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Abstract

Human immunodeficiency virus (HIV) infection is associated with mood disorders and behavioral 

disinhibition. Impairments in sensorimotor gating and associated neurocognitive disorders are 

reported, but the HIV-proteins and mechanisms involved are not known. The regulatory HIV-1 

protein, Tat, is neurotoxic and its expression in animal models increases anxiety-like behavior 

concurrent with neuroinflammation and structural changes in limbic and extra-limbic brain 

regions. We hypothesized that conditional expression of HIV-1 Tat1–86 in the GT-tg bigenic 

mouse model would impair sensorimotor gating and increase microglial reactivity in limbic and 

extralimbic brain regions. Conditional Tat induction via doxycycline (Dox) treatment (0–125 

mg/kg, i.p., for 1–14 days) significantly potentiated the acoustic startle reflex (ASR) of GT-tg 

mice and impaired prepulse inhibition (PPI) of this response in a dose-dependent manner when 

Dox (100 mg/kg) was administered for brief (1 day) or prolonged (daily for 7 days) intervals. A 

greater proportion of active/reactive Iba1-labeled microglia was seen in the anterior cingulate 

cortex (ACC), dentate gyrus, and nucleus accumbens core when Tat protein was induced under 

either brief or prolonged expression conditions. Other subregions of the medial prefrontal cortex, 

amygdala, hippocampal formation, ventral tegmental area, and ventral pallidum also displayed 

Tat-induced microglial activation, but only the activation observed in the ACC recapitulated the 

pattern of ASR and PPI behaviors. Tat exposure also increased frontal cortex GFAP. Pretreatment 

with indomethacin attenuated the behavioral effects of brief (but not prolonged) Tat-exposure. 

Overall, exposure to HIV-1 Tat protein induced sensorimotor deficits associated with acute and 

persistent neuroinflammation in limbic/extralimbic brain regions.
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1. Introduction

Human immunodeficiency virus (HIV) infection is associated with neurological dysfunction 

characterized by behavioral disinhibition, mood disorders (i.e. anxiety and depression), 

cognitive impairment, motor deficits, and central pathology, collectively termed 

“neuroAIDS” [1,2]. The advent of combination antiretroviral therapies has made it possible 

for HIV-positive individuals to slow the progression to acquired immunodeficiency 

syndrome (AIDS), but raises new challenges in maintaining quality-of-life for those living 

with HIV for extended periods.

Despite significant attenuation of viral load, antiretroviral therapies may not alleviate all 

symptoms of neuroAIDS, possibly due to the neurotoxic actions of HIV proteins from 

persistent viral reservoirs within the central nervous system (CNS) [3]. One such viral 

protein is the HIV-1 trans-activator of transcription (Tat). Tat can promote cell death via 

interacting mechanisms including direct extracellular actions at glutamatergic sites 

(including NMDA receptors [4]) and downstream activation of proinflammatory, NF-κB-

regulated chemokines [5,6]. To begin to assess the behavioral sequelae associated with 

central actions of HIV-1 Tat, we have utilized the GT-tg bigenic mouse; a transgenic model 

that expresses GFAP-driven Tat protein under doxycycline (Dox) regulation in the CNS [7]. 

Consistent with clinical observations, inducing Tat expression in these mice is associated 

with elevated anxiety [8,9] and reductions of gray-matter density and fractional anisotropy 

abnormalities within mood-associated brain regions (including the hippocampus, amygdala, 

hypothalamus, and striatum [10,11]). Similar Tat-transgenic murine models also 

demonstrate anxiety-like behavior concurrent with neuronal cell death, astrocytosis, and 

microglial reactivity in striatal cells [12]. However, it is not known how executive function 

may be influenced by exposure to Tat in regions beyond the limbic and striatal areas.

To this end, we examined prepulse inhibition (PPI) of the acoustic startle reflex (ASR). This 

assay assesses sensorimotor gating in response to a startling acoustic stimulus, and the 

capacity to inhibit the startle response when a weak stimulus (a prepulse sound) is presented 

just prior to the startling stimulus [13]. Several brain regions influence PPI performance in 

rodents including the medial prefrontal cortex (mPFC), which plays an important inhibitory 

role alongside the ventral tegmental area [14,15] in modulating connections between the 

hippocampus, amygdala, and nucleus accumbens that culminate in the ventral pallidum to 

mediate the PPI response [15,16]. People with HIV-associated neurocognitive disorders 

demonstrate deficits in PPI responses not observed in HIV-positive participants without 

neurocognitive impairment or healthy non-afflicted individuals (which do not differ [17]). 

