1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Neurogastroenterol Motil. Author manuscript; available in PMC 2016 April 01.

-, HHS Public Access
«

Published in final edited form as:
Neurogastroenterol Motil. 2015 April ; 27(4): 468-480. doi:10.1111/nmo.12514.

Sensitization of enteric neurons to morphine by HIV-1 Tat
protein

Sylvia Fittingl*, Joy Ngwainmbil, Minho Kang?!, Fayez A. Khan!, David L. Stevens?!, William
L. Dewey!, Pamela E. Knapp!2, Kurt F. Hauser!, and Hamid |. Akbaralil

1Department of Pharmacology & Toxicology, Virginia Commonwealth University, Medical College
of Virginia Campus, Richmond, VA 23298

2Department of Anatomy & Neurobiology, Virginia Commonwealth University, Medical College of
Virginia Campus, Richmond, VA 23298

SInstitute for Drug and Alcohol Studies, Virginia Commonwealth University, Medical College of
Virginia Campus, Richmond, VA 23298

Abstract

Background—Gastrointestinal (GI) dysfunction is a major cause of morbidity in AIDS. HIV-1-
induced neuropathogenesis is significantly enhanced by opiate abuse, which increases
proinflammatory chemokine/cytokine release, the production of reactive species, glial reactivity,
and neuronal injury in the CNS. Despite marked interactions in the gut, little is known about the
effects of HIV-1 in combination with opiate use on the enteric nervous system (ENS).

Methods—To explore HIV-opiate interactions in myenteric neurons, effects of Tat = morphine
(0.03 uM, 0.3 pM, 3 pM) were examined in isolated neurons from doxycycline- (DOX-) inducible
HIV-1 Tat;_gg transgenic mice or following in vitro Tat 100 nM exposure (> 6 h).

Key Results—Current clamp recordings demonstrated increased neuronal excitability in neurons
of inducible Tat(+) mice (Tat+/DOX) compared to control Tat—/DOX. In neurons from Tat+/
DOX, but not from Tat—/DOX mice, 0.03 uM morphine significantly reduced neuronal
excitability, fast transient and late long-lasting sodium currents. There was a significant leftward
shift in V¢ 5 of inactivation following exposure to 0.03 UM morphine, with a 50% decrease in
availability of sodium channels at =100 mV. Similar effects were noted with in vitro Tat exposure
in the presence of 0.3 uM morphine. Additionally, GI motility was significantly more sensitive to
morphine in Tat(+) mice than Tat(-) mice.

Conclusions & Inferences—Overall, these data suggest that the sensitivity of enteric neurons
to morphine is enhanced in the presence of Tat. Opiates and HIV-1 may uniquely interact to
exacerbate the deleterious effects of HIV-1-infection and opiate exposure on GI function.
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Introduction

It is well known that effects of human immunodeficiency virus type 1 (HIV-1) on the central
nervous system (CNS) are exacerbated by drug use (1-4) but not much is known about the
effects of HIV-1 in combination with drug use on the enteric nervous system (ENS). The
ENS regulates gastrointestinal (GI) motility, secretion and digestion and plays a major role
in HIV-1 enteropathy, a syndrome characterized by a chronic, diarrheal illness in HIV-1-
infected patients (5, 6). Additionally, opioids such as morphine can directly affect the ENS,
causing severe constipation through reduced peristalsis, increased water and electrolyte
absorption, and antisecretory actions (7). The increases in HIV-1 pathogenesis caused by
opioid abuse have largely been attributed to opioid suppression of immune function (8-10).
Additionally, interactions between HIV-1 proteins, such as Tat or gp120, and morphine in
the CNS appear to be orchestrated by glial cells (11-14) and likely involve synergistic
upregulation of proinflammatory chemokine/cytokine release and production of reactive
species (12, 15-18).

ENS bacterial infections, including those that cause infection in the healthy host as well as
those that are more opportunistic, occur very commonly among HIV-1 infected patients
(19). Bacterial infections are a direct result of the severe cellular immune defects found in
HIV-1 patients and epidemiologic factors, such as intravenous drug use and stage of disease
progression, play important roles in the disease progression (19).

Although viral loads are suppressed with combined antiretroviral therapy (CART), HIV-1
enteropathy still exists despite CART (20, 21) possibly due to the sustained production of
HIV-1 Tat (22). The presence of viral proteins in the gut suggests that HIV itself may be a
direct diarrheal pathogen (23, 24). Tat released from infected T-cells and macrophages is
intrinsically enterotoxic and may disrupt enteric homeostasis through bystander effects in
enterocytes and/or enteric neurons resulting in HIV-1-associated diarrhea (25). We have
recently shown that Tat enhances enteric neuronal excitability and elicits an inflammatory
response due to the upregulation of pro-inflammatory cytokines in the mouse ileum (26).
Acute morphine has been shown to decrease neurotransmitter release via both pre- and post-
synaptic mechanisms (27-30) and to decrease the excitability of myenteric neurons (31-33).
The decreases in neuronal activity in mouse isolated enteric neurons are due to an inhibition
of sodium currents that results from a 50% decrease in availability of channels at
hyperpolarized potentials (33).

