1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Brain Behav Immun. Author manuscript; available in PMC 2020 November 01.

-, HHS Public Access
«

Published in final edited form as:
Brain Behav Immun. 2019 November ; 82: 239-252. d0i:10.1016/j.bbi.2019.08.191.

Dopamine increases HIV entry into macrophages by increasing
calcium release via an alternative signaling pathway

E.A. Nickoloffl, P. Mackie?, K. Runnerl, S.M. Matt!, H. Khoshbouei2:3, P.J. Gaskilll

1-Department of Pharmacology and Physiology, Drexel University College of Medicine,
Philadelphia, PA, 19102

2-Department of Neuroscience, University of Florida, Gainesville, FL, 32611

3-Department of Psychiatry, University of Florida, Gainesville, FL, 32611

Abstract

Dopaminergic dysfunction has long been connected to the development of HIV infection in the
CNS. Our previous data showed that dopamine increases HIV infection in human macrophages by
increasing the susceptibility of primary human macrophages to HIV entry through stimulation of
both D1-like and D2-like receptors. These data suggest that, in macrophages, both dopamine
receptor subtypes may act through a common signaling mechanism. To define better the
mechanism(s) underlying this effect, this study examines the specific signaling processes activated
by dopamine in primary human monocyte-derived macrophages (hMDM). In addition to
confirming that the increase in entry is unique to dopamine, these studies show that dopamine
increases HIV entry through a PKA insensitive, Ca2* dependent pathway. Further examination
demonstrated that dopamine can signal through a previously defined, non-canonical pathway in
human macrophages. This pathway involves both Ca2* release and PKC phosphorylation, and
these data show that dopamine mediates both of these effects and that both were partially inhibited
by the Gg/11 specific inhibitor YM-254890. Studies have shown that Gg11 preferentially couples to
the D1-like receptor D5, indicating an important role of the D1-like receptors in mediating these
effects. These data indicate a role for Ca2* flux in the HIV entry process, and suggest a distinct
signaling mechanism mediating some of the effects of dopamine in macrophages. Together, the
data indicate that targeting this alternative dopamine signaling pathway might provide new
therapeutic options for individuals with elevated CNS dopamine suffering from NeuroHIV.
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1. Introduction

In addition to its role in cognition, reward and motor control, dopamine has significant
immunomodulatory properties (1-3). Dopamine receptors are present on many types of
immune cells, including macrophages, T-lymphocytes and neutrophils (4), and have been
shown to regulate an array of different immune functions (1, 2, 5), in both the CNS and the
periphery (6). Dopamine has also been shown to have a significant effect on the etiology of a
number of neurologic diseases, including HIV-associated neuropathologies (7, 8).
Dopaminergic dysfunction, elevated pathology, infection and atrophy in dopaminergic brain
regions and aberrant dopamine metabolism have been observed in infected individuals since
early in the epidemic (8-18). While the regional pathology associated with NeuroHIV has
shifted in the CART era, with less overt neuronal death and damage (19, 20), there is still
significant dopaminergic involvement, with increased neuropathology and inflammation in
dopaminergic regions, as well as disruption in cognitive processes initiated in those areas
(19, 21-33).

Despite these studies, the precise relationship between dopamine and HIV
neuropathogenesis remains unclear. The primary targets for HIV in the CNS are myeloid
lineage cells such as macrophages and microglia (34-38). These cells are central to the
development of HIV-associated neuropathology, as infected cells release virus, inflammatory
mediators and neurotoxic viral proteins, spreading infection and inducing chronic
neuroinflammation and subsequent neuropathology (19). Our previous data demonstrate that
dopamine increases HIV infection in primary human monocyte derived macrophages
(hMDM) (39), by increasing the susceptibility of the target cells to HIV entry (40). These
data correlate with studies showing elevated HIV mRNA (16, 17) and greater
neuropathology in dopaminergic brain regions such as the basal ganglia and substantia nigra
(SbN) (9, 41). This suggests that the impact of dopamine signaling on macrophages could
contribute significantly to the development and exacerbation of NeuroHIV.

Dopamine acts primarily through activation of its cognate G-protein coupled receptors, the
dopamine receptors. The 5 dopamine receptors are divided into 2 subgroups; the D1-like
receptors (D1 and D5) and the D2-receptors (D2, D3, D4). The D1-like receptors mainly
couple to G4 and increase intracellular cyclic AMP (cAMP), while the D2-like receptors
primarily couple G, inhibiting cCAMP production (42-44). We have previously
demonstrated that the dopamine-mediated increase in HIV entry could be induced by
activation of either D1-like or D2-like receptors (40). Although D1-like receptors and D2-
like receptors conventionally have opposing effects, the involvement of both dopamine
receptor sub-types in increasing HIV entry suggests a common, non-canonical activation
(42, 44-46). Interestingly, dopamine has also been shown to signal via an alternative
mechanism involving Gg/11 or Gg,, activation of PLC, followed by activation of 1P3 and
diacylglycerol, release of intracellular Ca2* from the endoplasmic reticulum, and increased
activation of PKC (44, 47-54). Rodent studies have shown these signaling cascades can be
mediated by the activation of either D5 coupling to Gg/11 (50, 55), or by D2 acting through
Gpy (49, 54). Increases in Ca?* have previously been associated with the HIV entry process,
and several studies have demonstrated that binding of the viral Env protein gp120 to the
CCRS coreceptor initiates a similar series of signaling events mediated by Gg/11 (56-58).
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This suggests that activation of this alternate signaling pathway could be one mechanism by
which dopamine increases HIV entry into macrophages. However, the connection of this
pathway to HIV entry, and the presence and activity of this signaling cascade in
macrophages is unclear.

Within the CNS, the cells targeted by HIV are exposed to variable levels of dopamine. In
dopaminergic regions of the CNS such as the striatum and SbN, the amount of dopamine to
which macrophages can be exposed depends on the stimulus initiating dopamine release
(59-61). Further, because dopamine signaling is mediated by volume transmission (59, 62),
stimuli that increase dopamine concentrations will increase the brain volume and
consequently the number of cells exposed to dopamine (62, 63). To effectively model the
range of dopamine concentrations to which CNS macrophages could be exposed under both
homeostatic conditions and in response to the use of drugs and therapeutics, this study uses a
range of dopamine concentrations (10~6M to 10-M). While the precise dopamine
concentrations in the human CNS remain undetermined, estimates place tonic concentrations
in the low nanomolar range (6, 60). However, drug abuse and the use of dopaminergic
therapeutics, can increase dopamine concentrations in the brains of primates to the low
micromolar range (60, 64, 65), and potentially increase the area of the brain and number of
cells exposed to dopamine. In addition, macrophages in peripheral tissues can also be
exposed to high levels of dopamine, potentially impacting infection in those regions as well
(6). Therefore, there is a critical need to understand the relationship between dopamine
signaling and viral infection in macrophages to address infection in individuals with elevated
levels of dopamine.