Previous findings in male rats demonstrate the capacity for postnatal Tat infusion into the 

hippocampus to disrupt ASR and PPI later in life [18], and for intra-hippocampal Tat to 

disrupt ASR and PPI in adulthood [19]. Among adult HIV-1 transgenic rats (that express 7 
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of the 9 clade B HIV-1 genes), temporal processing of visual and acoustic PPI is altered 

compared to controls, and appears dysregulated as a function of age [20–22]. Presently, we 

hypothesized that exposure to HIV-1 Tat in the CNS of age-matched adult mice would 

produce exposure-dependent impairment of ASR and PPI. Moreover, we anticipated that 

indirect, pro-inflammatory effects of Tat-induced toxicity throughout the ASR/PPI circuit 

would contribute to behavioral outcomes and expected microglial reactivity within related 

limbic/extralimbic subregions of the brain.

2. Materials and methods

All methods using animals were pre-approved by the Institutional Animal Care and Use 

Committees at Northeastern University (Boston, MA) and the Torrey Pines Institute for 

Molecular Studies (Port Saint Lucie, FL) and were conducted in accordance with ethical 

guidelines defined by the National Institutes of Health (NIH Publication No. 85–23).

2.1. Subjects

GT-tg bigenic male mice [7] used in behavioral and GFAP protein studies (n=204) were 

derived at the Torrey Pines Institute for Molecular Studies (Port Saint Lucie, FL) [9] from 

breeders originally provided by Dr. Johnny J. He. For immunohistochemical studies, GT-tg 

male mice (n=20) were obtained from a parallel colony at Northeastern University. The GT-

tg breeder mice were back-crossed 7 generations onto a C57BL/6J strain. As such, 

C57BL/6J mice that lacked the HIV-1 Tat transgene were utilized as negative controls to 

rule out non-specific effects of Dox (n=25; The Jackson Laboratory, Bar Harbor, ME). All 

mice (~70 days old) were housed 4–5/cage and were maintained in a temperature- and 

humidity-controlled room on a 12:12h light/dark cycle (lights off at 19:00h) with ad libitum 

access to food and water.

2.2. Chemicals

To induce central HIV-1 Tat expression as previously described [7], mice were administered 

Dox at dosing regimens that have been established to optimize expression of central HIV-1 

Tat protein in a manner dependent on Dox exposure (25–125 mg/kg, i.p., once daily for 1 to 

14 days) [8,23]. In this animal model, Dox is demonstrated to induce expression of Tat 

mRNA [7] and protein [8,23] in an exposure-dependent manner where central Tat mRNA 

correlates with the transgene copy numbers expressed in brain [7]. Significant gross 

physiological changes (e.g., body weight) were not observed in response to Dox exposure 

with the exception of the two highest dosing regimens (Dox 125 mg/kg, i.p. for 7 days and 

Dox 100 mg/kg, i.p. for 14 days) which were associated with weight loss and attrition in 

GT-tg mice as previously reported [8], precluding characterization of these dosing regimens 

beyond what is reported herein. Additional mice were administered vehicle (saline, 0.9%) 

for minimal and maximal durations as negative control groups.

To attempt to counteract Tat-induced neuroinflammation, mice were pretreated with the 

cyclooxygenase-1 and -2 inhibitor, indomethacin (10 mg/kg/d, i.p., 20 h and again 30 min 

prior to Tat induction) or vehicle [sterile TRIS-HCL 0.2M (pH 8.2)] as a negative control. 

This dose of indomethacin was selected as it has been demonstrated previously to prevent 
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the neuroinflammatory effects of methamphetamine in mice [24]. All chemicals were 

obtained from Sigma-Aldrich (St. Louis, MO).

2.3. Acoustic startle and prepulse inhibition

Acoustic startle reflex (ASR) and prepulse inhibition (PPI) of ASR were assessed per 

established methods [13]. Briefly, ASR and PPI were conducted at the same time in sound-

attenuating acoustic startle chambers from San Diego Instruments (San Diego, CA) with 70 

dB background noise and a 5 min habituation prior to the first stimulus. A block of six 120 

dB pulse-alone trials were presented first to stabilize startle responding. Fifty-two test trials 

followed, consisting of either a 120 dB (40 ms) pulse-alone stimulus, a stimulus preceded by 

a prepulse (4, 8, or 16 dB above background noise for 20 ms with a 100 ms delay), or no 

stimulus. Lastly, a final six pulse-alone trials were presented. All trials were presented in 

pseudorandom order with inter-trial intervals spanning 8–23 s. Acoustic startle response data 

are presented in an arbitrary metric of force that accounts for the whole-body flinch in 

response to stimuli. Prepulse inhibition was calculated for each prepulse using the formula: 

% PPI = 100 × [pulse alone − (prepulse + pulse)] / pulse alone.

