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ABSTRACT 32 

Although the reduction of viral loads in people with HIV (PWH) undergoing combination 33 

antiretroviral therapy (cART) has mitigated AIDS related symptoms, the prevalence of 34 

neurological impairments has remained unchanged. HIV-associated CNS dysfunction includes 35 

impairments in memory, attention, memory processing and retrieval. Here, we show a significant 36 

site-specific increase in the phosphorylation of Syn I serine 9, site 1, in the frontal cortex lysates 37 

and synaptosome preparations of male rhesus macaques infected with simian immunodeficiency 38 

virus (SIV) but not in uninfected or SIV-infected ART animals. Furthermore, we found that a 39 

lower protein phosphatase 2A (PP2A) activity, a phosphatase responsible for Syn I (S9) 40 

dephosphorylation, is primarily associated with the higher S9 phosphorylation in the frontal 41 

cortex of SIV-infected macaques. Comparison of brain sections confirmed higher Syn I (S9) in 42 

the frontal cortex and greater coexpression of Syn I and PP2A A subunit which was observed as 43 

perinuclear aggregates in the somata of the frontal cortex of SIV-infected macaques. 44 

Synaptosomes from SIV-infected animals were physiologically tested using a synaptic vesicle 45 

endocytosis assay and FMTM4-64 dye showing a significantly higher baseline depolarization 46 

levels in synaptosomes of SIV+ infected than uninfected control or ART animals. A PP2A-47 

activating FDA approved drug, FTY720, decreased the higher synaptosome depolarization in 48 

SIV-infected animals. Our results suggest an impaired distribution and lower activity of 49 

serine/threonine phosphatases in the context of HIV infection may cause an indirect effect on the 50 

phosphorylation levels of essential proteins involving in synaptic transmission supporting the 51 

occurrence of specific impairments in the synaptic activity during SIV infection.     52 
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SIGNIFICANCE STATEMENT 53 

Even with antiretroviral therapy (ART), neurocognitive deficits, including impairments in 54 

attention, memory processing and retrieval, are still major concerns in people living with HIV. 55 

Here, we utilized the rhesus macaque SIV model with and without ART to study the dynamics of 56 

phosphorylation of key amino acid residues of synapsin I (Syn I), which critically impacts 57 

synaptic vesicle (SV) function. We found a significant increase in Syn I phosphorylation at 58 

serine 9, which was driven by dysfunction of serine/threonine protein phosphatase 2A in the 59 

nerve terminals. Our results suggest an impaired distribution and lower activity of 60 

serine/threonine phosphatases in the context of HIV infection may cause an indirect effect on the 61 

phosphorylation levels of essential proteins involving in synaptic transmission.  62 
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INTRODUCTION 63 

Despite successful combination antiretroviral therapy (cART) in people with HIV (PWH), 64 

the viral reservoir can persist in the brain leading to neuronal dysfunction and impairment of the 65 

molecular machinery required for proper neuronal excitability and communications (Haughey et 66 

al., 2001; Musante et al., 2010; Fitting et al., 2013; Gelman, 2015). There is no evidence that 67 

HIV-1 infects neurons; however, non-neuronal HIV-infected cells, such as macrophages, 68 

microglial cells and astrocytes release viral neurotoxic proteins that may lead to aberrant 69 

synaptodendritic pruning and neuronal injury (Eggers et al., 2017). On the other hand, HIV-70 

mediated neuroimmune dysfunction plays a significant role in dysregulating neurotransmission 71 

and neuroplasticity in PWH. Thus, with successful suppression of viral replication by cART, 72 

neuroinflammation continues to perturb the CNS (Burdo et al., 2013). Although many studies 73 

have investigated HIV-associated neuronal dysfunction, the molecular pathways leading to the 74 

impairment of synaptic connectivity and neuronal transmission by HIV are understudied. 75 

Calcium-dependent synaptic vesicles (SVs) release in the “active zone” of presynaptic 76 

terminals is responsible for tuned neuronal activities in both inhibitory and excitatory synapses, 77 

governing the synaptic plasticity, learning and memory formation (Sudhof, 2012). 78 

Neurotransmission machinery consists of SV-associated proteins that regulate neurotransmitter 79 

uptake, vesicles release, and recycling to ensure the efficient transfer of signals to the 80 

postsynaptic terminals (Greengard et al., 1993). Among SV-associated proteins is the small 81 

family of phosphoproteins called synapsins (Syn), which play a pivotal role in timely release of 82 

the neurotransmitters and neuronal differentiation (Bahler et al., 1990). Syn I undergoes multiple 83 

phosphorylation and dephosphorylation cycles at several amino acids during neurotransmission 84 

modulating the interactions with Syn I, actin, SVs and phospholipids, thus allowing the SVs 85 



 

5 
 

reorganization and trafficking at the synaptic terminals. The phosphorylation cycling confers 86 

tight regulation of SVs trafficking within the presynaptic terminals, maintaining a releasable pool 87 

and ultimately facilitating SVs fusion to the presynaptic terminals (Cesca et al., 2010).   88 

Syn I interacts with the presynaptic components through its conserved domains. Multiple 89 

kinases including protein kinase A (PKA), Ca2+/calmodulin dependent kinase (CaMK) I/II/IV, 90 

mitogen-activated protein kinase (MAPK), cell division protein kinase 1 and 5 (cdk1/5) are 91 

known to specifically phosphorylate amino acid residues of Syn I domains, altering the Syn I 92 

interaction with synaptic components following the depolarization of neurons, thus promoting 93 

the timely trafficking of SVs for membrane fusion and neurotransmitter release to the synaptic 94 

clefts. (Onofri et al., 1997; Hosaka & Sudhof, 1999; Cheetham et al., 2001; Angers et al., 2002; 95 

Yamada et al., 2009).  96 

Various mutations in synapsins are associated with neurological disorders. Nonsense and 97 

missense mutations and single nucleotide polymorphisms (SNPs) have been reported in patients 98 

with epileptic seizures and autism (Fassio et al., 2011; Lignani et al., 2013), schizophrenia 99 

(Saviouk et al., 2007), bipolar disorder (Lachman et al., 2006) and multiple sclerosis (MS) 100 

(Liguori et al., 2004). Dysregulation of SUMOylation and phosphorylation of Syn I occurs in 101 

patients with autism and Huntington’s diseases (Xu et al., 2013; Tang et al., 2015).         102 