The present study investigated the effects of acute morphine on the biophysical properties of
sodium channels in the presence of Tat. Primary adult mouse myenteric neurons from the
ileum were cultured and either treated with 100 nM Tat (> 6 h) or isolated from HIV-Tat;_gg
transgenic mice. Results demonstrated that Tat exposure significantly increases the
sensitivity of enteric neurons to morphine-mediated decrease in neuronal excitability. The
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increased neuronal sensitivity was accompanied by a decrease in the availability of sodium
channels. Tat-exposure also enhanced the effects of morphine on GI motility in vivo.

Material and Methods

Experiments were conducted in accordance with the NIH Guide for the Care and Use of
Laboratory Animals. All procedures were reviewed and approved by the Virginia
Commonwealth University Institutional Animal Care and Use Committee (VCU IACUC).

Primary neuron culture

Primary myenteric neuronal cultures were prepared from adult mouse as previously
described (33, 34). Male Swiss Webster mice (25-30g, Harlan Sprague Dawley, Inc.) or
female doxycycline (DOX)-inducible, HIV-Tat;_gg transgenic mice (20-25g, 10-14 days)
were used. The HIV-Tat;_gg transgenic mouse model was developed on a C57BL/6J hybrid
background and is described in detail elsewhere (35-37). Tat expression, which is under the
control of a tetracycline responsive, glial fibrillary acidic protein (GFAP)-selective
promoter, was induced with a specially formulated chow containing 6 mg/g DOX (Harlan,
Product#: TD.09282, Indianapolis, IN), fed to both the Tat- controls (Tat—/DOX) and the
inducible Tat+ mice (Tat+/DOX). Mice were sacrificed by cervical dislocation. The ileum
was immediately removed and placed in ice-cold Krebs solution (118 mM NaCl, 4.6 mM
KCI, 1.3 mM NaH,POy, 1.2 mM MgSQy, 25 mM NaHCO3, 11 mM glucose and 2.5 mM
CaCl2) bubbled with carbogen (95 % O, / 5 % CO,) and divided into short segments which
were then threaded longitudinally on a plastic rod through the lumen. Strips from the
longitudinal muscle containing the myenteric plexus (LMMP) were gently obtained using a
cotton-tipped applicator and LMMP strips were rinsed three times in 1 ml Krebs and
gathered by centrifugation (350 x g, 30 s). LMMP strips were then minced with scissors and
digested in 1.3 mg/ml collagenase type 11 (Worthington) and 0.3 mg/ml bovine serum
albumin in bubbled Krebs (37 °C) for 1 h, followed by 0.05% trypsin for 7 min. Following
each digestion, cells were triturated and collected by centrifuge (1300 x g for 8 min). Cells
were then plated on laminin (BD Biosciences) and poly-D-lysine coated coverslips in
Neurobasal A media containing B-27 supplement, 1% fetal bovine serum, 10 ng/ml glial cell
line-derived neurotrophic factor (GDNF, Neuromics, Edina, MN), and penicillin/
streptomycin. Half of the cell media was replaced every 2-3 days with fresh complete
neuron media. Cell culture reagents were purchased from Gibco (Grand Island, NY),
whereas all other chemicals and reagents were obtained from Sigma Aldrich (St Louis, MO),
except were mentioned differently.

Chemicals and treatments

Treatments included HIV-1 Tat;_gg (100 nM; 6 - 16 h; ImmunoDiagnostics; clade B) and
morphine sulfate (0.03 uM — 3 uM; acute perfusion ~ 10-20 min; National Institute of Drug
Abuse, Bethesda, MD). A Tat concentration of 200 nM was used to elicit functional deficits
in glia and neurons that are similar to those occurring with HIV-1 infection, and are
considered to reflect levels seen pathophysiologically (12, 18, 38-41). Morphine
concentrations were based on our previous findings (33) and preliminary experiments and
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were chosen to maximally stimulate p-opioid receptors (MOR). Reagent stocks were stored
at —80 °C for less than one month.

