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Abstract

At least one third of HIV-1-afflicted individuals experience peripheral neuropathy. Although the 

underlying mechanisms are not known, they may involve neurotoxic HIV-1 proteins. We assessed 

the influence of the neurotoxic HIV-1 regulatory protein, Tat, on inflammatory and neuropathic 

nociceptive behaviors using transgenic male and female transgenic mice that conditionally 

expressed (or did not express) HIV-1 Tat1–86 in glial fibrillary acidic protein-expressing glia in the 

central and peripheral nervous systems. Tat induction significantly attenuated the time spent paw-

licking following formalin injection (2.5%, i.pl.) in both male and female mice. However, 

significant sex differences were observed in the onset and magnitude of inflammation and sensory 

sensitivity following complete Freund’s adjuvant (CFA) injection (10%, i.pl.) after Tat activation. 
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Unlike female mice, males showed a significant attenuation of paw swelling and an absence of 

mechanical/thermal hypersensitivity in response to CFA after Tat induction. Male Tat(+) mice also 

showed accelerated recovery from chronic constrictive nerve injury (CCI)-induced neuropathic 

mechanical and thermal hypersensitivity compared to female Tat(+) mice. Morphine (3.2 mg/kg) 

fully reversed CCI-induced mechanical hypersensitivity in female Tat(−) mice, but not in Tat(+) 

females. The ability of Tat to decrease edema, paw swelling, and limit allodynia suggest a sequela 

of events in which Tat-induced functional deficits precede the onset of mechanical 

hypersensitivity. Moreover, HIV-1 Tat attenuated responses to inflammatory and neuropathic 

insults in a sex-dependent manner. HIV-1 Tat appears to directly contribute to HIV sensory 

neuropathy and reveals sex differences in HIV responsiveness and/or the underlying peripheral 

neuroinflammatory and nociceptive mechanisms.
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1. Introduction

Apart from regulatory actions to influence viremia and/or viral latency (Rice and Kimata, 

2015), the HIV-1 trans-activator of transcription (Tat) may contribute to a number of co-

morbidities experienced by HIV-infected individuals, including intractable pain. Tat can 

activate neuronal NMDA receptors (e.g., Shin and Thayer, 2013; Neri et al., 2007), disrupt 

the cell membrane directly (Chopard et al., 2018), dysregulate mitochondrial function (Ferri 

et al., 2000; Norman et al., 2007) and ATP production (Sorrell and Hauser, 2014), and 

dysregulate ion homeostasis (Fitting et al., 2014). These effects promote synaptodendritic 

injury and neuronal death (Kim et al., 2008). As such, it is perhaps not surprising that Tat 

can induce hyperexcitability and apoptosis of rat dorsal root ganglion (DRG) neurons (Chi et 

al., 2011). Notably, clade B HIV is associated with greater neuropathic pain than clade C 

HIV (Gandhi et al., 2009). Accordingly, we investigated the capacity of clade B Tat1–86 to 

modulate mechanical sensitivity and paw swelling using several, conventional inflammatory 

and neuropathic pain paradigms in mice.

HIV does not infect neurons but does infect microglia and to a lesser extent astroglia 

(important sources of inflammatory signaling; Brack-Werner, 1999; Churchill and Nath 

2013; Churchill et al., 2009; Gorry et al., 2003; Kramer-Hammerle et al., 2005; Li et al., 

2020; Tornatore et al., 1991). Accordingly, a frequent strategy to model neuroHIV is to 

express viral proteins in glia. Since microglial promoters are also found to be expressed by 

monocyte-derived macrophages (Bottcher et al., 2019; Goldmann et al., 2016; Kierdorf et 

al., 2019), previous attempts to restrict HIV protein expression to the nervous system have 

relied on the use of astrocytic promoters such as the glial fibrillary acidic protein (GFAP) 

promoter, which can also be expressed by satellite and Schwann cells, and enteric glia in the 

peripheral nervous system. The transgenic mouse model used herein conditionally expresses 

HIV-1 Tat1–86 in a nervous system-targeted manner via a GFAP-driven Tet-on (rtTA) 

promoter. In these mice, Tat transcripts are detected in the central (brain and spinal cord; 
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Fitting et al., 2012; Wodarski et al., 2018) and peripheral nervous systems [dorsal root 

ganglia (DRG), enteric glia, and hindpaw skin presumably via expression by Schwann cells 

in peripheral nerves; Ngwainmbi et al., 2014; Wodarski et al., 2018] of Tat+, but not Tat−, 

transgenic mice following 1–6 weeks of DOX induction. Tat expression is presumed to 

originate from GFAP-expressing astrocytes in the dorsal spinal cord and peripheral glia 

including non-myelinating Schwann cells in the skin (Wodarski et al., 2018), and believed to 

contribute to hypersensitivity in the Tat transgenic model (Wodarski et al., 2018).

In the present report, male and female HIV-1 Tat transgenic mice were administered 

formalin, complete Freund’s adjuvant (CFA), or underwent chronic constriction injury (CCI) 

to assess the effects of Tat on mechanical nociception, thermal hyperalgesia, inflammatory 

swelling, and behavioral responding (i.e. paw licking). We anticipated that inducing HIV-1 

Tat, would potentiate nociceptive responding among mice subject to these manipulations. 

Moreover, the influence of sex differences on these effects was sought prompted by clinical 

evidence suggesting an influence of sex on analgesic or nociceptive responding to HIV- 

and/or cART-related neuropathic pain (Aragonés-López et al., 2012; Katz et al., 2015; 

Mehta et al., 2011) and given the paucity of HIV-related studies that are stratified by sex 

(Sordo del Castillo et al., 2010).