2.4. Immunohistochemistry for microglia and assessment of activated microglia

Mice were anesthetized via 4% isoflurane and transcardially-perfused with saline, followed 

by 4% paraformaldehyde in PBS. Heads were fixed in paraformaldehyde and 15% sucrose 

for 24 h, after which brains were removed and stored in fresh paraformaldehyde. Brains 

were shipped to NeuroScience Associates (Knoxville, TN) for analysis via MultiBrain® 

Technology whereby samples were embedded together in a block, and freeze-sectioned at 30 

µm in the coronal plane throughout the entire brain. Every 24th section (at 720 µm intervals) 

was stained for ionized calcium-binding adaptor protein 1 (Iba1) to reveal microglia [25] 

and visualized with 3,3’-diaminobenzidine as a chromogen. Iba1 is a protein specifically 

expressed in microglia and upregulated during the activation of these cells [25].

Microglial activation was classified by morphology [26,27] as determined an observer blind 

to pretreatment conditions. Briefly, subregions of the medial prefrontal cortex, amygdala, 

hippocampal formation, nucleus accumbens, ventral tegmental area, and ventral pallidum 

were examined (bilaterally as defined by the Allen mouse brain reference atlas [28]. Two 

consecutive bilateral sections per brain, with 2–3 brains per treatment group, were 

examined. Each hemisphere was analyzed separately; no differences in Iba1 expression were 

observed between left and right hemispheres. Microglia morphology was rated on a 1 to 4 

scale, based on an established scoring system for microglia morphology and phenotypes 

[26,27,29]: 1 = Resting state microglia with ramified and long processes and a round cell 

body, 2 = Early activated microglia showing shortening of the processes, with minimal 

increases in immunoreactivity (i.e., darkened staining) in the cell body, 3 = Activated/

reactive microglia displaying shortening of the distal and thickening of the proximal 

processes and increased immunoreactivity in the cell body, 4 = Reactive microglia showing 

a progression from the previous phenotype, but a cell body that is irregular and indistinct 

from the processes.
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2.5. ELISA for frontal cortex GFAP content

Frontal cortex was grossly dissected from mouse brains and immediately flash frozen for 

storage at −80 °C. Tissue was homogenized in a 1× RIPA buffer (EMD Millipore, 

Darmstadt, Germany) with a cocktail of protease and phosphatase inhibitors (Product # 

88668, Pierce, Rockford, IL) and centrifuged at 12,000 rpm for 10 min at 4 °C. Protein 

concentrations of supernatant were assessed via an assay for bicinchoninic acid (Pierce, 

Rockford, IL) and 10 µg of supernatant protein was loaded for each unknown sample. GFAP 

content was assessed using an enzyme-linked immunosorbant assay (ELISA) kit per 

manufacturer instructions (Product # NS830, EMD Millipore, Darmstadt, Germany). 

Samples, including standard curve (1.56 – 100 ng/ml) and unknowns, were run in duplicate. 

Intra- and inter-plate coefficients of variance were 2.9% and 5.6%, respectively.

2.6. Statistical analyses

All data are presented as mean ± S.E.M. ASR and immunohistochemistry labeling were 

assessed via one-way ANOVA with pharmacological manipulation as the between-subjects 

factor. PPI was assessed via repeated measures ANOVA with pharmacological manipulation 

as the between-subjects factor and prepulse dB as the within-subjects factor. Fisher’s 

Protected Least Significant Difference post-hoc tests determined group differences 

following main effects with a priori planned comparison of all groups to saline-administered 

controls. Direct statistical comparisons between strains were not conducted given that 

C57BL/6J mice lack the rtTA transcription factor present in the GT-tg mouse strain and 

would not serve as an appropriate direct control in behavioral assays. Rather, C57BL/6J 

mice were utilized as a control solely to ensure that non-specific effects of Dox 

administration itself did not account for observed changes in any dependent measure. No 

such interactions were detected. Analyses were considered significant when p ≤ 0.05.

3. Results

3.1. HIV-1 Tat potentiates acoustic startle and attenuates prepulse inhibition in an 
exposure-dependent manner

GT-tg mice were administered saline or Dox (25, 50, 100, or 125 mg/kg, i.p.) once daily for 

a chosen duration (1, 3, 5, 7, or 14 days) to induce expression of Tat protein. Exposure to the 

lowest (25 or 50 mg/kg) or highest (125 mg/kg) concentrations of Dox did not significantly 

influence ASR (Figure 1A) or PPI (Figure 2A). However, HIV-1 Tat induction via Dox (100 

mg/kg/d) for a brief (1 day) or prolonged (7 days) exposure significantly potentiated ASR 

[F(6,61) = 2.76, p = 0.02] (Figure 1B) and impaired PPI [F(6,122) = 5.35, p = 0.0002] 

(Figure 2B) compared to uninduced, controls that received saline for 1 or 14 days (ASR: 

pDox1d = 0.01–0.03, pDox7d = 0.006–0.01; PPI: pDox1d = 0.02–0.03, pDox7d = 0.0003–

0.0005). Prepulse inhibition (but not ASR) was also significantly impaired among those 

administered Dox 100 mg/kg/d for 14 days compared to uninduced controls (p = 0.005–