Whole cell patch clamp

Neurons were studied from 1-3 days in culture when cells were still rounded and had not
flattened out. Coverslips containing cells were placed in an experimental chamber and
perfused (1-2 ml/min) with an external physiological solution containing (in mM): 135
NaCl, 5.4 KClI, 0.3 NaH,PQy4, 5 HEPES, 1 MgCly, 2 CaCl,, and 5 glucose. Patch electrodes
(2-4 MQ) were pulled from borosilicate glass capillaries (Sutter Instruments, CA) and filled
with internal solution containing (in mM): 100 K-aspartic acid, 30 KCI, 4.5 ATP, 1 MgCl,,
10 HEPES, and 0.1 EGTA. In sodium channel experiments, K-aspartic acid was replaced by
cesium (Cs™)-aspartate to block any outward potassium currents. Whole-cell patch-clamp
recordings were made with an Axopatch 200A amplifier (Molecular Devices, CA) at room
temperature and pulse generation and data acquisition were achieved with Clampex and
Clampfit 10.2 software (Molecular Devices, CA). Neuronal excitability was determined in
current clamp mode with current provided in 13 sweeps of 0.5 s duration ranging from —-0.03
nAto 0.09 nA in 0.01 nA increments. Current-voltage relationships were determined in
voltage clamp mode, from 16 or 32 sweeps (0.5 s/sweep) beginning at —-100 mV and
increasing in 10 mV or 5 mV intervals, respectively, to +50 mV. Current amplitudes were
normalized to cell capacitance (pF) to determine current density. The peak amplitude of
inward currents and the end of pulse current were measured. In order to determine the
effects on the voltage dependence of steady-state activation/inactivation of sodium channels,
a double-pulse protocol was used in which a variable conditioning pulse was applied from
=100 mV to +50 mV in 10 mV ramps for 300 ms followed by a test pulse. The test potential
was 0 mV. The voltage-dependence of steady-state inactivation and activation were
determined and fit via Boltzmann's distribution as described previously (42).

Real time PCR

Quantitative real-time PCR assays of -opioid receptor 1 (MOR-1) expression levels were
performed using a MiniOpticon Real-Time PCR System (Bio-Rad, Hercules, CA, USA). -
actin was used as the reference gene control. Total RNA was extracted by the total RNA
Purification System (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's
instructions. cDNA synthesis and subsequent polymerization was performed in a one-step
using the iTag Universal SYBR Green One-Step Kit (Bio-Rad, Hercules, CA, USA). The
reaction mixture (20 pl) contained 200 nM forward primer, 200 nM reverse primer, 1x iTaq
universal SyBR Green reaction mix, 1x iScript reverse transcriptase, and 200 ng total RNA.
Reverse transcription was performed for 10 min at 50 °C with an enzyme activation step for
1 min at 95 °C. The PCR protocol consisted of 40 cycles of denaturation (15 s at 95 °C),
annealing and extension (60 s at 60 °C). The cycle threshold value, C; count, for each
sample was normalized by subtracting it from the C; value of the reference gene -actin to
establish AC; (AC; = MOR-1 C; — B-actin Cy) for each sample. All primers were designed
using the Vector NTI software (Invitrogen, Carlsbad, CA, USA), and the sequences in this
study used were: 5-CTGCCAAGCTGGCCTTCCCCGGAT-3 (forward) and 5’-
AGCAGTTCCAGAGGGTTGCAAGG-3’ (reverse) for MOR-1, 5’-
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TGTTACCAACTGGGACGA-3 (forward) and 5-GGGGTGTTGAAGGTCTCAAA-3
(reverse) for B-actin.

Gastrointestinal (Gl) motility study

Overall Gl transit was determined by counting the fecal pellet output as described previously
(26). Briefly, age and weight matched tat transgenic mice were fed DOX chow for one week
to activate the tat transgene. The DOX chow was then substituted for regular chow for two
weeks to avoid the interference of the DOX diet with the microbiota of the Gl tract. A
previous PCR study confirmed the continued expression of the tat gene in the mouse ileum
after a similar experimental design (26). On testing days, mice were administered either
saline or morphine with animals being repeatedly tested every other day for the different
doses of morphine (0.03, 0.1, 0.3, or 1.0 mg/kg morphine, i.p., n = 5). 20 min after injection
animals were placed in clean cages and the number of fecal pellets was counted after 1 hour
(43).

Statistical analyses

Results

Data were analyzed using analysis of variance (ANOVA) (SYSTAT 11.0 for Windows,
SYSTAT) followed by Student's t-test or post hoc tests, using Bonferroni's correction or
Dunnett's test, when necessary. Percent inhibition data of the peak response at =10 mV were
also analyzed using a one-sample t-test. An alpha level of p < 0.05 was considered
significant for all statistical tests used. Data are expressed as the mean = standard error of
the mean (SEM) from 5 to 7 neurons.

