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Abstract

Opiate abuse is prevalent among HIV-infected individuals and may exacerbate HIV-associated
age-related neurocognitive disorders. However, the extent to which HIV and opiates converge to
accelerate pathological traits indicative of brain aging remains unknown. The pathological
phospho-isotypes of tau (pSer396, pSer404, pThr205, pSer202, and pThr181) and the tau kinases
GSK3p and CDKS5/p35 were explored in the striatum, hippocampus, and prefrontal cortex of
inducible male and female HIV-1 Tat transgenic mice with some receiving escalating doses of
morphine for 2 weeks. In the striatum of male mice, pSer396 was increased by co-exposure to
morphine and Tat as compared to all other groups. Striatal pSer404 and pThr205 were increased
by Tat alone, while pSer202 and pThr181 were unchanged. A comparison between Tat transgenic
female and male mice revealed disparate outcomes for pThr205. No other sex-related changes to
tau phosphorylation were observed. In the hippocampus, Tat increased pSer396, while other
phosphorylation sites were unchanged and pSer202 was not detected. In the prefrontal cortex,
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morphine increased pSer396 levels, which was unaffected by Tat, while other phosphorylation
sites were unaffected. Assessment of tau kinases revealed no changes to striatal GSK3
(phosphorylated or total) or the total CDKS5 levels. Striatal levels of phosphorylated CDK5 and
p35, the activator of CDKS5, were increased by Tat and with morphine co-exposure, respectively.
P35 levels positively correlated with those of pSer396 with Tat and morphine co-exposure. The
results reveal region-specific hyperphosphorylation of tau induced by exposure to morphine, Tat,
and unique morphine and Tat interactions.
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1.0 Introduction

Combined-antiretroviral therapy (CART) has greatly improved the life expectancy of people
living with human immunodeficiency virus (HIV) [1]. However, disorders of the central
nervous system (CNS) persist even in patients who have attained negligible serum viral titers
[2-7]. HIV does not infect neurons but CNS cells like microglia and perivascular
macrophages can get infected and serve as viral reservoirs harboring replication-competent
viruses and proviruses [8,9]. The presence of a persistent CNS viral reservoir and the longer
lifespan of cART-treated HIV-infected individuals raises the question of whether
seronegative HIV-infected individuals are predisposed to accelerated brain aging. This
possibility has been assessed by examining the CNS deposition of histopathological
correlates of Alzheimer’s disease (AD) such as neurofibrillary tangles (NFT) and amyloid-p
plaques in HIV-infected brains [10-16]. Despite some conflicting reports, a general
observation is that the presence of NFT or its precursors in HIV-infected brains is associated
with poor neurocognitive outcomes [12,14,17,18]. The current study evaluated the effects of
trans-activator of transcription (Tat), a neurotoxic HIV-1 protein, on the distribution of NFT
precursors in selected vulnerable brain regions.

NFTs are insoluble aggregates of the detached microtubule-associated protein tau [19-23].
In healthy neurons, neurotransmitters and cargo are transported along microtubules
throughout the cell [24]. Tau plays a critical role in maintaining the structural integrity of
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microtubules [25,26]. Several phosphorylation sites have been identified on the tau protein.
However, phosphorylation at certain serine (Ser) or threonine (Thr) moieties (e.g., Ser 396,
404, 202, 181, Thr 205) mediate pathological tau aggregation or NFT formation [23,27-30].
Phosphorylation at serine 396/404 (pSer396/404), in particular, is thought to decrease the
affinity of tau to bind to microtubules [23] thereby initiating a cascade of events leading to
NFT formation [27,28]. The two most utilized antibodies for identifying NFT are the paired
helical filament-1 (PHF-1) antibody which recognizes tau epitopes phosphorylated at Ser396
and/or Ser404 [31], and the AT8 antibody, which recognizes tau epitopes phosphorylated at
Ser202 and/or Thr205 [32]. Increases in PHF-1 and AT8 immunoreactivity have been
reported in HIV-infected brains and cerebral spinal fluid (CSF) [11,12,18]. However, the
ability to differentiate specific phosphorylated moieties is hampered by the non-specific
nature of the PHF-1 and AT8 antibodies. Thus, it is unknown whether increases in PHF-1 or
AT8 in HIV brains/CSF are a result of increased phosphorylation at Ser396, Ser404, Ser202,
Thr205, or a combination of both for each respective antibody. An understanding of these
differences is critical toward understanding neuroHIV pathogenesis and may facilitate the
generation of highly specific therapeutics against the initiation of NFT formation.

