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Abstract

HIV-1 infection results in blood-brain barrier (BBB) disruption, which acts as a rate-limiting step 

for HIV-1 entry into the CNS and for subsequent neuroinflammatory/neurotoxic actions. One 

mechanism by which HIV may destabilize the BBB involves actions of the HIV-1 regulatory 

protein, trans-activator of transcription (Tat). We utilized a conditional, Tat-expressing transgenic 

murine model to examine the influence of Tat1-86 expression on BBB integrity and to assess the 

relative numbers of phagocytic perivascular macrophages and microglia within the CNS in vivo. 

The effects of Tat exposure on sodium-fluorescein (Na-F; 0.376 kDa), horseradish peroxidase 

(HRP; 44 kDa), and Texas Red-labeled dextran (70 kDa) leakage into the brain were assessed in 

Tat-exposed (Tat+) and control (Tat−) mice. Exposure to HIV-1 Tat significantly increased both 

Na-F and HRP, but not the larger sized Texas Red-labeled dextran, confirming BBB breakdown 

and also suggesting the breach was limited to molecules <70 kDa. Additionally, at 5 d after Tat 

induction, Alexa Fluor® 488-labeled dextran was bilaterally infused into the lateral ventricles 5 d 

before the termination of the experiment. Within the caudate/putamen, Tat induction increased the 

proportion of dextran-labeled Iba-1+ phagocytic perivascular macrophages (~5-fold) and microglia 
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(~3-fold) compared to Tat− mice. These data suggest that HIV-1 Tat exposure is sufficient to 

destabilize BBB integrity and to increase the presence of activated, phagocytic, perivascular 

macrophages and microglia in an in vivo model of neuroAIDS.
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Introduction

About 37 million people globally are living with human immunodeficiency virus-1 (HIV-1), 

with over 1.2 million HIV-infected individuals residing within the United States [1]. Despite 

the use of combination antiretroviral therapy (cART), approximately half of infected 

individuals experience HIV-associated neurocognitive disorders (HAND) and display 

deficits in memory and learning, an increased prevalence of neuropsychiatric disorders, and 

motor impairments [2,3]. Understanding the ability of HIV infection to disrupt the blood-

brain barrier (BBB), and to alter the migration of inflammatory cells to the brain is critical to 

understanding the pathology of neuroAIDS.

The BBB is a major barrier against HIV-1 entry into the CNS. HIV is largely thought to 

enter the CNS through the trafficking of HIV-infected monocyte-derived macrophages 

(MDMs) (i.e., Trojan Horse model) [4,5]. It is also hypothesized that some virions may enter 

the CNS via endothelial transcytosis or cross the BBB paracellularly, and that viral entry 

would be aided by breaches in BBB integrity [6]. Indeed, early post-mortem analyses of 

HIV-infected brains reveal an accumulation of serum proteins, consistent with barrier 

breakdown [7,8]. Molecular alterations critical for leukocyte transmigration across the BBB 

are increased in the HIV-infected CNS [9] and expression of the tight junction protein, 

claudin-5, is reduced [10]. However, the mechanisms by which HIV disrupts BBB integrity 

are only partially understood.

One mechanism by which HIV may destabilize the BBB involves actions of the HIV-1 

regulatory protein, trans-activator of transcription (Tat). Tat is an early-expressed gene 

product, secreted from infected cells [11], that induces the expression and release of 

cytokines, chemokines, and adhesion proteins in vitro and in vivo in mice receiving 

intracerebral Tat injections [12,13]. In vitro, Tat decreases expression of the tight junction 

proteins, claudin-1, claudin-5, and zonula occludens-1 (ZO-1) and/or zonula occludens-2 

(ZO-2) in brain microvascular endothelial cells [14–16]. Tat-mediated effects on tight 

junction proteins may be dynamic given that Tat-promoted neuroinflammation may further 

contribute to BBB permeability, and inhibiting Tat-mediated translocation of NF-κB 

attenuates changes in claudin-5 [17]. However, the extent to which these in vitro findings 

reflect changes in BBB function and integrity in vivo is uncertain [18]. Accordingly, the 

present investigation assessed BBB integrity in Tat transgenic mice.

