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Abstract

HIV is an immunosuppressive virus that targets CD4+ T-lymphocytes. HIV infections cause 

increased susceptibility to opportunistic infections and cancer. HIV infection can also alter central 

nervous system (CNS) function causing cognitive impairment. HIV does not infect neurons but it 

does infect astrocytes and microglia in the CNS. HIV can also infect enteric glia initiating an 

intestinal inflammatory response which causes enteric neural injury and gut dysfunction. Part of 

the inflammatory response is HIV induced production of proteins including, Transactivator of 

transcription (Tat) which contribute to neuronal injury after release from HIV infected glial cells. 

A risk factor for HIV infection is intravenous drug use with contaminated needles and chronic 

opiate use can exacerbate neural injury in the nervous system. While most research focuses on the 

actions of Tat and other HIV related proteins and opiates on brain function, recent data indicate 

that Tat can cause intestinal inflammation and disruption of enteric neuron function, including 

alteration of Na+ channel activity and action potential generation. A paper published in this issue 

of Neurogastroenterology and Motility extends these findings by identifying an interaction 

between Tat and morphine on enteric neuron Na+ channel function and on intestinal motility in 

vivo using a Tat expressing transgenic mouse model. These new data show that Tat protein can 

enhance the inhibitory actions of morphine on action potential generation and propulsive motility. 

These findings are important to our understanding of how HIV causes diarrhea in infected patients 

and for the use of opioid drugs to treat HIV-induced diarrhea.

Keywords

enteric nervous system; Tat; sodium channels; enteric neuropathy; diarrhea

INTRODUCTION

Human immune deficient virus (HIV) is the viral infection responsible for acquired immune 

deficiency syndrome (AIDS). HIV initially infects peripheral CD4+ T-lymphocytes to cause 

immune suppression but HIV also gains access to the central nervous system (CNS) via the 

cerebral spinal fluid, perivascular macrophages or infected T-lymphocytes. In the brain, HIV 

infects macrophages and microglia (which express low CD4 levels) where the virus 

replicates.1 HIV infection of the brain causes neural injury resulting in what was initially 

called HIV associated dementia (HAD) but is now labelled HIV-associated neurocognitive 
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disorders (HAND) to better describe the range of changes caused by brain HIV infections.2,3 

HAND results from “by-stander” effects of proteins shed by infected macrophages, 

microglia and astrocytes. HIV trans-activating protein (Tat) is one of these neurotoxic 

proteins. Tat is a viral protein that enhances the efficiency of viral genome transcription by 

binding to RNA polymerase II which accelerates HIV replication.4,5 Tat is secreted by 

infected lymphocytes and in the brain it is secreted by infected macrophages and microglia. 

Tat stimulates cytokine production causing inflammation and oxidative stress that can 

directly damage neurons and Tat can stimulate apoptosis.6 In addition, Tat is toxic to 

neurons because it disrupts intracellular Ca2+ handling7 and causes excitoxicity by direct 

action on neurons.8

HIV AND MORPHINE DISRUPT NERVOUS SYSTEM FUNCTION

A risk factor for HIV infection is intravenous drug use. Heroin and morphine are commonly 

abused and addictive drugs that are self-administered intravenously. This is important as 

morphine (the active product of heroin metabolism in the brain) enhances the neurotoxic 

effects of Tat.9 The synergistic neurotoxic effects of Tat and morphine are mediated by mu-

opioid receptors (MOR) and are glial cell-dependent.9,10 Morphine enhances Tat-induced 

Ca2+ increases in astrocytes which then secrete higher levels of the chemokines monocyte 

chemoattractant protein-1 (MCP-1) and regulated on activation normal T cell expressed and 

secreted (RANTES) and the inflammatory cytokine, interleukin-6 (IL-6).10,11 Astrocyte 

release of MCP-1 and RANTES attracts activated microglia to the sites of infected 

astrocytes. Tat does not produce these effects in the absence of morphine. Morphine and Tat 

also have a direct synergistic action on microglia to further enhance microglia activation.12 

The end result is that the Tat/morphine combination stimulates production and release of 

inflammatory cytokines by astrocytes and also secrete chemokines which attract activated 

microglia leading to an enhanced inflammatory response at sites of HIV infected glial cells. 