2. Materials and Methods

2.1. Animals

Adult male and female transgenic mice conditionally expressing HIV-1 Tat1–86 were used. 

The HIV-Tat1–86 transgenic mouse model was developed on a C3H × C57BL/6J hybrid 

background as previously described (Bruce-Keller et al., 2008). Tat expression, which is 

under the control of a tetracycline responsive (Tet-on) rtTA, GFAP-selective promoter, was 

induced with a specially formulated chow containing 6 mg/g DOX (Harlan, product 

#TD.09282), fed to both the Tat controls and the inducible Tat mice. Mice were fed with 

DOX-containing chow for the duration of each experiment.

Mice were housed in a 21 °C humidity-controlled Association for Assessment and 

Accreditation of Laboratory Animal Care–accredited animal care facility. They were housed 

in groups of three as recommended by Virginia Commonwealth University and had free 

access to food and water. The rooms were on a 12-hour light/dark cycle (lights on at 7:00 

AM). Mice were 8–12 weeks of age and weighed ~25–30 g at the start of all experiments. 

All experiments were performed during the light cycle, and the study was approved by the 

Institutional Animal Care and Use Committee of Virginia Commonwealth University. All 

studies were carried out in accordance with the National Institutes of Health’s Guide for the 

Care and Use of Laboratory Animals.

2.2. Chemicals

Morphine and complete Freund’s adjuvant (CFA) were purchased from Sigma-Aldrich (St. 

Louis, MO). Formalin was obtained from Fisher Scientific (Pittsburgh, PA). CFA (10%) was 

diluted in mineral oil. Formalin (2.5%) was prepared in distilled water for intraplantar (i.pl.) 

injection. Morphine was dissolved in physiologic saline (0.9% sodium chloride) and injected 
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subcutaneous (s.c.) at a total volume of 1 ml/100 g body weight. The dose of morphine is 

expressed as the free base.

2.3. Behavioral assessments

All behavioral experiments were performed during the light cycle by female well-trained 

observers (DB, MC). The observers were unaware of the genotype of the animals during 

conducting the behavioral experiments and doing the analysis of the data. A lab member 

made the observers blind to the groups by providing ear tags and coded cage labels, and 

randomized the animals into the groups. The genotype of the groups was revealed after the 

data analysis. However, the observers were able to differentiate female and male mice when 

both sexes were used.

2.3.1. Formalin test—The effects of HIV-1 Tat protein in the formalin test were 

measured in Tat(−) and Tat(+) mice after 3 weeks from DOX-diet induction (n=11/group). 

The formalin test was carried out as previously described (Bagdas et al., 2015). Animals 

were put in an open Plexiglas® cage (29 × 19 × 13 cm each), with a mirror placed at a 45-

degree angle behind the cage to allow an unobstructed view of the paws. After mice 

acclimated for 15 min in the test cage, each animal was injected with 20 μl of (2.5%) 

formalin i.pl. to the right hindpaw. Each mouse was then immediately placed in the test cage 

and the time spent paw licking was evaluated from 0 to 5 min (phase 1) and from 20 to 45 

min (phase 2) post-formalin injection. The duration of time spent licking the ipsilateral paw 

was recorded with a digital stopwatch during phases 1 and 2. Mice display minimal 

nociceptive behavior during the period between phase 1 and 2 (5 to 20 min post-formalin); 

their responses were not recorded during this time. Paw edema and paw diameter (see 

measurement of paw edema) were also measured before and at 1 h after formalin injection.

2.3.2. Complete Freund’s adjuvant (CFA)-induced inflammatory pain model—
The effects of HIV-1 tat protein in the CFA model were measured in Tat(−) and Tat(+) mice. 

For this experiment, we first determined the mechanical thresholds (see von Frey test), and 

thermal latencies (see Hargreaves test) of naïve Tat(−) and Tat(+) mice before start of DOX-

diet. Mice (male mice = 7/group; female mice n=9/group) were then exposed to DOX-diet 

and feeding with DOX-diet continued throughout the experiment. The thresholds and 

latencies were also tested 3 days after DOX-diet induction and mice were injected i.pl. 20 μl 

of CFA (10%) (day 0; Fig. 2A). To determine the mechanical hypersensitivity and its 

duration induced by CFA in Tat(−) and Tat(+) mice, animals were tested with Von Frey on 

days 1, 3, 7, 14, 21, and 28 after CFA injection. To decrease the stress on animals and not to 

sensitize the paw, Hargreaves thermal sensitivity test was performed 1 day after the von Frey 

test. In addition, paw diameter (see measurement of paw edema) was measured before and at 

3, 7, and 14 days after CFA injection.

2.3.3. Chronic constrictive nerve injury (CCI)-induced neuropathic pain 
model—The effects of HIV-1 Tat protein in the CCI model were measured in Tat(−) and 

Tat(+) mice (male mice = 10/group; female mice n=9/group). We first determined baseline 

mechanical thresholds (see von Frey test) and thermal latencies (see Hargreaves test) of 

naïve Tat(−) and Tat(+) mice before starting the DOX diet. Mechanical thresholds and 
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latencies were retested 3 days after the onset of DOX administration and then CCI surgery 

was performed on mice. Once DOX was started, mice were maintained on DOX-containing 

chow throughout the remainder of the experiment.

