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Abstract

Combined antiretroviral therapy for HIV infection reduces plasma viral load and prolongs life. 

However, the brain is a viral reservoir, and pathologies such as cognitive decline and blood–

brain barrier (BBB) disruption persist. Methamphetamine abuse is prevalent among HIV-infected 

individuals. Methamphetamine and HIV toxic proteins can disrupt the BBB, but it is unclear 

if there exists a common pathway by which HIV proteins and methamphetamine induce BBB 

damage. Also unknown are the BBB effects imposed by chronic exposure to HIV proteins 

in the comorbid context of chronic methamphetamine abuse. To evaluate these scenarios, we 

trained HIV-1 transgenic (Tg) and non-Tg rats to self-administer methamphetamine using a 

21-day paradigm that produced an equivalency dose range at the low end of the amounts 

self-titrated by humans. Markers of BBB integrity were measured for the hippocampus, a 

brain region involved in cognitive function. Outcomes revealed that tight junction proteins, 

claudin-5 and occludin, were reduced in Tg rats independent of methamphetamine, and this 

co-occurred with increased levels of lipopolysaccharide, albumin (indicating barrier breakdown) 

and matrix metalloproteinase-9 (MMP-9; indicating barrier matrix disruption); reductions in 

GFAP (indicating astrocytic dysfunction); and microglial activation (indicating inflammation). 

Evaluations of markers for two signaling pathways that regulate MMP-9 transcription, NF-κB 

and ERK/∆FosB revealed an overall genotype effect for NF-κB. Methamphetamine did not alter 

measurements from Tg rats, but in non-Tg rats, methamphetamine reduced occludin and GFAP, 
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and increased MMP-9 and NF-κB. Study outcomes suggest that BBB dysregulation resulting from 

chronic exposure to HIV-1 proteins or methamphetamine both involve NF-κB/MMP-9.
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1 | INTRODUCTION

The blood–brain barrier (BBB) shields the brain from harmful factors carried in the 

circulating blood, and proper BBB structure is critical for brain health. A lattice of 

inter-endothelial cell tight junction proteins, for example, occludin and claudin-5, restricts 

paracellular movement of substances from the blood to the brain (see Daneman, 2012). As 

reduction or redistribution of tight junction proteins can increaseBBB permeability (Jiao, 

Wang, Liu, Wang, & Xue, 2011), maintenance of the paracellular lattice is an important 

task of numerous biochemical systems, including matrix metalloproteinases (MMPs). MMPs 

are endopeptidases, and the MMP-9 subtype cleaves BBB tight junction proteins such as 

occludin and claudin-5 (Chiu & Lai, 2013; Vermeer et al., 2009; Yang, Estrada, Thompson, 

Liu, & Rosenberg, 2007). An increase in MMP-9 level and/or activity is associated with a 

reduction in tight junction proteins and enhanced BBB permeability (Huang, Eum, Andras, 

Hennig, & Toborek, 2009; Northrop, Halpin, & Yamamoto, 2016). MMP-9 expression is 

under tight transcriptional control by several pathways, including the nuclear factor-kappa 
B (NF-κB) (Bond, Chase, Baker, & Newby, 2001) and mitogen-activated protein kinase 

(MAPK) pathways (Mishra, Flaga, & Kowluru, 2016). This study considered the possibility 

that factors which foster BBB breakdown may dysregulate MMP-9 and its upstream 

regulators, NF-κB and/or MAPK.

Infection with human immunodeficiency virus (HIV) increases BBB permeability (Rahimy 

et al., 2017) to promote infiltration of HIV-infected monocytes and macrophages into the 

brain (Chiodi et al., 1988; Davis et al., 1992; Resnick, Berger, Shapshak, & Tourtellotte, 

1988). In infected cells, HIV-1 hijacks host machinery to transcribe viral proteins (e.g., 

Tat, Nef, Gp120 and Vif), some of which are released into the extracellular space and can 

negatively alter function of other brain cells (for review, see Arts & Hazuda, 2012). In vitro 

studies reveal that Tat, Nef and Gp120 reduce levels and distribution of BBB tight junction 

proteins to promote BBB permeability (Ju et al., 2009; Huang et al., 2014), while enhancing 

the level and activity of MMP-9 (Ju et al., 2009; Huang et al., 2014; Louboutin, Agrawal, 

Reyes, Van Bockstaele, & Strayer, 2010), MAPK pathway proteins (Toschi et al., 2006) and 

NF-κB (Esposito et al., 2017; Fiume et al., 2012). The extent to which in vitro studies with 

single viral proteins inform BBB integrity during chronic exposure to multiple HIV proteins 

in vivo is uncertain.

In HIV-infected individuals, abuse of psychostimulants, including methamphetamine (meth), 

is highly prevalent (Nerlander et al., 2018). HIV-infected meth abusers exhibit poor 

adherence to combined antiretroviral therapy (cART) (Hinkin et al., 2007) and suffer more 

severe neuropathology than non-abusers (Soontornniyomkij et al., 2016). Meth disrupts the 
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BBB in vivo (Eugenin, Greco, Frases, Nosanchuk, & Martinez, 2013; Kousik, Napier, & 

Carvey, 2012; Northrop et al., 2016) and alters transcription regulators of MMP-9 such as 

NF-κB and MAPK signaling in vitro (Zhang et al., 2015). Taken together, the above suggest 

that meth may worsen BBB pathology induced by HIV proteins.

Whether the pathways that are engaged by HIV proteins and by meth to regulate BBB 

function are in common (potentially additive) or converge (potentially synergistic) is unclear. 