Opiates are commonly prescribed for pain management in HIV-infected individuals [33,34].
Opiates have a high abuse potential [35-37] and opiate use in the context of HIV is
associated with exaggerated neuropathology (for review see [38,39]). Increases in tau
phosphorylation at AT8 pathological phosphorylation sites are seen in striatal, cortical, and
hippocampal brain regions with chronic opiate abuse [40,41]. The effects of opiates on
PHF-1 phosphorylation sites are understudied, and the consequences of opiates and HIV-1
proteins on tau phosphorylation at specific pathological epitopes and brain regions have not
been explored. The current study partially addresses these knowledge gaps.

The current study determined whether co-exposure to morphine and HIV-1 Tat enhances
pathological phosphorylation of tau at PHF-1 and AT8 phosphorylation sites in the striatum,
hippocampus, and frontal cortex of inducible transgenic mice. Neuropathology in HIV-
infected individuals is caused in part by neurotoxic viral proteins, e.g., gp120, Vpr and
especially Tat, released from infected or activated glial cells and perivascular macrophages
[42-46]. By utilizing phospho-specific antibodies against the Ser396, Ser404, Thr205,
Ser202 or Thr181 epitopes of tau, we show that co-exposure to morphine and HIV-1 Tat
increased phosphorylation at Ser396, in the striatum. By contrast, Tat alone increased tau
phosphorylation at Ser404 and Thr205 in the striatum and Ser396 in the hippocampus while
morphine increased tau phosphorylation at Ser396 in the prefrontal cortex (PFC).
Phosphorylation at Ser202 and Thr181 were not changed by Tat or morphine in any of the
regions evaluated.

2.0 Materials and methods

2.1 Animals

Adult male and female mice (4-8 months) were generated at the Virginia Commonwealth
University vivarium. Mice were housed 2-5 per cage in an environmentally controlled
vivarium (12 h light/dark cycle; lights off at 6 PM). Transgenic (Tg) mice expressing the
HIV-1 Tat (Tat*) or lacking the faftransgene (Tat™) were used. Tat expression in Tg mice
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was preferentially targeted to the nervous system through a GFAP-driven reverse tetracycline
transactivator (rtTA or tetracycline-on promoter) that was activated by administration of
doxycycline (DOX)-containing chow. Tat induction and expression by DOX-administered
transgenic mice were confirmed in a previously reported study [47]. Tat™ mice nevertheless
expressed the rtTA promoter and served as controls as previously described [47,48]. DOX-
containing chow (6 g/kg; Harlan Laboratories, Madison, W1) was freely available to both Tat
*and Tat™ mice for up to 4 weeks. All procedures conformed to the Guide for Care and Use
of Laboratory Animals (National Research Council, Washington DC) and were approved by
the Virginia Commonwealth University Institutional Animal Care and Use Committee.

2.2 Morphine treatment

Morphine sulfate (National Institute on Drug Abuse Drug Supply Program, Bethesda, MD)
dissolved in sterile physiological saline was administered subcutaneously to male Tg mice at
a volume of 10ul/g. To mimic the drug taking behavior of opiate-dependent individuals, an
escalating dosing regimen was used to induce tolerance, based on previous studies [49,50].
Morphine was administered via twice daily (b.i.d.) ramping doses every 12 h for 14 days: 10
mg/kg on days 1 and 2, 20 mg/kg on days 3 and 4, 30 mg/kg on days 5 and 6, and 40 mg/kg
on days 7 — 14,during the last 2 weeks of Tat induction (Fig. 1). For the immunofluorescence
studies Tat was induced by DOX administration for 2 weeks coinciding with the start of
morphine administration. For the immunoblotting studies DOX was administered for 4
weeks, and morphine was administered starting after 2 weeks of Tat exposure. An equivalent
volume of saline was administered to control Tat* and Tat™ mice (Fig. 1). Within 5 h of the
last injection of morphine or saline, mice were sacrificed, and brain tissues collected.
Previous studies using similar regimens suggest somatic signs of spontaneous morphine
withdrawal (i.e., jumping, paw tremors, wet dog shakes, or diarrhea) in morphine tolerant
mice are not significantly different from saline treated mice after 8 h of the last morphine
dose administered [49,51]. In agreement, mice in the current study did not display somatic
signs of morphine withdrawal.