0.008; Figure 2B). However, the Tat-exposure induced by this high dosing regimen (as well 

as the high 125 mg/kg Dox dose for 7 days) were previously observed to impair the 

locomotor behavior of GT-tg mice [8]. As this effect could be confounding in this assay, 

these Tat-induction conditions were thus not utilized further in the present report. Despite 

similar effects of treatment on ASR and PPI, these measures did not correlate at any dB 
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(confirming prior reports [30]). Startle responses elicited by each prepulse amplitude also 

significantly differed from each other in PPI whether assessing the efficacy of Dox dose 

[F(2,72) = 74.95, p < 0.0001] (Figure 2A) or duration [F(2,122) = 235.22, p < 0.0001] 

(Figure 2B), validating the task (Figures 2A and 2B). No effects of saline or Dox on either 

ASR or PPI responses were observed among control C57BL/6J mice lacking the Tat 

transgene (Table 1).

3.2. Exposure to HIV-1 Tat that impairs sensorimotor gating promotes microglial reactivity 
in subregions of the medial prefrontal cortex and other extra/limbic regions

Microglial morphology was assessed for reactivity in subregions of the amygdala, 

hippocampal formation, mPFC, nucleus accumbens, ventral tegmental area, and ventral 

pallidum among GT-tg mice where Tat was induced via Dox (25, 50, or 100 mg/kg, i.p.) 

once daily for 1, 3, 5, or 7 days. Tat induction modulated microglial activation across 

subregions; however, mPFC was the only region to demonstrate a pattern entirely consistent 

with observed ASR and PPI behavior. In agranular insular [F(8,91) = 3.12, p = 0.003], 

anterior cingulate [F(8,91) = 6.79, p < 0.0001], and prelimbic [F(8,91) = 3.39, p = 0.002] 

mPFC cortices, the 100 mg/kg dose of Dox significantly enhanced microglial reactivity over 

saline administration when administered for 1 day (anterior cingulate cortex only: p = 0.03) 

or 7 days (agranular insular: p = 0.02, anterior cingulate: p = 0.0001, and prelimbic cortices: 

p = 0.02; Figure 3A–E). No significant differences were observed in the infralimbic mPFC 

cortex despite an apparent effect for mice receiving Dox (100 mg/kg, 7d) to demonstrate 

greater microglial reactivity (2.4 ± 0.01) than those receiving lesser dosing (saline, 7d: 1.7 ± 

0.2, Dox25mg/kg,7d: 1.6 ± 0.2, Dox50mg/kg,7d: 1.6 ± 0.2, Dox100mg/kg,1d: 1.4 ± 0.4, 

Dox100mg/kg,3d: 1.7 ± 0.3, Dox100mg/kg,5d: 2.0 ± 0.1).

Within subregions of the amygdala, Tat induction via Dox significantly increased reactivity 

of microglia labeled with Iba-1 in all nuclei examined including the central amygdaloid 

[F(8,41) = 16.92, p < 0.05], anterior amygdaloid [F(8,39) = 3.13, p < 0.05], medial anterior 

[F(8,41) = 10.23, p < 0.05], medial posterior [F(8,41) = 7.80, p < 0.05], anterior cortical 

[F(8,41) = 3.19, p < 0.05], posterior cortical [F(8,41) = 7.43, p < 0.05], and amygdalo-

hippocampal [F(8,41) = 4.52, p < 0.05] areas (Table 2). Some subregions appeared more 

sensitive to the neuroinflammatory effects of Tat induction with increased microglial 

reactivity at lower (25 or 50 mg/kg) Dox concentrations (central amygdaloid, medial 

anterior, or posterior cortical nuclei) compared to control saline-administration. Greater 

durations of Dox at a higher concentration (100 mg/kg) further bore out subregional 

differences with significant increases in microglial reactivity apparent after exposure for 3 or 

more days (central amygdaloid and anterior cortical nuclei), 5 or more days (anterior 

amygdaloid, medial anterior, or posterior cortical nuclei), or only apparent after 7 days 

(medial posterior nucleus and amygdalo-hippocampal area) of exposure compared to saline-

administered controls.

Within the hippocampal formation, regional differences in microglial reactivity were 

observed in CA1 [F(8,40) = 10.03, p < 0.0001], CA2 [F(8,40) = 7.85, p < 0.0001], CA3 

[F(8,40) = 4.35, p < 0.0008], dentate gyrus [F(8,40) = 15.68, p < 0.0001], subiculum 

[F(8,41) = 11.73, p < 0.0001], presubiculum [F(8,41) = 3.59, p < 0.003], and parasubiculum 
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[F(8,41) = 3.17, p < 0.007] (Table 2). Lower Dox exposure reduced reactivity in CA1 (25 

mg/kg, 7d) but elevated it when administered at 50 mg/kg in CA2, CA3, dentate gyrus, 

subiculum, and parasubiculum. Greater durations of Dox (100 mg/kg) exposure produced 

significant microglial reactivity after 1 or more days in the dentate gyrus, 5 or more days in 

the CA2, CA3 and subiculum, at only 5 days in the parasubiculum, and after 7 days in CA1 

or presubiculum as compared to controls.