To make this determination, we evaluated the BBB in the hippocampus, a brain region 

vulnerable to HIV infection (Castelo, Sherman, Courtney, Melrose, & Stern, 2006; Maki et 

al., 2009) and meth (Choi et al., 2018). We hypothesized that exposure to HIV-1 proteins 

in vivo will impair the BBB and that the pathology will be enhanced in the comorbid 

brain state. We utilized HIV-1 transgenic (Tg) rats that chronically express seven of the 

nine HIV-1 proteins. The HIV-1 transgenic rat model recapitulates several aspects of the 

central nervous system (CNS) pathologies experienced by HIV-infected individuals and is 

considered to be a useful model for studying neuroAIDS (Lee et al., 2014; Lentz et al., 

2014; Repunte-Canonigo et al., 2014). The HIV-1 transgenic rat model is also thought 

to model HIV-infected patients on cART (Peng et al., 2010), wherein viral titers in the 

serum are negligible but viral reservoirs persist, such as those of the brain. Using meth self-

administering HIV-1 Tg rats, we show that occludin and claudin-5 are decreased by chronic 

exposure to HIV proteins, and meth reduced occludin. Increased levels of lipopolysaccharide 

and albumin indicated barrier breakdown. The impairments were associated with increased 

MMP-9 levels and NF-kB activation.

2 | MATERIALS AND METHODS

2.1 | Animals

Rat brain tissues were obtained from a specimen repository in the laboratory of Dr. T. 

Celeste Napier (Rush University Medical Center). The brains were harvested from 20 

male HIV-1 Tg (17–22 weeks old) and 20 sex- and age-matched non-Tg Fischer 344 rats. 

Information regarding animal care and self-administration procedures is published elsewhere 

(Persons et al., 2018). Briefly, rats purchased from Envigo Laboratories were housed in 

genotype- and treatment-similar pairs in the Rush University vivarium. Food and water were 

provided ad libitum throughout the study. All procedures performed were in accordance with 

the Guide for the Care and Use of Laboratory Animals (National Research Council) and as 

approved by the Rush University Institutional Animal Care and Use Committee.

2.2 | Intravenous catheter implantation for self-administration

Rats received intravenous drugs through custom-made silastic catheters (0.3 mm ID × 0.64 

mm OD; Dow Corning Co.) inserted into their right jugular vein. The distal end of the 

catheters extended subcutaneously over the mid-scapular region and exited through a metal 

guide cannula (22 gauge; Plastics One Inc.) anchored to a subcutaneously implanted vinyl 

mesh. Duration of recovery post-surgery was 10–14 days. Catheters were flushed daily with 

0.1–0.2 ml sterile saline to maintain patency.
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2.3 | Self-administration

Rats were trained to self-administer meth in operant chambers equipped with two “nose-

poke” holes, a stimulus light above each hole, an audio tone generator and a house light. 

Nose-poking is an ethologically relevant behavior and a commonly employed operant task 

with rodents (e.g., Brown et al., 2020; Chen et al., 2020; Fredriksson et al., 2019; Gordon-

Fennell et al., 2019; Hong, Kang, Chen, & Choi, 2019; Oliva & Wanat, 2019). Each operant 

chamber was enclosed in a ventilated, sound-attenuating chamber. Infusions were delivered 

via syringes in a motor-driven pump. (+)-meth HCl (Sigma-Aldrich) was dissolved in sterile 

saline for the self-administration operant task.

Operant sessions were conducted 2 hr/day for a total of 21 days. On test days 1–7, a 

nose-poke in the active hole resulted in a 6-s infusion of meth (0.02 mg/kg/0.05 ml) on a 

fixed ratio 1 (FR1) schedule of reinforcement. There was no post-infusion timeout period. 

For test days 8–21, the dose of meth was increased to 0.04 mg/kg per 0.05-ml infusion. 

Nose-pokes in the inactive hole had no programmed consequence. Control rats were saline-

yoked to a meth counterpart of the same genotype. The yoked rats received a non-contingent 

infusion of saline (0.05 ml) each time their meth counterpart received a meth infusion. 

For saline-yoked rats, nose-pokes in either hole were recorded but had no programmed 

consequence.

Brain tissues were harvested one day following the operant task and hemisected. The 

left hemisphere of the brain was dissected and fast-frozen for immunoblotting. The 

right hemisphere was immersion-fixed in 4% paraformaldehyde overnight followed by 

preservation in sucrose (30%). The hemispheres were then sliced into serial coronal 

sections (40 μm) using a sliding microtome and stored in a cryoprotectant at −20°C for 

immunohistochemistry.

2.4 | Immunoblotting

Immunoblotting followed our previously published protocols (Herrold et al., 2009; Kousik, 

Carvey, & Napier, 2014; Ohene-Nyako, Persons, & Napier, 2018; Persons et al., 2018) 

with minor modifications. Briefly, fast-frozen hippocampal samples were homogenized in 

ice-cold lysis buffer [containing in mM: 25 HEPES (pH 7.4.), 2 EDTA, 500 NaCl, 20 NaF, 

1 PMSF, 1 DTT, 0.1% v/v nonidet P-40, 1× HALT protease inhibitor cocktail (Thermo 

Fisher), 1× phosphatase inhibitor cocktails II and III (Sigma-Aldrich)]. The homogenate was 

centrifuged at 20854 g for 2min at 4°C, sonicated for 5 s and centrifuged again, and the 

supernatant was aliquoted and stored at −80°C. Protein concentration was determined by 