This leads to increased neurotoxicity and HAND development.

Most studies have focused on CNStoxicity of HIV infection and its synergistic interactions 

with morphine as these actions cause significant cognitive impairment. However, the gut 

immune system is extensive and very active and GI dysfunction is a common consequence 

of HIV infections. HIV infects gastrointestinal lymphocytes and macrophages causing 

disruption of gut immune regulation. Enterocytes are a target for HIV infection and changes 

in enterocyte function will alter gastrointestinal secretion and cause malabsorption.13 This 

results in chronic diarrhea and malabsorption and contributes to the wasting syndrome in 

AIDS patients.14 HIV infected patients also have disrupted upper gastrointestinal motor 

function that would include dyspepsia, nausea and vomiting15 and intestinal pseudo-

obstruction is not an uncommon finding in HIV infected patients.16

Alterations in gut motor function have been attributed to enteric neuropathies although these 

are scant data to support this hypothesis. However, a recent study by Ngwainmbi and 

colleagues examined Tat-related intestinal inflammation and motor function in mice in vivo 

and on murine myenteric neurons maintained in primary tissue culture.17 These investigators 

used a transgenic mouse that expressed Tat under the control of a tetracycline responsive 

glial fibrillary associated protein (GFAP) promoter. When these mice were fed doxycycline 
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(DOX, which binds to the tetracycline sensitive promoter) containing chow, Tat expression 

was induced selectively in glial cells, including enteric glia. Tat expressing mice had 

accelerated gastrointestinal transit and increased fecal output. This would be consistent with 

the diarrhea observed in HIV infected patients. Tat treatment of enteric neuron/glia co-

cultures increased extracellular levels of IL-6 and RANTES but not TNF-α.s found that 

when Consistent with this RANTES, IL-6 and IL-1b, but not TNF-α are increased in the 

intestines of Tat+ transgenic mice. This is similar to the cytokine and chemokine profile 

detected in brain neuron/glial co-cultures treated with Tat and morphine or in the brain of 

mice treated with Tat and morphine.9,10,11 Ngwainmbi et al.,17 also studied the neuronal 

effects Tat on murine myenteric neurons using whole cell patch clamp techniques. Neurons 

were exposed to Tat either by in vitro incubation during tissue culture, or by in vivo 

exposure for 4 days in the Tat+ transgenic mice. Control neurons not exposed to Tat either 

in vitro or in vivo fired single action potentials during membrane depolarization from the 

resting potential while Tat exposed neurons fired multiple action potentials. In addition, Tat 

exposed neurons required smaller depolarizations (reduced rheobase) to reach action 

potential threshold. The increased excitability is likely due to a leftward shift in the voltage 

activation curve for Na+ currents meaning that Na+ channels open at more negative 

membrane potentials in Tat exposed compared to control neurons. The changes in Na+ 

current properties are linked to changes in Na+ channel isoform expression in Tat exposed 

neurons. Myenteric neurons maintained in tissue culture and exposed to Tat for 2 days and 

myenteric neurons exposed to Tat in vivo using Tat+/DOX mice exhibited increased 

expression of the tetrodotoxin-resistant isoforms of voltage-gated Na+ channels (NaV1.7 and 

NaV1.8) while expression of the tetrodotoxin sensitive isoform (NaV1.3) was unaffected by 

Tat. This is an interesting result as tetrodotoxin-resistant (NaV1.7 and NaV1.8) channels 

(particularly NaV1.8) are upregulated in primary afferent sensory neurons in many 

inflammatory disorders and in neuropathic pain models.18 Upregulation of tetrodotoxin-

insensitive Na+ channels in sensory neurons increases their excitability and this contributes 

to hypersensitivity of the sensory neurons in inflammation and other chronic pain disorders. 