Here, we examined the state of synapsin I phosphorylation in the frontal cortex of an 103 

accelerated SIV-infected rhesus macaque model of NeuroHIV. We found that Syn I (S9, site 1) 104 

phosphorylation is significantly higher in the frontal cortex of SIV-infected rhesus macaques 105 

when compared to uninfected controls. Interestingly, we found restoration of Syn I (S9) 106 

phosphorylation in SIV-infected ART treated animals to the baseline levels of uninfected 107 

animals. We further demonstrated a reduction in the synaptosomal expression of PP2A A subunit 108 
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in SIV infected animals. Together with an impaired cellular distribution and lower PP2A activity 109 

in the frontal cortex of SIV-infected animals, we propose an impaired PP2A activity in the 110 

context of SIV infection leads to the functional dysregulation of PP2A substrates at the synaptic 111 

levels. Using an endocytosis assay of synaptosomes isolated from SIV-infected macaques, we 112 

showed an FDA approved drug can mitigate high levels of the depolarization in synaptosomes 113 

from SIV-infected animals.   114 

MATERIALS AND METHODS 115 

Animals used  116 

Male Indian rhesus macaques (Macaca mulatta) were inoculated intravenously with SIVmac251 117 

viral swarm (5 ng p27; Tulane National Primate Research Center’s [(TNPRC; Covington, LA) 118 

Viral Core] and subsequently CD8-depleted through administration of 10 mg/kg of anti-CD8 119 

antibody subcutaneously at 6 days post-infection (dpi) and 5 mg/kg of antibody intravenously at 120 

8 and 12 dpi (Nonhuman Primate Reagent Resource) (Lakritz et al., 2015). The SIV+ animals 121 

were sacrificed according to humane endpoints consistent with the recommendations of the 122 

American Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of Animals. 123 

The development of simian AIDS was determined post-mortem by the presence of Pneumocystis 124 

carinii-associated interstitial pneumonia, Mycobacterium avium-associated granulomatous 125 

enteritis, hepatitis, lymphadenitis, and/or adenovirus infection of surface enterocytes in both 126 

small and large intestines. For ART treatments, animals were not only SIV-infected and CD8 127 

depleted, but also received a triple ART regimen of Raltegravir (22 mg/kg oral twice daily, 128 

Merck), Tenofovir (30 mg/kg subcutaneous once daily, Gilead), and Emtricitabine (10 mg/kg 129 

subcutaneous once daily, Gilead) at 21 dpi until the timed sacrificed at 118–120 dpi. Animals 130 

were anesthetized with ketamine-HCL and euthanized by intravenous pentobarbital overdose. 131 
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Animals used in the study were housed at the TNPRC. All animals used in this study were 132 

handled in strict accordance with American Association for Accreditation of Laboratory Animal 133 

Care with the approval of the Institutional Animal Care and Use Committee of Tulane 134 

University. 135 

Immunoblotting 136 

Whole protein lysates were prepared using a lysis buffer containing 6M Urea, 0.025% SDS, 5 137 

mM -mercaptoethanol and mechanical homogenization. Synaptosomes were isolated from 138 

frontal cortices of uninfected, SIV+ and SIV+ART animals, using Syn-PERTM synaptic protein 139 

extraction reagent (ThermoFisher) as described by the manufacture in the presence of HaltTM 140 

proteinase inhibitors mix (ThermoFisher) and phosphatase inhibitors cocktail 3 (Sigma). Protein 141 

assays were performed using Bradford reagent (Bio-Rad) according to the manufacturer 142 

protocol. Sixty micrograms of protein lysates or 30 g of synaptosomes per condition were 143 

analyzed on SDS-PAGE gels. The following primary antibodies were used; Cell Signaling: 144 

Phospho-CaMKII (1:1000, 12716S; RRID: AB_2713889), Synapsin I (1:1000, 5297S; RRID: 145 

AB_2616578), phospho- Synapsin I (S9) (1:1000, 2311S; RRID: AB_2200427), PP2A A 146 

subunit (1:1000, 2039S; RRID: AB_2713889) and PKA RI alpha/beta (1:1000, 3927S; RRID: 147 

AB_1658217). Invitrogen: Phospho-Synapsin I (S549) (1:1000, PA1-4697; RRID: 148 

AB_2175503), phospho-Synapsin I (S603) (1:1000, PA1-4604; RRID: AB_560615), phospho-149 

CaMKI (Thr177) (1:1000, PA5-38434; RRID: AB_2555035), phospho-CaMKIV (Thr196/200) 150 

(1:1000, PA5-37504; RRID: AB_2554113). R and D Systems: Phospho-CREB (1:1000, 702710; 151 

RRID: AB_10972977), CaMKII (1:1000, MAB7280). EMD Millipore: Phospho-Synapsin I 152 

(S62/S67) (1:1000, AB9848; RRID: AB_673006). ProteinTech: GAPDH (1:3000, 60004-1-Ig; 153 

RRID: AB_2107436). The signals were detected using ODYSSEY® CLx Imaging system (LI-154 
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COR, Inc.). Protein band intensities were quantified using Image Studio Software and 155 

normalized against corresponding actin or GAPDH signals. 156 

Immunohistochemistry  157 

Paraffin embedded sections (5 m) were prepared and immunolabeled using a mouse Synapsin I 158 

(Synaptic System 1:200, 106001; RRID: AB_887805) and the PP2A A subunit (1:200) 159 

antibodies. The sections were deparaffinized by 20 mins incubation in xylene. They were then 160 

hydrated for 2 mins with serial changes in 100%, 90% and 75% of ethanol, each two times for 2 161 

mins and washed with distilled water. For heat induced antigen unmasking, the sections were 162 

heated up at 95oC for 20 mins in an antigen unmasking solution (Vector, H-3300), cooled down 163 

and washed in DPBS (Invitrogen). The sections were then incubated in 0.25% Triton X100 in 164 

DPBS for 5 mins and blocked in 0.1% Triton X100, 10% FBS in DPBS for one hour. The 165 

primary antibody mix were prepared in the blocking solution and the sections were incubated for 166 

overnight at 4oC. Primary antibody treated sections were washed three times with DPBS and 167 

incubated in a mix of secondary antibodies; goat anti-rabbit Alexa 488 (1:1000, Invitrogen) and 168 

goat anti-mouse Alexa 555 (1:1000, Invitrogen) for one hour in the presence of DAPI to stain 169 

nuclei. The sections were imaged using a Keyence Microscope at 20× or 40× objective. 170 