For CCI surgery, mice were anesthetized with pentobarbital (45 mg/kg, i.p.). An incision 

was made just below the hip bone, parallel to the sciatic nerve. The left common sciatic 

nerve was exposed at the level proximal to the sciatic trifurcation and a nerve segment 3–5 

mm long was separated from the surrounding connective tissue. Two loose ligatures with 5–

0 silk suture were made around the nerve with a 1.0–1.5 mm interval between each of them. 

Muscles were closed and the wound with suture. This procedure results in CCI of the ligated 

nerve (Bagdas et al., 2015). Mechanical thresholds were measured 1, 3, 7, 11, 14, and 21 

days after surgery. Thermal paw withdrawal latencies were determined in the same mice 8, 

15, and 22 days after surgery. In addition, on day 11 after CCI surgery, the effects of 

morphine (3.2 mg/kg, s.c.) on mechanical thresholds were tested in female Tat(−) and Tat(+) 

mice. The dose of morphine in the CCI model was chosen based on the previous report from 

our lab (Bagdas et al., 2018).

2.3.4. Hargreaves Test (Evaluation of Thermal sensitivity)—CFA administration 

and CCI surgery induce thermal hypersensitivity (Bagdas et al., 2015), which coincides with 

an increased sensitivity to painful stimuli (IASP, 1994). Therefore, we assessed the thermal 

withdrawal latencies in Tat(−) and Tat(+) mice following CFA administration or CCI 

surgery.

Thermal withdrawal latencies were measured via the Hargreaves test as described before 

(Bagdas et al., 2015). Mice were placed in clear plastic cylinders (9 × 11 cm) on an elevated 

surface and allowed to acclimatize to their environment before testing. The radiant heat 

source was directed to the plantar surface of each hind paw in the area immediately proximal 

to the toes. The paw withdrawal latency (PWL) was defined as the time from the onset of 

radiant heat to withdrawal of the mouse’s hind paw. The cut-off time was 20-s. An average 

of three measures of PWL were taken for each hind-paw. The results were expressed as 

withdrawal latency difference between paws [ΔPWL (s) = contralateral latency - ipsilateral 

latency].

2.3.5. Von Frey Test (Evaluation of Mechanical hypersensitivity)—Both CFA 

administration and CCI surgery induce mechanical hypersensitivity (Bagdas et al., 2015), 

which indicates a pain-like behavior resulting from a stimulus that does not normally 

provoke pain (IASP, 1994). Therefore, we assessed the mechanical withdrawal thresholds in 

Tat(−) and Tat(+) mice following CFA administration or CCI surgery.

Mechanical withdrawal thresholds were determined according to the method of Chaplan et 

al. (1994) with slight modifications (Bagdas et al., 2015). Mice were placed in a clear plastic 

cylinders (9 × 11 cm) with mesh metal flooring and allowed to acclimate for 20 min before 

testing. A series of calibrated von Frey filaments (Stoelting, Wood Dale, IL) with 

logarithmically incremental stiffness ranging numbers from 2.83 to 4.56 were applied to the 

paw using a modified up-down method (Dixon, 1965). Test was started by using 3.84 

numbered filament for each mouse and continued up or down according to response. In the 
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absence of a paw withdrawal response to the initially selected filament, a thicker filament 

corresponding to a stronger stimulus was presented. In the event of paw withdrawal, the next 

weaker stimulus was chosen. Each hair was presented perpendicularly against the paw, with 

enough force to cause slight bending, and held 2–3 s. The stimulation of the same intensity 

was applied three times to the hind paw at intervals of a few sec. Two responses out of three 

stimulations were coded as a positive response. Once a positive paw withdrawal response 

was detected, sequentially a weaker filament was used to assess the sensory threshold for 

each paw. The mechanical threshold was measured by the force applied in filament number 

and expressed in gram based on the filament number-force (g) conversion table provided by 

the manufacturer (see supplementary material), representing the force of the von Frey hair to 

which the mouse reacted (paw withdrawn). All behavioral testing was performed in a 

blinded manner.

2.3.6. Measurement of paw edema—The thickness of the formalin- or CFA-treated 

paws was measured both before and after injections at the times indicated above using a 

digital caliper (Traceable Calipers, Friendswood, TX). Data were recorded to the nearest ± 

0.01 mm and expressed as change in paw thickness (ΔPD = the difference in the ipsilateral 

paw diameter before and after formalin or CFA injection).

2.4. Statistical Analysis

No data from animal studies was excluded. There was no prior statistical plan; after the 

study was performed, we planned a statistical plan and used this for the conducted 

experiments. Data were analyzed using GraphPad software, version 6.0 (GraphPad Software, 

Inc., La Jolla, CA) and were expressed as the mean ± S.E.M. A two-way analysis of 

variance (ANOVA), followed by Bonferroni’s post hoc testing, were used to determine 

group differences in the duration of paw licking following the formalin injection. An 

unpaired student’s t-test was used for simple two-group comparisons of formalin-induced 

paw edema. A repeated measures (RM), two-way ANOVA followed by the Bonferroni’s 

post hoc test were used in order to evaluate the effects of CFA administration and CCI 

surgery on mechanical thresholds, thermal latencies, and paw edema at different times. In 

addition, the effects of morphine in female mice after CCI surgery were tested by RM two-

way ANOVA and Bonferroni’s post hoc test. Before ANOVA was performed, the data were 

first assessed for the normality of the residuals using the Shapiro-Wilk test and equal 

variance using the F test. The homogeneity of variance was evaluated by the Brown-

Forsythe test. p values < 0.05 were considered significant.

