptase-polymerase chain reaction (Amplicor, Roche
Diagnostics, Indianapolis, IN) and deemed undetectable at a lower limit of
quantitation (LLQ) of 50 copies/ml. Hepatitis C virus (HCV) serostatus was
diagnosed by standard clinical antibody detection.

2.5. Biomarker Assays

CSF was assayed for DA and HVA using high-performance liquid
chromatography (HPLC), as described in detail by Kumar et al. (Kumar et al.,
2009). The reliability of HPLC for quantifying DA and HVA concentrations in

CSF was reported by Kumar et al.; intra-assay coefficient of variance (% CV)



was 5.4% and 10.9% for DA and HVA, respectively, and the interassay % CV
was 7.1% and 11.5% for DA and HVA, respectively. DA levels were expressed
as pg/ml and HVA levels were expressed as ng/ml. HVA/DA z-score ratios
were calculated as a proxy for the conversion of DA into HVA, with higher
ratios suggesting higher turnover of DA. A subset of participants (90 HIV+
and 66 HIV-) had additional CSF available for assays of neuroinflammation,
which were conducted using commercially available immunoassays and run
according to the manufacturers’ protocol. Soluble cluster of differentiation 14
(sCD14) was measured using a quantitative sandwich enzyme immunoassay
(Quantikine; R&D Systems, Minneapolis, MN). Monocyte chemotactic protein
(MCP-1) and interferon-inducible protein (IP-10) were measured by a
multiplex bead array (EMD Millipore, Billerica, MA). Neopterin was measured
by ELISA (BRAHMS Diagnostics, Hennigsdorf, Germany). CSF specimens were
assayed in duplicate and measurements with coefficients of variation greater
than 20% were subsequently repeated to improve precision. All biomarker
values were log-transformed and converted into z-scores to reduce skewness
and facilitate interpretation. A composite neuroinflammatory z-score was
calculated by taking the average of the four individual neuroinflammatory z-
scores.
2.6. Statistical Analysis

HIV serostatus differences on demographic, psychiatric, substance use,

neuromedical, and biomarker variables were examined using analysis of

variance (ANOVA), Wilcoxon/Kruskal-Wallis tests, and Chi-square statistics as



appropriate. Next, Pearson’s r correlations, stratified by HIV serostatus,
examined whether the composite neuroinflammation score correlated with
dopaminergic biomarkers and BDI-Il scores. Follow-up correlations were
conducted to determine which individual neuroinflammatory biomarkers
were driving composite neuroinflammation correlations with dopaminergic
biomarkers and BDI-Il scorees. To account for multiple comparisons, we set
the FDR to 5% in the post-hoc correlational analyses involving individual
neuroinflammatory biomarkers (Benjamini and Hochberg, 1995).

For the primary study aim to determine the relationship between CSF
dopaminergic biomarker levels and depressive symptoms, and whether this
relationship differed by HIV serostatus, multivariable linear regression
modelled BDI-Il scores as a function of HIV serostatus, DA z-scores, and their
interaction. The same procedure was employed to examine the interaction of
HIV and HVA z-scores, as well as HVA/DA z-score ratios, on BDI-Il scores. The
Johnson-Neyman (J-N) technique (Johnson and Neyman, 1936; Preacher et
al., 2006) was conducted to probe significant interaction effects by
identifying specific boundaries of dopaminergic biomarker z-scores at which
HIV serostatus groups significantly differed in BDI-Il scores. These boundaries
are referred to as regions of significance. Region of significance analyses
limited the false discovery rate (FDR) to 5% and were computed using the
‘interactions’ package in R statistical software (version 3.6.3, R Foundation
for Statistical Computing, Vienna, Austria). Exploratory analyses examined

correlations between dopaminergic biomarkers and individual BDI-Il domains
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(i.e., cognitive, affective, and somatic) in order to determine the sensitivity of
dopaminergic biomarkers to specific patterns of depressive symptoms.

To examine if the interactive effects of HIV and dopaminergic
biomarkers on depressive symptoms were attenuated by covariates,
backward model selection guided by Akaike information criteria (AIC) was
applied such that final models considered background variables from Table 1
that differed by HIV serostatus at p-value < 0.10 (i.e., education, lifetime
history of MDD, antidepressant use, lifetime opioid use disorder, body mass
index, and hyperlipidemia). AIC models also accounted for a history of METH
use disorder (none vs. lifetime only vs. current) given its high prevalence in
our HIV+ and HIV- samples and potential to impact DA biomarkers and
depressive symptoms. Time of lumbar puncture was also considered as a
covariate given the potential influence of circadian fluctuations in DA
biomarkers.

Last, a series of secondary analyses were conducted to probe the
influence of cofactors, including HIV disease characteristics, antidepressants,
stimulant use, and neurocognition. This included sensitivity analyses to
determine the robustness of significant associations in clinically-relevant
subgroups (e.q., individuals with undetectable plasma HIV RNA, individuals
not taking antidepressants) as well as correlational analyses between
cofactors and dopaminergic biomarker z-scores. All statistical analyses were
conducted in R.