2.3 Immunofluorescence

The striatum is particularly vulnerable to the detrimental effects of HIV-1 [52-54]. Previous
studies indicated neurodegenerative changes to medium spiny neurons within the striatum
after only 2 weeks of Tat exposure [55-57]. Hence, to determine the presence of incipient or
frank pathological tau aggregates in morphine- and/or Tat-exposed CNS, we evaluated
striatal NFT at the 2-week Tat exposure timepoint. Briefly, isoflurane (4-5%) anesthetized
mice were humanely euthanized by intracardiac perfusion with 4% paraformaldehyde in
neutral pH phosphate-buffered saline (PBS). Whole brains from Tat* and Tat™ male mice
administered DOX and morphine/saline for 2 weeks were rapidly removed and post-fixed in
fresh paraformaldehyde overnight at 4 °C. Brains were then washed in PBS, incubated in
10% and 20% sucrose, washed again, embedded in Tissue-Tek O.C.T. compound (Sakura
Finetek, Torrance, CA), then stored at =80 °C until use. Frozen O.C.T embedded whole
brains were sectioned (20 um-thick) in the coronal plane using a Leica CM cryostat (Leica
Biosystems, Buffalo Grove, IL). Tissue sections were permeabilized in a solution containing
0.5% Triton X-100 in phosphate-buffered saline (PBS) for 10 min. Sections were then
blocked for 1 h in a solution containing 5% v/v normal serum and 1% wi/v bovine serum
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albumin in PBS. Following blocking, sections were incubated in mouse monoclonal PHF-1
primary antibody (courtesy of Dr. A. Rory McQuiston; 1:400) and rabbit polyclonal
antibody to the neuron-specific antigen NeuN (#ab104225, Abcam, Cambridge, MA; 1:500)
overnight at 4 °C. The next day, tissue sections were washed (3 x 10 min) and co-incubated
in Alexa Fluor 594 (donkey-anti-rabbit, Invitrogen, Carlsbad, CA; 1:500) and Alexa Fluor
647 (donkey-anti-mouse, Invitrogen, 1:500) secondary antibodies for 1 h at room
temperature. Sections were washed (3 x 10 min) following incubation in secondary
antibodies and counterstained with Hoechst 33342 (Invitrogen; 1:20,000) to identify nuclei.
Photomicrographs of PHF-1-immunoreactive tissues (20x) were taken from bregma +1.32
mm to bregma +0.74 mm using a Zeiss LSM 700 confocal microscope configured to a Zen
2010 software (Zeiss Inc., Thornwood, NY). Images were converted to 8bit grayscale in
image J (NIH, Bethesda, MD). To determine the intensity of PHF-1 immunoreactivity,
images from two sections (2 images from the dorsolateral striatum per section) were used
per mouse. A 4.00 mm? field was measured in each tissue section. Background
measurements were taken from the corpus callosum (0.64 mm? field) of each section and
subtracted from the optical density value of the region of interest to generate the corrected
pixel intensity values. The corrected pixel intensity values were averaged across the two
sections of each mouse. To determine neuron-specific expression of PHF-1 in each tissue
section, cells positive for NeuN and PHF-1 were counted manually by a genotype- and
treatment-blinded observer with the aid of the ITCN cell-counting plugin for the Image J
software. At least, 100 NeuN+ cells from the dorsolateral striatum were counted per section
and averaged across two sections for each mouse.

2.4 Immunoblotting

Since Tat and morphine increased striatal PHF-1 immunoreactivity, we next performed
immunoblotting to investigate levels of specific pathological phospho-tau epitopes. Tau
pathology in Alzheimer’s disease is region specific [58], therefore multiple brain regions
(i.e., striatum, PFC and hippocampus) were examined. A 4 week timeline of Tat exposure
was used based on when PFC and hippocampal associated cognitive deficits are detected in
the Tat Tg mouse model used in the current study [55,59-65]. Male mice administered DOX
for 4 weeks and morphine for the last 2 weeks of Tat exposure were humanely euthanized by
rapid cervical dislocation. A cohort of female mice that were exposed to Tat for 4 weeks
were also humanely euthanized to investigate sex-differences in a sub-set of phospho-tau
epitopes that were altered by Tat exposure in the striatum of male mice. Whole brains were
grossly dissected, flash-frozen in liquid nitrogen, and stored at —80 °C until use.
Immunoblotting followed previously published protocols [66—68] with minor modifications.
Briefly, fast-frozen striatal, hippocampal, and prefrontal cortical tissues were homogenized
in ice-cold RIPA buffer with 1x HALT protease and phosphatase inhibitor cocktail (Thermo
Fisher, Waltham, MA). The homogenate was centrifuged at 14,000 rpm for 15 min and the
supernatant was aliquoted and stored at —80 °C. Protein concentration was determined using
the bicinchoninic acid protein assay method. For immunoblotting, 30 ug of the respective
brain samples were electrophoresed on 4-20% Criterion gels and transferred to PVDF
membranes. Non-specific binding sites on membranes were blocked overnight with 5%
bovine serum albumin in tris buffered saline. Membranes were then incubated overnight in
primary antibodies directed against tau (#46687; 1:2,000), pSer202 (#39357; 1:1000),
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pThr205 (#49561; 1:1000), pThrl81 (#12885; 1:1000), pSer404 (#35834; 1:1000), and
pSer396 (#9632; 1:1,000), followed by species-specific secondary antibodies. All antibodies
were purchased from Cell Signaling Technology, Danvers, MA. GAPDH (# ab8245, Abcam,
Cambridge, MA; 1:2000) was used to assess loading. Membranes were scanned with a
ChemiDoc Imager (Bio-Rad, Hercules, CA) and optical density was determined using Image
Lab software (V6.0.1, Bio-Rad).