We hypothesized that expression of HIV-1 Tat protein in a transgenic murine model would 

disrupt the BBB, resulting in increased barrier permeability and in the increased recruitment/
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activation of macrophages/microglia within the dorsal striatum. The dorsal striatum is 

reported to be selectively vulnerable in HIV-infected individuals [19] and the acute and 

chronic effects of Tat-induced neuropathogenesis in this region are well-characterized in our 

transgenic mouse model [20–22]. To assess this, mice that conditionally expressed HIV-1 

Tat (Tat+), or their control counterparts (Tat−), received transcardial injections of sodium 

fluorescein (Na-F; 0.376 kDa), horseradish peroxidase (HRP; 44 kDa), or Texas Red®-

labeled dextran (70 kDa) to determine the nature and extent of BBB leakiness. To assess 

phagocytic activity, mice were administered bilateral i.c.v. infusions of Alexa Fluor® 488-

labeled dextran and numbers of phagocytic perivascular macrophages and microglia were 

examined 5 d later by quantitative fluorescence microscopy.

Materials and Methods

The use of mice in these studies was approved by the Institutional Animal Care and Use 

Committee at Virginia Commonwealth University and the experiments were conducted in 

accordance with ethical guidelines defined by the National Institutes of Health (NIH 

Publication No. 85-23).

Subjects and housing

Adult, male mice (approximately 70 days of age) that expressed the HIV-1 tat transgene (Tat

+; N = 10), and their control counterparts that lacked the transgene (Tat−; N = 12), were 

generated in the vivarium at Virginia Commonwealth University. Briefly, Tat+ mice 

conditionally-expressed the HIV-1 Tat1-86 protein in a CNS-targeted manner via a GFAP-

driven Tet-on promoter (activated via consumption of chow containing doxycycline). Tat− 

controls expressed only the doxycycline-responsive rtTA transcription factor as previously 

described [20,23]. All mice were placed on doxycycline chow (Dox Diet #2018; 6 g/kg) 

obtained from Harlan Laboratories (Madison, WI) for the duration of the experiment (10 d). 

Mice were housed 4–5/cage and were maintained in a temperature- and humidity-controlled 

room on a 12:12 h light/dark cycle (lights off at 18:00 h) with ad libitum access to food and 

water.

Surgical manipulation

All mice underwent bilateral stereotaxic infusions as modified from prior reports [24,25]. 

Briefly, mice received bilateral i.c.v. infusions (4 μL) under isoflurane (4%) anesthesia 

(Bregma: AP: −0.5 mm, Lat: ±1.6 mm, DV: −2 mm; [26,27]). Following surgery, mice were 

monitored to ensure weight gain, muscle tone, and proper neurological response and general 

health [28].

Experiment 1: assessment of blood-brain barrier permeability—To assess the 

influence of HIV-1 Tat on BBB integrity, Tat− and Tat+ mice were transcardially infused 

with 50 μL of ~0.376 kDa Na-F (2%, w/v; 10 min prior to perfusion with 15 mL PBS), 10 

μL ~44 kDa HRP (5 mg/mL; 5 min prior to perfusion with 15 mL PBS followed by 20 mL 

4% paraformaldehyde), or 10 μL ~70 kDa dextran conjugated to Texas Red® (4 mg/mL; 10 

min prior to perfusion with 15 mL PBS) per prior methods [29–31]. BBB permeability was 

assessed via multiple methods: HRP brain penetration was measured 
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immunohistochemically in whole-brain sections, whereas Na-F and Texas Red®-labeled 

dextran were measured in brain homogenates. For HRP experiments, frozen coronal slices 

(40 μm; obtained 0.845–1.245 mm from Bregma) were labeled with primary anti-HRP and 

visualized via appropriate secondary antibody conjugated to Alexa Fluor® 647 (Alexa 647, 

Thermo Fisher, Rockford, IL; far-red fluorescence). Slices were counterstained with Hoechst 