Corresponding images were then quantified using BZ-X Analyzer software and the Hybrid Cell 171 

Count module. 172 

Protein kinase A assay 173 

We assayed the PKA activity of synaptosome preparations of uninfected, SIV+ and SIV+ART 174 

rhesus macaques using PKA colorimetric activity kit (Invitrogen) according to the 175 
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manufacturer’s instructions in 15 ng of final protein concentrations. The synaptosomes were 176 

prepared as previously described in the presence of phosphatase and proteinase inhibitors.     177 

PP2A activity assay 178 

PP2A activity was assayed in synaptosome preparations of uninfected, SIV-infected and SIV-179 

infected with ART rhesus macaques. Hundred micrograms of the synaptosomal proteins (without 180 

phosphatase inhibitors) were subjected to immunoprecipitation (IP) of PP2A using an antibody 181 

against PP2A A subunit (1:50, Cell Signaling) in the IP buffer (50 mM Tris pH 7.4, 1% NP-40, 182 

150 mM NaCl, 2 mM EDTA) plus proteinase inhibitors. The complex was then pulled down 183 

using protein A Sepharose 4B (Life Technologies) and washed three times with the IP buffer. 184 

The PP2A assay was performed as described before (McAvoy & Nairn, 2010) in colorimetric 185 

assay buffer (20 mM Tris, pH 7.5, 5 mM MgCl2, 1 mM EGTA, 0.02% -mercaptoethanol and 186 

0.1 mg/ml bovine serum albumin) using 4-Nitrophenyl phosphate (pNPP, Sigma) as a substrate. 187 

The absorbance was read at 405 nm using Epoch2 microplate reader (BioTek). The protein 188 

phosphatase inhibitor Fostriecin (Cayman Chemical) was added to some wells at 1 M to 189 

specifically inhibit PP2A (Swingle et al., 2007). 190 

Synaptic vesicles endocytosis assay  191 

Pellets containing synaptosomes were analyzed for synaptic vesicles endocytosis assay as 192 

described previously (Daniel et al., 2012). In summary, the pellets were resuspended into SET 193 

buffer (0.32 M sucrose, 1 mM EDTA, 5 mM Tris pH 7.4). Synaptosomes (20 g/ml) were then 194 

attached to polyethyleneimine (PEI) coated glass bottom 96-well microplates (Greiner bio-one, 195 

Germany) at 4oC, as described previously (Daniel et al., 2012). Synaptosomes were revived at 196 

30oC for 15 min. In some experiments, synaptosomes were labeled with 1 M calcein blue-AM 197 
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(Invitrogen) for 30 min at 30oC in HBK buffer (143 mM NaCl, 4.7 mM KCl, 1.3 mM MgSO4, 198 

1.2 MM CaCl2, 20 mM HEPES, 0.1 mM NaH2PO4 and 10 mM d-glucose, pH 7.4). Synaptic 199 

vesicle endocytosis was assayed using FMTM4-64FX (Invitrogen) at 1mM. Extraneous FMTM4-200 

64FX was then washed with 1mM Advasep-7 (Biotium) for 2 min. Hydroxy dynasore (H.d.) was 201 

added at 100 M to some wells for 30 mins prior to FMTM4-64FX labeling. For stimulation, 202 

synaptosomes were depolarized in the presence 40 mM KCl for 2 min at 30oC. The plates were 203 

either immediately imaged or fixed using 4% paraformaldehyde in HBK buffer. The imaging 204 

was performed using a Keyence Microscope at 20× or 40× objective. Four images per well from 205 

three wells were captured using the same exposure times. Total fluorescence intensities of 206 

objects between 3 and 75 m in area were measured and compared. 207 

Statistical analysis  208 

The data analysis comparing the intensities between the samples were performed either with one-209 

way ANOVA with post-hoc Tukey HSD (honest significant difference) or with student t test. A 210 

criterion of α = 0.05 was used to establish statistical significance. The mean values ± SEM were 211 

results of analysis with the indicated number (n) of experiments. 212 

RESULTS 213 

Synapsin I is hyperphosphorylated at site 1 serine 9 in the frontal cortex of SIV+ rhesus 214 

macaques  215 

In order to investigate mechanisms of SIV-associated CNS dysfunction, 10 male Indian 216 

rhesus macaques were intravenously infected with SIVmac251 followed by depletion of CD8+ 217 

cells by anti-CD8 antibody to accelerate SIV CNS pathology (SIV+) (Lakritz et al., 2015). Five 218 

of SIV-infected rhesus macaques received a triple ART regimen at 21 days post infection (dpi) 219 
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to suppress the viral load (SIV+ART). SIV+ animals (A05-A09) were sacrificed according to 220 

humane endpoints consistent with the recommendations of the American Veterinary Medical 221 

Association (AVMA) Guidelines for the Euthanasia of Animals and SIV+ART animals (A10-222 

A14) were time-sacrificed at 120 days post-infection. Four uninfected rhesus macaques (A01-223 

A04) served as experimental controls (Table 1). We prepared brain lysates from the frontal 224 

cortex of uninfected, SIV+, and SIV+ART animals and examined Syn I phosphorylation at 225 

several phosphorylation sites using Syn I phosphospecific antibodies. The phosphorylation of 226 

Syn I (S9) was significantly different among uninfected, SIV+, and SIV+ART animals (Figure 227 

1A and 1B top; one-way ANOVA, F (2, 11) = 6.3849, p = 0.01). Syn I (S9) phosphorylation was 228 

significantly higher in SIV+ cohort compared to uninfected animals (Figure 1B; p < 0.05). 229 

Furthermore, Syn I (S9) phosphorylation was lower in SIV+ART animals compared to SIV+ 230 

animals, suggesting ART mitigated SIV-associated increased phosphorylation (Figure 1B; p < 231 

0.05). Total Syn I protein expression was not significantly different among groups indicating a 232 

higher phosphorylation at S9 than an increased expression of Syn I in SIV+ animals (Figure 1B, 233 

bottom). Next, we examined sections of the frontal cortex of SIV+ animals by 234 

immunofluorescence using anti-p-Syn I (S9) and β III tubulin antibodies and quantified as the 235 

fluorescent intensity. Phosphorylated Syn I (S9) significantly differed among the groups (Figure 236 