3. Results

3.1. Paw licking and paw edema in Tat(−) and Tat(+) mice in the formalin test

The effect of HIV-1 Tat protein in the formalin test (2.5% concentration) was assessed in 

male (n = 11/group) and female (n = 8/group) Tat(−) and Tat(+) mice after 3 weeks of DOX-

diet induction. Among male mice, two-way ANOVA revealed significant main effects of 

testing phase [Fphases(1,40) = 29.0; p < 0.001] and genotype [Fgenotype(1,40) = 13.34; p < 

0.001] (Fig. 1A). Paw licking was significantly greater in phase II of the formalin test than in 

phase I; however, this responding was significantly attenuated among Tat(+) males 
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compared to Tat(−) controls (Fig. 1A). Among female Tat(−) and Tat(+) mice, similar main 

effects were observed for paw licking to be greater in phase II of the formalin test 

[Fphases(1,28) = 6.62; p < 0.05], but attenuated among Tat(+) females compared to their 

Tat(−) counterparts [Fgenotype(1,28) = 12.56; p < 0.01] (Fig. 1C). Additionally, paw edema 

was measured in both groups 1 h after i.pl. injection of formalin; however, no significant 

differences were observed among male (Fig. 1B) or female (Fig. 1D) mice.

To test whether there was a difference between sexes, we compared male and female results 

of formalin tests. We found a significant interaction between genotype and sex 

[Fgenotype × sex(3,68) = 13.79; p < 0.001, Suppl. Fig. 1] and a significant main effect of phase 

[Fphase(1,68) = 27.53; p < 0.001, Suppl. Fig. 1]. The reduction of time spent in paw licking 

in Tat(+) mice was greater in female animals in phase II, compared to males within the same 

phase (p < 0.05, Suppl. Fig. 1).

3.2. Mechanical and thermal sensitivity of Tat(−) and Tat(+) mice in response to CFA-
induced Inflammation

Mice were given an i.pl. injection of CFA (10% concentration) and assessed for mechanical 

threshold and edema 1, 3, 7, 14, 21, and 28 days later. In addition, thermal sensitivity was 

measured one day after mechanical assessments. Prior to CFA, neither Tat(−) nor Tat(+) 

mice differed in mechanical (Fig. 2A & 3A) or thermal (Fig. 2C & 3C) baselines before 

DOX-diet induction.

Among males, there was a significant difference between Tat(−) (n = 7) and Tat(+) (n=7) 

mice in the development of CFA-induced inflammation as observed by changes in 

mechanical thresholds [Fgenotype(1,6) = 0.71, p = 0.429; Ftime(7,42) = 4.07, p < 0.01; 

Finteraction(7,42) = 2.36, p < 0.05; Fig. 2A] and paw edema [Fgenotype(1,6) = 17.26, p < 0.01; 

Ftime(2,12) = 4.34, p < 0.05; Finteraction(2,12) = 10.67, p < 0.01; Fig. 2B]. Bonferroni’s post 
hoc analysis revealed significant mechanical hypersensitivity among Tat(−) mice that was 

induced by CFA on days 7 and 14 (p < 0.05, Fig. 2A). However, Tat(+) mice did not show a 

significant change on mechanical thresholds at any time examined following day 0. 

Additionally, there was a significant attenuation of edema on day 7 in Tat(+) CFA-treated 

mice (p < 0.001) when compared to Tat(−) mice (Fig. 2B). In addition to the development of 

mechanical hypersensitivity, there was a marked difference in the development of thermal 

hypersensitivity between the groups [Fgenotype(1,6) = 33.65, p < 0.01; Ftime(6,36) = 9.894, p 
< 0.001; Finteraction(6,36) = 9.96, p < 0.001; Fig. 2C]. CFA-induced thermal hypersensitivity 

in Tat(−) mice (n = 7), which started 4 days post-treatment (p < 0.05) and lasted until day 15 

after CFA injection (Fig. 2C). Conversely, there were no significant differences in the 

latency to respond to a thermal stimulus in Tat(+) mice following day 0, indicating an 

absence of thermal hypersensitivity (Fig. 2C). The attenuated response among Tat(+) mice 

significantly differed from that of Tat(−) controls on days 8 (p < 0.05, Fig. 2C).

Among females assessed for mechanical and thermal nociceptive responding, Tat(−) (n = 9) 

and Tat(+) (n = 9) mice did not initially differ on mechanical thresholds, nor did DOX-diet 

alter baseline values as observed on day 0 (Fig. 3A). I.pl. injection of CFA-induced 

mechanical hypersensitivity in both Tat(−) and Tat(+) mice without producing a significant 

difference on the development of hypersensitivity between the groups [Fgenotype(1,8) = 
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0.6116, p = 0.457; Ftime(6,48) = 27.7, p < 0.001; Finteraction(6,48) = 1.471, p=0.2083; Fig. 

3A]. Bonferroni’s analysis revealed that while the hypersensitivity response against to CFA 

started 1 day after the CFA injection in Tat(−) mice, Tat(+) mice started to show an increased 

sensitivity on day 3 post-CFA (p<0.05; Fig. 3A). Hence, there was a reduction of mechanical 

hypersensitivity only on day 1 in Tat(+) mice. There was no significant difference in the paw 

edema ratio between the groups [Fgenotype(1,8) = 0.294, p = 0.602; Ftime(2,16) = 8.601, p < 

0.01; Finteraction(2,16) = 2.506, p = 0.113; Fig. 3B]. Moreover, CFA-induced hypersensitivity 

was similar between Tat(−) and Tat(+) mice as seen in Fig. 3C [Fgenotype(1,8) = 0.028, p = 

0.875; Ftime(6,48) = 57.13, p < 0.001; Finteraction(6,48) = 1.247, p = 0.299; Fig. 3C]. 