33342 nuclear stain (Thermo Fisher; blue fluorescence) and imaged as described [32]. HRP 

signal was normalized to background (signal intensity in the off-tissue area of the tiled 

image). HRP signal above background levels indicates BBB disruption and leakage of HRP 

into the brain [29]. Tiled images of HRP and Hoechst dual-labeled sections in the dorsal 

striatum were acquired from within a single z-plane (~0.50 μm-depth) within 5 μm from the 

surface of the section. HRP immunofluorescence was detected in the far-red range (Alexa 

647) using diode laser excitation (637 nm) with a 640 nm long-pass filter. All images were 

acquired using a Zeiss LSM700 confocal microscope (Oberkochen, Germany) equipped 

with a 20× 1.0 NA objective. During image acquisition, the laser intensity, detector gain, and 

all other parameters were held constant within an identical volume of tissue across all 

treatment groups. Fluorescent densitometry was assessed in unaltered tagged image file (tif) 

format images using ImageJ software (National Institutes of Health).

For Na-F and 70 kDa dextran experiments, brains were homogenized and Na-F and 

fluorescein-labeled dextrans were measured via spectrophotometry (Na-F: 440/525 nm, 

ex/em; Texas Red®-dextrans: 575/620 nm, ex/em) using a PHERAstar FS Plus microplate 

reader (BMG Labtech). Na-F and 70 kDa dextran data are expressed as fold-change in 

fluorescent intensity/well (200 uL volume) compared to Tat− control mice [33].

Experiment 2: in vivo labeling of phagocytic macrophages/microglia in the 
CNS—To assess the effects of Tat on the number of phagocytic macrophages/microglia 

within the brain, Tat+ and Tat− mice received a bilateral i.c.v. infusion of ~10 kDa Alexa 

Fluor® 488-dextran (Alexa 488-dextran; 4 mg/kg; Thermo Fisher; cat. # D22910) on day 5 

of Tat exposure (approximately half-way through the Tat induction period). On day 10 of Tat 

exposure, mice were transcardially perfused with PBS followed by 4% paraformaldehyde 

and were prepared for immunohistochemistry as previously described [32]. Coronal slices 

(40 μm; 0.845–1.245 mm from Bregma) were counterstained with Hoechst 33342 to detect 

cell nuclei. Alexa 488-dextran was infused at 5 days following induction when Tat causes 

significant pathology in the striatum; astrogliosis and microgliosis is evident at 48 h 

following Tat induction [20], and synaptodendritic injury occurs 7–10 days following Tat 

induction [21]. To further demonstrate that the Alexa 488-dextran-labeled phagocytes were 

macrophages/microglia, anti-Iba-1 primary antibodies (Wako Pure Chemical Industries, 

Richmond, VA) were visualized using Alexa 647-conjugated secondary antibodies (Thermo 

Fisher) and co-localized with Alexa 488-dextran. Alexa 488-dextran and Iba-1 co-

localization was confirmed in the same cell by 3-dimensional reconstruction of multiple z-

stack images using a Zeiss LSM 700 microscope (63× 1.4 NA objective) and presented as a 

single compressed image in the present paper. To determine the relative number of 

phagocytic macrophages/microglia in the caudate/putamen of Tat− and Tat+ mice, Hoechst+ 

cells were counted in sequential fields until a criterion of 200 cells/slice was met; the 
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number of Alexa 488-dextran cells is reported as a proportion of the total number of 

Hoechst+ cells.

Statistical analyses

Dependent measures for BBB permeability and phagocytic activity in perivascular 

macrophages/microglia were assessed by one-way analysis of variance (ANOVA) in the 

HRP experiment and by Student’s one-tailed t-tests for remaining experiments. Group 

differences in main effects were determined using Fisher’s Protected Least Significant 

Difference post-hoc tests determined group. No interactions were detected. Analyses were 

considered significant if p < 0.05.