3. Results
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3.1. Participant Characteristics

The full study sample was 66% non-Hispanic White and 90% male with
a mean age of 41.4 years (range: 19-65) and mean education of 12.8 years.
Participant characteristics by HIV serostatus are presented in Table 1.
Groups were comparable with respect to age, sex and race/ethnicity,
however HIV+ participants had significantly more years of education than
HIV- participants. Both groups had relatively high but comparable rates of
lifetime substance use disorders, with the exception of significantly higher
rates of lifetime opioid use disorder in HIV- compared to HIV+. The
proportion of participants meeting diagnostic criteria for MDD in the last 30
days did not significantly differ between groups (HIV-: 8%; HIV+: 11%);
however, HIV+ participants reported more extensive depressive
symptomatology, as indicated by higher median BDI-Il scores (HIV-: 6; HIV+:
11) and higher rates of lifetime MDD (HIV-: 38%; HIV+: 55%) and
antidepressant use (HIV-: 22%; HIV+: 47%). With respect to the BDI-II, HIV+
participants reported significantly higher levels of affective (p=.011) and
somatic symptoms (p<.001) than HIV- participants, but not cognitive
symptoms (p=.115). The HIV+ group exhibited evidence of ART-induced
immune recovery, as indicated by higher current CD4 counts (median=471
cells/mm?3) compared to nadir CD4 counts (median= 224 cells/mm?3) and
active ART use (71%). Notably, almost half of the HIV+ sample had
detectable HIV virus in plasma (49%).

Table 1. Study sample characteristics by HIV serostatus
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HIV-
(n=102)

HIV+
(n=123)

p
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Demographics
Age (years), mean (SD)

Sex (male), n (%)
Education (years), mean (SD)
Race/ethnicity

Non-Hispanic White, n (%)
Black, n (%)
Hispanic, n (%)
Asian, n (%)
Other, n (%)
Psychiatric
Lifetime Major Depressive Disorder, n
(%)
Current Major Depressive Disorder, n
(%)?
Beck Depression Inventory-Il, median
[IQR]
Cognitive, median [IQR]

Affective, median [IQR]
Somatic, median [IQR]
On antidepressant, n (%)

SSRI, n (%)

SNRI, n (%)

TCA, n (%)

Bupropion, (n%)

Mirtazapine, (n%)

Trazodone, (n%)
Substance Use

Lifetime Use Disorder
Alcohol, n (%)

14

42.1 (9.55)
89 (87.3%)

12.4 (2.34)

65 (63.7%)
16 (15.7%)

16 (15.7%)
2 (2.0%)
3 (2.9%)

39 (38.2%)
8 (7.8%)
6 [2, 15]
31[1,7]
2 [0, 3]
6 [3, 9]

22 (21.6%)

13 (12.7%)
1 (1.0%)
0 (0.0%)
7 (6.9%)
2 (2.0%)

3 (2.9%)

64 (62.7%)

40.9 (8.10)
114 (92.7%)

13.1 (1.81)

84 (68.3%)

14 (11.4%)

19 (15.5%)
3(2.4%)
3 (2.4%)

67 (54.5%)
13 (10.6%)
11 [5.5,
19.5]

2 [0, 6]
1[0, 3]

3 [1, 6]
58 (47.2%)
28 (22.8%)
6 (4.9%)
10 (8.1%)
11 (10.8%)
6 (5.9%)

18 (17.6%)

85 (69.1%)



Cannabis, n (%)

Cocaine, n (%)
Methamphetamine, n (%)
Opioid, n (%)

Current Use Disorder?
Alcohol, n (%)

Cannabis, n (%)
Methamphetamine, n (%)

Tobacco
Lifetime tobacco use, n (%)

Current tobacco use, n (%)

Medical Comorbidities
Hepatitis C, n (%)

Body mass index, mean (SD)
Diabetes, n (%)
Hypertension, n (%)
Hyperlipidemia, n (%)

HIV Disease Characteristics
AIDS diagnosis, n (%)
CDC Stage
A, n (%)
B, n (%)
C, n (%)
Estimated years of infection, median

[IQR]
Nadir CD4 count, median [IQR]

Current CD4 count, median [IQR]

On ART, n (%)

15

52 (51.0%)
34 (33.3%)
62 (60.8%)

18 (17.6%)

2 (2.0%)
2 (2.0%)

6 (5.9%)

86 (84.3%)

39 (38.2%)

34 (33.3%)
27.8 (4.60)
7 (6.9%)
13 (12.7%)

5 (4.9%)

53 (43.1%)
42 (34.1%)
84 (68.3%)

8 (6.5%)

2 (1.6%)
2 (1.6%)

10 (8.1%)

96 (78.0%)

53 (43.1%)

36 (29.3%)
25.6 (5.79)
7 (5.7%)
23 (18.9%)

19 (15.6%)
60 (48.8%)

53 (43.8%)
34 (28.1%)
34 (28.1%)

712, 12]
224 [75,
367]
471 [337,
626]

87 (70.7%)

0.60
<0.0
01
0.73
0.21

0.00



Detectable plasma HIV RNA, n (%) 59 (49.2%)

Note. ART = antiretroviral therapy; SSRI = selective serotonin reuptake
inhibitor; SNRI = serotonin-norepinephrine reuptake inhibitor; TCA = tricyclic
antidepressant.
aCurrent indicates meeting diagnostic criteria within the last 30 days.
3.2. HIV Serostatus Differences in Dopaminergic and
Neuroinflammatory Biomarkers
CSF DA values ranged from 0.2 to 285.2 pg/mL (median=30.2,
interquartile range [IQR]=6.3-59.6) and CSF HVA values ranged from 0.5 to
305.9 ng/mL (median=10.4, interquartile range [IQR]=4.4-26.9). The
distributions of raw and log-transformed z-scores for DA and HVA by HIV
serostatus group are presented in Figure 1A-D. DA and HVA z-scores
exhibited a positive, medium-sized correlation in the full study sample
(r=.41, p<.001) and within serostatus groups (HIV-: r=.39, p<.001; HIV+:
r=.42, p<.001; Figure 1E).