Significant thermal hypersensitivity was observed at day 4 and 8 in both genotypes (p < 

0.05, Fig. 3C).

3.3. Mechanical and thermal sensitivity of Tat(−) and Tat(+) Mice in the CCI-induced 
Neuropathic Pain Model

The development of neuropathic pain was assessed in male mice that underwent CCI. Prior 

to any surgical procedure, Tat(−) (n = 10) and Tat(+) (n = 10) mice did not differ in 

mechanical and thermal baselines (Fig. 4A and B). Tat(+) mice displayed a significant 

attenuation of mechanical [Fgenotype(1,9) = 4.917, p = 0.0538; Ftime(6,54) = 28.43, p < 

0.001; Finteraction(6,54) = 3.779, p < 0.01; Fig. 4A] and thermal [Fgenotype(1,9) = 5.032, p = 

0.0516; Ftime(3,27) = 13.7, p < 0.001; Finteraction(3,27) = 7.064, p < 0.01; Fig. 4B] 

hypersensitivity compared with Tat(−) mice. CCI produced significant mechanical 

hypersensitivity in Tat(−) mice at all times examined. Surprisingly, Tat(+) mice 

demonstrated less mechanical hypersensitivity as evidenced by a significant elevation of 

mechanical thresholds observed on days 11 and 14, compared to Tat(−) mice (p < 0.05, 

Fig.4A). Moreover, mechanical hypersensitivity was absent by day 14 in Tat(+) mice. 

Similarly, a significant decrease in thermal hypersensitivity was observed at 1 and 2-weeks 

post-surgery (p < 0.05, Fig. 4B). Thermal hypersensitivity did not develop in Tat(+) mice.

Among female Tat(−) (n = 9) and Tat(+) (n = 9) mice, CCI surgery induced mechanical 

hypersensitivity in both genotypes. On the other hand, there was no significant difference on 

development of hypersensitivity between the groups [Fgenotype(1,8) = 1.233, p = 0.299; 

Ftime(7,56) = 132.7, p < 0.001; Finteraction(7,56) = 1.122, p = 0.363; Fig. 5A]. There was only 

a slight but significant reduction in mechanical hypersensitivity in Tat(+) 1 day after CCI 

(p<0.05; Fig. 5A). Additionally, CCI surgery induced thermal hypersensitivity in both 

genotypes and the duration of hypersensitivity was significantly different between the 

groups [Fgenotype(1,8) = 13.87, p < 0.01; Ftime(4,32) = 21.02, p < 0.001; Finteraction(4,32) = 

4.599, p < 0.01; Fig. 5B]. While Tat(+) females recovered from thermal hypersensitivity at 

post-CCI day 22, Tat(−) females still had significant hypersensitivity at the same time point 

(p < 0.05; Fig. 5B).

3.4. Impact of HIV-1 Tat protein on the antinociceptive effects of morphine in the CCI-
induced neuropathic pain model

Since morphine was reported to be effective in the mouse CCI model of neuropathic pain 

(Bagdas et al., 2017), we tested its ability to reverse mechanical hypersensitivity produced 

by CCI in female Tat(−) and Tat(+) mice (n = 9/group). The effect of systemic morphine (3.2 
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mg/kg, s.c.) administration was tested on day 11 post-surgery. The effects of morphine were 

significantly different between genotypes [Fgenotype(1,8) = 40.59, p < 0.001; Ftime(5,40) = 

58.73, p < 0.001; Finteraction(5,40) = 14.11, p < 0.001; Fig. 6]. Morphine significantly 

attenuated mechanical hypersensitivity in Tat(−) mice in a time-dependent manner, while 

morphine failed to limit mechanical hypersensitivity in Tat(+) mice at the times tested (Fig 

6). Because mechanical hypersensitivity was not seen in male Tat(+) mice on day 11 

following CCI (Fig. 4A), we did not test morphine in this group.

4. Discussion

HIV-infected individuals experience greater distal polyneuropathies, headache, and 

additional chronic pain states (Keswani et al. 2002; Mirsattari et al, 1999) that are present in 

at least 38% of patients (Laycock et al., 2019). We examined the extent to which HIV-1 Tat 

expression modified formalin- and CFA-induced inflammatory and CCI-driven neuropathic 

nociception in male and female transgenic mice. We anticipated that Tat expression would 

exacerbate neuropathic and inflammatory pain-like responses in both male and female mice. 

Unexpectedly, Tat induction limited inflammatory paw swelling following CFA-injection in 

male mice and paw licking following formalin injection in both sexes, although females 

displayed a significantly greater reduction in paw licking than males. Intriguingly, males had 

attenuated nociceptive responses following Tat exposure that was not fully recapitulated in 

females. In male mice, Tat induction significantly attenuated phase II inflammatory (but not 

during phase I) paw licking in response to formalin and mechanical/thermal hypersensitivity 

to CFA and CCI, compared to Tat(−) controls. In contrast, Tat(+) female mice demonstrated 

a commensurate pain profile to that of their Tat(−) counterparts in the CFA-induced 

inflammatory pain or CCI-induced neuropathic models; yet, Tat(+) females were refractory 

to any reversal of mechanical hypersensitivity by morphine. These paradoxical findings 

demonstrate potentially fundamental sex differences in the effects of HIV-1 Tat on 

inflammation and neuropathic nerve injury and nociception.