Results

Experiment 1: HIV-1 Tat disrupts the blood-brain barrier of Tat-transgenic mice

Inducing HIV-1 Tat in transgenic mice significantly altered BBB permeability as assessed by 

HRP accumulation in brain [F(3,9) = 8.20, p < 0.05] (Fig, 1A–H′). Tat+ mice receiving 

transcardial infusions of HRP demonstrated significantly greater HRP signal in the brain 

compared to HRP-infused, Tat− control mice (p = 0.008), or the negative controls [Tat+ (p = 

0.001) or Tat− (p = 0.02) mice that were not infused with HRP] (Fig. 1J). Moreover, Tat 

exposure compromised barrier integrity as assessed by Na-F accumulation in brain [t(10) = 

2.09, p < 0.05] (Fig. 1I). However, the accumulation of Texas Red+ 70 kDa dextran in the 

brain did not significantly differ between Tat− or Tat+ mice (Fig. 1K), suggesting that there 

is an upper limit to barrier disruption induced by Tat under these experimental conditions.

Experiment 2: Phagocytic macrophage/microglial-activity is greater following HIV-1 Tat 
exposure

Alexa 488-dextran (i.c.v.) co-localized with perivascular Iba-1-labeled cells within the 

caudate/putamen of Tat− (Fig. 2A-A″) and Tat+ (Fig. 2B-B″) mice. Morphology and 

dextran accumulation were consistent with phagocytic perivascular macrophages (2A-2B″). 

Within the parenchyma of the caudate/putamen, Iba-1-labeled cells with microglial 

morphology co-localized with Alexa 488-dextran (Fig. 2C). Compared to Iba-1-labeled 

macrophages within the perivascular space, microglia within the parenchyma internalized 

notably less dextran; however, greater amounts of dextran were observed within some 

microglia that were proximally closer to vascular boundaries (Fig. 2D). The co-localization 

of Alexa 488-dextran in phagocytic cells associated with the perivascular space (Fig. 3A–B

″) and within the parenchyma (not shown) was quantified. Compared to Tat− controls, 

HIV-1 Tat exposure significantly increased the proportion of dextran-labeled phagocytes 

both in the parenchyma [F(1,20) = 9.08, p < 0.05] (Fig. 3C) and in the perivascular space 

[F(1,20) = 23.58, p < 0.05] (Fig. 3D) of the caudate/putamen.

Discussion

Our findings support the hypothesis that Tat is a critical component mediating the known 

BBB disruptive effects of HIV-1. The results suggest that Tat-dependent disruptions to the 
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BBB also contribute to the glial activation, inflammation, and neuronal injury seen in the 

dorsal striatum in the transgenic Tat mouse [20–22].

The leakage of Na-F and HRP tracers into the brains of mice was significantly increased in 

Tat+ compared with Tat− mice. These data are consistent with previous in vitro work 

demonstrating that Tat exposure increases brain vascular endothelial permeability to 

paracellular compounds such as Evans Blue or FITC-dextrans [16,34]. BBB disruption is not 

an “all-or-none” phenomenon and therefore varying the size of molecular tracers can infer 

the magnitude of BBB disruption [35]. In our studies, BBB breach occurred not only for a 

relatively small compound (Na-F; 0.376 kDa) but also for a compound ~100-fold larger 

(HRP; 44 kDa), while a 70 kDa dextran conjugate failed to cross, suggesting an intermediate 

level of disruption of the endothelium upon 10 d exposure to Tat. Interestingly, HRP 

immunofluorescence was not uniformly distributed within the Tat+ mouse brain (Fig. 1G–

1H′). Although differences in HRP leakage within the brain may be a specific feature of the 

Tat model, it may also reflect regional differences in the response of the BBB to Tat 

exposure. Future investigations may aim to examine these endpoints using additional models 

of central Tat expression, perhaps in a between-subjects design in which dextrans of varying 

size are assessed against the same fluorophore to eliminate any variance caused by 

differences in fluorescent labeling and/or the differences in the tracers themselves (e.g., Na-

F vs. HRP vs. dextran).