2.5 Sample size determination

For the immunofluorescence assay, our preliminary data suggest that a sample size of 6 in
each group has 90% power to detect a difference between means of 70% with a significance
level of 0.05. For the immunablotting assays, preliminary and published data [66] suggest
that a sample size of 4 in each group has 90% power to detect a difference between means of
50% with a significance level of 0.05. We, therefore, maintained an n = 6-8/group for all
experiments.

2.6 Data analyses

All immunoblotting data were standardized as a percentage (%) of control values (/.e., Tat™
mice that received saline). PHF-1 immunofluorescent data were represented as the number
of PHF-1+ cells per 100 NeuN+ cells. The data generated were analyzed using a two-way
ANOVA followed by a post hoc Tukey’s multiple comparison test. Pearson’s correlation was
used to determine the relationship between phosphorylated tau isotypes and tau kinase
levels. All analyses were performed using GraphPad Prism software v 8.2 (La Jolla, CA)
with significance set at p< 0.05. Data are presented as the mean + SEM.

3.0 Results

3.1 Presence of pathological tau aggregates in the striatum of morphine-treated,
inducible Tat-transgenic mice.

Striatal PHF-1 was evaluated to determine the presence of pathological tau aggregates in the
brains of Tat- and morphine-exposed mice. Evaluation of PHF-1-pixel intensity (Fig. 2C),
revealed significant Tat (£ o0 = 20.95, p< 0.001) and morphine (/1 20 = 5.677, p=0.027)
main effects but no interaction (£ o9 = 1.21, p= 0.28). Post hoc analysis of relevant planned
comparisons revealed significant differences between morphine-treated Tat* (morphine Tat™)
mice vs morphine Tat™ mice and between morphine Tat* mice vs saline-treated Tat™ (saline
Tat™) mice (p < 0.05). Evaluation of neuron-specific PHF-1 expression (Fig. 2D), revealed
significant Tat (£ 20 = 18.22, p< 0.001) and morphine (£ 2o = 6.05, p = 0.02) main effects
but no interaction (£ 20 = 0.80, p= 0.38). Post hoc analysis of relevant planned comparisons
revealed significant differences between morphine-treated Tat* (morphine Tat*) mice vs
morphine Tat™ mice and between morphine Tat* mice vssaline-treated Tat™ (saline Tat")
mice (p< 0.05).
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3.2 Region-specific elevation of phospho-tau isotypes in brains of morphine-treated,
inducible Tat-transgenic mice.

To investigate the region-specific effects of chronic exposure to Tat and/or morphine on tau
phosphorylation, levels of five pathological phospho-tau isotypes were evaluated in the
striatum, hippocampus, and prefrontal cortex.

Analysis of the striatum (Fig. 3A and B), showed significant Tat (/1 24 = 2.13, p= 0.0001)
and morphine (£ 24 = 6.68, p=0.02) main effects, and a significant interaction (£ 24 =
4.33, p=0.04) for pSer396. Significant Tat main effects were also observed for pSer404
(F1,23=4.90, p=0.03) and pThr205 (£ 20 = 39.30, p < 0.0001) with no significant
morphine main effects or interactions (pSer404: £ o3 = 0.38, p=0.54; F1 23 =0.03, p=
0.87. pThr205: A1 50 = 1.76, p=0.20; £ 23 = 2.29, p= 0.15 respectively). In contrast, no
significant main effects or interaction were observed for pSer202 (£, 23 = 0.001, p=0.97,
F123=0.16, p=0.69; F 23 =2.13, p=0.17 respectively) and pThr181 (1 =0.81, p=
0.38; F1 21 =0.16, p=0.70; F 21 = 0.18, p=0.67 respectively). Post hoc analysis of
relevant planned comparisons revealed significant differences between morphine Tat™ mice
vssaline Tat* mice, between morphine Tat* vsmorphine Tat™ mice, and between morphine
Tat™ vssaline Tat™ mice for pSer396 (p < 0.05). Total tau levels were unchanged in any of
the groups or brain regions evaluated (data not shown).