These studies address this knowledge gap by examining the activity of this alternative
dopamine signaling pathway in myeloid cells and determining whether it is involved in the
effects of dopamine on the HIV entry process. We assessed the ability of dopamine to induce
calcium release and activate PKC in human macrophages and evaluated the importance of
this signaling in modulating the effects of dopamine on viral entry. We demonstrate that the
dopamine-mediated increase in HIV entry requires Ca2* release but not activation of PKA,
suggesting that this process is mediated by the non-canonical signaling pathway. The data
also demonstrate that this signaling mechanism is active in hMDM, as dopamine was shown
to increase calcium release and phosphorylate PKC in a Gg/11.dependent manner. Overall,
these studies suggest new therapeutic targets which could ameliorate the progression of
NeuroHIV and propose a novel paradigm for dopamine signaling in myeloid immune cells.

2. Materials and Methods

2.1 Reagents

RPMI-1640 and penicillin-streptomyocin (P/S) from Invitrogen (Carlsbad, CA). Human AB
serum and fetal bovine serum (FBS) from Mediatech (Tewksbury, MA). HEPES solution
from Fisher Scientific (Fair Lawn, NJ). Dantrolene sodium salt, serotonin hydrochloride,
isoproterenol hydrochloride, NKH 477, forskolin and phorbol 12-myristate 13-acetate
(PMA) from Tocris Biosciences (Minneapolis, MN). Isoproterenol hydrochloride from R&D
Systems (Minneapolis MN). Dopamine and H89 dihydrochloride from Sigma-Aldrich (St.
Louis, MO). 3-Isobutyl-1-methylxanthine (IBMX) from MP Biomedicals (Santa Ana, CA).
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RO-20-1724 from EMD Millipore (Temecula, CA). YM-254,890 from Focus Biomolecules
(Plymouth Meeting, PA). Dopamine and the beta-adrenergic receptor agonist Isoproterenol
were resuspended in distilled H,O to make stock concentrations of 10 mM, then diluted into
media as needed. RO-20-1724 (200 mM), IBMX (100 mM), Forskolin (10 mM),
YM-254,890 (10 mM) and PMA (100 uM) were resuspended in DMSO to the indicated
concentrations, then diluted into media as indicated. Human macrophage colony stimulating
factor (M-CSF) was from Peprotech (Rocky Hill, NJ) and resuspended in 100 uL distilled
H,0.

2.2 Cell Isolation and Culture

Human peripheral blood mononuclear cells (PBMCs) were separated by Ficoll-Paque (GE
Healthcare, Piscataway, NJ) gradient centrifugation from blood obtained by healthy
individuals (New York Blood Center, Long Island City, New York; and BioreclamationlVT
Collection Center, Miami, Florida). The percentage of monocytes in the PBMC from each
donor was determined by isolating monocytes from 20 x 108 PBMC using a Pan Monocyte
Isolation Kit (Miltenyl Biotech, Auburn, CA). PBMC were then plated at 100,000
monocytes per cm? in tissue culture dishes (Corning, NY). Monocyte-derived macrophages
(hMDMs) were obtained through adherence isolation by maturing the monocytes in
macrophage media (RPMI-1640 with 10% FBS, 5% human AB serum, 10mM HEPES, 1%
P/S, and 10 ng/mL M-CSF). The cells were washed after 3 days and then cultured for an
additional 3 - 4 days. After 6 days in culture, cells were considered mature MDM. All
experiments were performed on day 6 or day 7 post-isolation.

2.3 Quantitative RT-PCR

Isolation of MRNA from hMDMs was accomplished using the RNeasy Mini Plus kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Preparations were
treated with DNase cocktail composed of 70 ul buffer RDD, 10 uL DNase | (RNase Free
DNase Kit, Qiagen, Hilden, Germany) and 1 uL Turbo DNase (Turbo DNase Kit, Thermo
Fisher Scientific, Waltham, MA). The concentration and purity of RNA was determined
using a NanodropOne spectrophotometer (Nanodrop Technologies, Wilmington, DE). To
generate cDNA, 500 ng/ul of RNA was run in a High-Capacity cDNA Reverse Transcriptase
kit (Applied Biosystems, Foster City, CA). Human brain total RNA (Life Technologies,
Carlsbad, CA) was used as a positive control, and reactions containing no sample was used
as a negative control. Tagman 20x gene expression assays for human dopamine receptor 1
(DRD1, Hs00265245 s1), dopamine receptor 2 (DRD2, Hs00241436_m1), dopamine
receptor 3 (DRD3, Hs00364455 _m1), dopamine receptor 4 (DRD4, Hs00609526_m1), and
dopamine receptor 5 (DRD5, Hs00361234 _s1) (Thermo Fisher Scientific, Waltham, MA)
were used to determine expression levels of the dopamine receptors. All reactions were
performed in triplicate using a Tagman 20x gene expression assay. 18s (Hs99999901 s1,
Thermo Fisher Scientific, Waltham, MA) was used as an internal control. Expression of DR
in total human brain RNA (ThermoFisher Scientific) was used as a positive control for DR
expression. All cycle threshold values above 37 cycles were considered to be negative, and
were set to 37 cycles prior to data analysis. All values were transformed for analysis using
the equation 27ACt,
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2.4 Analysis of cAMP production

At T = -30 minutes, h(MDM cultured in 12-well plates were treated with the
phosphodiesterases IBMX (500 pM) and RO-20-17,24 (100 uM) to prevent cCAMP
breakdown. At T= 0, plates were treated with dopamine as indicated. At 5, 10, 15 or 30
minutes, cells were washed with cold PBS, and 150 L of lysis buffer from the Direct cCAMP
EIA kit (Ann Arbor Assays, Ann Arbor, MI) was added. Cells were incubated for 10
minutes RT, lysate was collected, spun down at 600 x g for 15 minutes and supernatant was
aliquoted and stored at - 20° C. Cyclic AMP assays were performed using the Direct CAMP
EIA kit according to the manufacturer’s instructions. Briefly, standards were prepared at 150
pM/mL, 50 pM/mL, 16.67 pM/mL, 5.56 pM/mL, 1.85 pM/mL, and 0.617 pM/mL. Plate was
prepared by adding 25 uL of plate primer, then 50 pL of either freshly thawed sample or
standard, 25 pL of DetectX cAMP Conjugate and 25 uL of DetectX cAMP antibody. Diluent
alone was used as a negative control. Samples were shaken for 2 hours at RT, washed and
developed using 100 pL of TMB substrate. After an additional 30 minutes of shaking, 50 uL
stop solution was added and plates were analyzed using an Enspire Multimode Plate Reader
(Perkin-Elmer, Waltham, MA).

2.5 Signaling Assays and Protein Lysate preparation

hMDM cultured in 6-well dishes were fed with fresh macrophage media 3-18 hours prior to
all experiments. Cells were treated with the indicated concentrations of dopamine for 1, 2.5,
5, or 10 minutes, immediately washed in 1X PBS and then lysed in M-PER Mammalian
extraction reagent (Thermo Fisher Scientific, Waltham, MA), with 1% Halt Protease and
Phosphatase Inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA). Phorbol myristic
acid (PMA, 1076 M) was added to one well 30 minutes prior to dopamine treatment as a
positive control. For assays examining the involvement of Gy/11, some cells were pretreated
for 30 minutes with the Gy/11 inhibitor YM-254,890 prior to dopamine treatment. After
lysing, cells were sonicated with a Q125 sonicator (Qsonica, Newtown, CT) at 25% power
for 5 seconds and then spun down at 13,000 RPM for 10 minutes at 4° C. Lysates were then
stored at 4°C until the protein concentration could be quantified by Bicinchoninic acid assay
(BCA) using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).