Bradford assay (Bradford, 1976). Samples (40 μg) were electrophoresed on 10% Tris-HCl 

gels and transferred to nitrocellulose membranes. Non-specific binding sites were blocked 

using Odyssey blocking buffer (LI-COR) for 1h at room temperature (RT). Membranes 

were incubated overnight at 4°C with primary antibodies: occludin (1:250, #33–1500 

EMD Millipore), claudin-5 (1:500, #35–2500 EMD Millipore), MMP-9 (1:500, #NBP2–

13173 Novus Biologicals), albumin (1:500, #NBP1–32458 Novus Biologicals), extracellular 

signal-regulated kinase, pERK/ERK (1:1,000, #9101/9102 Cell Signaling Technology), 

delta (∆)FosB (1:1,000, #9205 Cell Signaling Technology) and pNF-kB/NF-kB (1:500, 

#3033/8242 Cell Signaling Technology). After washing in Tris-buffered saline⁄Tween-20 
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(TBS-T; 20 mM Tris, 137mM NaCl, 0.5% Tween-20, pH 7.4), membranes were incubated 

in IR dye-conjugated goat anti-rabbit secondary antibody (1:5,000. #925–32211, LI-COR) 

or goat anti-mouse secondary antibody (1:5,000. #925–32210, LI-COR) for 1h at RT. Revert 

Total Protein Stain (#926–11010, LI-COR) was used to assess loading. Membranes were 

scanned with a LI-COR image scanner, and optical density was determined using LI-COR 

Image Studio Lite (V5.2). Antibody verification was performed using orthogonal and/or 

independent antibody tests described by Uhlen et al. (2016).

2.5 | Immunohistochemistry (IHC)

Free-floating coronal sections (40 μm) containing the hippocampus were washed in dilution 

media (TBS with 0.05% Triton X-100) to remove cryoprotectant. Endogenous peroxidases 

were blocked using 2.13% sodium periodate (Sigma-Aldrich) in TBS for 20min followed 

by washes in dilution media. Sections were blocked for 1h in a solution containing dilution 

media, 6% v/v normal species-specific serum (Thermo Fisher) and 2% w/v bovine serum 

albumin (BSA). Following blocking, sections were incubated with Iba-1 (1:200, #019–

19741 WAKO) or GFAP (1:500, #3670S Cell Signaling Technology) antibodies overnight 

at RT. Primary antibody diluent contained 0.05M PBS, 1% v/v normal serum (Thermo 

Fisher), 1%w/v BSA and 0.04% v/v Triton X-100. Tissues were washed in dilution media 

and incubated for 1h in biotinylated goat anti-rabbit secondary antibody (for Iba-1) (1:500, 

#BA-1000 Vector Laboratories, Inc.) or horse anti-mouse secondary antibody (for GFAP) 

(1:200, #BA-2000 Vector Laboratories, Inc.). Iba-1 and GFAP immunoreactivity (ir) were 

visualized using a peroxidase-conjugated avidin–biotin complex (Vector Laboratories, Inc.) 

and 3, 3-diaminobenzidine in three subfields of the hippocampus (i.e., the CA1, CA3 

and DG). Pathology within these 3 subfields negatively correlates with an impairment 

in the generation and recall of episodic memory (Mueller, Chao, Berman, & Weiner, 

2011), a hippocampal impairment experienced by HIV-infected individuals (Castelo et al., 

2006; Maki et al., 2009). A primary omit control was also conducted. Optical density 

analysis was performed on 4× GFAP-stained images using ImageJ software (NIH). All 

analyses were performed by a treatment- and genotype-blinded observer using hippocampal 

photomicrographs taken from bregma −4.08 mm to −4.36 mm (Paxinos & Watson, 2009).

2.6 | CellProfiler analysis of Iba-1-stained microglial morphology

Cell body and cell sizes of Iba-1-stained microglia were measured and quantified using 

CellProfiler v3.1.8 (BROAD Institute) (see Figure 1a). Briefly, 40× images of Iba-1-stained 

microglia were converted to 8-bit grayscale images and uploaded into the CellProfiler 

software. Using the measuring tool in CellProfiler, the soma diameter and length of the 

smallest and largest microglial cells were determined. A CellProfiler pipeline for analyzing 

microglia (pipeline and detailed instructions can be obtained from Bloomfield et al., 2018) 

was downloaded and opened in the CellProfiler software. The microglial analysis pipeline 

was then modified by inserting the dimensions of the smallest and largest measured cell 

parameters (the smallest and largest soma diameter and area occupied by cell) into their 

respective windows in the CellProfiler software. A test run was initiated to validate the 

identified objects followed by an initiation of a full automated run. The total area occupied 

by each microglial cell (soma and processes) and the area of its corresponding soma are 

computed by the CellProfiler software. An average soma size and cell size were then 
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computed for each uploaded section and analyzed as a ratio of the two variables (soma size 

(cell body) to cell size).

2.7 | ELISA

We previously showed colon barrier permeability in the HIV-1 Tg rats (Persons et al., 

2018). Hence, in addition to immunoblot evaluations of hippocampal albumin levels as an 

indirect measure of an impaired BBB function, we also evaluated lipopolysaccharide (LPS) 

concentrations. Hippocampal LPS was determined using the Pierce Limulus Amebocyte 

Lysate (LAL) Chromogenic Endotoxin Quantification Kit (#88282, Thermo Fisher). The 

kit contained purified endotoxin standards, endotoxin-free water, amebocyte lysate reagent 

and a chromogenic substrate. All materials for the LPS assay were certified endotoxin-free. 