Effects of morphine on enteric neuronal excitability are enhanced in neurons from Tat

+/DOX mice

Whole cell patch clamp recordings were performed in current clamp mode to assess action
potentials and determine neuronal excitability (Figure 1). Neurons obtained from
Tat(+)/DOX were significantly more excitable than those from Tat(-)/DOX (Figure 1A and
B, left). Neurons isolated from Tat+/DOX mice, fired multiple action potentials (4 out of 7
neurons) than those isolated from Tat—/DOX (0 out of 7 neurons) similar to our previous
report (26). Neuronal excitability was significantly reduced by perfusion with 0.03 pM
morphine in Tat+/DOX, while the same concentration of morphine had no effect on Tat
—-/DOX neurons (Figure 1A and B, right). Current clamp recordings of a representative
neuron exposed to Tat-/DOX showed that in the absence of morphine, the neuron elicited
single action potentials at a threshold of 0.01 nA, and higher current stimuli (Figure 1A,
left). The addition of 0.03 uM morphine to neurons from Tat-/DOX mice had no effect on
the number of action potentials elicited, their threshold for firing, or the amplitude of the
action potential (Figure 1A, right). In contrast, in neurons from Tat+/DOX mice, multiple
action potentials were present at the same rheobase of 10 pA (Figure 1B, left), indicating
increased excitability in the presence of Tat. Interestingly, the addition of 0.03 uM morphine
significantly reduced the number of action potentials as well as the action potential height
(Figure 1B, right). The reduction of excitability with 0.03 uM morphine for neurons of Tat
+/DOX but not Tat—/DOX mice suggests there is increased neuronal sensitivity to morphine
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in the presence of Tat. Importantly, at the higher 0.3 uM concentration of morphine, neurons
from both Tat—/DOX and Tat (+)/DOX mice responded with decreased excitability (Figure
1C and D), indicating that neurons from Tat(-)/DOX are responsive to morphine but are less
sensitive in the absence of Tat.

The effect of morphine on sodium current density is enhanced in neurons from Tat+/DOX
mice and following exposure to 100 nM Tat in vitro

We have previously shown that morphine reduces neuronal excitability by inhibition of
sodium channel currents (33). We therefore examined whether the difference in sensitivity
to morphine between neurons from the ilea of Tat(+)/DOX and Tat (-)/DOX mice resulted
from inhibition in sodium currents. Sodium currents were measured in voltage clamp studies
using a Cs*-containing internal solution to block outward potassium currents as reported
previously (26, 33). In the presence of Cs™, fast and slow inward-sodium currents were
observed in response to depolarizing steps in voltage clamp mode (Figure 2A and B). The
sodium current amplitude was significantly greater in neurons from Tat(+)/DOX. As shown
in Figure 2, the fast inward sodium currents of neurons from Tat—-/DOX mice were not
affect by 0.03 uM concentration of morphine (Figure 2A) but were reduced in neurons from
Tat(+)/DOX mice (Figure 2B). The current-voltage relationship for the peak amplitude of
the fast sodium currents shows a significant inhibition (p < 0.05; insets in Figure 2C and D)
at the low (0.03 M) morphine concentration in enteric neurons from Tat(+)/DOX but not
for the Tat (-)/DOX mice. Note that sodium current density was significantly increased at
—-10 mV in neurons from Tat+/DOX (-210.9 + 16.03 pA/pF) compared to Tat-/DOX (136.6
+ 17.74 pA/pF, p < 0.001) mice as has been reported previously (26). When looking at the
average data of the delayed inward sodium current density it is noted that morphine also
reduces this long-lasting inward sodium current density, specifically at the higher 0.3 uM
morphine concentration in neurons from Tat—/DOX mice, and for both morphine
concentrations in neurons from Tat+/DOX mice (Figure 2E and F). Overall, these results
suggest that the effects of morphine on the transient and the long-lasting inward sodium
current densities are enhanced in neurons from Tat+/DOX mice.

To further examine whether these differences in sensitivity are Tat dependent, the effects of
morphine on sodium currents were determined in neurons exposed to Tat 100 nM in vitro
(Figure 3). Interestingly, neurons isolated from Swiss Webster mice were less sensitive to
morphine compared to C57BL/6J mice, which is the background of the Tat transgenic mice.
Thus, we increased morphine concentrations to 0.3 uM and 3 pM. Figure 3 shows
representative raw traces of sodium currents obtained from neurons treated with Tat (100
nM) for > 6 h. In control cells, 0.3 pM morphine had minimal effect (Figure 3A) whereas in
Tat-treated cells, sodium currents were noticeably decreased by 0.3 uM (Figure 3B). The
current-voltage relationship for the peak amplitude of the fast inward currents (Figure 3C
and D) and the end of pulse current (Figure 3E and F) show significant inhibition at peak
responses in the presence of 0.3 UM morphine in Tat treated neurons (p < 0.05) but only at 3
UM morphine for control neurons. No effect was noted for the lower 0.3 pM concentration
of morphine in control cells (Figure 3C). In contrast, when neurons were exposed to 100 nM
Tat for more than 6 h, a significant inhibition of the peak current occurred with exposure to
0.3 uM or 3 uM morphine (p < 0.05, Figure 3D). The delayed inward currents were also
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significantly more sensitive to lower concentration of morphine in the Tat-treated neurons,
compared to the untreated neurons (Figure 3E and F). Thus, similar to the Tat transgenic
data, in vitro Tat exposure also enhances the ability of morphine to inhibit sodium currents.