Fig. 1.
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Caption: Panels A-D: Raw concentrations (pg/ml) and log-transformed z-
scores for CSF dopamine and homovanillic acid by HIV serostatus. Log-
transformed z-scores substantially reduced the skewness of biomarker
distributions and were accordingly used for parametric analyses. Panel E:
Dopamine and homovanillic acid z-scores were positively correlated in both
HIV- (r=.39, p<.001) and HIV+ groups (r=.42, p<.001).

Table 2 reports serostatus group differences in CSF dopaminergic and
CSF inflammatory biomarkers. Compared to HIV-, HIV+ individuals displayed
comparable DA z-scores (d=0.03, p=.803), HVA z-scores (d=0.11, p=.408),
and HVA/DA z-score ratios (d=0.06, p=.658). HIV+ exhibited significantly

higher composite neuroinflammation z-scores than HIV- (d=1.02, p<.001).

With respect to specific neuroinflammatory biomarkers, HIV+ displayed

significantly higher levels of IP-10 (d=1.41, p<.001), neopterin (d=0.53,

p=.001), and sCD14 (d=0.55, p<.001), and trended toward higher levels of

MCP-1 (d=0.28, p=.081).

Table 2. CSF biomarkers by HIV serostatus

CSF Biomarker HIV- HIV+ p d
Dopaminergic
Dopamine (pg/mL) 0.80 0.0
29.2 [7.3, 55.0] 33.6 [6.2, 66.3] 3 3
Homovanillic Acid 0.40 0.1
(ng/mL) 9.0 [3.6, 25.6] 10.9 [4.4, 27.0] 8 1
Neuroinflammatory?
<.00 1.0
Composite z-score -0.4 (0.07) 0.3 (0.06) 1 2
<.00 1.4
IP-10 (pg/mL) 182.6 [127.3, 291.3] 431.8 [305.2, 683.2] 1 1
0.08 0.2
MCP-1 (pg/mL) 483 [345.1, 652.6] 513.7 [413.7, 761.8] 1 8

18



0.00 0.5

Neopterin (nmol/L) 6.1[4.6, 8.3] 8.9[5.9, 13.4] 1 3
68486 [47948, 94564 [61830, <.00 0.5
Soluble CD14 (pg/mL) 103220] 121224] 1 5

Note. Values presented as median [IQR] or mean (SD). Biomarker values
were log-transformed and standardized for statistical testing and Cohen’s d
estimates.

2Neuroinflammatory data available for a subset of participants (90 HIV+ and

66 HIV-).
3.3. Depression and Dopaminergic Biomarker Correlations with
Neuroinflammation

In the HIV+ group, lower HVA z-scores significantly correlated with
higher composite neuroinflammation z-scores (r=-.26, p=.013; Figure 2A).
Follow-up correlational analyses indicated significant associations between
lower HVA z-scores and higher IP-10 (r=-.24, p=.022; Figure 2B) and MCP-1
z-scores (r=-.46, p<.001; Figure 2C), which remained significant after FDR
correction (IP-10: p=.044; MCP-1: p<.001). HVA z-scores did not significantly
correlate with composite neuroinflammation z-scores in the HIV- group
(r=.01, p=.940). Similarly, correlations between DA z-scores and composite
neuroinflammation z-scores did not reach statistical significance in HIV+
(r=.16, p=.133) or HIV- individuals (r=.06, p=.637).

Fig. 2.
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composite neuroinflammation z-scores only in people with HIV (panel A).
Adjusting for multiple comparisons, significant correlations were also
detected between lower homovanillic acid and higher IP-10 (panel B) and
MCP-1 values (panel C).

In the HIV+ group, higher BDI-II scores trended toward higher composite
neuroinflammation z-scores (r=.18, p=.096). Follow-up correlational
analyses indicated a significant association between higher BDI-Il scores and
higher IP-10 z-scores (r=.22, p=.034), however this association did not reach
statistical significance after FDR correction (p=.136). BDI-Il scores did not
significantly correlate with composite neuroinflammation z-scores in the HIV-
group (r=-.11, p=.364).

3.4. Interactive Effects of HIV and Dopaminergic Biomarkers on

Depression

Table 3 presents estimates for the multivariable linear regressions
examining BDI-Il scores as a function of HIV serostatus, dopaminergic
biomarkers, and their interaction. Results indicated a significant interaction

such that the effect of HVA on BDI-Il scores significantly differed between
20



HIV+ and HIV- groups (b=-3.68 p=.012). Specifically, lower HVA z-scores
significantly related to greater BDI-Il scores in HIV+ (b=-2.14, r=-.19,
p=.034), yet did not significantly relate to BDI-Il scores in HIV- (b=1.55,
r=.14, p=.146). A significant interaction effect was also detected between
HIV and DA on BDI-Il scores (b=-3.15, p=.033). Notably, the effect of DA on
BDI-Il scores was not statistically significant in either group, yet lower DA z-
scores related to greater depressive symptoms in HIV+ (b=-1.53, r=-.14,
p=.127) and fewer depressive symptoms in HIV- (b=1.61, r=.15, p=.134).
HVA/DA ratios did not moderate the effect of HIV on BDI-Il scores (p=.982)
and did not relate to BDI-Il scores in either group (HIV-: b=0.19, r=.03,
p=.789; HIV+: b=0.16, r=.02, p=.809). In order to identify the specific
range of DA and HVA z-scores at which HIV serostatus groups significantly
differed on BDI-II scores, we applied the J-N technique. HIV was associated
with significantly higher BDI-Il scores only at the lower half of the range of
DA (region of significance: z= -2.98 to 0.11; Figure 3A) and HVA z-scores
(region of significance: z= -2.51 to 0.06; Figure 3B), whereas HIV serostatus
did not significantly predict BDI-Il scores outside the region of significance for
DA (z>0.11) and HVA (z>0.06).