Hippocampal homogenates, blanks and endotoxin standards were incubated with amebocyte 

lysate reagent at a 1:1 ratio in a 96-well plate for 14 min at 37°C. A 100 μl prewarmed 

solution of chromogenic substrate was added to each well and incubated for 6 min. A 

stop reagent made up of 25% acetic acid in endotoxin-free water was added to each well 

after the 6-min incubation. Absorbance of end products was measured at 405 nm in a 

spectrophotometer (SpectraMax Plus model 384, Molecular Devices). LPS levels (in EU/ml) 

were generated based on extrapolations from the standard endotoxin curve.

2.8 | Data analyses

All data were standardized as % control, that is, the saline-yoked non-Tg group. ERK and 

NF-κB data are presented as a ratio of activated (p) to total proteins. Iba-1 data are presented 

as a ratio of cell body to cell size (Hovens et al., 2014). Data from immunoblots, IHC and 

ELISA were analyzed using a two-way ANOVA followed by a post hoc Newman–Keuls 

test. A significant interaction by two-way ANOVA was used to indicate synergy. Planned 

contrasts selected for comparisons were (a) treatment effects within each genotype and (b) 

treatment effects between each genotype. Pearson’s correlation was used to determine the 

relationship between claudin-5 levels and LPS levels and between claudin-5 and MMP-9 

levels. All statistical analyses were performed using GraphPad Prism software v 6.0, with 

significance set at p < .05. Data are presented as mean + SEM or mean ± SEM.

2.9 | Scientific Rigor

To enhance rigor and reduce experimenter bias, data were analyzed by a genotype-blinded 

observer. Immunoblotting and ELISAs were performed with positive control samples. In the 

event where a positive control was not available, immunoblotting bands were verified by an 

“independent antibody validation test” or an “orthogonal test” as proposed by Uhlen and 

colleagues (Uhlen et al., 2016).

3 | RESULTS

3.1 | Meth self-administration

As previously reported (Persons et al., 2018), the average daily meth self-administered by 

the Tg and non-Tg rats was 0.21 mg/kg (Tg) and 0.25 mg/kg (non-Tg), respectively, which 

converts to a human equivalence of ~0.1 mg/kg (Nair & Jacob, 2016). This falls within the 

lower end of the range of meth (i.e., 0.17–0.70 mg/kg) taken by humans during recreational 
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use (e.g., Kirkpatrick et al., 2012; Melega, Cho, Harvey, & Lacan, 2007). There was no 

difference between genotypes with respect to meth intake (t17 = 1.38, p = .20).

3.2 | Blood–brain barrier integrity

BBB integrity was assessed by measuring hippocampal levels of tight junction proteins 

and the presence of a circulating gut-derived factor, LPS, that is not present in brains with 

an intact BBB. As illustrated in Figure 1, hippocampal levels of occludin demonstrated a 

significant main effect for genotype (F1,29 = 11.16, p = .002) with no treatment main effect 

(F1,29 = 3.40, p = .08) and no interaction (F1,29 = 2.31, p = .14). A significant main effect 

for genotype was also observed for hippocampal claudin-5 levels (F1,30 = 6.18, p = .02) 

with no treatment main effect (F1,30 = 3.53, p = .07) and no interaction (F1,30 = 0.41, p 
= .53). Consistent with the genotype main effect, post hoc analysis for occludin revealed 

a significant difference between saline-yoked Tg and saline-yoked non-Tg rats. Differences 

were also observed between non-Tg rats that self-administered meth and saline-yoked non-

Tg rats, verifying that the amount of self-administered meth was sufficient to alter occludin 

levels in the absence of HIV-1 proteins. For claudin-5, post hoc analysis did not reveal 

differences between any of the planned contrasts. Similar outcomes for the transgenic and 

meth effect on occludin were observed in ventral striatal tissues of meth self-administering 

Tg and non-Tg rats (see Figure S2).

LPS levels demonstrated a significant main effect for genotype (F1,19 = 27.85, p < .0001) 

but no treatment main effect (F1,19 = 0.004, p = .95) or interaction (F1,19 = 0.01, p = .94) 

(Figure 2a). Post hoc analysis revealed significant differences between saline-yoked Tg and 

saline-yoked non-Tg rats, and between meth Tg and meth non-Tg rats. Consistent with the 

outcomes of the LPS, a genotype main effect was observed for albumin levels (F1,29 = 

20.41, p < .0001) but no treatment main effect (F1,29 = 2.92, p = .098) or interaction (F1,29 

= 1.88, p = .18) (Figure 2b). Post hoc analysis revealed significant differences between 

saline-yoked Tg and saline-yoked non-Tg rats, and between meth non-Tg and saline-yoked 

non-Tg rats. LPS levels negatively correlated with hippocampal claudin-5 (r = −0.75, p = 

.02) and occludin (r = −0.56, p = .04) (Figure 3a,b), and albumin levels negatively correlated 

with hippocampal occludin (r = −0.69, p = .007) (Figure 3c) levels in Tg rats (pooled across 

treatments).

3.3 | Iba-1 and GFAP IHC

As an index of inflammation, the relative size of Iba-1-stained somata and levels of GFAP 

staining were quantified in three subfields of the hippocampus (i.e., the CA1, CA3 and DG). 