2.6 Western Blotting

Protein lysates (20 pg) were run on a Bolt Bis-Tris Plus 10% precast gel (Life Technologies,
Carlsbad CA) in MOPS/SDS running buffer in a mini gel tank (Life Technologies) for 50
minutes at 200V. Gels were then transferred onto an Immobilon PVDF membrane from
EMD Millipore (Temecula, CA) at 25V for 40 minutes. Total protein stain was performed
using Revert Total Protein Stain (LI-COR Biosciences, Lincoln, NE) according to the
manufacturer’s instructions. After addition of Reversal Solution, (LI-COR Biosciences,
Lincoln, NE), the membranes were blocked in 50% Odyssey Blocking Buffer (TBS) for 1
hour (Licor Biosciences, Lincoln, NE). Blots were then incubated overnight at 4°C on a
shaker with pan-phospho-PKC Ser660 (Cell Signal Technology, Danvers, MA) diluted in
primary antibody solution (TBS - 0.2% Tween) at 1:1000. The next day, blots were washed
3x in TBS-0.1% Tween. Blots were stained with IRDye 800CW Donkey Anti-Rabbit IgG
secondary antibody diluted in secondary antibody solution (TBS-0.2% Tween + SDS 0.01%)
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at a 1:20,000 dilution and membranes were incubated in the dark at room temperature for 1
hour. Membranes were again washed three times and imaged using the Odyssey Fc Imaging
System (Licor Biosciences, Lincoln, NE).

Blots were analyzed using Image Studio Lite (Licor Biosciences, Lincoln, NE). Phospho-
PKC signals were normalized to the total protein stain, then each condition was compared to
the untreated control to determine fold-change in phosphorylation. For experiments
examining the effects of YM-254,890 on PKC phosphorylation, only donors who showed
above a 1.3-fold increase in response to dopamine were included.

2.7 HIV Entry Assay

Entry assays were performed using stocks of HIVgy containing Vpr-p-lactamase (B-lac
HIV), and stocks were prepared as previously described (40). Entry assays were run using
the Geneblazer /n vivo detection kit (Thermo Fisher Scientific, Waltham, MA), optimized
for use in primary macrophages as previously described (40). hMDM are cultured in flat,
clear bottom 96 well black plates (Thermo Fisher Scientific, Waltham, MA) were infected
with B-lac HIV at an MOI of 0.01, which is equivalent to approximately 10 ngep24/mL, for
2.5 hours at 37°C with 5% CO,. Dopamine (10~5M or 10~°M) was added concurrently with
HIV. These concentrations of dopamine were used as representative of pharmacologic and
physiologic concentrations of dopamine, although prior studies in the lab show no
differences between the magnitude of the effect of dopamine at 107°M, 10-5M, 10~M and
1078M (40). The PKA inhibitor H89 (10~°M) and the calcium inhibitor dantrolene (1074M)
were added 60 minutes prior to inoculation and maintained in culture through the end of the
inoculation period. NKH 477 (107°M) was added concurrently with dopamine.

After the 2.5 hr inoculation, h(MDM were washed and incubated in the dark at RT for 6
hours in 100 pl of phenol red free macrophage media and 20 pL of 6X CCF2-AM loading
solution. Due to a lab relocation during this project, two different systems were used to
image these infections. For all but 5 of these donors, 12 images of each infection condition
were obtained on a Zeiss 1X70 inverted microscope (Zeiss) with an attached Olympus E-620
Live View DSLR (Olympus, Shinjuku, Tokyo, Japan). Volocity (Perkin-Elmer, Waltham,
MA) was used to enumerate the number of infected (blue) and uninfected (green) cells in
each condition. For the remaining 5 donors, images were taken using the Celllnsight CX7
High Content Screening (HSC) Platform. Twenty-five images per well were acquired using
this automated platform and the HCS Studio software was used to determine the total
number of cells per well. The number of infected (blue) cells were determined for each
image using ImageJ software. Susceptibility to HIV infection, and sensitivity to dopamine
and the inhibitors used varied among donors, therefore the number hMDM infected with
HIV varied substantially between experiments. To evaluate changes in HIV entry induced by
each condition, we determined the fold change in infection for each donor relative to the
cultures infected with HIV alone by normalizing to the mean of the HIV alone condition.

2.8 Calcium Imaging

Macrophages were cultured on 12 mm round cover slips (#1.5) and incubated with 5 x
1075M Oregon Green Bapta-488 (OGB 488, Thermo Fisher Scientific, Waltham MA) for 1
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hour at room temperature in the dark. Following incubation, cover slips were washed and
allowed to rest in 1x external solution (130 mM NaCl, 10 mM HEPES, 34 mM Dextrose, 1.3
mM KH5PQy, 1.5 mM CaCl,*2H,0, 0.5 mM MgSO,4¢7H,0) for 15 minutes. Imaging
experiments were conducted at 37°C. Macrophages on cover slips were placed into an
imaging chamber (Warner Instruments, RC-26G, Hamden, CT) and washed with 1X
external solution by brief perfusion. Perfusion throughout the experiments was
accomplished using a Warner VVC-8 automated perfusion system (Warner Instruments,
RC-26G, Hamden, CT) with the flow rate approximately 3 mL/min. All experiments were
performed on a Nikon FN-1 upright microscope (Nikon Instruments, Melville, NY) using a
Nikon 40x 0.8NA NIR APO objective. A phase contrast image was taken prior to and
following each experiment to ensure good cell health. Throughout the experiment, a
SpectraX Light Engine (Lumencor, Beaverton OR) was used to emit a 480nm excitation
laser at 5% power passed through a quadruple bandpass filer (Chroma Technology Corp.,
Bellows Falls VVT). Images were acquired every 3 seconds with 300ms exposure with an
Andor Zyla 4.2 PLUS camera (Andor Technology, Belfast, UK). A 1-minute baseline was
acquired during perfusion with 1x external solution, after which drug was perfused.
Fluorescence signals were measured for each cell using post-hoc regions of interest in Nikon
NIS Elements software (Nikon Instruments, Melville NY) and normalized to each cell’s
fluorescence baseline. The results were reported as normalized fluorescence.

2.9 Statistical analysis

All data were normalized to the mean of the control condition, and then outlier analysis was
performed using the ROUT method with Q set at 1% for all data sets with 5 or more values.
After outlier analysis, data were evaluated using the D’ Agostino-Pearson Omnibus
Normality test and by analysis of skewness to determine whether the data were parametric.
Normally distributed data were analyzed using a paired t-test, one-way ANOVA or 2way
ANOVA, using repeated measures as appropriate. Data were analyzed using a mixed effects
model in cases where a condition was removed as an outlier or due to technical error in the
experimental process. Data that were not parametrically distributed were analyzed using a
Wilcoxon test, Kruskal-Wallis test or Friedmans’ test as appropriate. For ANOVA analyses,
post-hoc analysis was performed using Tukeys” multiple comparisons’ test if the distribution
was normal, Dunn’s multiple comparisons test if it was not. All data analysis was performed
using GraphPad Prism 8.0 (Graphpad, La Jolla, CA), with p < 0.05 was considered
significant.