Analysis of the hippocampus (Fig. 3C and D), revealed a significant Tat main effect for
pSer396 (£ 20 = 7.43, p=0.01) but no morphine main effect or interaction (/1 29 = 0.35, p
= 0.55; £ 50 =0.05, p=0.83 respectively). In contrast, pSer404, pThr205, and pThr181
were unchanged in any of the groups evaluated (pSer404: Tat effect, /59 = 0.36, p= 0.56;
morphine effect, /- o9 = 0.88, p= 0.36; interaction £ 0 = 1.13, p=0.30. pThr205: £ 50 =
0.03, p=0.87; F1 29 =0.42, p=0.52; F1 50 = 1.93, p=0.18 respectively. pThrl81: F y9 =
0.76, p=0.40; F1 20 =0.79, p=0.38; F1 50 = 3.52, p = 0.08 respectively). pSer202 was not
detected in the hippocampus. No significant differences were observed for any of the
planned comparisons.

Analysis of the prefrontal cortex (Fig. 3E and F), showed a significant morphine main effect
for pSer396 (£ 20 = 6.52, p= 0.02) but no significant Tat main effect or interaction (£ o =
1.79, p=0.2; F1 20 =1.99, p=0.17 respectively). No other main effects or interactions were
observed for any of the evaluated phospho-tau isotypes (pSer404: Tat effect, / o9 = 0.61, p
= 0.44; morphine effect, F1 5o = 1.23, p= 0.28; interaction, £ 50 = 0.02, p= 0.90. pThr205:
F122=0.27, p=0.61; F1 22 =0.36, p=0.56; F1 2o = 0.84, p= 0.37 respectively. pSer202:
F120=0.61, p=0.44; F1 50 =1.23, p=0.28; F1 50 = 0.02, p= 0.90 respectively. pThr181:
F120=0.01, p=0.93; F1 20 =0.52, p=0.48; F1 50 = 3.24, p= 0.09 respectively). Post hoc
analyses of relevant planned comparisons revealed significant differences between morphine
Tat™ vssaline Tat™ (p < 0.05) for pSer396.

3.3 Sex-differences and Tat effects on phospho-tau isotypes

To determine the effect of sex on Tat-induced changes to tau phosphorylation, we compared
levels of 3 striatal phospho-tau isotypes (p-tau epitopes in which changes were evident in the
striatum of male mice, 7.e., p396, p404 and pThr205) between male and female inducible Tat
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transgenic mice. There were no significant differences between male and female mice for
striatal levels of total tau, pSer396, and pSer404 (Tat effect, /1 o1 = 1.60, p=0.70; sex
effect, /1 91 = 0.07, p=0.79; interaction, F1 51 = 0.11, p=0.74. pSer396: F1 51 =0.94, p=
0.34; F1 21 =2.29, p=0.14; F1 21 = 1.05, p=0.32, respectively. pSerd04: F o = 0.15, p=
0.70; F1 22 = 3.48, p=0.08; £y 2 = 3.43, p=0.08 respectively) (Fig. 4). Striatal pThr205
levels showed significant main effects for Tat (/o9 = 0.60, p=0.02), sex (£ 0 = 16.0, p=
0.0007), and interaction (£ 0 = 16.14, p= 0.0007) (Fig. 4). Post hoc analyses showed
significant differences between male Tat™ mice vsmale Tat™ mice, between male Tat* mice
vs female mice irrespective of genotype.

3.4 Differential alterations to tau kinases in the striatum of morphine-treated inducible Tat
transgenic mice.

The finding that tau was hyperphosphorylated at Ser396 by Tat £ morphine in the striatum
led us to investigate whether two of the tau kinases (GSK3p and CDK5/p35) implicated in
the pathological phosphorylation of tau [54] might also be upregulated. There were no
significant main effects or interaction for pGSK3p/GSK3p (Tat effect, /1 24 = 1.16, p=
0.29; morphine effects, F1 54 = 0.0001, p=0.99; interaction, F 54 = 1.13, p=0.30) (Fig. 5A
and B).

P35 levels showed significant Tat (£ 26 = 14.95, p=0.0007) and morphine (F 26 = 11.8, p
= 0.002) main effects but no interaction (£ 26 = 0.1, p=0.75) (Fig. 5A and B). A significant
effect of Tat (£ 59 = 6.08, p=0.02) was also observed for phospho-CDKS5 with no morphine
effect or interaction (/1 29 = 1.09, p=0.30; F 50 = 0.37, p= 0.55 respectively) (Fig. 4A and
B). No changes in total CDKS5 levels were observed (Tat effect, /1 26 = 1.06, p=0.31;
morphine effect, A 56 = 0.01, p= 0.91; interaction, F 26 = 0.01, p=0.93) (Fig. 5A and B).
Post hoc analysis revealed significant differences between morphine Tat* vssaline Tat*,
between morphine Tat* vsmorphine Tat™, and between morphine Tat* vssaline Tat™ mice
for p35 levels (p < 0.05). No other significant post hoc comparisons were observed for the
other proteins. P35 levels positively correlated with pSer396 levels in morphine Tat* mice (r
=0.75, p=0.02) (Fig. 5C).