Fig. 3.
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Caption: CSF dopamine (panel A) and homovanillic acid (panel B) levels
significantly moderate the association between HIV and depressive
symptoms. Region of significance analyses estimate that HIV+ individuals
have significantly higher depressive symptoms than HIV- individuals only
when concentrations of dopamine and homovanillic acid fall within the lower
half of their respective distributions (dopamine z < 0.11; homovanillic acid z
< 0.06).
3.5 Dopaminergic Biomarkers and Domains of Depression

In the HIV+ group, correlational analyses between dopaminergic
biomarkers and individual BDI-Il domains revealed significant associations
between higher cognitive symptoms of depression and lower HVA (r=-.22,
p=.016) and DA (r=-.20, p=.025) z-scores. Correlations with affective and
somatic symptoms did not reach statistical significance for either HVA
(affective: r=-.14, p=.118; somatic: r=-.15, p=.102) or DA z-scores
(affective: r=-.07, p=.428; somatic: r=-.15, p=.101) in the HIV+ group.
Dopaminergic biomarkers did not correlate with any BDI-Il domains in the
HIV- group (ps>.10).
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3.6 AlC-guided Models with Covariates

Additional AlC-guided models that employed backward selection of
covariates were conducted to determine whether the interactive effects of
HIV and dopaminergic biomarkers on total BDI-Il scores were attenuated by
clinical and demographic factors (see Table 3). In these covariate-adjusted
models, both the HIV x DA and HIV x HVA interactions remained significantly
associated with BDI-II scores. With respect to covariates, a lifetime diagnosis
of MDD, current antidepressant use, and a history of both current and
lifetime METH use disorder significantly related to higher BDI-Il scores. Fewer
years of education exhibited a trend-level association with higher BDI-II
(p=.055), but was retained in the models because its inclusion improved
overall model fit (based on AIC criteria) compared to competing models.
Table 3. CSF DA and HVA moderate the effect of HIV on depressive

symptoms, independent of psychosocial risk factors.

DA Model Unadjusted Model AlC-adjusted Model
Predictor beta (SE) 95% CI p beta (SE) 95% ClI p
HIV 3.5 (1.47) 0.61, 0.01 -1.03, 0.21
6.39 8 | 1.80(1.43) 4.62 2
DA 1.61 -0.50, 0.13 -0.52, 0.14
(1.07) 3.72 4 | 1.45(1.00) 3.42 9
HIV x DA -3.15 -6.03,- 0.03 -2.79 -5.52, - 0.04
(1.47) 0.26 3 (1.39) 0.05 6
Lifetime MDD - - - -0.06, 0.05
2.79 (1.45) 5.64 5
Antidepressant - - - 0.00
use 4.42 (1.52) 1.41, 7.42 4
Education - - - -0.65 -1.31, 0.05
(years) (0.34) 0.01 5
METH use
disorder
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Current (vs. - - - 11.45 5.95, <0.0
none) (2.79) 16.94 01
Lifetime (vs. - - - 0.00
none) 4.24 (1.51) 1.26, 7.22 6
HVA Model Unadjusted Model AlC-adjusted Model
Predictor beta (SE) 95% CI p beta (SE) 95% CI p
HIV 3.52 0.64, 6.4 0.01 -1.01, 0.20
(1.46) 7 1.8 (1.43) 4.62 9
HVA 1.55 -0.54, 0.14 -0.76, 0.23
(1.06) 3.64 6 1.19 (0.99) 3.14 2
HIV x HVA -3.68 -6.56, - 0.01 -3.20 -5.88, - 0.01
(1.46) 0.81 2 (1.36) 0.53 9
Lifetime MDD - - - 0.04
2.93 (1.44) 0.09,5.76 3
Antidepressant - - - 0.00
use 4.33(1.52) 1.33,7.32 5
Education -0.64 -1.30, 0.05
(years) (0.33) 0.02 5
METH use
disorder
Current (vs. - - - 5.74, <0.0
none) 11.2 (2.77) 16.66 01
Lifetime (vs. - - - 0.00
none) 4.62 (1.48) 1.71, 7.54 2

Note. AIC = Akaike information criteria; Cl = confidence interval; DA =

dopamine; HVA = homovanillic acid; MDD = Major Depressive Disorder;

METH = methamphetamine; SE = standard error.