The nucleus accumbens also demonstrated regional selectivity for Tat-induced 

neuroinflammation. The nucleus accumbens core [F(8,38) = 11.17, p < 0.0001], but not the 

shell or lateral accumbens, demonstrated Dox-dependent microglial activation with lower 

(50 mg/kg) or higher (100 mg/kg) Dox exposure for brief (1 day) or prolonged (5 – 7 days) 

durations (Table 2). Similar effects were observed in the ventral tegmental area [F(8,41) = 

7.48, p < 0.0001] and ventral pallidum [F(8,40) = 28.16, p < 0.0001] with prolonged 

exposure (5 – 7 days) to lower (50 mg/kg) or higher (100 mg/kg) Dox dosing significantly 

increasing microglial activation (Table 2). Importantly, no differences were observed in any 

subregion examined among C57BL/6J controls that lacked the Tat transgene (Tables 1 and 

2).

3.3. HIV-1 Tat dose-dependently elevated GFAP content in frontal cortex

The total content of GFAP was also assessed in frontal cortex, demonstrating a significant 

[F(6,47) = 2.22, p = 0.05] dose-dependent modulation by induction of Tat that recapitulated 

effects on microglial reactivity (Figure 4). Inducing Tat via Dox administration that was 

either acute (100 mg/kg, 1d; p = 0.03) or prolonged (100 mg/kg, 7d; p = 0.02) significantly 

increased GFAP protein in frontal cortex compared to saline-administered, uninduced 

controls (Figure 4). Significant differences from uninduced GT-tg mice were not observed at 

any other dosing regimen (Figure 4), nor were differences in GFAP detected among 

C57BL/6J controls that lacked Tat (C57BL/6JSaline,7d = 34 ± 6 ng/mg, C57BL/

6JDox100mg/kg,7d = 29 ± 6 ng/mg).

3.4. Inhibiting neuroinflammation via indomethacin attenuates brief, but not prolonged, 
induction of HIV-1 Tat effects on acoustic startle and prepulse inhibition

To assess the influence of Tat-induced neuroinflammation on ASR and PPI responding, GT-

tg mice were administered two injections of vehicle or the cyclooxygenase-1 and -2 

inhibitor, indomethacin (10 mg/kg/d, i.p.), prior to a either a brief 1-day Tat induction (Dox 

100 mg/kg, i.p., for 1 day) or each day prior to a prolonged 7-day Tat induction (Dox 100 

mg/kg, i.p., for 7 days). Indomethacin significantly influenced the effects of brief Dox 

exposure on ASR [F(3,44) = 4.65, p = 0.007] (Figure 5A) and PPI [F(3,88) = 2.93, p = 0.04] 

(Figure 6A). As before, induction of HIV-1 Tat significantly potentiated the ASR of GT-tg 

mice (p = 0.01; Figure 5A) and impaired PPI (p = 0.02; Figure 6A) compared to vehicle-

treated, uninduced controls. Pretreatment with indomethacin also significantly attenuated the 

effect of Tat induction on ASR (p = 0.01; Figure 5A) and PPI (p = 0.01; Figure 6A) 

compared to Tat-induced mice that were pretreated with vehicle. However, although ASR 

was again elevated [F(3,35) = 3.72, p = 0.02] (Figure 5B) and PPI impaired [F(3,70) = 3.35, 

p = 0.03] (Figure 6B) following Tat induction through prolonged Dox treatment (7 days), 

the present indomethacin regimen was not able to mitigate these deficits (Figure 5B). As 
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before, startle responses elicited by each prepulse amplitude significantly differed from each 

other in PPI whether assessing brief [F(2,88) = 189.92, p < 0.0001] (Figure 6A) or 

prolonged [F(2,70) = 102.43, p < 0.0001] (Figure 6B) Dox exposure, validating the PPI 

paradigm.

4. Discussion

The hypothesis that exposure to HIV-1 Tat protein in the CNS would impair sensorimotor 

responding was upheld. Inducing Tat via Dox dose-dependently potentiated the ASR of GT-

tg bigenic mice and attenuated PPI of this reflex; effects that were absent among C57BL/6J 

controls that lacked the Tat transgene. The concentration of Dox that was previously 

demonstrated to optimally express Tat protein in the GT-tg brain (100 mg/kg, i.p. [8,23]), 

concurrent with impaired learning [23], enhanced anxiety-like behavior [8,9], and 

potentiated drug reward [31–33] was also the most efficacious concentration observed 

herein. Notably, effects on ASR and PPI were not linear; rather, acute Tat induction (after 1 

day of Dox) or prolonged exposure (after 7 days of Dox) equally potentiated startle and 

impaired PPI. The results support the hypothesis that Tat effects may involve indirect 

neuroinflammatory processes in extra/limbic brain regions, as the reactivity of Iba1-labeled 

microglia was potentiated after 1 day of induction in the anterior cingulate cortex, and after 

7 days of induction in the agranular insular, anterior cingulate, and prelimbic cortices of the 

mPFC. Two other brain regions also demonstrated microglial activation in response to brief 

or prolonged Tat induction (dentate gyrus and nucleus accumbens core); however, neither 

recapitulated the pattern of behavioral perturbation as well as the anterior cingulate cortex. 