1C and 1D; one-way ANOVA, F (2, 21) = 8.3541, p = 0.002). These experiments further 237 

confirmed higher p-Syn I (S9) in the cortex of SIV+ animals. We also examined sections of 238 

parietal and occipital lobes for p-Syn I (S9), both lobes displayed significantly higher S9 239 

phosphorylations in SIV+ when compared with sections of uninfected and SIV+ART animals 240 

(Figure 2A and 2B; one-way ANOVA, F(2, 41)= 4.97, p= 0.01 and F(2, 28)=8.87, p= 0.001, 241 

respectively).   242 
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We further assessed Syn I phosphorylation on residues located in the other Syn I 243 

domains. Phosphorylation specific antibodies against p-Syn I (S62/67), p-Syn I (S549) and p-Syn 244 

I (S603) were used on the frontal cortex lysates of uninfected, SIV+, and SIV+ART animals 245 

(Figure 3). We found an overall decreasing trend in Syn I phosphorylation at p-Syn I (S62/67) 246 

(one-way ANOVA, F (2, 11) = 3.2108, p = 0.08) and no significant change in p-Syn I (S549). 247 

Phosphorylation at Syn I (S603) residue exhibited an increasing trend with a significant higher 248 

phosphorylation in SIV+ART animals when compared to uninfected lysates (Figure 3B, one-way 249 

ANOVA, F (2, 11) = 4.2399, p = 0.04). 250 

Phosphorylation of Syn I (S9) in synaptosomes of SIV+ animals 251 

To assess Syn I phosphorylation in preparations of the nerve terminals, we prepared 252 

synaptosomes from the frontal cortex of uninfected, SIV+, and SIV+ART animals and assessed 253 

Syn I (S9) phosphorylation by western blots. We found significant differences among groups 254 

(one-way ANOVA, F (2, 12) = 14.5737, p = 0.0006). Significantly higher levels of Syn I (S9) 255 

phosphorylation were detected in the synaptosome preparations of frontal cortex of SIV+ 256 

animals when compared to synaptosomes from uninfected or SIV+ART animals (Figure 4A and 257 

4B, post-hoc, p < 0.005). We also found that S62/S67 phosphorylations were not different 258 

among groups (Figure 4B). A significant increase in S549 was also observed among three groups 259 

in the synaptosome preparations (Figure 4B, one-way ANOVA, F (2, 11) = 4.3469, p = 0.04), 260 

with a significant increase between with SIV+ART compared to SIV+ animals (Figure 4B, post-261 

hoc, p < 0.05). The phosphorylation of S603 site was not significantly different among the 262 

groups (Figure 4B).  263 

We hypothesized that the higher levels of phosphorylated Syn I (S9) in SIV+ animals may 264 

indicate either a dysregulation of PKA and/or CaMK I/IV kinases responsible for S9 265 
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phosphorylation or a lower activity of PP2A, which is responsible for Syn I (S9) 266 

dephosphorylation. In order to verify the pathway(s) responsible for a higher Syn I (S9) 267 

phosphorylation in SIV+ animals, we examined the activities of kinases responsible for S9 268 

phosphorylation. The PKA activity was assessed by quantifying the phosphorylated cAMP 269 

response element-binding protein (p-CREB) in the frontal cortex synaptosomes (Delghandi et 270 

al., 2005). No significant differences were observed in the overall p-CREB levels (Figure 5A). 271 

Furthermore, the expression of PKA catalytic subunit was assessed by western blot and the PKA 272 

activity directly assayed in SIV infected and compared to synaptosomes from uninfected or 273 

SIV+ART animals. There were no significant differences in the expression of PKA catalytic 274 

subunit or PKA activity among the groups (Figure 5B and 5C).  275 

Next, we examined the activities of both CaMKI and IV kinases known to phosphorylate Syn 276 

I (S9) (Huttner et al., 1981). An antibody against the phosphorylated CaMKIV (Tyr196/Tyr200) 277 

and one against the phosphorylated CaMKI (Tyr177) were used to test the synaptosome 278 

preparations for the CaMKIV and CaMK I activities, respectively (Wayman et al., 2006; Yadav 279 

et al., 2009). These experiments indicated no difference in the level of active forms of 280 

phosphorylated CaMKI or IV among SIV+, SIV+ART, or uninfected animals (Figure 5D and 281 

5E).  282 

In addition, we verified the CaMKII activity which promotes the phosphorylation of Syn I 283 

(S603) (Onofri et al., 1997). We used an antibody against Thr286 which detects an active form 284 

of CaMKII. In synaptosomes, we found no significant differences among groups in the p-285 

CaMKII levels when the loadings were normalized against GAPDH (Figure 6A and 6B; one-way 286 

ANOVA, F (2, 11) = 0.4002, p = 0.68). However, when we compared the p-CaMKII levels to 287 

the total CaMKII protein, a significant difference was found among the groups (Figure 6B; one-288 



 

14 
 

way ANOVA, F (2, 11) = 4.7433, p = 0.03), specifically a significant reduction of the CaMKII 289 

activity in synaptosomes of SIV+ART compared to SIV+ animals (post hoc, p < 0.05). In total 290 

lysates (Figures 6C and 6D), the CaMKII activity was found significantly different among 291 

groups (one-way ANOVA, F (2, 11) = 5.3209, p = 0.02) with SIV+ART significantly decreased 292 

from SIV+ (p < 0.05). We also found significant differences among groups when the lysates 293 

were probed with anti-CaMKII (one-way ANOVA, F (2, 11) = 5.6849, p = 0.02) with a 294 

significant decrease in the CaMKII expression in lysates from SIV+ART animals (post-hoc, p < 295 

0.05) compared to SIV+ animals. When the lysates were normalized with the total CaMKII 296 

protein (pCaMKII/CaMKII), a trend for a difference among groups was observed (one-way 297 

ANOVA, F (2, 11) = 3.9723, p = 0.05) (Figure 6D).  298 

Alterations in the PP2A A subunit expression, cellular distribution and PP2A activity in 299 

the SIV+ brain 300 

SVs trafficking at the presynaptic terminals is regulated by dephosphorylation of Syn I by 301 