3.7 Secondary Analyses

3.7.1 HIV Disease Severity

A series of secondary analyses were conducted within the HIV+ group

in order to explore the influence of HIV disease characteristics (see Table 1

for a list of HIV-specific variables) on study findings. With respect to CDC

staging, individuals in stage C trended toward lower DA z-scores (d=-0.42,

p=.056) and exhibited significantly higher HVA/DA ratios (d=0.48, p=.030)
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compared to individuals in stage A. Similarly, lower nadir CD4 counts
significantly related to higher HVA/DA ratios (Spearman’s rho=-.19,
p=.038) and individuals with a history of AIDS trended toward higher
HVA/DA ratios than those without AIDS (d=0.34, p=.060). There were no
significant associations between HIV disease characteristics and HVA z-
scores and the negative association between HVA and BDI-II scores
remained statistically significant (b=-2.71, r=-.26, p=.040) in a sensitivity
analysis restricted to HIV+ individuals with undetectable viral load (n=59).
3.7.2 Antidepressant Use
Given that antidepressant use was more prevalent in HIV+ individuals
and significantly related to higher BDI-Il scores, we examined whether
individual classes of antidepressants impacted dopaminergic biomarker z-
scores and the interactive effects of HIV and dopaminergic biomarkers on
BDI-Il scores. DA, HVA, and HVA/DA z-scores did not significantly differ by
individuals on any antidepressant compared to non-users, nor did z-scores
differ based on specific antidepressant classes compared to non-users. When
treating specific antidepressant classes as individual covariates in AlC-guided
regression analyses, the interactions between HIV status and dopaminergic
biomarkers on BDI-Il scores remained significant (DA model: p=.042; HVA
model: p=.020). In these models, use of SNRIs significantly related to higher
BDI-Il scores (DA model: b=-14.01, p<.001; HVA model: b=-13.19, p=.001).
Mirtazapine (DA model: b=-5.25, p=.160; HVA model: b=-5.22, p=.158) and

trazodone (DA model: b=3.42, p=.152; HVA model: b=-3.26, p=.171 did not

25



exhibit a significant relationship with BDI-Il scores but were also retained as
covariates in these models based on the AIC metric. Last, we conducted a
sensitivity analysis restricted to individuals not on antidepressants (HIV-:
n=80; HIV+: n=65). Although the interactions between HIV and
dopaminergic biomarkers also no longer reached statistical significance in
this smaller subsample, both interaction terms were still retained in models
based on the AIC metric (DA model: p=.128; HVA model: p=.076).

3.7.3 Stimulant Use

Given the potential for long-term stimulant use to alter dopaminergic
function and that 70% of the full sample met criteria for a lifetime use
disorder of methamphetamine or cocaine (HIV-: 68.6%; HIV+: 71.3%), we
examined whether dopaminergic biomarkers differed between individuals
with a lifetime stimulant use disorder (STIM+) and those without (STIM-). In
the full study sample, dopaminergic biomarkers did not significantly differ
between STIM- and STIM+ individuals (DA: p=.895; HVA: p=.363; HVA/DA:
p=.532). However, an antagonist interaction effect between HIV serostatus
and STIM status was observed (p=.003) such that STIM+ individuals had
significantly lower DA z-scores in the HIV+ group (d=-0.40, p=.046), yet
STIM+ individuals had significantly higher DA levels in the HIV- group
(d=0.48, p=.026). STIM status did not significantly relate to HVA or HVA/DA
z-scores in either HIV serostatus group.

3.7.4 Neurocognition
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Given that neurocognitive symptoms are common in depression and
prior studies have shown low DA and HVA levels in patients with HIV-
associated neurocognitive disorders, we conducted correlational analyses
between dopaminergic biomarkers and global and domain-specific
neurocognitive deficit scores. With respect to the dichotomous global
neurocognitive impairment classification, 37.7% of the HIV+ group and
28.3% of the HIV- group exhibited global neurocognitive impairment. With
respect to the continuous deficit scores, HIV+ individuals exhibited
significantly higher (worse) global (d=0.28, p=.038) and verbal fluency
deficit scores (d=0.39, p=.004), and trended toward higher executive
function deficit scores (d=0.25, p=.071). In the HIV+ group, lower HVA z-
scores significantly correlated with higher (worse) global (r=.19, p=.032),
learning (r=.18, p=.042), and working memory (r=.27, p=.003) deficit
scores, and also trended toward higher recall deficit scores (r=.16, p=.073).
Neither DA nor HVA/DA z-scores correlated with deficit scores in HIV+.
Similarly, dopaminergic biomarkers did not significantly correlate with deficit
scores in the HIV- group.

4 Discussion

The clinical presentation of depression can greatly vary across
individuals and there is similar heterogeneity in the pathophysiological
mechanisms underlying depression (Sibille and French, 2013). Dopaminergic
dysfunction is implicated in the pathogenesis of depression in HIV, yet this is

understudied at the clinical level (Del Guerra et al., 2013). In the present
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study, depressive symptoms were expectedly greater in PWH than HIV-
counterparts. This HIV-related difference in depression was moderated by
central dopaminergic function, as indexed by concentrations of DA and HVA
in CSF. Specifically, PWH exhibited greater depressive symptoms than HIV-
individuals only at the lower half of the total range of DA and HVA
concentrations. In PWH only, lower HVA significantly related to higher levels
of depression as well as higher levels of neuroinflammation, a hallmark
feature of HIV-associated CNS dysfunction. The high levels of depression
observed in PWH with low dopaminergic tone persisted after accounting for
several psychosocial risk factors for depression, as well as for antidepressant
medication use, and lower HVA remained associated with higher depressive
symptoms in well-treated, virally suppressed PWH. Taken together, these
findings suggest that low central dopaminergic tone may be a
pathophysiological signature of depression in PWH, particularly in the
context of neuroinflammation.