3. Results

3.1 Activation of dopamine receptors, but not serotonin or norepinephrine receptors,
increases HIV entry into macrophages

Our previous data show that exposure to dopamine increases HIV replication in primary
human monocyte-derived macrophages (hnMDM) (39). This is due to an increase in the entry
of HIV into these cells, mediated by activation of both D1-like and D2-like dopamine
receptors and induced by dopamine concentrations of 10-8M dopamine or higher (40).
However, many drugs that increase dopamine, such as psychostimulants and anti-
depressants can also activate the receptors for other biogenic amines (61, 65-67). Therefore,
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an entry assay was used to examine whether activation of other biogenic amine receptors
could increase HIV entry (40). In this assay, hMDM are infected with HIV g, containing an
active p-lactamase enzyme (B-lac HIV), which causes infected cells to fluoresce blue, while
uninfected cells remain green, enabling quantification of viral entry. This assay has an
advantage over the use of fluorescently labeled viruses in that it enables rapid visualization
of viral entry as early as 8 hours post infection, in contrast to other systems using fluorescent
virus or luciferase reporters, which can take up to 2 days before enough virus accumulated
to enable visualization(68). Therefore, this assay allows for rapid examination of the entry
process after a single round of infection.

Cells were infected with p-lac HIV (MOI 0.01) in the presence of either dopamine,
serotonin or isoproterenol, a f-adrenergic receptor agonist (Figure 1; representative images
of dopamine 1A - C, serotonin 1D — F, isoproterenol 1G — ). Analysis showed a main effect
of dopamine on HIV entry into macrophages, and post-hoc analysis showed that 1075M but
not 10~°M dopamine significantly increased entry [1J, n = 19, RM one-way ANOVA, F
(1.888, 33.98) = 5.169, *p = 0.0122. Post-hoc analysis with Tukey’s, HIVga vs. HIV + DA
(1078M), *p=0.0261]. These effects were specific to dopamine receptor activation, as neither
serotonin [1K, n =12, RM one-way ANOVA, F (1.477, 16.25) = 2.495, p = 0.1242] nor
isoproterenol [1L, n = 10, RM one-way ANOVA, F (1.932, 17.39) = 0.2429, p = 0.779]
increased viral entry. These data confirm our previous findings (40) that dopamine increases
viral entry into human macrophages and indicate that this effect is specific to dopamine
receptors.

3.2 Dopamine mediated increase in HIV entry is abolished by blocking calcium release
but not by inhibiting canonical dopamine signaling

Dopamine receptor activation is associated with several signaling pathways, the most
prominent of which is mediated by cAMP as a second messenger (Fig. 2A). Another, less
studied signaling mechanism uses Ca2* released from the endoplasmic reticulum though
activation of 1Pz receptors as a second messenger (Fig. 2B). The canonical, CAMP-mediated
pathway is activated by D1-like dopamine receptors (D1 and D5) coupling to G, and
inhibited by activation of D2-like dopamine receptors (D2, D3, D4) coupled to G;. In
contrast, the alternative, Ca?* mediated pathway is triggered by activation of both dopamine
receptor subtypes, through either D5 receptors coupled to Gq/11 or D2 receptors acting
through Gg,, (47, 49-55, 69, 70). In macrophages, the signaling activity of dopamine is
undefined, but previous data showed that activation of both dopamine receptor subtypes
enhances HIV entry, supporting the hypothesis that dopamine modulation of HIV entry is
mediated by a common pathway (40).

Therefore, the role of both the canonical and alternative dopamine signaling pathways in
modulating viral entry in macrophages was examined. To study the canonical pathway,
hMDM were infected with B-lac HIV either after pretreatment with H89 (107°M), a PKA
inhibitor (71), or concurrently with NKH477, a water-soluble adenylyl cyclase activator (72)
(Figure 2C-H). Analysis of the infections pretreated with H89 showed a main effect of
dopamine [Figure 21, 2way ANOVA, F(1,6) = 9.443, *p = 0.0219], with no effect of H89
[(F(1,6) = 4.192, p = 0.0865)] and no dopamine x H89 interaction [(F(1,6) = 0.7539, p =
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0.4186)]. Treatment with NKH477 also had no effect on HIV entry (Figure 2J, Wilcoxon
signed rank test, p=0.6221). The ability of NKH 477 to increase cCAMP in human
macrophages was confirmed using a cCAMP assay (Supplemental Figure 1). Together, these
data indicate that changes in CAMP do not alter the dopamine-mediated increase in HIV
entry, and suggest that dopamine’s effects on viral entry are not mediated through the
canonical G signaling pathway.

To determine whether the alternative dopamine signaling pathway was involved in the
increased HIV entry, hMDM were infected in the presence of dopamine after pretreatment
with dantrolene (107#M), an inhibitor of both 1P3 and RyR1 mediated Ca2* release (73, 74)
(Figure 3A - D). Analysis of these experiments showed a significant dantrolene x dopamine
interaction [Figure 3F, 2way ANOVA, n =8, F (1, 7) = 12.88, ** p = 0.0089] with no main
effect for either dantrolene and dopamine [F (1,7) = 5.125, p=0.0580 and F (1,7) = 4.547, p
= 0.0704]. Post-hoc analysis showed that dopamine significantly increased HIV entry, and
that treatment with dantrolene, alone or in the presence of dopamine, significantly reduced
entry relative to the effect of dopamine alone (Tukeys’, HIV + DA vs. HIV alone, * p =
0.0108, HIV + DA vs. HIV + Dantrolene, *** p = 0.0007, HIV + DA vs. HIV + DA +
Dantrolene, *** p = 0.0005). These data indicate that the dopamine-induced increase in the
HIV entry process involves Ca?* release, suggesting that the effects of dopamine on HIV
infection maybe induced by activation of the alternative, Ca2* mediated signaling pathway.

3.3 Primary human macrophages express significantly more D1-like dopamine receptors
than D2-like receptors

To better understand why changes in the canonical dopamine signaling pathway were not
affecting the dopamine-mediated increase in HIV entry, experiments were performed to
define the dopamine signaling pathway in hMDM. While all five dopamine receptor
subtypes have been shown to be present in human macrophages (33, 75), the relative
expression levels of each subtype have not been closely examined. Therefore, expression of
dopamine receptor mRNA was quantified in hMDM RNA from 35 donors using quantitative
real-time PCR (gRT-PCR). Due to the unreliability of dopamine receptor antibodies,
quantification of mMRNA was used (75). While dopamine receptor expression varied
significantly among donors (Figure 4, Friedman test, n = 30, Friedman statistic 88.23, p <
0.0001), the relative mean expression of the different subtype transcripts indicated DRD5 >
DRD1 > DRD2 > DRD3 > DRDA4. This confirms our previously published data showing an
identical trend in hMDM from a different group of donors (33). Post hoc analysis showed
expression of DRD5 was significantly greater than expression of transcripts for DRD1 and
D2-like receptors across all donors (Figure 4, Dunn’s multiple comparisons, DRD5 vs.
DRD2, DRD3 or DRD4 **** p > 0.0001, DRD1 vs. DRD3, ** p = 0.0052, and *** DRD1
vs. DRD4, ***p > 0.0005, DRD5 vs DRD1 ***p=0.0009). Transcripts for DRD5 were
detected in all hMDM analyzed, whereas DRD1 was undetectable in 16.7% of donors. For
the D2-like receptors, DRD2 was the most common, being undetectable in 26.7% of donors,
while DRD3 and DRD4 were undetectable in 73.3% of donors. These data indicate D1-like
receptors are the predominant dopamine receptors expressed on hMDM and suggest that the
majority of dopamine signaling in these cells is mediated by D1-like receptors, specifically
D5.
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3.4 Dopamine mediates calcium release in human macrophages