Additionally, the astroglial protein, GFAP, was significantly increased in frontal cortex after 

1 or 7 days of Tat induction. Pre-treatment with an anti-inflammatory cyclooxygenase-1 and 

-2 inhibitor attenuated the behavioral effects of acute, but not prolonged, Tat induction, 

suggesting the importance of neuroinflammatory factors in mediating the early effects of Tat 

exposure.

These data support prior findings in rats that indicate HIV-1- [20–22] or Tat- [18–19] 

induced disruption of ASR or PPI, but extend them to elucidate associated 

neuroinflammatory pathology within extra/limbic brain regions of a transgenic mouse 

model. Findings are broadly consistent with demonstrations of Tat-induced 

neuroinflammation in vivo, including biomarkers of neuroinflammation in the cortex of GT-

tg bigenic mice [34], activation of astrocytes and elevated immunoreactive microglial 

markers in the striatum of Tat-induced mice that are co-administered morphine [35], and 

demonstrated microgliosis in the cortex of CX3CR1GFP/+ mice [36]. Moreover, a single 

exogenous administration of Tat protein to the hippocampus produced microgliosis within 

24 h that lasted for 28 days in chimeric C57BL/6 mice genetically marked to distinguish 

infiltrating- from resident-immune cells [37]. These results are similar to findings with 

another Tat-transgenic mouse model, wherein Tat induced an increase in Iba1-labeled cells 

within striatum concurrent with co-localized markers of nitrosative cellular stress, increased 

neuronal cell death, astrogliosis, and decreased dendritic spine density [12].

In the present experiments, acute vs. prolonged Tat exposure elicited commensurate 

impairment in sensorimotor gating; however, cyclooxygenase inhibition was observed only 
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to mitigate brief Tat exposure. These data suggest that different potential mechanisms may 

underlie the observed disruptions of ASR/PPI, involving initial acute and sublethal 

neuroinflammatory processes compared to a later onset of inflammation-associated 

neurotoxic events. In support of this suggestion, acute intra-hippocampal injections of 

Tat1–72 were observed to significantly elevate cyclooxygenase-2 mRNA and protein in the 

hippocampus of C57BL/6J mice [38]. Microglial activation in this model could be 

attenuated via pretreatment with the cyclooxygenase-2 inhibitor, NS-398 [38]. However, 

among HIV-transgenic rats, which is a chronic whole-animal model of constitutive viral 

protein exposure, mRNA elevations in neuroinflammatory markers, including 

cyclooxygenase-1 and -2 or membrane and cytosolic prostaglandin E2 synthase, were not 

detected [39]. Despite this, we have observed structural gray-matter reductions in some 

brain regions comprising the ASR/PPI circuit using MRI (including cortical, amygdalar, and 

hippocampal brain regions) [10] and other researchers have demonstrated profound neuronal 

death [12] following prolonged Tat exposure. As such, acute Tat exposure may elicit 

potentially-reversible neuroinflammatory effects as prologue to later toxic events. 

Conceivably, novel therapeutics that target Tat's neuroinflammatory actions may provide 

protection from subsequent cellular toxicity. One connatural compound, didehydro-

Cortistatin A, targets Tat transactivation directly and has been recently shown to attenuate 

Tatmediated increases in pro-inflammatory cytokines including IL-1β and IL-6 in vitro [40]. 

The present results suggest that mitigation of Tat's neuroinflammatory processes that disrupt 

sensorimotor gating via actions in localized brain regions (i.e. anterior cingulate and 

associated extra/limbic nuclei) may prove viable priorities for adjunctive HIV drug 

development. It must be noted that indomethacin may attenuate affective dysfunction 

associated with acute onset of sickness behavior in rodents, which could ameliorate some 

behavioral observations [41]. However, this caveat is less likely to have influenced the 

present behavioral outcomes given that we and others [42] have not observed indomethacin 

to influence ASR or PPI on its own.

The present findings were limited to the examination of Iba1 immunohistochemistry, but 

were evaluated in a blind manner by an independent observer who used established 

methodology and scoring parameters [25–27,29]. Although additional in-depth studies of 

Tat-induced markers of neuroinflammation are needed, the results after 7 days of induction 

suggest that Tat exposure promotes microglial (and potential astroglial) pathology and 

inflammation. Moreover, our prior MRI findings support the idea that multiple brain areas 

are affected by conditional Tat expression [10–11], supporting the evaluation of additional 

brain regions for future histochemical studies aimed at assessing the magnitude of 

neuroinflammation over time following Tat induction. Notably, hippocampal inputs to 

mPFC appear critical for output to PPI-relevant brain regions (including nucleus accumbens) 

[43]. Hippocampus is also noted to be a region of high Tat mRNA expression in the GT-tg 

bigenic mouse model [7], potentially contributing to the present behavioral observation. 