PP2A and PP2B (calcineurin), which modulate SVs clustering and their associations with actin 302 

cytoskeleton (Jovanovic et al., 1996; Jovanovic et al., 2001). Syn I (S9) is selectively 303 

dephophorylated by PP2A in a tonic and Ca2+ independent fashion (Jovanovic et al., 2001). We 304 

verified the expression levels of PP2A A subunit and found significant changes among the 305 

groups (one-way ANOVA, F (2, 11) = 6.8413, p = 0.012) with a significant decrease when 306 

synaptosomes from SIV+ compared to SIV+ART animals (Figure 7A and 7B; post-hoc, p < 307 

0.05). In fact, upon examining the cellular distribution of PP2A A subunit using immunolabeling 308 

of SIV+ animals frontal cortex, we found both Syn I and PP2A A subunit were co-expressed in 309 

the somata of neurons (Figure 7C) with significantly lower PP2A A detected when compared to 310 

uninfected or SIV+ART frontal cortex (Figure 7D, one-way ANOVA, F (2, 28) = 12.9317, p = 311 
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0.0001). Syn I expression, predominantly as perinuclear aggregates, was found in the SIV+ 312 

cortex while in uninfected animals a dispersed distribution of Syn I positive puncta was detected 313 

(Figure 7C; arrows vs. arrowheads). Because of the lower protein levels and impaired 314 

distributions of PP2A A subunit, we measured the PP2A activity in SIV+ synaptosomes by 315 

immunoprecipitating PP2A A subunit from the synaptosome preparations of uninfected and 316 

SIV+ animals and assaying the activity of bound PP2A holoenzyme. We observed a significantly 317 

lower PP2A activity in synaptosomes from SIV+ animals when compared to uninfected animals 318 

(Figure 7E, t-test, p < 0.05). In addition, the application of Fostriecin at 1 m, which 319 

specifically inhibits PP2A (Swingle et al., 2007), decreased the PP2A activity in uninfected 320 

synaptosomes to that of SIV+ synaptosomes. These experiments strongly suggest that the lower 321 

activity of PP2A is responsible for the higher Syn I (S9) phosphorylation in SIV+ brains.  322 

Synaptic vesicle endocytosis assay of SIV+ synaptic terminals 323 

To functionally test the efficacy of SVs release in the synaptic terminals of rhesus macaque 324 

brains, we utilized an endocytosis assay using frontal cortex synaptosomes. In the presence of 325 

KCl, synaptosomes can undergo depolarization and induce SVs exocytosis at the synapse 326 

(Coffey et al., 1993). Following depolarization, endocytosis events will recycle the released 327 

vesicles (Lou, 2018). We assayed synaptosomes preparations from the frontal cortex of 328 

uninfected, SIV+, and SIV+ART animals using FMTM4-64 by adhering the synaptosomes onto 329 

glass microplates (Daniel et al., 2012). Synaptosomes from the frontal cortex of animals were 330 

then depolarized using KCl and subsequently imaged. In uninfected animals, we observed a 331 

significant increase in the fluorescence signals following KCl treatments indicating an active 332 

endocytosis/exocytosis in KCl treated synaptosomes (Figure 8A and 8B, p < 0.005). We found 333 

an elevated fluorescence signals even in the absence of KCl in synaptosomes from SIV+ 334 
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animals (Figure 8A and 8B, p < 0.005). The fluorescence signals in synaptosomes from 335 

SIV+ART brains had a similar increase as uninfected synaptosomes in the presence of KCl (p < 336 

0.005). Hydroxy dynasore (H.d.) inhibits dynamin-mediated SVs endocytosis (Macia et al., 337 

2006). Application of H.d. to the synaptosomes mitigated the fluorescence signals in the 338 

presence of KCl thus inhibiting depolarization (Figure 8A and 8B). These experiments further 339 

support the existence of more unbound SVs available for fusion at the synaptic terminals in 340 

SIV+ than uninfected or SIV+ART animals, indicating a higher phosphorylation of Syn I (S9).  341 

A phosphatase activating drug mitigated SVs endocytosis/exocytosis cycle 342 

PP2A plays a key role in cellular pathways and is a therapeutic target for a number of 343 

human conditions such as multiple sclerosis (MS), cancer and inflammatory chronic 344 

respiratory disease (Perrotti & Neviani, 2013). In order to test the ability of a phosphatase 345 

activating drug FTY720 (a sphingosine analogue) to mitigate SVs release from synaptosomes 346 

from SIV+, FTY720 was added to the synaptosomes in both resting and depolarizing states. 347 

FTY720 strongly lowered the fluorescence intensity in a concentration dependent fashion 348 

indicating slower endocytosis/exocytosis events in the presence of the phosphatase activating 349 

drug (Figure 9A and 9B). The quenching effect of FTY720 was significantly slower in 350 

synaptosomes from SIV+ than in synaptosomes from uninfected animals. At 10 M and 50 M, 351 

FTY720 exhibited stronger effect on uninfected than SIV+ synaptosomes (t-test 10 m, p< 352 

0.005; 50 M, p< 0.05). Thus, the activation of PP2A causes a slower depolarization in 353 

synaptosomes from SIV+ animals because of the dephosphorylated Syn I and a greater SVs in 354 

tethered state. 355 

DISCUSSION 356 
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The phosphorylation of synaptic proteins plays an important role in quickly modifying their 357 

functions and regulates synaptic efficacy. Among them, Syn I (S9) phosphorylation modulates 358 