Our previous study showed that dopamine is able to potentiate Ca2* flux in HEK?293 cells
(40), but the precise effects of dopamine on intracellular Ca2* concentrations in human
macrophages are unclear. Since our data suggested the dopamine-mediated increase in HIV
entry into hMDM was Ca2*-dependent, we further investigated the ability of dopamine to
stimulate intracellular Ca2* release in human macrophages. Although both D1-like and D2-
like receptors are proposed to stimulate Ca?* release via PLC-mediated mechanisms (47-55,
69), these experiments specifically focused on the pathway mediated by the D1-like
receptors, specifically D5, coupling to Gg/11 (50, 55). This was due both to the relatively
high expression of the D1-like receptors compared to the D2-like receptors, as well as the
proposed importance of Ggy1 signaling in HIV entry in other cell types (58). To this end,
these assays utilized the compound YM-254,890 (YM), a specific Gg11 inhibitor (76), to
assess the role of Gy/q1 in dopamine’s effects on Ca?* release. Primary hMDM were
matured on glass coverslips and loaded with the fluorescent Ca2* indicator dye Oregon
Green Bapta-488 (OGB) to enable real-time assessment of Ca2* release. Changes in Ca%*
were examined in response to treatment with either vehicle (H,0), dopamine or
YM-254,890. Fluorescence intensity was measured throughout perfusion (Figure 5A).
lonomycin perfusion was used as a positive control (Figure 5A, Inset). Analysis of the area
under the curve generated after treatment showed a significant main effect for dopamine
[Figure 5B, 2way ANOVA, F (1, 10) = 168.9, **** p < 0. 0001] and a significant dopamine
x YM-254,890 interaction [2way ANOVA, F (1, 10) = 16.37, ** p = 0.0023], with no
significant effect of YM-254,890 alone [2way ANOVA, F (1,10) = 0.007851, p = 0.9311].
These data indicate that in primary human macrophages, dopamine induces Ca?* release,
and this Ca2* flux is, at least partially, mediated by coupling of dopamine receptors to Gg11-

3.5 Dopamine increases PKC phosphorylation through a Gq/1; mediated pathway

The role of Ca%* in the dopamine-mediated increase in HIV entry, and the ability of
dopamine to increase Ca2* on its own suggest that dopamine activates the alternative Ca2*
mediated signaling pathway in macrophages. In this pathway, Gq/11 couples to D5 receptors
and Gg,, couples to D2 receptors, both of which activate PLC and induce phosphorylation of
PKC and Ca?* release (Fig. 2B) (44, 47-55, 69). To confirm the activity of this signaling
mechanism in human macrophages, the ability of dopamine to activate PKC was examined.
MDM were treated with vehicle or dopamine (1076 to 1072 M) for 1 minute and examined
by Western blot for changes in PKC phosphorylation (Fig. 6A). Relative to vehicle,
dopamine significantly increased PKC phosphorylation [Fig 6B, mixed effects model, n = 17
- 18, F(4, 66) = 5.993, ***p = 0.0004. Post-hoc analysis with Tukey’s, veh. vs. 1076M, *** p
=0.00086, veh. vs. 107'M, ** p = 0.0093, veh. vs. 1078M, **p = 0.0014, veh. vs. 10~9M, *p
=0.0110]. In a subset of donors, PMA was additionally used as a positive control to ensure
the assay and antibody worked and we were picking up the correct band (Fig 6B, n =7,
@@p =0.0015, t=5.518, df=6). Additional experiments at later time points suggested that
these events occur rapidly, as the dopamine-mediated increase in phosphorylation was not
seen in MDM treated with dopamine for 2.5, 5 and 10-minutes (Supplemental Fig. 2A-C),
although the results trended towards significance at 5 minutes.
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The Ca?* imaging experiments in hMDM suggest that dopamine signaling in macrophages
is at least partially mediated through D1-like receptors coupling to Gg/11. To examine
whether this pathway also modulates the effects of dopamine on PKC activation,
phosphorylation of PKC was examined in hMDM pretreated with either vehicle or
YM-254,890. After pretreatment, hMDM were treated with vehicle or dopamine (10~5M)
for 1 minute (Figure 7A) and analyzed for phosphorylation of PKC. Analysis showed a
significant interaction of dopamine x YM-254890 [Figure 7B, 2way rmANOVA, n = 10,
F(1,9) = 12.10, **p = 0.0070] and no main effect of dopamine [F(1,9) = 3.147, p = 0.1098]
or YM-254,890 treatment [F(1,9) = 0.05719, p = 0.8163]. Post-hoc analysis showed that
dopamine significantly increased PKC phosphorylation in untreated [Tukey’s, UT vs. UT +
DA, *p = 0.0196], but not YM treated hMDM. This suggests the dopamine-induced
phosphorylation of PKC in hMDM is mediated, at least in part, by a Gg/11-coupled receptor.
As the only dopamine receptor suggested to couple to Gg/11 is D5 (50, 55), together with our
data indicating that DRD?5 is the highest-expressed receptor on hMDM, these results suggest
that the D5 receptor is being activated in this pathway.

3.6 Dopamine does not stimulate cAMP production in human macrophages.

The above data suggest that the effects of dopamine on HIV entry are not mediated through
the canonical dopamine pathway, but rather through a Ca2*-dependent, non-canonical
mechanism. They further indicate that dopamine activates this non-canonical signaling
pathway to induce Ca?* release and PKC activation, and this is partially mediated by D1-like
receptor coupling to Gg/11. However, in the majority of neuronal cells, D1-like signaling is
largely associated with activation of adenylyl cyclase and increases in CAMP (42, 44, 77,
78). Therefore, dopaminergic stimulation of cCAMP production in human MDM was
examined to assess whether dopamine can activate the canonical D1-like pathway in human
macrophages.