For Iba-1, a significant genotype effect was observed for all evaluated subfields (CA1: F1,27 

= 66.03, p < .0001; CA3: F1,27 = 27.85, p < .0001; and DG: F1,27 = 18.44, p = .0003). There 

were no treatment effects (CA1: F1,27 = 0.06, p = .80; CA3: F1,27 = 0.20, p = .19; and DG: 

F1,27 = 1.46, p = .24) or interaction (CA1: F1,27 = 0.01, p = .92; CA3: F1,27 = 0.42, p = .53; 

and DG: F1,27 = 0.31, p = .58) (Figure 4). Consistent with the genotype main effect, post hoc 
analysis revealed significant differences (p < .05) between saline-yoked Tg and saline-yoked 

non-Tg rats, and between meth Tg and meth non-Tg rats for all subfields evaluated.
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GFAP immunohistochemical staining demonstrated a significant genotype effect in all 

subfields (CA1: F1,25 = 5.49, p = .03; CA3: F1,25 = 27.85, p < .0001; and DG: F1, 25 = 

5.92, p = .03). A significant treatment effect was observed for DG and CA3 subfields (CA3: 

F1,25 = 9.16, p = .007 and DG: F1,25 = 8.74, p = .007) but not CA1 (CA1; F1,25 = 2.33, 

p = .14). There were no significant interactions (CA1; F1,25 = 2.35, p = .14, CA3; F1,25 = 

2.40, p = .14 and DG; F1,25 = 2.01, p = .1) (Figure 5). Consistent with the genotype and 

treatment main effects, post hoc analysis revealed significant differences (p < .05) between 

saline-yoked Tg and saline-yoked non-Tg rats, and between saline-yoked non-Tg and meth 

non-Tg rats for all subfields evaluated. There were no observable differences in astroglial 

morphology in any of the treatment groups.

3.4 | MMP-9 and MMP-9 transcription regulators

We evaluated MMP-9 level and transcription regulators in the hippocampus of meth self-

administering Tg and non-Tg rats. Two-way ANOVA revealed a significant genotype effect 

for MMP-9 protein levels (F1,26 = 14.84, p = .0007) but no treatment main effect (F1,26 = 

3.76, p = .06) or interaction (F1,26 = 1.25, p = .27) (Figure 6). Consistent with the genotype 

main effect, post hoc analysis revealed significant differences between saline-yoked Tg and 

saline-yoked non-Tg rats. There was also a significant difference between meth non-Tg and 

saline-yoked non-Tg rats. Pearson’s correlation revealed an inverse relationship between 

claudin-5 level in HIV-1 Tg rats (pooled across treatments) and MMP-9 level (r = 0.71, p = 

.004) (Figure 6).

Evaluation of two upstream signaling pathways that regulate MMP-9 revealed no differences 

in pERK/ERK or ΔFosB (Figure 7). A significant genotype effect for pNF-κB/NF-κB 

protein levels was observed (F1,29 = 11.97, p = .002) with no treatment main effect (F1,29 

= 2.83, p = .10) or interaction (F1,29 = 1.33, p = .26) (Figure 7). Consistent with the 

genotype main effect, post hoc analysis revealed significant differences (p < .05) between 

saline-yoked Tg and saline-yoked non-Tg rats, and between meth non-Tg and saline-yoked 

non-Tg rats. There was also a significant difference between meth Tg rats and saline-yoked 

non-Tg rats.

4 | DISCUSSION

The current study evaluated BBB integrity using HIV-1 Tg rats, which modeled aspects of 

HIV-associated pathology in cART-treated humans; meth self-administration modeled the 

self-titration features of humans that abuse meth. Outcomes demonstrated that exposure 

to HIV proteins impaired BBB integrity, increased brain infiltration of peripheral contents 

that are excluded by an intact BBB, and promoted activation of microglial cells. The BBB 

effects of meth self-administration involved a reduction in occludin. MMP-9 and MMP-9-

regulating proteins were increased independently by HIV-1 proteins and by meth. Overall, 

the results demonstrate that HIV-1 proteins and meth disrupt hippocampal BBB and that a 

dysregulation in MMP-9 signaling may be involved.

The finding that chronic exposure to HIV-1 proteins reduced levels of occludin and 

claudin-5 recapitulates observations from HIV-1-infected humans (Rahimy et al., 2017) and 

complements observations from in vitro studies and in vivo studies wherein single HIV-1 
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proteins are investigated (Andras et al., 2003, 2005; Kanmogne, Primeaux, & Grammas, 

2005; Xu et al., 2012). We previously demonstrated colon barrier permeability in HIV-1 

Tg rats (Persons et al., 2018) which would allow the translocation of bacteria (e.g., LPS) 

from the colon into the systemic circulation. Indicating that the BBB is also impaired in 

Tg rats, this gut-derived substance infiltrated the hippocampus in Tg rats. LPS activates 

immune cells such as microglia (Hoogland et al., 2018) resulting in the release of pro-

inflammatory cytokines such as TNF-α and IFN-γ (Lively & Schlichter, 2018). These 

cytokines activate post-synaptic receptors to increase the transcription of pro-inflammatory 

mediators and endopeptidases such as metalloproteinases (He, 1996), which degrade BBB 

junction proteins. While LPS infiltration may explain the microglial activation observed 

in the current study, it is also possible that HIV-1 proteins in the brains of Tg rats may 

have contributed to the observed microglial activation. In either case, chronic maladaptive 

activation of microglia is detrimental to the BBB. By increasing central nervous system 

inflammation, LPS can also enhance neuropathology (e.g., see Lull & Block, 2010). The 

concept of gut pathology affecting brain outcomes is described for humans with colon 

barrier pathology; for example, cerebral vasculitis and neuropathology are reported in 

patients with Crohn’s disease (Gobbele, Reith, & Block, 2000). The current LPS outcomes 

therefore provide an example of how gut pathology may influence the progression of brain 

pathology in the context of HIV protein exposure.