Effects of Tat on sodium channel kinetics

The voltage dependence of steady-state activation and inactivation kinetics and the effects of
Tat and morphine on activation and inactivation kinetics were studied using a double-pulse
protocol. For a conventional time- and voltage-dependent Hodgkin-Huxley conductance, the
steady-state activation and inactivation curves describe the relative number of available
sodium channels as a function of voltage. The resultant sigmoidal curves were fit to a
Boltzmann distribution (Figures 4 & 5).

Inactivation kinetics

For neurons isolated from Tat transgenic C57BL/6J mice, Vg 5 of inactivation, the voltage at
which half the channels were inactivated, was —35.1 + 1.88 mV for Tat—/DOX neurons
(Figure 4A and C). A small fraction of sodium channels remained available at more positive
potentials (Figure 4A). The presence of 0.03 uM morphine shifted the V( 5 to more negative
potentials (Figure 4A and C) with a 9.8 mV decrease in the Vg 5 (p < 0.05; Figure 4C). At
more positive potentials, almost all channels were inactivated in neurons from Tat—-/DOX
mice after morphine treatment. In neurons from Tat+/DOX mice, two significant effects
were noted. First, as seen for neurons from Tat—/DOX, 0.03 UM morphine significantly
reduced the V5 by 14.6 mV (Figure 4C). At more positive potentials, almost all sodium
channels were inactivated in neurons from Tat+/DOX mice after morphine treatment.
Second, there was a significant decrease in the availability of the channels with 0.03 uM
morphine (Figure 4B). At the potential of —100 mV, the fraction of available channels in
neurons from Tat+/DOX mice was significantly decreased from 100 + 1.49% to 46.3 +
8.96% (p < 0.05) in the presence of 0.03 pM morphine. This effect was not observed in
neurons from Tat-/DOX mice (Figure 4A). Similarly, morphine's effects on Vg 5 of
inactivation of neurons exposed to Tat 100 nM in vitro were significantly altered (Figure 5).
V.5 of inactivation was —37.8 + 1.82 mV for control neurons (Figure 5A and C) with a
small fraction of sodium channels remaining available at more positive potentials. 0.3 uM
morphine significantly shifted the Vg 5 by 6.6 mV (p < 0.05) (Figure 5C). In neurons
exposed to Tat 100 nM, 0.3 pM morphine significantly shifted the Vg 5 by 4.7 mV (Figure
5C). Further, as seen in neurons from Tat+/DOX mice, in neurons exposed to Tat 100 nM
there was a significant decrease in the availability of the channels for 0.3 uM morphine
(Figure 5B). At the potential of —100 mV, the fraction of available channels was decreased
from 100 + 1.88 % to 58.0 £ 7.62 % (p < 0.05) in the presence of 0.3 uM morphine.

Overall, these results suggest that the effects of morphine on sodium current density were
enhanced in neurons of Tat+/DOX mice and in vitro Tat exposure.

Activation kinetics

No effects were noted for Tat and/or morphine on the activation kinetics of the sodium
channels and the, Vg 5, the voltage at which half the channels are activated (Figures 4D-F
and 5D-F).
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MOR-1 mRNA expression in ileum tissue of Tat transgenic mice showed no significant

difference

To determine if Tat increased neuronal sensitivity to morphine by modulating MOR-1
transcription real time PCR with internal primers for the variant MOR-1 was performed. No
significant differences were noted in ileal tissue of Tat+/DOX compared to Tat—/DOX mice
(Figure 6).

Effects of morphine on Gl motility are significantly altered in Tat+ mice

To determine the effects of Tat and morphine on GI motility, fecal pellets expelled within
one hour following treatment with morphine were measured in Tat(+) and Tat(-) mice.
There was no significant difference in the rate of fecal pellet expulsion in saline treated
Tat(+) or Tat(-) mice; however, a stimulatory effect of morphine was observed in the Tat(+)
mice at 0.1mg/kg and significant reduction in fecal pellets at 0.3 mg/kg. Neither of these
doses of morphine affected fecal expulsion in the Tat(-) mice (p < 0.05) (Figure 7). These
concentrations of morphine are considerably lower than those required to produce
antinociceptive effects.

Discussion

Primary mouse enteric neurons from the ileum were cultured for 1-3 days and exposed to
Tat either by Tat protein application (> 6 h) or by inducing the tat transgene in our inducible
Tat transgenic mouse model using DOX administration in vivo for more than 10 days. In
both cases, Tat exposure resulted in an enhanced excitability and an increase in sensitivity to
morphine. In Tat treated neurons, either via transgene expression or direct exposure,
morphine reduced excitability at lower drug concentrations. Furthermore, in the presence of
Tat, acute administration to low concentrations of morphine demonstrated (i) an increased
reduction in the fast transient and late long-lasting sodium current densities, and (ii) a
significant downregulation of available sodium channels at hyperpolarized voltages
compared to when Tat was absent. Additionally, GI motility showed higher sensitivity to
morphine in the presence of Tat.