Human macrophages were treated with vehicle (H,O) or different concentrations of
dopamine (1078 M to 107°M) for 5 minutes and assayed for CAMP. After 5 minutes, none of
the tested dopamine concentrations increased CAMP relative to vehicle [Figure 8A, one-way
rmANOVA, n =11, F (2.079, 20.79) = 1.199, p = 0.3229]. To ensure that the effects of
dopamine were being examined at the correct time point, production of cAMP at 10 minutes
[figure 8B, one-way rmANOVA, n = 10, F (2.987, 26.88) = 0.9176, p=0.4453] and 15
minutes [figure 8C, one-way rmANOVA, n = 10, f (1.545, 13.90) = 0.8886, p=0.4077] was
examined. As with a 5 minute treatment, dopamine had no effect on cAMP production at
any concentration for these time points. One explanation for this is a dysfunction in adenylyl
cyclase, but forskolin, a direct activator of adenylyl cyclase that was used as a positive
control, still significantly increased cAMP at all time points indicating adenylyl cyclase is
active (figure 8A, 5 minutes, Wilcoxon signed rank test, n = 11, veh vs. Forsk, @@@ p =
0.001; for figure 8B, 10 minutes, T-test, n=10, veh vs. Forsk, @@ p = 0.001; for figure 8C,
inset, 15 minutes, Wilcoxon signs rank test, n=10, veh vs. Forsk, @ @p=0.002). This
suggests that adenylyl cyclase is functional in these cells. It is possible that the lack of
change in cCAMP is due to the action of the D2-like receptors, which can counteract the
actions of the D1-like receptors signaling through G5 via activation of G (44). However,
our data indicate that D1-like receptors are signaling via G, 4. Therefore, these results
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indicate that dopamine does not act on cCAMP in hMDM, and that activation of the canonical
D1-like pathway may not represent the dominant dopamine signaling mechanism in these
cells.

4. Discussion

Research over the past few decades has shown that dopamine is central to neuroimmune
communication, and to the development of several neurological disease (1, 2, 79), including
NeuroHIV (7, 8, 10). Prior to the development of combination anti-retroviral therapy
(cART), prominent neuropathology and high levels of HIV RNA were common in
dopamine-rich brain regions such as the basal ganglia, SbN and prefrontal cortex (PFC) (9,
16-18, 41, 80). With the use of cART, the CNS damage associated with NeuroHIV has
shifted, but infected individuals still show subcortical atrophy, striatal dysfunction,
inflammation in the basal ganglia, neuronal damage and aberrant metabolite ratios indicating
neuronal injury in basal ganglia and frontal cortex (21, 22, 26, 81). While the precise
connection between dopamine and NeuroHIV remains undefined, our research shows that
dopamine can increase HIV replication and entry into macrophages (39, 40). These cells are
primary targets for HIV in the CNS, and infection of myeloid populations creates a viral
reservoir and promotes chronic, ongoing neuroinflammation (15, 38, 82, 83).

This study specifically examines the signaling pathways mediating the effects of dopamine
on HIV entry into human macrophages and evaluates the activity of those pathways in these
cells. The results show only activation of dopamine receptors, and not other biogenic amine
receptors, increases HIV entry. Previous studies have demonstrated that activation of both
D1-like and D2-like dopamine receptors can enhance the entry process (40). The two
subtypes of dopamine receptors canonically have opposing effects on cAMP production and
PKA activation, suggesting that dopamine could use a different signaling pathway to
mediate its effects on HIV entry. These data support this hypothesis, demonstrating that this
increase seems to be mediated through a mechanism involving increased intracellular Ca2*
levels, and not through the canonical cCAMP mediated signaling pathway. Further, the data
show that dopamine exposure increases Ca?* release but does not trigger the formation of
cAMP, indicating that a non-canonical signaling pathway may be involved (44).

Previous studies in rodents have shown that activation of some dopamine receptors can
induce Ca?* release via IP3 receptor activation, and our data suggest this pathway could also
be active in human macrophages. In this pathway, activation of phospholipase C (PLC)
catalyzes the cleavage of PIP, into IP3 and diacylglycerol. The 1P then binds to 1P
receptors (IP3R) on the endoplasmic reticulum (ER), mediating both Ca2* release from the
ER and the activation of PKC. This pathway can be activated by either D5 receptors
coupling to Ggy11 proteins, or D2 receptors through the release of Gg,, proteins (47, 49-54,
69). These data show that dopamine treatment of macrophages increases both intracellular
Ca?* flux and PKC activation, and that these effects were reduced or inhibited by blocking
Ggr11 With YM-254,890. Calcium release induced by this non-canonical pathway mediates
the dopamine-induced increase in HIV infection, as blockade of CaZ* flux using dantrolene
abrogates increased entry. The importance of Ca2* in the entry process is supported by
previous experiments showing that both HIV co-receptors, CCR5 and CXCR4, can initiate
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Ca?* flux when bound by the viral envelope protein gp120 (84). In response to CCR5
binding, a critical interaction in the HIV entry process, Ca2* is released through the same
IP3R activation pathway described above (84, 85). Further, this same Gg/11-mediated
intracellular Ca?* release mechanism was necessary for HIV entry in CCR5 transfected
astrocytes (86), and phospholipase C, a key component of this pathway, has been shown to
be an important factor in HIV infection (87). Taken together, these studies emphasize the
importance of Ca%* signaling in the HIV entry process, and suggest that the impact of
dopamine on entry is mediated through D5 activation of IP3 mediated Ca2* release.

Our previous study indicated that the dopamine-mediated increase in Ca2* could result from
dopaminergic potentiation of an existing Ca2* flux (40), such as that initiated by coreceptor
binding. However, the data presented here indicate that, at least in macrophages, dopamine
receptor activation alone can also initiate Ca2* release, thereby potentially enhancing the
HIV entry process directly. While Ca2* is also involved in the entry mechanism of Herpes
simplex virus (HSV) (88, 89) and a number of other viruses also stimulate Ca2* flux during
infection (90), it is not clear if these processes are mediated through the same Gg11 pathway,
or if the other mechanisms could be involved. However, these findings highlight the
importance of Ca2* release and the need to define Ca2* dynamics in the context of viral
entry.

Both subtypes of dopamine receptors can mediate Ca2* release (40, 52, 54, 91, 92), but only
D5 couples to Gg/11 (50, 55), suggesting that Ca?* induced by activation of this receptor is
central to mediating the effects of dopamine on HIV entry. This is supported by studies in
brain slices from D1 knock-out mice, showing dopamine and SKF38,393, a D1-like receptor
agonist, did not induce a cAMP response but did diminish the PLC-1P3 response, suggesting
that D5 was responsible for the PLC-1P3 activity (50). In D5 knock-out mice, dopamine and
D1-like agonists did not induce IP3 or diacylglycerol messengers after stimulation, while
they were able to do so in wild-type animals (55). Our data here, as well as that in our
recently published study (33) show that in human macrophages, transcripts for the D1-like
receptors, D1 and D5, were expressed significantly more than those for the D2 receptors,
with DRD5 showing the highest mean expression. Additionally, DRD5 was expressed in all
donors, whereas DRD1 and DRD2, DRD3, and DRD4 were more variable across the
population. Our data show inhibition of Gg/11 with YM-254,890 is sufficient to block both
dopamine-induced PKC phosphorylation and Ca?* release. Taken together with the higher
level of D5 expression in hMDM and the role of Gg/11 in D5 mediated signaling, our data
suggest that dopamine acts on HIV infection via D5-mediated Ca?* release.