4.0 Discussion

The current study evaluated five pathological phospho-tau isotypes in three brain regions of
morphine-treated Tat* and Tat™ mice. A significant and specific interaction of morphine and
Tat to enhance phosphorylation of tau at Ser396 was found to occur in the striatum, but not
in the other regions. There were no interactive effects on Ser404, Thr205, Thr181 or Ser202.
Tat by itself increased phosphorylation of tau at Ser404 and Thr205 in the striatum, and at
Ser404 in the hippocampus (Fig. 5D). Morphine by itself increased the phosphorylation of
tau at Ser396 in the prefrontal cortex (Fig. 5D). Considering prior findings that Tat
dysregulates the alternative splicing of MAPT exon 10 resulting in the aberrant upregulation
of tau isoforms with three microtubule binding domain repeats (3R) [69], our current
findings suggest Tat affects tau expression and hyperphosphorylation through multiple,
region-specific mechanisms of action that can be selectively altered by co-exposure to
morphine.
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To investigate whether co-exposure to morphine and Tat increased predisposition to the
development of pathological brain hallmarks indicative of accelerated brain aging, levels of
pathological phospho-tau isotypes were evaluated in an /n vivo model of the comorbidity.
Few studies have evaluated the effects of HIV-1 Tat on tau phosphorylation. Tau
phosphorylation was increased at AT8 phosphorylation sites in human neuroblastoma cells
following 48 h of HIV-1 Tat exposure /n vitro[70], and at PHF-1 site in the hippocampus of
Tat transgenic mice [71]. The use of specific antibodies for Thr205, Ser202, Ser396, and
Ser404 revealed the specific AT8 and PHF-1 tau phosphorylation sites affected by exposure
to HIV-1 Tat. The current study further revealed hyperphosphorylation at Thr205 in male,
but not in female, Tat mice. Neuroprotective effects of estrogen [72—74] may explain the
disparate outcomes between male and female mice for Thr205. Co-exposure to Tat and the
preferential p-opioid receptor agonist morphine resulted in an interactive increase in the
pathological Ser396 phospho-tau moiety suggesting pSer396 as a particularly relevant
therapeutic target against tauopathy and NFT aggregation in HIV-infected brains in the
context of a comorbid opioid use disorder (Fig. 5D). Phosphorylation of tau at the Ser396
moiety is an important step in the initiation of NFT formation [23,27,28].
Hyperphosphorylation at other pathological sites such as the AT8 region is more evident at
the later stages of NFT formation [27]. Hyperphosphorylation of tau at Ser396 without
concomitant hyperphosphorylation at Ser202 is thus suggestive of an early stage tau
pathology. Increased striatal pSer396 was only observed in brains exposed to both Tat and
morphine, but not in age-matched mice from the individual treatment groups. This suggests
that co-exposure may predispose to an accelerated deposition of fibrillary tangles/pre-tangles
indicative of brain aging.

Tau aggregates are present during normal aging and are predominantly confined to
hippocampal and some cortical brain regions [75]. Pathological tau aggregation may occur at
relatively earlier ages and increases progressively from subcortical to cortical brain regions
with the latter occurring at later stages of Alzheimer’s disease [76]. Region-specific effects
of Tat + morphine on tau phosphorylation overlap markedly with previous reports of
neurodegenerative changes in the striatum, hippocampus, and prefrontal cortex [55,56,77].
Microtubule depolymerization resulting from tau detachment alters neuronal spine formation
[78,79]. The more dramatic pathological changes in striatal tau compared to other brain
regions shown in this study may contribute to the relatively high incidence of
synaptodendritic injury previously reported in striatal medium spiny neurons [77]. In
addition to synaptodendritic injury, tauopathies trigger a variety of pathophysiological
processes including the production of amyloid-p (AB) plaques in Alzheimer’s disease
[80,81]. Aggregation of Ap and hyperphosphorylated tau, particularly in the striatum, is a
strong indicator of poor neurocognitive outcomes in familial Alzheimer’s disease [82].
Interestingly, Tat can aggregate with, and enhance the deposition of Ap aggregates [83,84].
Thus, the specific tauopathy observed in the current study may contribute to the
pathogenesis of neuroHIV in infected individuals co-exposed to opioids.