It is well known that about half of all treated patients with HIV-1 have HIV-1-associated
neurocognitive disorders (HAND), despite combined antiretroviral therapy (CART) (44),
including symptoms affecting their attention, memory, language, problem solving and
decision making skills. Synaptodendritic damage and injury are the best predictors of HIV-
associated neurocognitive deficits (HAND) (45-48). Tat likely contributes to
synaptodendritic injury (39, 49-52). Recent studies have demonstrated that the transgenic
Tat mice (Tat+/DOX) used in the present study show reduced spine density, dendritic
pathology, and synaptic injury in the striatum and hippocampus (53, 54) and also display
neurobehavioral impairments corresponding with a HAND-associated phenotype (36, 53,
55, 56). Interestingly, in addition to markedly reduced spine density in the striatum by Tat
itself, morphine amplified the effect of higher levels of Tat on spines, and also potentiated
Tat-mediated dendritic pathology (54).
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In comparison to the effects of Tat £ morphine on CNS neurons, where morphine enhanced
Tat-induced cytotoxicity of neurons our findings report significant interactions of HIV/Tat
and opioids in the gut. As chronic pain is frequently reported by HIV-1-infected patients
(57, 58) it is important to study HIV/Tat and opioid interaction. The predominant side
effects of opioid is constipation, which occurs through reduced peristalsis, increased water
and electrolyte absorption, and antisecretory actions (7). It has been shown in early studies
that morphine sulfate can be used as an antidiarrheal agent to treat cryptosporidial diarrhea
in acquired immunodeficiency syndrome (AIDS) patients (59). Recent reports refer to
morphine and other opioid treatments as nonspecific but standard medications that are
available for management of AIDS-related diarrhea with no identifiable pathogen (60, 61).
However, it should be noted that that opiate/morphine sensitivity could be significantly
altered in HIV-1-infected patients. The altered sensitivity may be due to variable drug
absorption in patients with advanced HIV-1 infection, as well as an increased metabolic
rates, which have been reported (62).

Alternatively, HIV and morphine may interact to alter other aspects of ENS function. It has
been proposed that opioids affect the neuropathogenesis of HIV-1 in the CNS through direct
actions of opiate drugs on opioid receptor-expressing neurons and glia within the CNS (11,
63-65). For Tat neurotoxicity, morphine-dependent exacerbation has also been attributed to
direct actions on glia (17). The direct crosstalk between opiate drug and Tat appears to
exacerbate critical proinflammatory and excitotoxic events (12, 15, 16, 66, 67). The increase
in cytokine release may contribute to an increased neuronal sensitivity to morphine. Our
recent findings also indicate that several cytokines are released in the ileum of Tat+/DOX
transgenic mice (26).

A result of early HIV infection is a substantial depletion of CD4 T cells causing mucosal
immune dysfunction, increased permeability of the gut and ultimately translocation of
bacterial products (68). A recent study has shown that the gut bacterial profiles are
associated with immune status even after starting CART (69). Higher proportions of
Lactobacillales in the distal gut of recently HIV-infected individuals on CART were
associated with higher CD4 counts, less microbial translocation, less systemic immune
activation, and less gut T lymphocyte proliferation (69). In addition, it is known that
morphine compromises gut barrier function by lowering host defenses to enteric bacteria,
probably in a Toll-like receptor-dependent manner (70). This has implications specifically
for HIV-1-infected patients that are on morphine medication or are heroin abusers, as the gut
barrier function is not only compromised by HIV-1, but also drug use. A recent study
showed that the only predictor for premature mortality among young injection drug users
was HIV infection (71, 72). Whether, HIV infection might be a relevant factor associated to
deaths for overdose in drug abusers needs to be studied in more detail.

The increased sensitivity to morphine does not appear to be due to increased expression of
the MOR-1. Future experiments may be necessary to examine differences in MOR-1
internalization, phosphorylation and/or second messenger signaling molecules. A possible
mechanism for the interaction between Tat and morphine may be due to the cross-talk
between MOR and NMDA receptors (73, 74). NMDAR activation has been shown to induce
opioid release in enteric neurons by triggering MOR internalization via glutamate-, glycine
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B-, and ion channel- mediated sites (75). The increase in endogenous opioid release by
NMDAR activation could explain the increased neuronal sensitivity to morphine in the
presence of Tat.