Our interaction analyses demonstrated a significantly stronger
relationship between lower CSF dopaminergic biomarkers, especially HVA,
and higher depressive symptoms in PWH than HIV- individuals. Contrary to
expectations, depressive symptoms did not vary as a function of
dopaminergic biomarkers in HIV- individuals. In a recent meta-analysis of
HIV- samples, CSF HVA was significantly decreased in patients with
depression compared to controls (Hedges's g = —0.30), and this effect

appeared to be strongest in men (Ogawa et al., 2018). In contrast to the
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studies included in this meta-analysis, the present investigation modelled
depression as a continuous range of current symptom severity and included
individuals with comorbid disorders (e.g., substance use). Nevertheless, low
CSF HVA is the most consistently observed CSF catecholaminergic finding in
patients with depression (Hori and Kunugi, 2013) and low CSF dopamine
biomarkers in other populations such as patients with or at-risk for
Parkinson’s disease correlate with clinically-relevant outcomes, including
greater severity of depressive symptoms, motor impairment, and future
development of disease (Goldstein et al., 2018; Lian et al., 2019; Stefani et
al., 2017).

Examination of individual BDI-lIl domain scores revealed significantly
higher affective and somatic, but not cognitive, symptoms of depression in
PWH than HIV-. However, CSF HVA and DA were most strongly correlated
with cognitive symptoms in PWH. Although the magnitude of these
associations between lower dopaminergic biomarkers and greater cognitive
symptoms of depression were modest, this finding demonstrates a direct link
between the dopaminergic system and depression in PWH that is unlikely to
be influenced by HIV-related medical symptoms, which are more similar to
the somatic and affective features of depression. In the BDI-Il factor analysis
reported by Hobkirk et al. (2015), from which the current study derived
domains of depression, the symptom of anhedonia loaded onto the affective
domain while the symptoms of fatigue and poor concentration loaded onto

the somatic domain (Hobkirk et al., 2015). Given that anhedonia and
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psychomotor slowing are thought to emerge under conditions of
dopaminergic deficiency and neuroinflammation (Belujon and Grace, 2017;
Felger, 2017), future studies should aim to comprehenisvely isolate these
specific symptoms independent of broader depressive domains and examine
them in relation to DA biomarkers in PWH. We also did not observe a
significant association between CSF dopaminergic biomarkers and
neurocognitive deficits in speed of information processing and motor speed,
which have previously been identified as neurocognitive domains sensitive to
the transient effects of depression in PWH (Paolillo et al., 2020). However, we
did observe an association in the HIV+ group between lower CSF HVA and
poorer global neurocognition with specific deficits in working memory and
learning, which have previously been linked to lower subcortical DA and HVA
levels in PWH (Kumar et al., 2011).

We did not observe HIV group differences in CSF DA or HVA levels,
however we did observe significant or trend-level associations between
markers of greater HIV disease severity (i.e., CDC stage, nadir CD4, AIDS
diagnosis) and lower DA and higher HVA/DA ratios. Compared to HIV-
controls, some studies have reported lower CSF HVA and DA in PWH (Berger
et al., 1994; Larsson et al., 1991), and within those cohorts the strongest
reductions in dopaminergic levels occurred in PWH at later stages of disease
progression and neurobehavioral dysfunction. In an analysis of post-mortem
human brains, Kumar et al. (2009) observed significantly lower

concentrations of DA in the caudate nucleus, putamen, globus pallidus, and
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substantia nigra of PWH compared to controls (Kumar et al., 2009). Although
this neuropathological analysis importantly corroborated prior observations
in CSF, the high lability of DA renders it vulnerable to decay unless brain
tissue is preserved in anoxic conditions and post-mortem analyses may
therefore provide an underestimation of overall DA concentrations. In
contrast to advanced stages of HIV disease, increased DA and lower HVA/DA
ratios have also been found in CSF of humans and macaques at earlier
stages of HIV infection (Horn et al., 2013; Koutsilieri et al., 2001; Scheller et
al., 2010). The mechanism underlying this hyperdopaminergic state in early
disease remains unclear, although it may reflect alterations in the
metabolism of DA via the MAO and COMT enzymes, the latter of which is
implicated as a salient modulator of neurocognitive outcomes and CSF DA in
PWH (Bousman et al., 2010; Saloner et al., 2020; Saloner et al., 2019;
Sundermann et al., 2015). Regardless of mechanism, this early elevation in
synaptic DA may enhance auto-oxidation of DA and, over time, contribute to
neurotoxicity in dopaminergic circuitry and neurobehavioral deficits at later
stages of disease (Scheller et al., 2010).

In the present study, PWH exhibited higher levels of neuroinflammation
across multiple biomarkers and higher burden of neuroinflammation was in
turn correlated with lower HVA concentrations. With respect to specific
neuroinflammatory markers, MCP-1 and IP-10 exhibited significant
associations with HVA. MCP-1 is co-localized with dopaminergic neurons in

the substantia nigra in the rat brain (Banisadr et al., 2005) and higher levels
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of CSF MCP-1 have previously been associated with higher levels of
depression in Parkinson’s disease (Lindqvist et al., 2013) and higher
maghnetic resonance spectroscopy estimates of choline, a marker of
membrane turnover and inflammation, in the basal ganglia of PWH
(Anderson et al., 2015). CSF IP-10 levels have been shown to positively
correlate with depression severity in PWH (Rivera-Rivera et al., 2014) and
up-regulation of IP-10 is considered a central factor in the pro-inflammatory
state induced by HIV disease (Lei et al., 2019). Dopaminergic biomarkers did
not correlate with neuroinflammation in the HIV- group, suggesting that the
lower levels of neuroinflammation in HIV- individuals are insufficient to
observe an association between dopaminergic and neuroinflammatory
states.