The LPS outcomes were corroborated by the findings that albumin levels were also elevated 

in the hippocampus of meth self-administering HIV-1 Tg and non-Tg rats, thus providing 

converging evidence of functional impairment to the BBB. Albumin synthesis occurs in the 

liver after which the protein is transported into the bloodstream (Moman, Gupta, Sheikh, 

& Varacallo, 2020). Albumin plays a vital role in regulating and maintaining the oncotic 

pressure of blood (Moman et al., 2020). CNS albumin infiltration occurs when the BBB is 

damaged or impaired. Hence, CNS and/or cerebrospinal fluid albumin levels are commonly 

used as an indicator of BBB pathology (e.g., Abdulle, Hagberg, & Gisslén, 2005; Anesten et 

al., 2016; Farhadian et al., 2019; Rahimy et al., 2017). The observed Tg effects on albumin 

infiltration recapitulate observations from cART-treated HIV-infected individuals who have 

attained negligible serum viral titer (Rahimy et al., 2017). This suggests that viral proteins 

expressed in CNS reservoirs may account in part for the BBB pathology experienced 

by virally suppressed HIV-infected individuals. Interestingly, the low dose of self-titrated 

meth also increased hippocampal albumin infiltration in the non-Tg rats. This observation 

corroborates our previous report (Kousik, Graves, Napier, Zhao, & Carvey, 2011) and other 

investigators (e.g., Eugenin et al., 2013; Northrop et al., 2016) showing meth-induced BBB 

dysregulation. It is also known that meth increases extracellular matrix-degrading enzymes 

such as MMP-9 to degrade the BBB (Northrop et al., 2016). In these studies, meth was 

administered acutely at relatively higher doses. The outcomes of the present study reveal that 

chronic exposure to low, physiologically relevant doses of meth has detrimental effects on 

the BBB integrity and this is associated with elevated MMP-9.

Reported effects of meth on the BBB are inconsistent and likely reflect differences in 

models, outcome measures and meth treatment protocols, including doses; acute, repeated 

or chronic treatments; and contingent or non-contingent administration. For example, BBB 

permeability to albumin and/or FITC-labeled albumin was observed in the current study and 
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reported in rats injected intraperitoneally with 3 mg/kg meth (Kousik et al., 2011). Contrary 

to these observations, a study using lucifer yellow showed no functional permeability to the 

BBB with moderate concentrations of meth in vitro, despite reductions in ZO-1 levels (Patel 

et al., 2017). Such variation in observed functional outcomes may be due to differences 

in the type of functional assay used and the degree of BBB damage induced by meth. 

Albumin has a molecular weight of ~60–67 kDa, while the molecular weight of lucifer 

yellow is ~0.5 kDa. BBB infiltration of smaller molecular weight compounds such as lucifer 

yellow is indicative of minimal BBB impairment (i.e., restricted to paracellular barriers), 

while infiltration of larger molecular weight compounds (≥66 kDa) could indicate a greater 

BBB pathology (i.e., both paracellular and transcellular permeability) (Muradashvili et al., 

2012). In the current study, no effects of meth were observed for levels of hippocampal 

LPS, which has a molecular weight range of 50–100 kDa, despite the elevations of albumin. 

This indicates that the BBB was able to restrict the relatively large LPS molecules while 

relatively lower molecular weight compounds like albumin infiltrated a partially impaired 

BBB. Taken together, these observations indicate that both HIV-1 proteins and meth can 

damage aspects of the BBB and that chronic exposure to HIV-1 proteins induces greater 

permeability than that imposed by self-administered meth.

BBB permeability enhances brain inflammation, and this can be indicated by the 

morphology of microglia. Resting microglia assume a ramified morphology with small 

soma and thin, long projections or ramifications; activated microglia assume an amoeboid 

morphology with retracted processes (see Crews & Vetreno, 2016). The HIV-1 Tg rats 

exhibited increased microglial activation in all evaluated subfields of the hippocampus. 

This observation recapitulated the observation of Reid and colleagues who reported mild 

activation of microglia in the Tg rat brain (Reid et al., 2016). The observed increase in 

microglial activation by the HIV-1 Tg state paralleled the enhancement in LPS levels. As 

LPS increases brain inflammation (Lull & Block, 2010), the observed increase in microglial 

activation may be due in part to the infiltrating LPS because of the impaired BBB.

GFAP is an intermediary filament expressed by astrocytic cells. Astrocytic cells extend their 

foot processes to the BBB to reinforce the barrier, and astrocytic dysregulation is associated 

with an impaired BBB (Watkins et al., 2014). Thus, as a marker of astrocytes, dysregulation 

of GFAP may indicate astrocytic dysfunction. In the current study, GFAP immunoreactivity 

was decreased in all evaluated subfields of the hippocampus in HIV-1 Tg rats. This 

observation recapitulates the observations of Reid and colleagues who reported a reduction 

in GFAP immunoreactivity in the cortex, striatum and hippocampus of HIV-1 Tg rats (Reid 

et al., 2016). It is, however, uncertain whether the reduction in GFAP immunoreactivity 

reflects a reduction in astroglial cell numbers or protein level. GFAP protein level can 

decrease when GFAP-expressing cells are exposed to stressors such as mild increases 

in temperature (Sugaya-Fukasawa, Watanabe, Tamura, Egashira, & Hisatomi, 2011). LPS 

observed in the hippocampus of HIV-1 Tg rats is a pyrogen (Kozak, Conn, & Kluger, 

1994). Thus, alteration in temperature (whether transient or chronic) may account in part 

for the observed reduction in GFAP immunoreactivity. GFAP-positive glia are particularly 

important in maintaining barrier integrity, and destruction of GFAP-positive enteric glia 

is associated with an increase in epithelial barrier permeability (e.g., see Gulbransen & 

Sharkey, 2012; Yu & Li, 2014). It is therefore likely that the reduction in GFAP levels seen 
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in the current study may also reflect a dysfunction in astroglia cells within the brain of the 

HIV-1 Tg rats which may perpetuate BBB pathology.