We also hypothesized that Tat exposure would increase the recruitment and/or activity of 

phagocytic macrophages and microglia within the brain, which was confirmed by the 

observed increases in Alexa 488-dextran labeled cells within the parenchyma and the 

perivascular space of the caudate/putamen. We observed strong co-localization of labeled 

dextran within perivascular macrophages (Fig. 2A-A″ and 2B-B″). Of interest, we also saw 

dextran-labeled Iba-1-immunoreactive microglia within the parenchyma (Fig. 2C). Dextran 

accumulation within microglia was notably reduced compared to that observed in 

perivascular macrophages; albeit, some microglia situated closer to the brain vasculature 

demonstrated increased amounts of dextran internalization (Fig. 2D) and dextran was not co-

localized with some Iba-1+ microglia especially in the Tat− mice. Although astrogliosis and 

microgliosis have been observed in the Tat transgenic mouse [20], alterations in 

macrophage/microglial function, as assessed by phagocytic activity, have not been 

previously characterized. Similar increases in microglia and perivascular macrophages are 

seen following intrahippocampal injections of Tat [13], though in these studies the BBB was 

partially disrupted by the stereotaxic injection of Tat. Additionally, others have demonstrated 

using in vitro models that Tat exposure increases transmigration of peripheral monocytes 

across a BBB model via increased production of CCL2 (MCP-1) and upregulation of CCR5 

on monocytes [36]. HIV infection increases expression of junctional adhesion molecule-A 

(JAM-A) and activated leukocyte cell adhesion molecule (ALCAM) on monocytes, both of 

which can mediate the enhanced transmigration of human CD14+, CD16+ monocytes 

(infected and uninfected) into the brain resulting in accumulation of these inflammatory 

leukocytes within the CNS. Despite the importance of JAM-A and ALCAM in monocyte 

trafficking, Tat’s specific role in this process is not yet well described [37]. It is also 

noteworthy that the rarefaction of brain capillaries and altered hemodynamics seen with 

chronic (6 months) Tat exposure in this Tat transgenic mouse model [38] are likely a direct 
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result of sustained BBB disruption, macrophage activation, and inflammation that we 

observe after 10 d of Tat induction. Given Tat’s dynamic capacity to decrease tight junction 

expression in brain microvascular endothelial cells [14–16], and to facilitate NF-κB 

signaling which may inhibit occludin expression [39], future studies are warranted that 

examine the importance of timing of Tat expression on BBB disruption and 

neuroinflammation.

Perivascular macrophages are phenotypically distinct from resident brain macrophages, the 

microglia, and play a central role in HIV neuropathogenesis [40–42]. Perivascular 

macrophages can be productively infected with HIV and produce soluble inflammatory 

mediators and cytokines which contribute to breakdown of the BBB [43]. Additionally, the 

perivascular space is a major site of infiltration of blood-derived cells under normal and 

inflammatory conditions [44,45]. They are continuously repopulated from bone marrow 

[41,46] and the rate of this repopulation can be accelerated in inflammation and infection 

[47–49]. Accumulation of perivascular macrophages is a feature of HIV infection, including 

HIV encephalitis and HIV-associated dementia [41,44,50]. Our findings support the 

hypothesis that Tat has a critical role in mediating the increased numbers of phagocytic 

macrophages and microglia within the brain that are observed in HIV infection.

HIV-1-infected cells within the CNS may secrete viral proteins besides Tat (such as gp120), 

which activate surrounding macrophages, microglia and astrocytes to increase the release of 

inflammatory factors and escalate recruitment of monocytes into the CNS [42,51–54]. 

Gp120 can affect the BBB and may act in concert with Tat to further exacerbate BBB 

disruption and monocyte expansion and transmigration [55,56]. Exposure to gp120 in vitro 
results in the expansion of high CD16 expressing monocytes, which is similar to the 

expansion observed in vivo following HIV infection [57,58]. Unlike most other HIV 

proteins, Tat appears to continue to be expressed by infected cells despite the suppression of 

viral replication by cART [59], and our studies demonstrate that this sustained expression of 

Tat could be of clinical importance to BBB alterations in virally suppressed patients. Current 

antiretroviral therapy does not target the early phase of HIV-1 mRNA transcription when Tat 

is expressed [60].