Several kinases have been implicated in the pathological phosphorylation of tau, most
notably, GSK3p and CDK5/p35 [85]. While GSK3p activation was not observed in the
current study, p35, the primary neuronal activator of CDK5 [86] was increased, as were
phospho-CDKS5 levels. The level of p35 correlated positively with striatal pSer396 amounts
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suggesting that CDK5/p35 may be driving tau hyperphosphorylation at Ser396. In
neuropathologies in which CDKS5 is aberrantly activated, the cleavage of p35 to p25 by
calpain is reported to increase the catalytic activity of CDKS5 at AT8 tau phosphorylation
sites by about 2.4-fold [87]. By contrast, a separate and relatively recent study evaluating the
kinetics of CDK5/p35 vs CDK5/p25, reported no differences in catalytic activity between
the two kinases in phosphorylating tau at pathologic sites [88]. Thus, it is likely that the
CDKJ5/p35 complex initiates aberrant phosphorylation of tau while p25 activation occurs
later during the disease process and perpetuates the maladaptive phosphorylation of multiple
pathologic sites such as the Ser202 and Thr181 epitopes. This would explain the absence of
p25 and tau hyperphosphorylation at Ser202 and Thr181 in the current study. While further
testing is required to evaluate these possibilities, observations from the tau kinase studies
support the argument that HIV-1 Tat and morphine co-exposure triggers an early-state
tauopathy that may progress to additional tau phosphorylation sites with more prolonged
exposure.

In conclusion, the current study identifies the Ser396 moiety on tau to be a convergent
pathogenic site for HIV-1 Tat and morphine comorbidity in the striatum. This interactive,
regional effect may signal the onset of a combined HIV- and morphine-induced pathology
analogous to accelerated brain aging. From a therapeutic standpoint, the finding also
suggests a specific target for intervention during early stages of tauopathy in such
individuals. Longer Tat (e.g., [89]) and/or morphine exposure durations might reveal
additional, vulnerable brain regions and/or therapeutic targets.
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Highlights

. Co-exposure to HIV-1 Tat and morphine increased striatal tau
phosphorylation

. Morphine exposure increased tau phosphorylation in the prefrontal cortex

. HIV-1 Tat exposure increased tau phosphorylation in the hippocampus and
striatum

. Interactive tauopathy induced by Tat and morphine resembles accelerated
brain aging

. Tat and morphine may selectively phosphorylate specific pathologic tau
epitopes
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Fig. 1.

E)?perimental timeline. For 2 weeks, Tat* and Tat™ transgenic mice in cohort 1 were
administered doxycycline (DOX) supplemented chow to induce Tat expression. Starting on
day 1 of DOX administration, cohort 1 mice were repeatedly injected with escalating doses
of morphine (10 — 40 mg/kg, s.c., that was increased by 10 mg/kg increments at 2 day
intervals) or saline (b.i.d.) for 2 weeks and the brains were harvested for
immunohistochemistry. Cohort 2 mice received DOX for 4 weeks. During the final 2 weeks
of DOX administration, starting on day 14, mice were additionally injected with the same
escalating morphine dosing paradigm as in cohort 1. Mice were humanely euthanized, and
the PFC, striatum, and hippocampus were dissected for immunoblotting.
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Fig. 2.

Striatal PHF-1 immunoreactivity. (A and B) Representative photomicrographs (63x)
showing increased PHF-1 immunoreactivity in the striatum of Tat™ control mice (A) and
morphine-treated Tat* (B) mice. Scale bar; lower panel = 20 um. Arrowheads show PHF-1
stained cells. (C) Striatal PHF-1 immunoreactivity was increased in mice co-exposed to Tat
and morphine compared to Tat™ mice irrespective of treatment. (D) Neuron-specific
expression of PHF-1 was increased in mice co-exposed to Tat and morphine compared to Tat
~ mice irrespective of treatment. Data are expressed as the mean + SEM. * indicates planned
contrasts that showed differences using Tukey’s post hoctest (p < 0.05). NeuN: neuronal
marker, Hoechst: nuclear counterstain, PHF-1: Paired helical filament-1 antibody for
detection of tau neurofibrillary tangles phosphorylated at serine 396/404. n = 6/group.

Neurosci Lett. Author manuscript; available in PMC 2022 January 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ohene-Nyako et al. Page 20

A Tau pSer396 pSer404 pThr205 pSer202 pThr181 B
#
300 J__—I— Tou | S ames S s G0kDa
S %04 PSer306 | S . S 0D
Cl::: /_C-; 200 - pSerd04 ! ‘ 60kDa
KR = DTNI205 e e S S /D
S 6 150 =
£0°
o
22 100 o
¥
X
50 GAPDH I 7kDa
Morphine - + - +
0= Tat - - + o+
Morphine -+ -+ —+ -4 —+ -4 —+ -+ —+ —+ —+ %+
Tat — — ++ — — 44+ ——++ — — 4+ — —++ — — ++
C 200 18U pSer396 pSer404 pThr205 pSer202 pThr181 D