To help elucidate possible mediators of the BBB pathology, we evaluated hippocampal 

levels of MMP-9 and upstream transcription regulators. HIV-1 Tat increases MMP-9 in 

in vitro models of the BBB (Ju et al., 2009) and in HIV-infected monocytes (Huang et 

al., 2009). Data from the current study confirm these in vitro findings, for MMP-9, were 

increased in the hippocampus of Tg rats and levels negatively correlated with tight junction 

protein levels consistent with a possible role for MMP-9 in BBB pathology. Recapitulating 

the observation of Northrop and colleagues (Northrop et al., 2016), the low dose of self-

administered meth was sufficient to increase MMP-9 levels in non-Tg rats. These rats also 

showed a reduction in hippocampal occludin, further supporting a role of MMP-9 in the 

BBB pathology induced by meth exposure.

To better understand the possible mechanism underlying the HIV protein and meth-induced 

increases in MMP-9, we evaluated transcription regulators of MMP-9. ERK and ΔFosB were 

not changed by genotype or treatment in the hippocampus. These observations contradict 

our previous observation in the nucleus accumbens where ERK, ΔFosB and dopamine 

D1 receptor (D1R) immunoreactivity were increased in the nucleus accumbens of meth 

self-administering HIV-1 Tg rats (Ohene-Nyako et al., 2018). D1R is a stimulatory G 

protein-coupled receptor that increases ERK activation (Valjent et al., 2005). High densities 

of D1Rs are localized in the nucleus accumbens (Dawson, Gehlert, McCabe, Barnett, & 

Wamsley, 1986), whereas the hippocampus exhibits low D1R expression (Dawson et al., 

1986). Thus, differences in D1R distribution may explain the variation in pERK/ERK 

outcomes between the current study and our previous study (Ohene-Nyako et al., 2018). 

Another transcription regulator of MMP-9, pNF-κB, was increased in the hippocampus 

of Tg rats. This observation is similar to that obtained with in vitro studies using human 

brain microvascular endothelial cells (Huang et al., 2009) and astrocytic cells (Ju et al., 

2009) treated with Tat or HIV-infected monocytes. Two signaling pathways regulate the 

activation of NF-κB. These pathways are known as the canonical and non-canonical NF-

κB pathways. The canonical pathway of NF-κB activation involves activation of TNF-α 
receptors or members of the Toll-like receptor (TLR) superfamily. The HIV-1 protein 

Tat directly interacts with the TLR subtype 4 (TLR4) to increase production of TNF-α 
(Ben, Leghmari, Planes, Thieblemont, & Bahraoui, 2013). One of the downstream signaling 

proteins activated by the TLR4 and TNF-α pathway is NF-κB (El-Hage et al., 2008), for 

example, exposure to HIV-1 Tat increases both TNF-α levels and NF-κB activation in vitro 

(El-Hage et al., 2008). Tat interacts with NF-κB and IκBα to increase activation and nuclear 

translocation of NF-κB (Fiume et al., 2012). Thus, activation of TNF-α, TLRs or a direct 

interaction of HIV proteins and NF-κB may underlie the increase in NF-κB activation 

seen in Tg rats. Meth also increased NF-κB activation in non-Tg rats. This observation 

complements the observation of Zhang and colleagues who showed a meth-induced increase 

in NF-κB activation in cultured astrocytic cells (Zhang et al., 2015). Meth increases TNF-α 
receptor expression (Park et al., 2017) and activates TLR4 (Wang et al., 2019). These actions 

of meth may underlie the increased NF-κB activation observed in the non-Tg rats. Taken 

together, HIV proteins and meth independently increased MMP-9 possibly through NF-κB 

activation but not MAPK activation.
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While HIV-1 proteins and meth alter NF-κB and MMP-9 via common signaling pathways 

(e.g., interaction with TLR4 to increase NF-κB activation), some HIV-1 proteins can also 

directly activate NF-κB, that is, via direct interaction of Tat with NF-κB and IκBα to 

increase NF-κB activation (Fiume et al., 2012). Thus, the effects of HIV-1 protein exposure 

and meth on the BBB could be additive or synergistic. In the current study, no synergy 

or additivity was observed between the HIV-1 transgenic state and meth. However, there 

were trends for meth to potentiate the effects of HIV-1 proteins on claudin-5 and MMP-9 

levels in the comorbid brain. The doses of meth self-administered by the HIV-1 Tg rats and 

non-Tg rats in the current study were very low compared to doses administered by other rat 

strains (e.g., Sprague Dawley and Lewis rats (Graves, Clark, Traynor, Hu, & Napier, 2015; 

Kruzich & Xi, 2006)). The low self-administered doses may explain the lack of observable 

interaction between the transgenic state and meth. This notwithstanding, the low meth doses 

were sufficient to decrease occludin and increase MMP-9 protein level in the non-Tg rats, 

suggesting that a significant HIV-Tg-meth interaction may be apparent with relatively higher 

doses of meth. Furthermore, the HIV-1 Tg rat model consistently expresses HIV-1 proteins 

depicting highly active reservoirs in the brains of infected individuals. As a result, the effects 

of the HIV transgenic state may have been sufficiently robust in the HIV-1 Tg rats to mask 

the effects of meth on the evaluated outcomes. It is possible that in the event where viral 

reservoirs are partially active and/or when meth doses are sufficiently high, a significant 

interaction between HIV-1 proteins and meth will be apparent.