Conclusions

The present findings demonstrate HIV-1 Tat to be a critical mediator of HIV-associated 

disruption of the intact BBB. Furthermore, in vivo Tat exposure resulted in increases in the 

proportion of dextran-labeled macrophages within the perivascular space and striatal tissue, 

which is a region of clinical significance in HAND. This Tat transgenic mouse model may 

be a useful tool in further examining BBB dynamics in monocyte trafficking within the 

context of HIV-1 Tat exposure.
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Abbreviations

ALCAM activated leukocyte cell adhesion molecule

ANOVA analysis of variance

BBB blood-brain barrier

cART combination antiretroviral therapy

CNS central nervous system

HAND HIV associated neurocognitive disorders

HIV-1 human immunodeficiency virus-1

HRP horseradish peroxidase

Iba-1 ionized calcium-binding adaptor molecule 1

ICV intracerebroventricular

JAM-A junctional adhesion molecule-A

Na-F sodium fluorescein

SIV simian immunodeficiency virus

Tat trans-activator of transcription

ZO zonula occludens
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Highlights

• HIV-1 Tat exposure disrupted the BBB, as evidenced by Na-F and HRP 

leakage into the brain

• HIV-1 Tat exposure increased phagocytic macrophages/microglia within the 

caudate/putamen

• HIV-1 Tat activated both perivascular and tissue-resident macrophages/

microglia
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Fig. 1. 
Effects of HIV-1 Tat expression on the penetration of horseradish peroxidase (HRP; red) 

from the vasculature into the forebrain of Tat transgenic mice (A–D; Scale bar = 1 mm). Tat 

expressing (Tat+) mice that were transcardially injected with HRP showed increased BBB 

permeability (D), while mice lacking the Tat transgene (Tat−) (C) or mice that were injected 

with saline instead of HRP (A–B) served as controls. The same sections as in A–D were 

counterstained with Hoechst 33342 (blue) to reveal the underlying cytoarchitecture (A′–D′). 

Higher magnification image showing a gradient of HRP penetration from some small blood 

vessels (capillaries and some venules, indicated by arrows) into the striatal parenchyma in 

Tat+ mice (G–H′) that was minimally evident in Tat− control mice (E–F′). Scale bar = 50 

μm (E, E′, G, G′) or 10 μm (F, F′, H, H′). Effects of Tat expression on mice transcardially 

injected with 0.376 kDa sodium fluorescein (Na-F) (I), 44 kDa HRP (J), and 70 kDa Texas 

Red®-labeled dextran (K). Tat expression increased the permeability of the BBB to Na-F 
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and HRP, but not to the higher molecular weight Texas Red®-labeled dextran. * indicates p 
< 0.05 compared to all other groups.
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Fig. 2. 
Photomicrographs of phagocytic perivascular macrophages within the caudate/putamen of 

Tat− (A-A″) and Tat+ (B-B″) transgenic mice (A–B). Perivascular macrophages labeled 

with Iba-1 (red) typically phagocytosed Alexa 488-conjugated dextran (infused i.c.v. at 5 d 

following continuous Tat induction; green). Dotted lines indicate the boundaries of small 

blood vessels. Alexa 488-dextran was also observed within Iba-1-labeled microglia residing 

in the caudate/putamen parenchyma of Tat− (C) and Tat+ (D) transgenic mice. Scale bar = 

10 μm.
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Fig. 3. 
Photomicrographs of phagocytic perivascular macrophages within the caudate/putamen of 

Tat− (A-A) and Tat+ (B-B″) transgenic mice (A–B). Macrophages (arrows) were labeled 

with Alexa 488-dextran (infused i.c.v. at 5 d following continuous Tat induction; green). The 

dotted line indicates the boundaries of small blood vessel, while the asterisk (*) indicates 

white matter tracts indicative of the striatum. Scale bar = 10 μm. HIV-1 Tat exposure 

significantly increased the proportion of dextran-labeled phagocytes compared to Tat− 

control mice (C–D). Quantification of the proportion of phagocytic cells labeled with green 

within the parenchyma (C) or perivascular space (D). * indicates p < 0.05 compared to Tat− 

mice.
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