These data are clinically-relevant given that Tat may influence, not only the response to pain, 

but also the response to the few medications available to treat it. In male mice, Tat exposure 

increases morphine tolerance, while decreasing the effects of physical withdrawal (Fitting et 

al., 2016) and morphine’s potency and efficacy in a thermal, tail flick (antinociceptive) assay 

(Fitting et al., 2012; Gonek et al., 2018). Moreover, Tat exposure also decreases MOR-

mediated G-protein activation in an agonist, time, and regionally dependent manner in male 

mice (Hahn et al., 2016). These findings result, at least in part, from Tat-induced 

inflammatory chemokine and the activation of C-C chemokine type-5 receptors (CCR5) and 

heterologous desensitization of μ-opioid receptors (MOR) (Song et al., 2011; Steele et al., 

2003). We find the CCR5 antagonist, maraviroc, can restore some of the sensitivity to 

morphine in vivo (Gonek et al., 2018) and prevent morphine from exacerbating the 

neurotoxic effects of Tat in vitro (Kim et al., 2018). Prompted by significant sex differences 

in neuropathic pain models (Sorge et al., 2014; Mapplebeck et al., 2018) and in HIV 

neuropathology (Hahn et al., 2015), we questioned whether sex differences on these 

measures might occur in the Tat transgenic mice.
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By design, the present studies were performed during the first 3 weeks of Tat induction 

specifically to avoid the confounding effects of motor deficits. We do not see spontaneous 

motor deficits until ≥ 1 month of Tat exposure (Gonek et al., 2018; Hahn et al., 2016; Marks 

et al., 2016; Schier et al., 2017). The deficits that are observable on motor tests prior to 1 

month of Tat exposure involve a cognitive component, such as the need to learn a rotarod 

paradigm (Fitting et al., 2012). By contrast, we do see anxiety-like behaviors (less time spent 

in the center of a well-lit open field or on the open arms of an elevated plus maze) after 1–4 

weeks of Tat induction (Hahn et al., 2016; Paris et al., 2020; Paris et al., 2016); however, this 

does not significantly affect overall motor behavior in an open field (Gonek et al., 2018; 

Hahn et al., 2016; Schier et al., 2017) on a Barnes maze (Marks et al., 2016), or when 

analyzing gait (unpublished). Sex differences in anxiety-like behavior have been noted after 

3 months of continuous Tat exposure, but effects on locomotor activity were more nuanced 

with males demonstrating a lesser capacity to learn a rotarod paradigm over 12 weeks 

(which may implicate cognitive processes over locomotor capacity; Hahn et al., 2015). Apart 

from the findings of the present study, sex differences with Tat exposure durations greater 

than 1 month have not been noted.

HIV-infected individuals with distal sensory neuropathies often first report a lack of 

sensation/numbness (hypoesthesia) followed by pain in the soles of the feet (Benito-León et 

al., 1998; Cornblath and McArthur, 1988; Mullin et al., 2011). In Tat transgenic mice, 

mechanical hypersensitivity is not evident after 4 weeks exposure and intradermal nerve 

fiber losses are evident at 6 weeks (Wodarski et al., 2018). Although attenuated responses to 

formalin, CFA, and CCI-induced nerve injury were seen following Tat induction, this is 

unlikely to reflect hypoesthesia, since they were not accompanied by increased baseline 

thresholds. Moreover, the lack of hypersensitivity is not due to a lack of Tat expression 

because significant increases in Tat mRNA expression occur in the DRG and skin at 8 d and 

significant astro- and microgliosis is detectable within the striatum 48 h following Tat 

induction (Bruce-Keller et al., 2008). Lastly, sublethal neuronal injury is well documented in 
vivo (Fitting et al., 2010) and is apparent within minutes of Tat exposure in vitro (Fitting et 

al., 2014; Ngwainmbi et al., 2014). Collectively, these findings suggest that during 

pathogenesis of Tat-induced neuropathy the attenuated responsiveness to formalin, CFA, and 

CCI-induced nerve injury precedes hypersensitivity, which may result from more prolonged 

nerve damage.

HIV-1 Tat levels are elevated in CSF (Henderson et al., 2019; Johnson et al., 2013) and 

trigger T cell type-17 immunological responsiveness in well cART-suppressed, aviremic 

persons infected with HIV (Johnson et al., 2013). In fact, cART may increase Tat expression 

by failing to prevent feedback inhibition and/or host suppression of proviral transcription 

(Johnson et al., 2013; Mbonye and Karn 2017; Henderson et al., 2019).

The sex differences observed in the present studies are intriguing. Unlike male mice, females 

demonstrated significant mechanical and thermal hypersensitivity following Tat induction. 

Although some clinical investigations find a greater incidence of HIV-related neuropathy in 

cART exposed (Chen at al., 2013) and cART-naïve women compared to men (Saylor et al., 

2016), many studies do not reveal sex differences (Cherry et al., 2009; Ekenze et al., 2014; 

Forna et al., 2007; Hawkins et al., 2007; Hoffmann et al., 2008; Sacktor et al., 2009). Sex 
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differences often result from cART-induced toxic neuropathy, the incidence of which is 

typically higher in women and more prevalent with older, more toxic cART drugs. For 

example, in a Kenyan cohort, HIV-peripheral neuropathy, resulting largely from treatment 

with stavudine (d4T), was nearly 10-times greater among women than men (Mehta et al., 

2011). In a large Cuban cross-section of HIV-infected men and women on cART (n = 

1,592), women reported greater levels of pain, more daily life interference by pain, and had 

an approximately 2.2-fold increase in the probability of experiencing pain, compared to men 

(Aragonés-López et al., 2012). Overall, women appear to be at greater risk for side effects 

associated with cART (Menezes et al., 2011; Osler et al., 2010; Pujades-Rodríguez et al., 

2011; Wester et al., 2007) and discontinue treatment more frequently due to cART-induced 

toxic neuropathies (Currier et al., 2000; Kempf et al., 2009; Moore et al., 1996).