Although some conflicting evidence has been published, the
preponderance of reports in humans support that inflammation
downregulates multiple aspects of dopaminergic neurotransmission,
including synthesis, packaging, and release of DA (Brydon et al., 2008;
Capuron et al., 2012; Felger and Miller, 2012; Felger and Treadway, 2017).
For example, inflammation-induced oxidative stress decreases the
bioavailability of tetrahydrobriopterin, an enzymatic cofactor critical in the
synthesis of DA, which in turn has been linked to lower CSF DA and HVA
(Felger et al., 2013; Neurauter et al., 2008). Inflammatory cytokines may
also increase the activity of DA transporter and decrease the activity of

vesicular monoamine transporter 2 (Gelman et al., 2006; Kazumori et al.,
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2004; Morén et al., 2003), resulting in greater reuptake of DA into
presynaptic terminals and impaired sequestration of presynaptic DA into
vesicles, thereby raising cytosolic DA concentrations to neurotoxic levels
(Felger, 2017). Relationships between DA and inflammation also appear to
be reciprocal, as DA can suppress peripheral and central immune activity.
Multiple low dose DA treatments in primary human macrophages (derived
from human bone marrow; (Yan et al., 2013), have been shown to control
inflammation through inhibition of the NLRP3 inflammasome, potentially
through D1 receptor signaling, and downregulates inflammatory responses in
the periphery in response to lipopolysaccharide (Yan et al., 2015), a
particularly important mechanism in HIV, as abnormal gut permeability
results in translocation of microbial products including LPS (Dillon et al.,
2016). DA has also been shown to confer anti-inflammatory benefits through
D2 receptor signaling in microglia and astrocytes (Dominguez-Meijide et al.,
2017; Shao et al., 2013; Vidal and Pacheco, 2020). In contrast, other data
suggest that DA treatments in primary human macrophages, delivered
acutely in concentrations that resemble CNS levels obtained during stimulant
use, may prime the NLRP3 pathway through activation of NF-kB signaling
(Nolan et al., 2020). Thus, the immunomodulatory effects of DA are at least
partially dependent upon the concentration and duration of DA exposure and
are also likely to vary based on the inflammatory disease model.
Pramipexole, a DA receptor agonist, has demonstrated efficacy in

treating depressive symptoms in patients with previously treatment-resistant
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depression as well as in patients with Parkinson’s disease (Barone et al.,
2010; Fawcett et al., 2016). Pramipexole has high affinity for D2-4 receptors
and negligible affinity for D1 and D5 receptors (Kvernmo et al., 2006).
Preclinical models demonstrate that pramipexole attenuates CNS
inflammation in mice with experimental autoimmune encephalitis
(Lieberknecht et al., 2017) and D2 and D3 receptors mediate anti-
inflammatory effects in the CNS (Du et al., 2018; Escalona and Fawcett,
2017; Xia et al., 2019). In an animal model, D3 receptor expression was
localized to astrocytes or microglia in the mesolimbic reward pathway,
including the medial prefrontal cortex, nucleus accumbens and ventral
tegmental area. (Wang et al., 2020). Moreover, the D3 receptor knockout
mice displayed depressive-like behavior (Wang et al., 2020). These
mechanisms are predicted to be important in HIV, since the HIV protein Tat
suppresses expression of DA receptors and the innate immune HIV target
cells express all the DA receptors (Basova et al., 2018; Gaskill et al., 2012).
Thus, PWH with treatment-resistant depression and high inflammation may
show a greater response to DA agonists than traditional antidepressants,
which often have stronger effects on serotonergic and noradrenergic
pathways.

The current investigation was not designed to formally evaluate the
influence of antidepressant use on associations between HIV, DA and
depression; however, it is noteworthy that the interactive effects of HIV and

dopaminergic biomarkers on BDI-Il scores remained significant after
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accounting for antidepressant use. The majority of antidepressants, including
those reported in the present study and those retained in regression
analyses, do not directly act on the dopaminergic system, which may help
explain why statistical adjustment for antidepressant use did not attenuate
our findings. Moreover, we did not detect any significant differences between
antidepressant use, regardless of class, and non-users on DA, HVA, and HVA/
DA ratios. However, given the small sample sizes for use of individual
antidepressant classes in our study, our results may not generalize to studies
that employ larger sample sizes with more comprehensive data on
antidepressant use (e.g., duration of use, dosage). A recent study found that
antidepressant use did not relate to CSF HVA levels among depressed
patients, whereas CSF serotonin and norepinephrine metabolite levels did
differ with antidepressant use (Yoon et al., 2017). The observation that
antidepressant use was also associated with higher BDI-Il scores is likely an
artifact of depressed individuals being more likely to be prescribed
antidepressants than those who are not depressed. The removal of these
depressed individuals in the sensitivity analysis subsample of non-users also
shifted the distribution of BDI-Il scores toward overall less severe levels of
depression, which inherently influenced our ability to detect statistically
significant interactions between HIV serostatus and dopaminergic
biomarkers on BDI-Il scores (although these interaction terms were still