Syn I association with SVs and actin cytoskeleton thus regulates the dynamics of 359 

neurotransmitters release to the synaptic clefts. Basal levels of Syn I (S9) phosphorylation is low 360 

and highly conserved in both vertebrates and invertebrates (Hosaka & Sudhof, 1999; Menegon et 361 

al., 2000; Chi et al., 2001; 2003; Bonanomi et al., 2005; Menegon et al., 2006). Here, we 362 

investigated changes in Syn I phosphorylations in the frontal cortex of SIV-infected rhesus 363 

macaques as a model of NeuroHIV. Our results revealed a specific increase in Syn I (S9) 364 

phosphorylation in SIV+ but not in uninfected or SIV+ animals treated with ART. Furthermore, 365 

we found a lower expression and perinuclear accumulation of PP2A A (scaffold) subunit, which 366 

may indicate an impaired cellular distribution. Interestingly, Syn I was coexpressed with these 367 

perinuclear accumulations. Therefore, both pathological events might be a secondary effect of 368 

which triggered with the lack of available PP2A A subunit to form an active PP2A holoenzyme 369 

at the nerve terminals. It was suggested that the A subunit is responsible for the catalytic activity 370 

of PP2A by inducing a conformational change in catalytic subunit (Zhou et al., 2003). The 371 

interaction of PP2A and viral pathways were also reported (Guergnon et al., 2011). PP2A 372 

activity reversely regulated HIV-1 transcription through LIS1, a microtubule associated protein, 373 

which binds to PP2A and displaces its regulatory B subunit (Epie et al., 2006). However, a 374 

positive regulatory role of PP2A on HIV-1 transcription has also been reported in which higher 375 

non-active core enzyme form of PP2A inhibited Tat-induced HIV-1 transcription and PP2A 376 

indirectly enhanced HIV-1 transcription (Ruediger et al., 1997; Faulkner et al., 2003). HIV-1 377 

viral infectivity factor (Vif) was able to degrade PP2A regulatory subunits in vitro (Evans et al., 378 

2018). Recently, Schott et. al. has demonstrated that PP2A dephosphorylates SAM domain and 379 
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HD domain-containing protein 1 (SAMHD1), a protein which inhibits HIV-1 replication in 380 

dendritic and myeloid cells, and identified PP2A as a key regulator of antiviral activity of 381 

SAMHD1 (Schott et al., 2018). These studies strongly suggest the role of PP2A in the HIV-1 382 

infection and replication in infected cells as well as it implies pathological interactions of HIV-383 

expressed proteins with PP2A subunits. Our current findings support a lower activity of PP2A in 384 

neurons and provide a strong evidence that changes in PP2A activity might contribute to HIV 385 

neuropathogenesis by interfering with normal interaction of PP2A with its substrates. 386 

HIV-1 Tat and gp120 proteins have been identified as the main candidates to elicit 387 

neurotoxic effects on the synaptic density, even before triggering chronic events such as neuronal 388 

cell death (Sa et al., 2004; Bruce-Keller et al., 2008; Kim et al., 2008; Lu et al., 2011; Shin & 389 

Thayer, 2013; Bertrand et al., 2014; Puccini et al., 2015). Studies of HIV-1-associated neuronal 390 

impairments in HIV-1 transgenic rats and Tat transgenic mice have revealed significant changes 391 

in synaptodendritic integrity and behavioral deficits (Fitting et al., 2013; Roscoe et al., 2014; 392 

Hahn et al., 2015). For instance, both proteins have been implicated in impairing glutamate 393 

recycling by increasing glutamine release and reducing its uptake at the synaptic cleft (Vesce et 394 

al., 1997; Musante et al., 2010). The effect of Tat in inducing changes in the synaptic integrity 395 

and the inhibition of hippocampal synapses and network has been reported (Hargus & Thayer, 396 

2013; Mohseni Ahooyi et al., 2018). A Tat-induced excitatory state was also proposed in the 397 

brain of Tat transgenic mice (Zucchini et al., 2013). 398 

In addition, persistent immune response to HIV-1 infection also affect neuronal function by 399 

over producing cytokines and chemokines. HIV-1-associated activation of macrophage and 400 

microglia, the production of pro-inflammatory cytokines and subsequent detection in the CSF of 401 

PWH were correlated with HIV neurocognitive impairments (Bandaru et al., 2007). Both 402 
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interleukin-1  (IL1 ) and tumor necrosis factor  (TNF ) down regulate the expression of 403 

excitatory amino acid transporter 2 (EAAT2) which plays an important role in up taking of 404 

excess glutamate from the synaptic cleft (Vartak-Sharma et al., 2014).  405 

Our findings demonstrated that PP2A activity is impaired in the brain of SIV infected 406 

animals which indirectly dysregulates post translational modification of PP2A targets. This 407 

impaired activity may be associated with the presence of SIV proteins, active infection, 408 

activation of resident immune brain cells and/or increased pro-inflammatory cytokines. These 409 

experiments are currently under investigation. In experimental autoimmune encephalomyelitis 410 

model, a cocktail of pro-inflammatory cytokines including Th1, TNFα, IFNγ and IL-1β induced 411 

Syn I phosphorylations by ERK1/2 pathway (Guarnieri et al., 2018). Thus, extracellular signals 412 

may modulate PP2A activity towards its substrates leading to multiple physiological 413 

impairments.     414 

Neuronal markers, such as microtubule associated protein 2 (MAP-2) and the presynaptic 415 

protein, synaptophysin, are downregulated in PWH (Desplats et al., 2013). The unchanged Syn I 416 

protein expression observed in the synaptosome and lysates preparations of frontal cortex of 417 

uninfected and SIV+ using western blot analysis and previous findings in HIV-1+ human brains 418 

showing lower optical density of Syn I immunolabeling in the brain sections in the neocortical 419 

with high HIV-1 RNA load indicate a dysregulation in the Syn I protein distributions at the 420 

cellular levels. A reduction in the Syn I expression was reported in Tat transgenic mice and in 421 

vitro in a neuroblastoma cell line (Gelman & Nguyen, 2010; Hahn et al., 2015; Guha et al., 422 

2018). These findings support the impact of several factors in the Syn I expression and post-423 

translational modifications, which should be considered for future work. Thus, the presence of 424 
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HIV-1 proteins may contribute to abnormal neuronal transmission by modulating neuronally 425 

expressed proteins. 426 

We found a decreasing trend of Syn I (S603) phosphorylation in synaptosomes, a site 427 

dephosphorylated by PP2A, which supports a lower PP2A activity in synaptosome of SIV+ 428 

animals (Jovanovic et al., 2001). However, we also reported a significant increase in CaMKII 429 

activity in the total lysates of frontal cortex from SIV+ animals, which supports higher 430 

phosphorylation of Syn I (S603) in the lysates. Recent reports of changes in the CaMKII 431 

expression indicated a lower expression of total CaMKII protein when normalized with MAP2 in 432 

the frontal cortex of PWH with neurocognitive impairments and in differentiated human SH-433 

5YSY neuroblastoma cells exposed to supernatants of HIV-1 infected macrophages (Guha et al., 434 

2018). However, the CaMKII activity was rapidly induced in mice by intrathecal injection of 435 