In conclusion, this study provides critical information regarding the effects of HIV proteins 

and meth on the BBB in vivo. The alterations in markers that mediate the pathophysiological 

remodeling of the BBB by chronic exposure to HIV-1 proteins and meth may explain the 

persistent BBB dysregulation in infected patients and meth abusers.
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BBB Blood–brain barrier

cART Combination antiretroviral therapy

CNS Central nervous system

ERK Extracellular signal-regulated kinase

GFAP Glial fibrillary acidic protein

HIV Human immunodeficiency virus

IBA-1 Ionized calcium-binding adaptor molecule 1

MAPK Mitogen-activated protein kinase

Meth Methamphetamine

MMP-9 Matrix metalloproteinase-9

NF-κB Nuclear factor-kappa B
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FIGURE 1. 
Claudin-5 and occludin protein levels. (a) Claudin-5 levels were reduced in the hippocampus 

of HIV-1 Tg rats irrespective of treatment. Occludin levels were also reduced independently 

by the HIV-1 transgene and by meth. (b) Representative photomicrograph of claudin-5, 

occludin and total protein immunoblots. Data are expressed as mean + SEM. # indicates 

significant main effects by two-way ANOVA. * indicates planned contrasts that showed 

differences with a Newman–Keuls post hoc test (p < .05). Cldn-5, claudin-5; occldn, 

occludin. n = 8/group [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2. 
Lipopolysaccharide concentrations and albumin level. (a) Lipopolysaccharide concentration 

was increased in HIV-1 Tg rats irrespective of treatment. (b) Albumin level was increased in 

HIV-1 Tg rats and meth self-administering non-Tg rats. (c) Representative photomicrograph 

of albumin and total protein immunoblots. Data are expressed as mean + SEM. * indicates 

planned contrasts that showed differences with a Newman–Keuls post hoc test (p < .05). 

EU, endotoxin unit; LPS, lipopolysaccharide. n = 6–9/group [Colour figure can be viewed at 

wileyonlinelibrary. com]
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FIGURE 3. 
Correlation of tight junction protein levels and BBB functional integrity markers. Pearson’s 

correlation revealed that tight junction protein levels in HIV-1 Tg rats (pooled across 

treatments) negatively correlated with lipopolysaccharide levels (a and b) and albumin level 

(c) (p < .05). EU, endotoxin unit; LPS, lipopolysaccharide
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FIGURE 4. 
Iba-1-stained microglia. (a) Increased cell body/cell size ratios of Iba-1-stained microglia 

were observed in all three subfields of the hippocampus in HIV-1 Tg rats. (b) 

Photomicrograph (5x) showing the evaluated subfields of the hippocampus and 40x 

photomicrographs showing increased microglial cell body and retracted processes in HIV-1 

Tg rats versus smaller cell body sizes with long ramifications in dentate gyrus of non-Tg 

rats. Scale bar: 10μm. Data are expressed as mean + SEM. * indicates planned contrasts that 

showed differences with a Newman–Keuls post hoc test (p < .05). CA, cornu ammonis; DG, 

dentate. n = 8/group [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5. 
GFAP-stained astroglia. (a) GFAP immunoreactivity was decreased independently by the 

presence of the HIV-1 transgene and by meth in all evaluated hippocampal subfields. (b) 

Photomicrograph (5X) of GFAP staining in hippocampus of Tg and non-Tg rats. Scale bar: 

200μm. Data are expressed as mean + SEM. * indicates planned contrasts that showed 

differences with a Newman–Keuls post hoc test (p < .05). CA, cornu ammonis; DG, dentate. 

n = 8/group [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6. 
MMP-9 protein levels. (a) MMP-9 protein levels were increased independently by the 

HIV-1 transgene and by meth. (b) Pearson’s correlation revealed that level of claudin-5 in 

HIV-1 Tg rats (pooled across treatments) negatively correlated with level of MMP-9. (c) 

Representative photomicrograph of immunoblots showing MMP-9-like bands (top) and total 

protein (bottom). Data are expressed as mean + SEM. * indicates planned contrasts that 

showed differences with a Newman–Keuls post hoc test (p < .05). n = 8/group [Colour figure 

can be viewed at wileyonlinelibrary.com]
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FIGURE 7. 
ERK, ΔFosB and NF-κB protein levels. (a) There were no significant differences in any 

of the evaluated groups for ERK and ΔFosB levels by two-way ANOVA. pNF-κB/NF-κB 

levels were increased independently by the HIV-1 transgene and by meth. (b) Representative 

photomicrographs of immunoblots for pERK, ERK and ΔFosB, and the total protein. 

(c) Representative photomicrographs of immunoblots for pNF-κB and NF-κB. Data are 

expressed as mean + SEM. * indicates planned contrasts that showed differences with a 

Newman–Keuls post hoc test (p < .05). n = 7–8/group [Colour figure can be viewed at 

wileyonlinelibrary.com]
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