The sex differences in our findings may result from differences in the activation of microglia 

in male and T cells in female mice with inflammatory and neuropathic pain (Sorge et al., 

2015; Mapplebeck et al., 2018). In males, nociception is mediated by a peroxisome 

proliferator activated receptor (PPAR) α-dependent activation of a microglia-neuron 

pathway involving P2X4 purinoreceptors, p38 MAPK and BDNF after spared nerve injury 

or plantar CFA injection; while in females, nociception is medicated via a PPARγ-

dependent activation of T cells. At present, however, we cannot discern the extent to which 

Tat per se is triggering sexually dimorphic microglial versus T cell activation (Sorge et al., 

2015) since the experimental procedures used (i.e., formalin, CFA, and CCI administration) 

themselves act through these different pathways in males and females.

Peripheral neuropathies in HIV-afflicted and unafflicted populations are often treated with 

anticonvulsant therapeutics (Finnerup et al., 2015); however, symptom relief is spurious and 

rarely fully attained (Cherry et al., 2016). As such, first-line medications have been pursued 

for symptom relief. In a sample of greater than 1,400 HIV-infected patients, chronic opioid 

regimens were prescribed for ~23% of individuals (Merlin et al., 2015). However, preclinical 

investigations demonstrate considerable interactions between opioids and HIV-1 Tat that 

may underlie some of the difficulties in treating HIV-related pain. Male Tat(+) mice 

demonstrate significantly increased tolerance to the anti-nociceptive effects of morphine in 

the tail-flick assay and reduced physical withdrawal symptoms compared to Tat(−) mice that 

are partially reversed by maraviroc (Gonek et al., 2018). These data suggest HIV-1 Tat 

disrupts morphine analgesic efficacy through excess CCL5, CCL3, and CCL4 chemokine 

production and CCR5 activation in the striatum. Whether sex differences in CCR5 signalling 

contribute to female Tat(+) mice being refractory to morphine analgesia in the present study 

is uncertain.

Identifying the potential mechanisms underlying HIV-related pain poses a challenge since 

multiple indirect and direct factors are thought to maintain chronic pain. Proinflammatory 

cytokines can promote and sustain neuropathic pain (DeLeo et al., 2004; Gao et al., 2010; 

Leung et al., 2010; Raghavendra et al., 2002; Watkins et al., 2001) and Tat increases their 

release from glia. Alternatively, HIV-1 Tat may exert direct excitatory effects on neurons that 

contribute to chronic pain. Application of high-concentration Tat causes rapid 

hyperexcitability in rat primary dorsal root ganglion neurons followed by apoptosis (Chi et 

al., 2011). Tat can directly modulate the NR1 subunit of the NMDA receptor (Song et al., 

Bagdas et al. Page 11

Eur J Pain. Author manuscript; available in PMC 2021 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2003) and promotes phosphorylation of the NR2A and NR2B subunits (Haughey et al., 

2001), thereby facilitating glutamate and NMDA receptor-mediated Ca2+ influx (Haughey et 

al., 2001; Krogh et al., 2014; Zhu et al., 2009). Tat interacts with the low-density lipoprotein 

receptor-related protein (LRP) to gain intracellular access, thereby indirectly activating the 

tyrosine kinase, Src, well-established for its requisite role in NMDA receptor activation 

(Eugenin et al., 2007; Krogh et al., 2014; Liu et al., 2000). In rats, selective Src-inhibition 

attenuates NMDA-mediated neuropathic pain sensitivity caused by intraplantar formalin or 

CFA (Liu et al., 2008) supporting the notion that Tat activation of Src may facilitate 

nociceptive signaling. In enteric neurons, Tat can increase the firing rate and reduce the 

threshold for triggering action potentials in part through actions on Nav1.7 and Nav1.8 

sodium channels (Ngwainmbi et al., 2014). Nav1.7 appears to mediate key aspects of 

nociception in DRG neurons (Minett et al., 2014; Yang et al., 2018). Lastly, the role of 

mitochondrial dysfunction must be considered for as a target for Tat’s direct neurotoxic 

effects. Mitochondrial-derived reactive oxygen species are recently appreciated for their 

contribution to peripheral neuropathy (Flatters, 2015). Tat induces a pro-oxidative state that 

is driven in part via mitochondrial dysregulation (De Simone et al., 2016; Fitting et al., 2014; 

Hui et al., 2012; Norman et al., 2008). The extent to which these mechanisms may 

contribute to differences in Tat-related nociception males and females is important to 

consider.