Given recent demonstrations of Tat's sublethal effects to reduce spine density on medium 

spiny neurons in hippocampus [44] and similar HIV-1-related effects in nucleus accumbens 

[45], the involvement of the greater limbic/extralimbic circuit for other tasks that involve 

attentional processing presents as an important target for future investigations.
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In addition to indirect neuroinflammatory actions, Tat may also utilize direct mechanisms to 

influence sensorimotor gating. Prepulse inhibition is known to be attenuated by dopamine 

agonists in mice, particularly those with preference for D1-like receptors [46]. Tat is known 

to allosterically modulate the dopamine transporter [47], elevating synaptic dopamine 

concentrations [48] and increasing the efficacy of binding ligands [49]. Tat-induced 

enhancement of dopamine levels could further promote the deficits observed in PPI 

presently. However, although additional mechanistic studies are needed, these results still 

emphasize the importance of HIV-1 Tat as a therapeutic target, given the multiple 

mechanisms for cellular and behavioral dysfunction that lie downstream of its actions.

It is important to note that Tat is not the only HIV-1 protein that may contribute to HIV-1 

effects on attentional dysfunction or impaired ASR/PPI. Perinatal infusion of 

intrahippocampal glycoprotein 120 (gp120) produces limited deficits in geotaxis of rats and 

ASR sensitivity in early development [50], disrupting PPI transiently later in life [51]. Like 

Tat, effects of gp120 may be related to dopaminergic dysfunction, given that the dopamine 

enhancer, methamphetamine, attenuates differences in ASR or PPI of male and female 

transgenic mice [52] and the non-selective dopamine receptor agonist, apomorphine, 

attenuates peak amplitude shifts in ASR among rats receiving perinatal gp120 infusions 

[51]. As such, additional viral proteins are likely to contribute to HIV dysfunction of 

attentional and sensorimotor processes.

Some additional caveats for the present work must be reviewed. Foremost, the 

conditionally-inducible model of Tat expression requires induction with acute-to-prolonged 

Dox administration. It is possible that some inflammatory effects of Tat protein could be 

offset by Dox itself, which is reported to have modest anti-inflammatory effects at high 

doses [53,54]. However, this seems unlikely given that minocycline has been shown to 

attenuate inflammatory PPI deficits (not exacerbate them as was observed with Tat exposure 

herein) [55]. Strain differences in ASR were also observed, with control C57BL/6J mice 

demonstrating a lower ASR than control (saline-treated) GT-tg bigenic mice. These findings 

are consistent with prior reports wherein C57BL/6J mice demonstrated an ASR that was 

intermediate to several inbred strains [30]. Similarly, locomotor differences between 

C57BL/6J and GT-tg mice have been reported, but do not account for differences in affect 

[8]. It must be noted that motor deficits were previously associated with maximal Dox 

treatment conditions (125 mg/kg for 7d, or 100 mg/kg for 14d) [8]. As such, these 

manipulations were not followed up for morphological/biochemical analyses, given that the 

influence of potential motor confounds at these doses could not be ruled out from the present 

data. Lastly, the enhancement of GFAP may indicate astrogliosis (as has been observed in a 

similar transgenic Tat mouse model [12]); albeit, it cannot be ruled out that GFAP was 

enhanced via proinflammatory activation of astroglia independent of death in this cell type.

5. Conclusions

Together, these findings demonstrate that exposure to the HIV-1 regulatory protein, Tat, is 

sufficient to impair ASR and PPI responding, potentially due to neuroinflammatory effects 

that involve subregions of the mPFC, hippocampal formation, amygdala, nucleus 

accumbens, ventral tegmental area, and ventral pallidum. The implications of the present 
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work extend beyond reflexive responding, and elucidate a central pathology within a 

hippocampus/mPFC/midbrain circuit that is essential not only for PPI, but also for anxiety- 

and reward-responding that may also be perturbed in neuroAIDS. As such, 

neuroinflammatory factors within these regions are likely to be important therapeutic targets 

for HIV-related behaviors beyond sensorimotor responding.
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Highlights

• Low or high exposure to Tat amplified startle and impaired prepulse inhibition

• Low or high Tat activated microglia in mPFC and extra/limbic brain regions

• GFAP increased in mPFC concurrent with low or high Tat

• Indomethacin pretreatment mitigated effects of brief (not prolonged) Tat 

exposure

Paris et al. Page 15

Behav Brain Res. Author manuscript; available in PMC 2016 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Acoustic startle reflex (arbitrary units ± SEM in response to 120 dB tone) among male GT-

tg mice (n=10/group) administered saline (white circles) or doxycycline (black circles) in 