Gl dysmotilities and diarrhea are persistent problems in the cART era (76, 77). We recently
showed that gastrointestinal transit was markedly enhanced in the Tat(+) transgenic mice
with selective increases in Na,1.8 and Na,1.7 expression concomitant with increased IL-6,
11-10, IL-1P and RANTES release (26). The mechanisms underlying Tat-mediated increases
in pro-inflammatory cytokine release in the gut are not yet well understood. In the CNS, it
has been shown that crosstalk between opiate drugs and Tat appear to exacerbate critical
proinflammatory and excitotoxic events (12, 15, 16, 66, 67). The increase in cytokine
release may also be contributing to and/or augmenting the rise in neuronal excitability
observed in Tat exposed neurons. Thus, increased GI matility is suggested to correlate with
enhanced neuronal excitability and increased pro-inflammatory cytokine levels, which may
contribute to the diarrhea observed in many Gl disorders as well as in HIV-1-infected
patients.

Recently we showed that the fecal pellet output was greater in the Tat(+) mice compared to
Tat(-) following recolonization of the gut (26). This contrasts with our present finding of
similar rates of fecal pellet outputs in Tat(+) and Tat(-) transgenic mice. One possible
explanation of the difference between the two studies may be due to additional handling of
the mice due to injection of saline/morphine, which may have induced some stress and
accompanying alterations in GI function. Notwithstanding the lack of difference in saline
controls, the Tat(+) mice were more sensitive to morphine compared to Tat(-) mice. A U-
shaped dose response was observed for morphine in the Tat(+) mice with a low
concentration (0.1 mg/kg) inducing a stimulatory effect while 0.3 mg/kg significantly
reduced fecal pellet expulsion. It is unclear as to why there is an enhanced effect of low
doses in the Tat(+) mice; however, it is noteworthy that these doses are significantly lower
than doses of morphine necessary to reduce colonic motility or antinociception (78).

Taken together, the present study demonstrates that Tat (i) significantly increases neuronal
sensitivity to morphine in enteric neurons from the ileum by modulating sodium channel
availability, and (ii) significantly increases Gl sensitivity to morphine. In the setting of
HIV-1 infection, this sensitization needs to be considered in patients receiving opioid
therapy.
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Key Message

The present study demonstrates that HIV-1 Tat significantly increases neuronal
sensitivity to morphine in enteric neurons by modulating sodium channel availability.
Additionally, the effects of morphine on GI maotility are significantly enhanced in the
presence of Tat in vivo. In the setting of HIV-1 infection, this sensitization needs to be
considered for opioid therapy in these patients.

The goal of the study was to investigate how opiates and HIV-1 interact to exacerbate the
deleterious effects of HIV-1-infection and opiate exposure on gastrointestinal function.

To explore HIV-opiate interactions in the myenteric neurons, effects of Tat £ morphine
(0.03 pM, 0.3 uM, 3 uM) were examined in isolated neurons from doxycycline- (DOX-)
inducible HIV-1 Tat;.gg transgenic mice or following in vitro Tat 100 nM exposure (> 6
h). Whole-cell patch-clamp studies were conducted in current clamp mode to determine
neuronal excitability, and in voltage clamp mode to study the biophysical properties of
sodium channels.

HIV-1 Tat exposure resulted in an enhanced sensitivity to morphine. In the presence of
Tat, acute administration to low concentrations of morphine (i) reduced neuronal
excitability, (ii) reduced the fast transient and late long-lasting sodium current densities,
and (iii) significantly reduced the available sodium channels at hyperpolarized voltages
compared to when Tat was absent. Additionally, the effects of morphine on GI motility
were significantly enhanced in Tat(+) compared to Tat(-) mice in vivo.
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Figure 1. Effect of morphine on enteric neuronal excitability is enhanced in neurons from Tat
+/DOX but not Tat—/DOX mice

Neuronal excitability of enteric neurons isolated from adult mice ileum was assessed by
whole-cell patch-clamp studies in current clamp mode in neurons from Tat-/DOX (A & C)
and Tat+/DOX mice (B & D). (A & C) Neurons isolated from Tat-/DOX elicit single action
potentials at a rheobase of 10 pA, with (A) no effect of a low 0.03 pM concentration of
morphine on excitability, but (C) a significant reduction in neuronal excitability with a high
0.3 uM concentration of morphine. (B & D) In contrast, neurons from Tat+/DOX elicit
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multiple action potentials at the same rheobase, with (B) the low 0.03 UM concentration and
(D) the high 0.3 uM concentration of morphine significantly reducing neuronal excitability.
Thus, neurons from Tat+/DOX demonstrate an increased neuronal sensitivity to morphine.
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Figure 2. Effect of morphine on sodium current densities is significantly enhanced in neurons
from Tat+/DOX mice