HIV-1 gp120 (Li et al., 2013). In doxycycline-inducible HIV-1 Tat mice, the CaMKII activity 436 

and expression were reduced in male mice (Nookala et al., 2018). In a SIV infection model, an 437 

increase in the CaMKII expression was found in the hippocampus and frontal cortex of SIV+ 438 

animals (Gupta et al., 2010). Our findings on the CaMKII expression and activity in total lysates 439 

versus synaptosome preparations suggest a dysregulation in subcellular distributions of neuronal 440 

and non-neuronally expressed CaMKII protein and its activity.  441 

For the first time, we performed the endocytosis assay on non-human primate frozen brain 442 

samples using FMTM4-64. This allowed us to functionally test the excitability of SIV+ 443 

synaptosomes and assess the differences with uninfected animals. Furthermore, we tested the 444 

potential application of an FDA approved drug, FTY720 (fingolimod), to mitigate the 445 

synaptosomes depolarization in SIV+ animals by activating PP2A. We found that the application 446 

of FTY720 was sufficient to mitigate SVs depolarization which was delayed in synaptosome of 447 
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SIV+ animals. FTY720 was also shown to inhibit the cytokine production in vitro (Yu et al., 448 

2015). Interestingly, HIV-1 transgenic rats exhibits altered inflammatory pathways and develop 449 

pulmonary hypertension (Lund et al., 2011). FTY720 also significantly represses pro-450 

inflammatory cytokines (Rahman et al., 2016a; Rahman et al., 2016b). These findings further 451 

support the role PP2A deficiency in SVs release and provide a proof of principal for clinical 452 

intervention in PWH with neurological impairment. Taken together, our findings suggest a 453 

significant dysregulation in the dynamics of SVs release during depolarization because of altered 454 

Syn I (S9) phosphorylation in SIV+ animals conferring key pathology at the synaptic levels.  455 
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FIGURE LEGENDS 705 

Figure 1. Hyperphosphorylation of Syn I (S9) in the frontal cortex of SIV+ rhesus 706 

macaques. (A) Representative western blots of whole-tissue protein lysates from the frontal 707 

cortex of uninfected, SIV+, and SIV+ART animals using an antibody against Syn I (S9). (B) 708 

Bands were quantified and normalized against actin or GAPDH signals. There was a significant 709 

difference among groups. A higher Syn I (S9) phosphorylation was detected in the frontal cortex 710 

lysates from SIV+ compared to uninfected or SIV+ART. No changes was observed in the 711 

expression levels of total Syn I (B, lower panel). (C) Illustrates immunohistochemistry of 712 

sections of uninfected, SIV+, and SIV+ART probed with anti-Syn I (S9, green) and β III tubulin 713 

(red) antibodies. (D) Quantification of experiments illustrated in (C) revealed a significant 714 

difference among groups. A significant increase in the intensities of the positive Syn I (S9) 715 

signals was detected. One way ANOVA with Tukey HSD (honestly significant difference); **p< 716 

0.005, *p < 0.05, means are shown, error bars represent standard deviation of mean; ± SEM.   717 

Figure 2. Hyperphosphorylation of Syn I (S9) in parietal and occipital lobes of SIV+ rhesus 718 

macaques. Representative sections of parietal (A) and occipital (B) lobes of uninfected, SIV+ 719 

and SIV+ART animals were immunostained with antibodies against  III tubulin (red) and p-Syn 720 

I (S9, green). P-Syn I (S9) signal intensities were measured and quantified. Significant increases 721 

in the immunopositive p-Syn I (S9) signals were observed in SIV+ sections when compared with 722 

uninfected or SIV+ART sections. PL: parietal lobe; OL: occipital lobe. One-way ANOVA with 723 

Tukey HSD; * p <0.05, ** p <0.005, means are shown, error bars represent standard deviation of 724 

mean; ± SEM. 725 

Figure 3. Effect of SIV infection on Syn I phosphorylation at S62/S67, S549 and S603 sites 726 

in the frontal cortex of rhesus macaques. (A) Protein lysates of the frontal cortex from 727 
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uninfected, SIV+, and SIV+ART animals were analyzed by western blot using specific 728 

antibodies against Syn I (S62/S67, S549 and S603) sites. (B) Bands intensities were quantified 729 

and normalized against GAPDH and graphed as mean. No significant changes were observed 730 

among groups in the phosphorylation levels of S62/S67 and S549. However, a significant 731 

increase was detected in Syn I (S603) when frontal cortex lysates from uninfected were 732 

compared to SIV+ART animals. One way ANOVA with Tukey HSD; *p < 0.05, error bars 733 

represent standard deviation of mean; ± SEM.  734 

Figure 4. A significant increase in Syn I (S9) phosphorylation of synaptosome preparations 735 

from SIV+ rhesus macaques. (A) Synaptosome preparations of uninfected, SIV+ and 736 

SIV+ART were subjected to immunoblot analysis using antibodies recognizing the indicated 737 

phosphorylation sites of Syn I. Antibodies against GAPDH and total Syn I were used to assess 738 

protein loads. (B) Band intensities from every sample were quantified and normalized against 739 

their corresponding GAPDH band and means were graphed. A significant increase was observed 740 

among groups in Syn I (S9) (ANOVA, p<0.005). Although, no significant differences were 741 

detected among groups in S62/67, S549 and S603 phosphorylation, there was a significant 742 

increase in S549 phosphorylation between synaptosomes of SIV+ and SIV+ART animals. One 743 

way ANOVA with Tukey HSD; *p < 0.05, **p< 0.005; error bars represent standard deviation 744 

of mean, ± SEM. 745 

Figure 5. Assessement of the activities of CREB, PKA, CaMK I and CaMK IV in 746 

synaptosomes of the frontal cortex of SIV+ rhesus macaques. (A) Western blots of 747 

synaptosome preparations, which were probed with an antibody against p-CREB. No differences 748 

among groups were observed. (B) Expression of PKA catalytic subunit in synaptosomes of 749 

uninfected, SIV+ and SIV+ART animals. No differences among the groups were observed. (C) 750 
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Assessment of PKA activity in synaptosome preparations the frontal cortex of rhesus macaques. 751 

(D) Assessment of CaMKI and CaMKIV activities using phosphospecific antibodies in 752 

synaptosome preparations of uninfected, SIV+ and SIV+ART rhesus macaques frontal cortex. 753 