retained based on the AIC metric).
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Our findings and their interpretation are important to consider in the
context of our sample, which consisted of individuals with a high prevalence
of lifetime stimulant use disorders. TMARC, the parent study from which
participants were recruited, was designed to study the combined CNS effects
of HIV and methamphetamine use, given the high prevalence of comorbid
substance use disorders in PWH (Soontornniyomkij et al., 2016). Thus, the
HIV- group in the present study had a comparable profile of substance use to
the PWH group. Depressive symptoms were substantially higher in
participants who currently met criteria for methamphetamine use disorder as
well as those with only a remote history of methamphetamine use disorder,
yet the interaction of HIV and DA biomarkers on depressive symptoms
remained significant after controlling for methamphetamine use and other
psychosocial factors. In secondary analyses that compared dopaminergic
biomarker levels between participants with a history of stimulant (i.e.,
methamphetamine or cocaine) use disorders and those without a history of
stimulant use disorders, we detected opposing effects of stimulant use on DA
z-scores conditional upon HIV serostatus. The observation that HIV+/STIM+
individuals had lower DA z-scores than HIV+/STIM- individuals is consistent
with the known hypodopaminergic effects of chronic stimulant use (Ashok et
al., 2017). Although we observed a hypodopaminergic effect of STIM use for
DA z-scores in PWH, we did not observe a similar effect for HVA z-scores,
which were more strongly associated with depressive symptoms than DA z-

scores. With respect to the HIV- group, we unexpectedly observed higher DA
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levels in STIM+ individuals compared to STIM- individuals. Although it is
unclear why the HIV-/STIM+ group exhibited higher DA levels, as this is
conflicting with the extant literature, the opposing effects of lifetime STIM
use disorders in HIV- and HIV+ individuals is consistent with the broad body
of literature suggesting that the presence of HIV disease confers novel
characteristics to the dopaminergic effects of STIM use (Gaskill et al., 2009;
Soontornniyomkij et al., 2016). The antagonistic pattern of STIM effects on
DA z-scores in the present cohort may be a result of biological effects of HIV
disease as well as unmeasured psychosocial factors that differentiate the
HIV- vs. HIV+ cohort.

An important limitation to our study is that the measurement of CSF
DA and HVA reflects central dopaminergic function in vivo, but it is not
directly reflective of brain parenchymal DA activity in any specific region.
There is significant debate and lack of clarity about the precise
mechanism(s) underlying depression, however our results support a role for
the dopaminergic system in depression, at least in the context of HIV-
associated inflammation. Of the four major dopaminergic pathways in the
brain (i.e., nigrostriatal, mesolimbic, mesocortical, tuberoinfundibular), the
mesolimbic and mesocortical pathways are particularly important in
depression. DA projects from the ventral tegmental area to key
neuroanatomical structures relevant to mood, including the nucleus
accumbens (NA.), anterior cingulate cortex (ACC), and prefrontal cortex

(Husain and Roiser, 2018). For example, depletion of DA in the NA. in rodents
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elicits an anhedonic phenotype (Salamone et al., 1994; Walton et al., 2006)
and neuroimaging studies demonstrate alleviation of depressive symptoms
following deep brain stimulation of the NA: or ACC (Heshmati and Russo,
2015). In the context of inflammation, higher c-reactive protein in patients
with MDD was associated with a decoupling of the ventral striatum and
ventromedial prefrontal cortex, which in turn related to increased anhedonia
(Felger et al., 2016).

Additional limitations to the present study are worth discussing. First,
our observational study design was cross-sectional and we therefore cannot
rule out the potential for reverse causality (i.e., depressive symptoms in PWH
contribute to dopaminergic deficits). We statistically controlled for a lifetime
history of MDD to mitigate this possibility, but a longitudinal design would
enhance our understanding of how changes in the dopaminergic system
converge with the trajectories of depressive symptomatology in HIV.
Although our data linking lower HVA levels to higher levels of
neuroinflammatory markers is consistent with prior research, only a subset
of the study sample had neuroinflammatory biomarker data for analysis.
Thus, we are limited in our ability to model more complex associations (e.g.,
mediation) between DA biomarkers, neuroinflammation, and depression.
Compared to more recent cohort studies, the rates of ART use and viral
suppression were lower in our sample of PWH. This in part may be due to
suboptimal ART adherence related to substance use as well as different

treatment guidelines (ie, start ART only for CD4 < 350) and lower

38



effectiveness of available ART during the study enrollment period. However,
the relationship between CSF HVA and BDI-II scores persisted in sensitivity
analyses restricted to individuals with undetectable HIV RNA, underscoring
the relevance of dopaminergic dysfunction to depressive symptoms even for
well-treated PWH. Consistent with the majority of neuroHIV research, our
sample was predominantly comprised of men and the majority of
participants were non-Hispanic White. Thus, it is critical that our study
methodology be replicated in larger samples that have better representation
of women and racial/ethnic minorities, who may also have distinct biological
and psychosocial vulnerabilities that influence the dopaminergic system and
depression.

Our data support preclinical models implicating dopaminergic
dysfunction in the pathogenesis of depression in the context of elevated
neuroinflammation, and are among the first to examine these relationships
in PWH. Given that HIV-related neuroinflammation has been proposed as a
catalyst for dopaminergic dysregulation in mesocortical pathways that
contribute to depressive symptoms, enhancement of dopaminergic tone may
be particularly effective in treating depression in PWH. Thus, future studies
should systematically evaluate the efficacy of dopaminergic and/or anti-
inflammatory treatments for PWH with depressive symptoms that are non-

responsive to traditional antidepressants.
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