Sodium current density was assessed by voltage clamp recordings with Cs* in the internal
solution. (A & B) Raw traces of sodium channel currents of neurons from (A) Tat-/DOX
mice show no effect for a low 0.03 pM concentration of morphine on sodium currents,
whereas (B) Tat+/DOX show a significant reduction in the presence of 0.03 UM morphine.
(C & D) A current density-voltage relationship shows that for the fast transient inward
sodium currents (C) in neurons from Tat—/DOX, 0.3 uM inhibits sodium flow but not 0.03
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UM morphine, whereas (D) in neurons from Tat+/DOX a significant reduction is noticed for
0.3 uM and 0.03 uM morphine. Insets indicate inhibition at peak responses with morphine
that was significantly enhanced for morphine 0.03 pM in Tat+/DOX compared to Tat—/
DOX. (E & F) A current density-voltage relationship shows that for the late component of
the inward sodium currents (E) in Tat-/DOX morphine reduces the long-lasting inward
sodium current density, specifically for the high 0.3 UM morphine concentration, whereas
(F) in Tat+/DOX a significant reduction is noticed similarly for 0.3 uM and 0.03 uM
morphine. Data are expressed as mean = SEM. Bar graphs: one-sample t-test, *p < 0.05 vs 0
% inhibition, Tp < 0.05 vs. Tat-/DOX + Morphine 0.03 uM, M = morphine.
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Figure 3. Effect of morphine on sodium current densities is significantly enhanced in the
presence of in vitro Tat 100 nM

As seen for neurons of Tat transgenic mice, similar effects were noted for in vitro Tat
exposure on sodium current density. (A & B) Raw traces of sodium channel currents of (A)
control neurons show no effect of a low 0.03 uM concentration of morphine on sodium
currents, whereas (B) with in vitro Tat exposure a significant reduction in the presence of
0.03 UM morphine is noted. (C & D) A current density-voltage relationship shows that for
the fast inward Na* currents (C) in control neurons 0.3 pM inhibits sodium flow but not 0.03
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UM morphine, whereas (D) in the presence of Tat a significant reduction is noticed for 0.3
UM and 0.03 uM morphine, thus demonstrating an enhanced inhibition to 0.3 uM morphine
in the presence of Tat. (E & F) A current density-voltage relationship shows that for the late
component of the inward Na* currents (E) in control neurons no effect was noted for either
concentration of morphine, whereas (F) in the presence of Tat morphine significantly
decreases the late inward sodium current density similarly for both morphine concentrations.
Data are expressed as mean + SEM. Bar graphs: one-sample t-test, *p < 0.05 vs 0 %
inhibition, M = morphine.
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Figure 4. Neurons from Tat+/DOX mice show increased sensitivity to morphine on the

inactivation kinetics of sodium channels

Neurons from Tat transgenic mice in combination with morphine 0.03 UM were tested on
the voltage-dependence of steady-state activation/inactivation of sodium channels. (A-C)
Boltzmann curve analyses of inactivation kinetic of sodium channels. (A, B) In contrast to
neurons from Tat-/DOX, Tat+/DOX indicate a significant downward shift of the
inactivation curve for 0.03 uM morphine with the fraction of available channels being
approximately 55 % decreased. (C) For both, neurons of Tat-/DOX and Tat+/DOX, a
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leftward shift for the inactivation curve in response to morphine is noted, indicated by
significant differences in Vg 5 inactivation values. (D-F) No effects are noted on the
activation kinetics of sodium channels. Data are expressed as mean = SEM. *p < 0.05.
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Figure 5. In vitro Tat 100 nM increases the sensitivity to morphine on the inactivation kinetics of

sodium channels

Similarly, effects of Tat (100nM) in combination with morphine 0.3 uM were tested on the
voltage-dependence of steady-state activation/inactivation of sodium channels. (A-C)
Boltzmann curve analyses of inactivation kinetic of sodium channels. (A, B) In contrast to
control neurons, neurons exposed to 100 nM Tat indicate a significant downward shift of the
inactivation curve for 0.3 uM morphine concentration, similar to the neurons of Tat+/DOX,
with the fraction of available channels being approximately 40 % decreased. (C) For both,
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control neurons and neurons exposed to 100 nM Tat, a leftward shift for the inactivation
curve in response to morphine is noted, indicated by a significant difference in Vg 5
inactivation values. (D-F) No effects are noted on the activation kinetics of sodium
channels. Data are expressed as mean + SEM. *p < 0.05.
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Figure 6. MOR-1 mRNA expression is not significantly different in ileum tissue of Tat+/DOX
compared to Tat-/DOX mice
Real time PCR with a unique primer for the splice variant MOR-1 shows no significant

difference in the relative abundance of MOR-1 in ileal tissue of Tat+/DOX and Tat-/DOX
mice. The mean AC; value from ileal tissue preparations was calculated and plotted as a
histogram (3 independent experiments).
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Figure 7. Effects of morphine on GI motility are significantly altered in Tat(+) mice
Analysis of the fecal pellet output in Tat(-) mice (upper panel) and Tat(+) mice (bottom

panel). Fecal pellets were counted for 1hr following saline/morphine (i.p.) at doses
indicated. Morphine treatment increased stool output at 0.1 mg/kg, whereas it reduced 0.3
mg/kg in Tat(+) mice but not Tat(-). Data are expressed as mean + SEM. *p < 0.05 (n=5 for
each group).
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