While these data suggest that dopamine signaling in macrophages is mediated largely
through the D5 - Gg/11 mechanism, the D2-like receptors may also play a significant role.
Multiple studies have demonstrated that activation of D2 receptors that releases Gg,, has also
been linked to PKC activation and 1P3 mediated Ca?* release (49, 53, 54). These data show
that blocking Gg11 with YM-254,890 significantly reduced but did not eliminate dopamine
induced Ca2* release, suggesting that a non-Gg11-coupled receptor could also play a role.
Further, the potential involvement of both D5 and D2 receptors in this pathway is supported
by our previous data showing that activation of both D1-like and D2-like receptors enhances
the viral entry process (40). It is possible that convergent pathways through both D2 and D5
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receptors allow for an enhanced Ca2* response or greater sensitivity to low dopamine
concentrations. Future experiments using specific D1-like and D2-like agonists for both
PKC activation and Ca2* release, as well as experiments utilizing cells in which specific
dopamine receptors have been knocked down, are necessary to define the input of both
receptor subtypes on dopamine signaling in macrophages.

In addition to demonstrating dopamine activation of a non-canonical signaling mechanism,
these data also show that dopamine did not increase cAMP production in human
macrophages from 11 different donors. This was surprising as dopamine mediated regulation
of CAMP is a central process in the canonical D1-like pathway (78). The lack of activity
across many donors suggests the effect is not donor-dependent. Dopamine has a higher
affinity for D5 than D1 (93), and therefore, the lack of canonical D1-like signaling could be
due to the levels of dopamine being too low to activate the D1 receptors. As macrophages
can take on different phenotypes, another possible explanation is that culture conditions
could promote an activation state that biases signaling through the non-canonical pathway.
Experiments examining the impact of different dopamine concentrations on myeloid cells in
different activation states are necessary to resolve these questions. However, the data here
raise the possibility that, in macrophages, dopamine signaling is preferentially mediated
through a non-canonical pathway.

While these studies focus on primary human monocyte-derived macrophages (hnMDM), it is
important to note that this type of mononuclear phagocyte is just one of several distinct
populations of myeloid cells present in the human brain (94). Infection of these populations,
particularly microglia and perivascular macrophages, is thought to be a central component in
the development of HIV neuropathology (34-37). While microglia are distinct from hMDM
(95), they express all five dopamine receptor subtypes (4, 96) as hMDM do, and dopamine
has been demonstrated to alter the cytokine profile of these cells (1, 2, 5, 32). This may also
be the case for other types of CNS macrophages, as CNS myeloid populations are
transcriptionally related (97). However, our data strongly suggest that dopamine signaling
mechanisms may vary from between cell types, and therefore it is critical to specifically
define the dopamine signaling pathways active in human microglia and other CNS
macrophages. Such studies are hampered by the logistical and ethical challenges involved in
obtaining primary human myeloid cells from the CNS, as well as the lack of reliable human
cell lines that can accurately model human microglia /n vitro (95, 98). Moreover, as mice
and rats cannot be infected with HIV (99, 100), it is not practical to use rodent microglia for
studies examining dopaminergic signaling in the context of viral infection. As studies into
the dopamine signaling pathways in human microglia are an important step in further
defining the full effects of dopamine on viral infection in the CNS, future work will need to
use either adult human microglia, which are difficult to obtain, or develop and optimize the
use of new microglial cell lines and culture systems such as microglia developed from
inducible pluripotent stem-cells (iPSC).

Despite this limitation, the use of human monocyte-derived macrophages is advantageous as
they model not only the hMDM present in the brain, but are also similar to numerous types
of macrophages found in peripheral tissues such as the lungs, gut and kidneys, in which
dopamine plays a critical role in tissue function. The macrophages present in all of these
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tissues are exposed to concentrations of dopamine high enough to induce changes in HIV
entry (6, 40), adding to the importance of understanding the impact of dopamine on CNS
and peripheral HIV infection in human macrophages. Thus, the effects of dopamine on
macrophages is important to both neuropathogenesis of HIV, but also their potential role in
mediating peripheral HIV infection. Within the CNS, the impact of changes in dopaminergic
tone would be most pronounced in dopamine-rich regions, where dopamine would increase
the susceptibility of these myeloid cells to infection. Elevated dopaminergic tone in the
striatum and substantia nigra would enable the infection to spread more rapidly, resulting in
more infected cells, a larger viral reservoir, and a greater release of neurotoxic and
inflammatory factors in these areas. These effects could also damage dopaminergic neurons
in these regions, dysregulating dopaminergic neurotransmission and exposing the resident,
uninfected myeloid cells to greater aberrancy in dopamine concentrations. As dopamine can
directly increase production of inflammatory cytokines from macrophages (32, 101), the
initial insult would be amplified, sustaining and expanding the neuroinflammation resulting
in further damage and inflammatory responses across a larger area. This process could be
exacerbated by exogenous increases in CNS dopamine due to substance abuse (102) or legal
therapeutics that affect the dopaminergic system, such as those for depression (66), a
common comorbidity among HIV-infected individuals (20). In addition, as the HIVV-infected
population ages, the use of dopaminergic therapeutics that treat age-related disorders, such
as Alzheimer’s, Parkinson’s, diabetes and some cancers (103-106) could further impact the
development of NeuroHIV. Together, these data suggest that the bidirectional interaction
between macrophages and the dopaminergic system may be central to HIV
neuropathogenesis, and exogenous elevation of dopamine may increase the susceptibility of
vulnerable populations to neurological damage.

These data support and expand on the hypothesis that changes in dopaminergic tone could
play a significant role in the development and exacerbation of NeuroHIV by increasing
macrophage susceptibility to HIV entry. Together with previous studies, these data indicate
that the increased entry is exclusively mediated by activation of dopamine receptors,
particularly D5 receptors coupled to Gg/11, and activation of these receptors induces a
dopamine-mediated Ca?* release that is critical to the effects of dopamine. Further, the
mechanism underlying this process is an alternative signaling pathway and not the canonical,
cAMP-mediated dopamine signaling cascade. In addition to demonstrating a critical role for
Ca?* in the HIV infection process, these data suggest that therapeutic strategies targeting
dopamine signaling could be used to reduce the adverse effects of illicit drugs and
dopaminergic therapeutics in NeuroHIV. These data also suggest that dopamine signaling in
macrophages may be biased toward a non-canonical signaling mechanism, and that
immunologic signaling pathways mediating the actions of neurotransmitters may be distinct
from those found in neurons. Overall, these data further define a novel mechanism by which
dopamine could substantially impact the development of HIV and other diseases, and
highlight the importance of understanding dopamine signaling in immune cells under both
physiological and pathological conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Dopamine increases HIV entry into human macrophages via Ca?* dependent
mechanism
. Dopamine stimulates Ca2* release and PKC activation in macrophages
. D1-like receptors coupling to Gg/11 partially mediates effects on PKC and
Ca?*
. Dopamine doesn’t increase CAMP in human macrophages
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Figure 1 - Activation of dopamine receptors, but not serotonin or norepinephrine receptors,
increases HIV entry into macrophages.
Human monocyte-derived macrophages (MDM) were infected with B-lac HIV in the

presence or absence of dopamine (DA, A-C), serotonin (5-HT, D-F), or isoproterenol (lso,
G-H) at 1079 M or 1078 M. (A-H) show representative images of each condition, with
infected cells (blue) indicated by white arrows. Dopamine at 1076 M, but not 1072 M
significantly increased HIV entry over the HIV alone control (J, dopamine gray columns,
HIV red columns). In contrast, neither serotonin (K, brown bars) nor isoproterenol (L, blue
bars) increased HIV entry over the HIV alone control (red columns) at either concentration
used. Data are represented as fold change compared to the mean of the vehicle treated
control. *p<0.05.
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Figure 2 - Dopamine-mediated increase in HIV entry in macrophages is independent of
canonical dopamine signaling.