(E) No differences among the groups were observed. One way ANOVA with Tukey HSD.  754 

Figure 6. Analysis of CaMKII activity compared to CaMKII total protein in synaptosomes 755 

of SIV+ animals. Synaptosome (A and B) and total lysates (C and D) preparations of 756 

uninfected, SIV+ and SIV+ART rhesus macaques frontal cortex were analyzed using western 757 

blot. The intensities of pCaMKII and CaMKII bands were quantified and graphed alone or as 758 

pCaMKII/CaMKII ratio.  One way ANOVA with Tukey HSD; * p < 0.05. 759 

Figure 7. Impairments in the expression, cellular distribution and activity of PP2A A 760 

subunit in SIV+ frontal cortex. (A) Synaptosome preparations of the frontal cortex from 761 

uninfected, SIV+ and SIV+ART animals were subjected to western blot analysis with an 762 

antibody recognizing PP2A A subunit. The same blot was reprobed with an antibody against 763 

GAPDH to assess and quantify protein loads. (B) To graph the means, band densities were 764 

measured and normalized against GAPDH. There was a significant differences of PP2A A 765 

subunit expression among groups. (C) Representative images of the frontal cortex of uninfected, 766 

SIV+, and SIV+ART animals which were immunoprobed with Syn I (red) and PP2A A (green) 767 

revealed lower PP2A A positive signals in neurons somata. Neurons co-expressing Syn I and 768 

PP2A A in sections of SIV+ animals exhibited accumulation of perinuclear staining (arrowhead) 769 

while in uninfected and SIV+ART sections, the stainings were more dispersed (arrows). (D) 770 

Intensities of PP2A A signals were measured and graphed. A significant decrease was observed 771 

in the signals from SIV+ sections. (E) Equal amounts of lysates from uninfected and SIV+ 772 

animals were subjected to immunoprecipitation using PP2A A subunit antibody and phosphatase 773 
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assay using pNPP as a substrate. A significant reduction of PP2A activity in synaptosomes of 774 

SIV+ animals is plotted. Fostriecin (1 M) specifically inhibited PP2A activity. Student t-test; # p 775 

<0.05; one way ANOVA with Tukey HSD; * p < 0.05; *** p<0.001, error bars represent 776 

standard deviation of mean; ± SEM; A.U.; fluorescence arbitrary units. 777 

Figure 8. Endocytosis assay of synaptic vesicles using synaptosomes from the frontal cortex 778 

of rhesus macaques. (A) Frontal cortex synaptosomes were assayed on glass microplates in the 779 

presence of 40mM KCl and FMTM4-64. Brighter fluorescence signals are an indication of 780 

increased SVs endocytosis and the dye and lipid interactions thus increase in depolarization of 781 

synaptosomes. Significantly higher baseline fluorescence signals were detected in synaptosomes 782 

of SIV+ animals even in the absence of KCl. Synaptosomes from SIV+ animals pretreated with 783 

an inhibitor of dynamin-mediated endocytosis exhibited low signals in both presence and 784 

absence of KCl (B) Quantification of fluorescence signals using the total fluorescence signals 785 

recorded in different conditions are graphed. H.d.: Hydroxy dynasore. One way ANOVA with 786 

Tukey HSD; *p < 0.05; * *p < 0.005, error bars represent standard deviation of mean, ± SEM.  787 

Figure 9. Treatment of synaptosomes with a phosphatase activating drug (FTY720) 788 

mitigates synaptic vesicles endocytosis in frontal cortex synaptosomes of rhesus macaques. 789 

(A) FTY720 was applied in different concentrations on frontal cortex synaptosomes in SVE 790 

assay in the presence of 40 mM KCl and FM4TM-64. FTY720 produced lower fluorescence 791 

signals in a concentration dependent fashion. In SIV+ synaptosomes higher concentrations of 792 

FTY720 was required to quench the signals. (B) Quantification of fluorescence signals detected 793 

in (A) using the ratio of the total fluorescence recorded after depolarization by 40 mM KCl in 794 

different conditions. Student t-test; *p < 0.05; **p < 0.005, error bars represent mean ± SEM.  795 
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Figure 10. Dynamics of the impact of SIV infection and ART regimen on Syn I 796 

phosphorylations. (A) Illustrates the amino acid residues studied in this work and their 797 

approximate positions in the Syn I domains (A-E). (B) Observed changes in phosphorylations at 798 

multiple sites of Syn I in total lysates versus synaptosome preparations and functional impact of 799 

phosphorylation of these sites in normal physiological conditions based on Cesca et al (2010). 800 

Thin arrows indicate insignificant trends and thick arrows indicate significant changes. NC= no 801 

changes. AA= amino acids. 802 
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Animal No. Infection 

Status 
SIVE Drug 

Admin. 
CD8 

Depletion 
Viral 
Load 

(Log10) 

Survival 
(Days) 

Species Sex Age 
(Years) 

A01 SIV- N/A N/A N/A N/A N/A RM M 3.28 

A02 SIV- N/A N/A N/A N/A N/A RM M 3.41 

A03 

A04 

SIV- 

SIV- 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A

N/A

N/A

N/A

RM 

RM 

M 

M 

2.27 

4.1 

A05 SIV+ No* N/A Depleted 7.28       174 RM M 10.8 

A06 SIV+ Yes N/A Depleted 7.67       55 RM M 7.3 

A07 SIV+ Yes N/A Depleted 7.15       96 RM M 7.3 

A08 SIV+ Yes N/A Depleted 7.69       89 RM M 10.4 

A09 SIV+ No* N/A Depleted 7.23       106 RM M 4.5 

A10 SIV+ No ART Depleted 2.66       119 RM M 6.4 

A11 SIV+ No ART Depleted 3.62 119 RM M 10.3

A12 SIV+ No ART Depleted 1.6       120 RM M 6.2 

A13 SIV+ No ART Depleted 2.66       118 RM M 6.7 

A14 SIV+ No ART Depleted 2.87       118 RM M 6.1 
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Table 1. Illustrates information about the animals used in this studies. N/A = Not Applicable, No. = 
Number, Admin. = Administration, SIV- = uninfected, SIV+ = SIV infected, ART = ART treated, RM = 
Rhesus Macaque, M = Male, Term. = Terminal, SIVE= SIV encephalitis. * perivascular MΦs were 
observed.