Our work has some limitations, such as lack of comparison of morphine efficacy in male 

mice and lack of testing other HIV-1 neurotoxic proteins contribution to pain-like behavior 

in mice. Since different mechanical hypersensitivity was observed in Tat(−) and Tat(+) male 

mice by starting post-CCI surgery at day 7, we were not able to test the efficacy of morphine 

in male mice. A future study is needed to clarify the effects of morphine at an early stage of 

CCI in male mice, e.g. post-CCI day 3. In addition to Tat, other HIV-1 neurotoxic proteins 

contribute to hypersensitivity. In particular, the HIV-1 envelope glycoprotein, gp120, is 

directly toxic to sensory neurons (Keswani et al., 2003; Melli et al., 2006; Oh et al., 2001; 

Moss et al., 2015). Local paw injection of gp120 (Jolivalt et al., 2008) or delivery of gp120 

to the sciatic nerve (Maratou et al., 2009) produce neuropathic mechanical hypersensitivity 

(without changes in thermal sensation; Wallace et al., 2007). Moreover, gp120 administered 

intrathecally or into the periaqueductal gray exacerbates formalin- (Hains et al., 2010) or 

cold-evoked mechanical hypersensitivity (Chen et al., 2011) suggesting there are also central 

sites of action. Tat may work in concert with soluble HIV proteins, including gp120, to 

promote sensory neuropathy. Parsing the distinct and/or possible interactive effects of 

individual pathogenic viral proteins in HIV-associated neuropathies may be warranted.

The present findings reveal intriguing sex differences in the effects of HIV-1 Tat on several 

modes of nociceptive responding and provides further evidence that Tat per se may 

contribute to HIV sensory neuropathy. Exposure to HIV-1 Tat caused impaired thermal and 

mechanical nociceptive responding in response to inflammatory, thermal, or neuropathic 

pain stimuli among males; females were significantly less affected, although female Tat(+) 

mice demonstrated a refractory response to morphine analgesia. HIV-1 Tat transgenic mouse 

may be a useful model to investigate the mechanisms that underlie sex differences in sensory 

neuropathy resulting from HIV and/or peripheral inflammation. The treatment of HIV-

related neuropathy may be improved by considering sex as a clinical variable.
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Fig. 1. Pain Behavior and Paw Edema in Tat(−) and Tat(+) Mice in The Formalin Test
The paw licking response after intraplantar injection of (A) 2.5% formalin concentration into 

the right paw of both Tat(−) and Tat(+) mice. Changes in paw edema (B), as measured by the 

difference in the ipsilateral paw diameter before and after injection (ΔPD), in Tat(−) and 

Tat(+) mice 1 hour after intraplantar injection of formalin. Data were given as the mean ± 

S.E.M. of 11 animals for each group. *p<0.05 significantly different from Tat(−) group.
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Fig. 2. 10% CFA-induced thermal and mechanical hypersensitivity and Inflammation in male 
Tat(−) and Tat(+) Mice
Mechanical paw withdrawal thresholds (A), degree of edema (ΔPD=difference in the 

ipsilateral paw diameter before and after injection of CFA) (B) and differences in paw 

withdrawal latencies (Δ PWL=contralateral–ipsilateral hindpaw latencies) (C) in Tat(−) and 

Tat(+) mice at different times after intraplantar injection of CFA (10% solution/20 μl, 

respectively). Data were expressed as the mean ± S.E.M. of 7 animals for each group. 

*p<0.05 significantly different from BL. #p<0.05 significantly different from Tat(−) group. 

BL: baseline
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Fig. 3. 10% CFA-induced thermal and mechanical hypersensitivity and Inflammation in female 
Tat(−) and Tat(+) Mice
Mechanical paw withdrawal thresholds (A) and degree of edema (ΔPD=difference in the 

ipsilateral paw diameter before and after injection of CFA) in Tat(−) and Tat(+) mice at 

different times after intraplantar injection of CFA (10% solution/20 μl, respectively). Data 

were expressed as the mean ± S.E.M. of 9 animals for each group. *p<0.05 significantly 

different from BL. #p<0.05 significantly different from Tat(−) group. BL: baseline
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Fig. 4. CCI-induced thermal and mechanical hypersensitivity in male Tat(−) and Tat(+) Mice
Mechanical paw withdrawal thresholds (A), and differences in paw withdrawal latencies (Δ 

PWL=contralateral–ipsilateral hindpaw latencies) (B) in Tat(−) and Tat(+) mice at different 

times after chronic constrictive nerve injury (CCI) operation. Data were expressed as the 

mean ± S.E.M. of 10 animals for each group. *p<0.05 significantly different from BL. 

#p<0.05 significantly different from Tat(−) group. BL: baseline
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Fig. 5. CCI-induced thermal and mechanical hypersensitivity in female Tat(−) and Tat(+) Mice
Mechanical paw withdrawal thresholds (A), and differences in paw withdrawal latencies (Δ 

PWL=contralateral–ipsilateral hindpaw latencies) (B) in Tat(−) and Tat(+) mice at different 

times after chronic constrictive nerve injury (CCI) operation. Data were expressed as the 

mean ± S.E.M. of 9 animals for each group. *p<0.05 significantly different from BL. 

#p<0.05 significantly different from Tat(−) group. BL: baseline
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Fig. 6. Reversal of mechanical hypersensitivity by morphine in the CCI female Tat(−) and Tat(+) 
Mice
The mechanical paw withdrawal threshold values of ipsilateral paw for CCI are shown. 

Morphine (3.2 mg/kg, s.c.) reversed already-developed mechanical hypersensitivity 

produced by CCI (day 11 post surgery) in the Tat(−) mice but not in Tat(+) mice. Data were 

expressed as the mean ± S.E.M. of 9 animals for each group. ϕp<0.05 significantly different 

from BL. *p<0.05 significantly different from time 0 (zero). #p<0.05 significantly different 

from Tat(−) group. BL: baseline
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