(A) increasing doses (25 – 125 mg/kg, i.p. for 7 days), or (B) increasing durations of 

exposure (100 mg/kg for 1 – 14 days) to induce HIV-1 Tat expression in brain. * indicates 

significant difference from saline-treated controls (one-way ANOVA, effect of treatment, p 

< 0.05).
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Figure 2. 
Prepulse inhibition of the acoustic startle reflex (% ± SEM) among male GT-tg mice (n=10/

group) administered saline (open symbols), (A) increasing doses of doxycycline (25 – 125 

mg/kg, i.p. for 7 days), or (B) increasing durations of exposure (1 – 14 days) to doxycycline 

(100 mg/kg) to induce HIV-1 Tat expression in brain. * indicates doxycycline treatment 

group significantly differs from either saline-treatment group, irrespective of dB (repeated 

measures ANOVA, main effect of treatment); † indicates each prepulse dB significantly 

differs from each other, irrespective of doxycycline treatment (repeated measures ANOVA, 

main effect of dB amplitude, p < 0.05).
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Figure 3. 
(A–D) Representative photomicrographs of Iba1-labeled microglia in anterior cingulate 

cortex. (E) Morphology rating (mean ± SEM; 1 = resting, 2 = early activated, 3 = activated/

reactive, 4 = reactive) of microglia in subregions of the medial prefrontal cortex (n=8–12 

observations/group): agranular insular cortex (white circles), anterior cingulate cortex (grey 

circles), and prelimbic cortex (black circles). ^ indicates significant difference from saline-

treated controls in the anterior cingulate cortex (one-way ANOVA, main effect of 
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treatment). * indicates significant difference from saline-treated controls in all depicted 

subregions (one-way ANOVAs, effects of treatment, p < 0.05). Scale bar, 100 µm.
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Figure 4. 
Frontal cortex GFAP content (ng/mg ± SEM) among male GT-tg mice that were 

administered saline (white circle) or had HIV-1 Tat dose-dependently induced by 

doxycycline (7–8 observations/group). * indicates significant difference from saline-treated 

controls (one-way ANOVA, effect of treatment, p = 0.05).
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Figure 5. 
Acoustic startle reflex (arbitrary units ± SEM in response to 120 dB tone) among male GT-

tg mice (n=8–12/group) that received pretreatment with vehicle or indomethacin (10 mg/kg, 

i.p.) 20 h and again 30 min prior to inducing HIV-1 Tat (or not) via (A) a brief doxycycline 

exposure (100 mg/kg, 1d) or (B) a prolonged doxycycline exposure (100 mg/kg, 7d). * 

indicates significant difference from saline-treated controls (white circles; one-way 

ANOVA, effect of treatment, p < 0.05).

Paris et al. Page 21

Behav Brain Res. Author manuscript; available in PMC 2016 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Prepulse inhibition of the acoustic startle reflex (% ± SEM) among male GT-tg mice (n=8–

12/group) that received pretreatment with vehicle or indomethacin (10 mg/kg, i.p.) 20 h and 

again 30 min prior to having HIV-1 Tat induced (or not) via (A) a brief doxycycline 

exposure (100 mg/kg, 1d) or (B) a prolonged doxycycline exposure (100 mg/kg, 7d). * 

indicates treatment group significantly differs from saline-treatment (white symbols) group, 

irrespective of dB (repeated measures ANOVA, main effect of treatment); † indicates each 

prepulse dB significantly differs from each other, irrespective of treatment (repeated 

measures ANOVA, main effect of dB amplitude, p < 0.05).
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Table 1

Doxycycline has no influence on behavioral performance or Iba1-labeled microglia reactivity (mean ± SEM) 

among male C57BL/6J controls that do not carry the Tat transgene.

Acoustic Startle and Prepulse Inhibition among C57BL/6J Mice

Acoustic Startle
Reflex

(120dB)

% Prepulse
Inhibition

(74dB)

% Prepulse
Inhibition

(78dB)

% Prepulse
Inhibition

(86dB)

Saline (0.9%, 14d) n = 12 163 ± 15 25 ± 4 41 ± 4 54 ± 4

Doxycycline (100mg/kg, 14d) n = 12 156 ± 19 21 ± 4 36 ± 4 54 ± 4

Microglial Reactivity via Iba1 Labeling among C57BL/6J Mice

Agranular Insular
Cortex

Anterior Cingulate
Cortex

Prelimbic Cortex Infralimbic Cortex

Saline (0.9%, 7d) n = 8 1.7 ± 0.07 1.9 ± 0.04 1.4 ± 0.2 1.4 ± 0.2

Doxycycline (100mg/kg, 7d) n = 12 1.7 ± 0.06 2.0 ± 0.05 1.5 ± 0.2 1.8 ± 0.2
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