The increased expression of NaV1.7 and NaV1.8 is likely a result of the increased levels of 

inflammatory cytokines that occur in the Tat+/DOX mice expressing Tat selectively in glial 

cells. In human HIV patients intestinal inflammation can also occur in response to 

opportunistic infections that occur in immune compromised patients. Na+ channel 

expression can also be altered directly by bacterial products that leak through the 

compromised intestinal barrier that occurs during intestinal inflammation.19

Na+ CHANNELS ARE A TARGET FOR TAT/MORPHINE INTERACTION IN 

THE ENS

As discussed above, there is a synergistic interaction between the actions of morphine and 

Tat on central nervous system toxicity and this interaction requires glial cells. Glial cells are 

also abundant in the enteric nervous system20,21 so it might be expected that similar 

morphine-Tat synergy occurs to produce enteric neurotoxicity. Fitting et al.22 in this issue of 

Neurogastroenterology and Motility have begun to address this question using the glial 

expressing Tat+/DOXmouse model described above. Morphine is a strong antidiarrheal drug 

and constipation is one of the main side effects of morphine (and other opiate drugs) when 
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used to treat chronic pain.23 Synthetic opioid receptor agonists such as loperamide (which 

does not cross the blood brain barrier) are effective antidiarrheal drugs.24

The MOR is the predominant subtype of opioid receptor expressed by enteric neurons and 

all opioid receptors are G-protein coupled receptors.25 MOR agonists produce constipation 

by inhibiting enteric neuron function by linking to inhibition of adenylate cyclase and 

protein kinase A (PKA) activation26 and by linking to inhibition of Ca2+ and Na+ channels 

and to activation of K+ channels.27,28,29 Inhibition of nerve terminal Ca2+ channels reduces 

neurotransmitter release from enteric nerves. K+ channel activation causes membrane 

potential hyperpolarization and inhibition of action potential firing.30,31 Both effects are 

mediated by G-protein coupling to the Ca2+ or K+ channel either decreasing (Ca2+) or 

increasing (K+) the opening probability of the channel.27,29,32 Opioid agonist induced 

inhibition of enteric neurotransmitter release and decreased excitability of enteric neurons 

disrupts the function of the enteric nerve circuitry responsible for propulsive motility 

patterns and for control of intestinal secretion.33

Fitting and co-workers22 studied Na+ currents in small intestinal myenteric neurons from Tat

−/DOX and Tat+/DOX mice described above. Neurons were placed in primary culture and 

Na+ currents were recorded using whole cell patch clamp methods. Na+ currents were more 

sensitive to morphine inhibition in neurons from Tat+/DOXmice vs.Tat−/DOX mice where a 

concentration of morphine (0.03 μmol−1) that did not affect Na+ currents in Tat−/DOX 

neurons inhibited Na+ currents in Tat+/DOX neurons by ~50%. This was due to a reduction 

in Na+ channel density (channels available to open per unit area of cell membrane). A 

reduction in the number of Na+ channels in the membrane or a functional change in the Na+ 

channels that result in a lower likelihood that channels open at a given membrane potential 

could account for these results. This question was addressed by applying Tat protein to 

myenteric neurons for >6 h in primary culture. This treatment also enhanced Na+ channel 

sensitivity to the inhibitory effects of morphine. This time course would be long enough to 

cause either changes in Na+ membrane expression or Na+ function. Additional voltage 

clamp studies suggest that morphine produced changes in the function of available channels. 

Na+ channels inactivate (some isoforms inactivate rapidly, others more slowly but this still 

occurs in <1s) and inactivation depends on membrane potential. More Na+ channels become 

unavailable to open when the membrane potential is less negative. Morphine alone studied 

in myenteric neurons from Tat−/DOX mice treated shifted the Na+ activation curve to more 

negative potentials. This effect was markedly enhanced in Tat+/DOX mice. The functional 

consequence of this shift is that there will be fewer Na+ channels available to produce action 

potentials when the membrane potential reaches the threshold for Na+ activation and action 

potential generation. The threshold for Na+ channel activation was not altered by morphine 

alone or in morphine-treated neurons from Tat+/DOX mice. These data indicate that 

morphine and Tat protein collaborate to alter the functional properties of Na+ channels. It is 

unlikely that Tat changes the expression of MOR as mRNA for this receptor was similar in 

Tat−/DOX and Tat+/DOX mice. MOR agonist drugs including buprenorphine, fentanyl and 

tramadol can block Na+ channels using a mechanism similar to local anesthetics where the 

drugs enter the ion pore from the inside of the cell membrane. However, morphine does not 

inhibit Na+ channels via this mechanism.34 Morphine can reduce the voltage sensitivity of 
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Na+ channels (stronger depolarizations were required to open the channels) and this effect 

does not require G-protein dependent signaling mechanisms.35 Perhaps, inflammatory 

cytokines released by glial cells in vivo in morphine treated Tat+/DOX mice or glial cells 

that are present in the primary cultures of enteric neurons activate intracellular signaling 

pathways that modify the functional properties of Na+ channels.22 The interaction of 

morphine and Tat protein on Na+ channel function is interesting but the significance of this 

interaction is highlighted by in vivo data showing that Tat+/DOX mice were more sensitive 

to the constipating actions of morphine (reduced fecal pellet output) compared to Tat−/DOX 

mice.