(A, B) Cartoon depicting the dopaminergic signaling pathways. Canonically (A) D1-like
receptors (D1 and D5, blue) couple to G, which activates adenylate cyclase, leading to
production of cyclic AMP (cAMP), and activation of PKA and further downstream targets.
In contrast, D2-like receptors (D2, D3, and D4, red) couple to G to inhibit adenylate
cyclase and oppose D1-like signaling. In the non-canonical pathway (B), the D1-like
receptor D5 (blue) couples to Gg/11 While the D2-like receptor D2 (red) couples to Gg,, to
activate PLC, which hydrolyzes PIP2 to form IP3 and diacyglycerol (DAG). These second
messengers then induce IP3-mediated calcium release from the endoplasmic reticulum, and
DAG-mediated PKC activation. Inhibitors used throughout this paper to examine these
pathways are depicted by red arrows. To examine whether activation of the canonical
pathway modulates the effect of dopamine on HIV entry into MDM, human monocyte
derived macrophages (MDM) were pretreated with either vehicle (C-F) or H89 (1076 M, G,
H) for 60 min, then infected with B-lac HIV in the presence or absence of dopamine (107°
M), or NKH 477 (1075 M) for 2.5 hours. MDM were then incubated in the dark for 6 hrs
and HIV entry was assessed. Representative images are depicted in (C-H). Representative

infected cells (blue) are indicated by white arrows. Dopamine treatment had a main effect on

HIV entry into MDM (gray columns) relative to cells infected with HIV alone (red
columns), while treatment with H89 (yellow hexagons) had no effect on HIV entry of the
effect of dopamine (1). Increasing cCAMP concentrations using NKH477 (pink column) also

did not alter HIV entry into MDM relative to cells infected with HIV alone (red column) (J).
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Data are represented as fold change compared to the mean of the vehicle treated control
x|
p<0.05
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Figure 3 - Dopamine-mediated calcium flux is required to increase HIV entry into macrophages.
To examine whether activation of the non-canonical pathway modulates the effect of

dopamine on HIV entry into MDM, cells were pretreated with either vehicle (A and B) or
Dantrolene (104M, Dantrx) (C and D) for 60 min, then infected with B-lac HIV in the
presence or absence of dopamine (10-5M) for 2.5 hours. MDM were incubated in the dark
for 6 hrs and HIV entry was assessed. Representative images are depicted in (A-E).
Representative infected cells (blue) are indicated by white arrows. There was a significant
interaction between dopamine and dantrolene, and post-hoc analyses showed dopamine
treatment increased HIV entry into macrophages (gray columns) relative to cells infected
with HIV alone (red columns). Inhibition of calcium with dantrolene (yellow hexagons)
significantly attenuated DA-mediated HIV entry into macrophages (F). Data are represented
as fold change compared to the mean of the vehicle treated control *p<0.05, ***p<0.001
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Figure 4 - Human macrophages express significantly more D1-like receptors than D2-like

receptors.

mRNA from human MDM was analyzed for expression of DRD1, DRD2, DRD3,
DRD4,DRD5, and 18s through gRT-PCR. Expression of all receptors was normalized to 18s
for each donor. Analysis using a one-way ANOVA showed the D1-like receptors DRD1 and
DRD?5 (red dots) were expressed at significantly higher levels than the D2-like receptors,
DRD2, DRD3, and DRD4 (blue dots).
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Figure 5 - Activation of the Gg11-linked dopamine receptor stimulates calcium release in human
macrophages.

Human MDM were loaded with the fluorescent calcium indicator dye Oregon Green

Bapta-488 for an hour, followed by treatment with the indicated drug. A represents calcium

traces over the time period whereas B shows the area under the curve analysis. Dopamine
(gray) significantly increased calcium release over the vehicle control (white line).
Treatment with the Gg11 inhibitor YM-254,890 partially attenuated this dopamine mediated
increase (blue). YM alone (pink) had no effect on calcium flux compared to the vehicle
control. lonomycin (inset, orange line) was used as a positive control. All data was
normalized to baseline, and the vehicle control was set to one. Each N represents an average

of 75-110 cells from 3 - 5 individual donors. **p<0.01, **** p<0.0001
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Figure 6 - Dopamine induces PKC phosphorylation in human macrophages.
Human MDMs were treated with dopamine for 1 minute and protein was isolated, run on a

western blot, and probed for phospho-PKC (bl Ser660). A representative western blot is
shown in (A, 1-Untx, 2-PMA 1078 M, 3-DA 107% M, 4-DA 1077 M, 5-DA 1078 M, 6-DA
1079 M)). Dopamine significantly increased PKC phosphorylation at 1076M, 10~"M,
108M, and 1078M after 1 minute relative to the untreated control (B, DA, gray column,
Utx, white column). Phospho-PKC signal was normalized to total protein for all donors, and
analyzed using a one-way ANOVA. *p<0.05, **p<0.01, ***p<0.005. PMA (orange) was
used as a positive control and was analyzed separately using a Paired T-test. @@ p<0.01.
Data is expressed as fold change compared to the mean of the untreated.
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Figure 7 - Inhibition of Gg/11 modulates PKC phosphorylation in macrophages.
MDM were pre-treated with the Gg11 inhibitor YM-254890 for thirty minutes followed by

treatment with vehicle or 1075M DA for one minute (A, B). Cells were lysed and analyzed
for phospho-PKC via Western Blot. A representative western blot is shown in (A, 1-Untx, 2-
PMA 1075 M, 3-DA 1076 M, 4-YM-254890 106 M, 5-YM+DA). Analysis using a 2way
ANOVA showed a significant interaction between dopamine and YM-254890, and post hoc
analyses showed that dopamine alone (B, gray columns) significantly increased PKC
phosphorylation over the untreated vehicle (white columns), while this effect was not
present in MDM treated with YM-254,890. *p<0.05 Data are represented as fold change
compared to the mean of the vehicle treated control.
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Figure 8 - Dopamine receptor activation does not increase CAMP production in MDM.
To determine if dopamine signals through the canonical D1-like pathway, stimulation of

cAMP was measured. The indicated concentrations of dopamine were added to MDMs for 5
(A), 10 (B), or 15 (C) minutes, after which cells were washed, lysed, and analyzed for
production of cAMP. Analysis by one-way ANOVA showed that not dopamine
concentration assayed (gray column) increased CAMP production compared to the vehicle
treated control (white column). This pattern held true at all time points measured. Forskolin,
a direct activator of adenylyl cyclase, was used as a positive control and was analyzed
separately using a paired T-test (orange bar). @@ p<0.01, @@ @ p<0.005 Data are
represented as fold change compared to the mean of the vehicle treated control.
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