Tau e . s G0kDa

#
1507 F— PSEr300 - e d—— G0kDa

PSEr404 [ s —— 60/Da

. p1i205 [ 60<D-

phospho-tau/Tau
(% control)

pThr1g1 | PR S 60kDa
50 : .
GAPDH " s s s 37KDa
Morphine - + - #
0= Tat - - + +
Morphine -+ —+ —+ -+ —+ -+ —+ -+ —+ 4+ —+ -+
Tat ——++ ——++ ——++ ——++ — —++ — —++
E Tau pSer396 pSer404 pThr205 pSer202 pThr181 F
#
2009 == Tau s s s s 60kDa

*

PSEr306 |A——— 60kDa

150 pSera0s [ S el 60KDa

PTHI205 [ e s s G0kDa
100 pSer202 = s ww—— s | 60kDa
pThr161 [ 60kDa
GAPDH *=== === = = 37kDa

phospho-tau/Tau
(% control)

50 -
0- Morphine - + - +
Morphine -+ -+ —+ -+ —+ -+ —+ -+ —+ -+ —+ -+ Tat - o + §
Tat ——4++ ——+4+ ——++ ——++ — —++ ——++
Fig. 3.

Phosphorylated tau protein levels in the striatum, hippocampus, and prefrontal cortex. (A)
pSer396 level was increased in the striatum of morphine-treated Tat transgenic mice as
compared to all other treatment groups. pSer404 and pThr205 levels were increased in the
striatum of Tat transgenic mice irrespective of treatment. Striatal pSer202 and pThr181
levels were unchanged in any of the treatment groups evaluated. (B) Representative
immunoblot images of tau, pSer396, pSer404, pThr205, pSer202, pThr181, and GAPDH in
the striatum. (C) pSer396 level was increased in the hippocampus of Tat transgenic mice
irrespective of treatment. Hippocampal pSer404, pThr205, and pThr181 levels were
unchanged in all the treatment groups evaluated. pSer202 level was not detected in the
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hippocampus. (D) Representative immunoblot images of tau, pSer396, pSer404, pThr205,
pThr181, and GAPDH in the hippocampus. (E) Morphine treatment increased pSer396 level
in the prefrontal cortex of non-Tat transgenic mice. Prefrontal cortex pSer404, pThr205,
pSer202, and pThrl81, levels were unchanged in all the treatment groups evaluated. (F)
Representative immunoblot images of tau, pSer396, pSer404, pThr205, pSer202, pThr181,
and GAPDH in the prefrontal cortex. Data are expressed as the mean = SEM. # indicates
significant main effects by two-way ANOVA. * indicates planned contrasts that showed
differences with Tukey’s post hoctest (p < 0.05). p: phosphorylated tau, Ser: serine. n = 6-8/

group.

Neurosci Lett. Author manuscript; available in PMC 2022 January 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ohene-Nyako et al.

Page 22

Tau pSer396 pSer404 pThr205
300

N

o

o
1

(% controls)
3
|

phospho-tau/Tau

Fig. 4.

Phgosphorylated tau protein levels in the striatum of Tat (+/-) female vsmale mice. No
significant differences were observed between Tat (+/-) female and male mice for striatal
pSer396 and pSer404 levels. Striatal pThr205 levels were increased in male Tat* mice
relative to male Tat™ mice and female mice. Data are expressed as mean + SEM. # indicates
significant main effects by two-way ANOVA. * indicates planned contrasts that showed
differences with Tukey’s post hoctest (p < 0.05). p: phosphorylated tau, Ser: serine, Thr:
threonine, F: female, M: male. n = 6-7/group.
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Fig. 5.

Striatal GSK3p, CDK5 and p35 levels. (A) p35, the coactivator of CDK5 was increased in
the striatum of morphine-treated HIV-1 Tat transgenic mice as compared to all other
treatment groups. Phosphorylated CDKS5 was increased in the striatum of Tat transgenic
mice irrespective of treatment. There were no significant differences in any of the evaluated
groups for total CDKS5 and GSK3p levels by two-way ANOVA. (B) Representative
immunoblot images for p35, CDKS5, GSK3p, and GAPDH. (C) Pearson correlation revealed
that p35 level in morphine-treated Tat transgenic mice positively correlated with pSer396
levels. (D) Tat and morphine dependent hyperphosphorylation of tau differs among brain
regions. Moreover, Tat and morphine appear to differentially (and perhaps synergistically)
phosphorylate separate pathological tau domains. Morphine may preferentially
phosphorylate Ser395, while Tat may selectively phosphorylate Thr205 and Ser404. The
tauopathy induced by Tat and morphine is analogous to pathological changes accompanying
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accelerated brain aging. Data are expressed as mean + SEM. # indicates significant main
effects by two-way ANOVA. * indicates planned contrasts that showed differences with
Tukey’s post hoc test (p < 0.05). p: phosphorylated tau, Ser: serine, Thr: threonine. n = 6-8/

group.
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