The studies of Fitting et al.22 provide provocative new information about potential 

interactions between inflammation and drugs on enteric neuron function. The details of the 

mechanisms by which morphine alone modulates Na+ channel function and how HIV 

infection interacts with the cellular effects of morphine on enteric neurons remain to be 

determined. Morphine modulation of Na+ channel function differs from how MOR couples 

to modulation of Ca2+ and K+ channels as the Na+ channel effect does not appear to be 

linked directly to G-protein activation. As shown previously, Tat+ mice have increased 

intestinal levels of a number of important inflammatory cytokines that could contribute to 

the increased GI transit and diarrhea that occurs in HIV infected patients. Another potential 

molecular link may be through glycogen synthase kinase-3β (GSK3β). GSK3β contributes to 

neuronal signaling involved in neural plasticity,36 HIV neurotoxicity37 and neuropathology 

caused by chronic opiate abuse.38 Morphine and supernatants from HIV infected THP-1 

cells (a monocytic leukemia cell line) produced synergistic neurotoxic effects on murine 

striatal neurons maintained in tissue culture. This effect was blocked by GSK3β inhibitors.39 

Studies of the effects of GSK3β inhibitors on morphine/Tat interactions in enteric neurons 

would be interesting.

CONCLUSION

Diarrhea is a common co-morbidity associated with HIV infection.13,14,40 Prior to the 

widespread use of cART this was caused largely by opportunistic infections but in the cART 

era diarrhea is most often a consequence of the effects of antiretroviral drugs. However, HIV 

can directly affect gut function through infection of enterocytes causing increasing intestinal 

permeability and also stimulation of Cl− secretion.13,14 HIV infection of the enteric nervous 

system, including enteric glia, is also likely to contribute to disruption of gut motility and 

secretion by activating inflammatory signaling pathways. Treatment of HIV-associated 

diarrhea includes the use of the blood brain barrier impermeant meperidine analog, 

loperamide.40 The synergistic interactions between morphine, Tat and inflammation in the 

brain and in the gut suggest that further studies are needed to determine if these interactions 

are morphine specific or if they extend to other opioid drugs that activate enteric MORs. It 

would also be interesting to study potential interactions between endogenous opioid peptides 

released by myenteric neurons41 and Tat protein on Na+ channel expression and activity.
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Key message

HIV disrupts nervous system function by infecting glial cells. Infected glia release the 

HIV genome derived protein, Tat, which alters enteric neuron action potentials function 

by increasing Na+ channel expression. Morphine alterns neuronal activityin part by 

inhibiting Na+ channel function and this response is potentiated by Tat. Synergistic 

interactions between opioids and Tat may worsen GI dysfunction in HIV infected i.v. 

narcotic users and in HIV infected patients using opioid drugs to treat diarrhea.
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Fig. 1. 
Tat-induced changes in Na+ channel expression and morphine inhibition of enteric neuronal 

activity. Studies were done using myenteric neurons and glia from transgenic mice that 

express Tat protein under the control of a doxycycline (DOX) sensitive glial fibrillary acid 

protein (GFAP) promoter. Under normal conditions, myenteric neurons express the 

tetrodotoxin-sensitive Na+ channel isoform, NaV1.3. Glial cells in mice treated with DOX 

produce and release Tat protein which stimulates neuronal expression of tetrodotoxin-

insensitive Na+ isoforms, NaV1.7 and NaV1.8. Morphine induced inhibition of myenteric 

neuronal NaV1.3, NaV1.7 and NaV1.8 is enhanced after Tat exposure. The effects of Tat 

exposure in vivo following DOX treatment can be mimicked in vitro by Tat treatment of 

myenteric neurons maintained in tissue culture.
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