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Abstract

The integrity and function of the gut is impaired in HIV-infected individuals, and gut pathogen-

esis may play a role in several HIV-associated disorders. Methamphetamine is a popular illicit

drug abused by HIV-infected individuals. However, the effect of methamphetamine on the

gut and its potential to exacerbate HIV-associated gut pathology is not known. To shed light

on this scenario, we evaluated colon barrier pathology in a rat model of the human comorbid

condition. Intestinal barrier integrity and permeability were assessed in drug-naïve Fischer

344 HIV-1 transgenic (Tg) and non-Tg rats, and in Tg and non-Tg rats instrumented with

jugular cannulae trained to self-administer methamphetamine or serving as saline-yoked

controls. Intestinal permeability was determined by measuring the urine content of orally

gavaged sugars. Intestinal barrier integrity was evaluated by immunoblotting or immunofluo-

rescence of colon claudin-1 and zonula occludens-1 (ZO-1), two major tight junction proteins

that regulate gut epithelial paracellular permeability. Both non-Tg and Tg rats self-adminis-

tered moderate amounts of methamphetamine. These amounts were sufficient to increase

colon permeability, reduce protein level of claudin-1, and reduce claudin-1 and ZO-1 immu-

nofluorescence in Tg rats relative to non-Tg rats. Methamphetamine decreased tight junction

immunofluorescence in non-Tg rats, with a similar, but non-significant trend observed in Tg

rats. However, the effect of methamphetamine on tight junction proteins was subthreshold to

gut leakiness. These findings reveal that both HIV-1 proteins and methamphetamine alter

colon barrier integrity, and indicate that the gut may be a pathogenic site for these insults.

Introduction

Combined antiretroviral therapy (cART) is highly efficacious in controlling HIV plasma viral

replication, and cART-adherence profoundly improves health. However, regardless of cART
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status, almost all HIV-infected individuals will eventually develop intestinal complications

[1,2], a condition referred to as “HIV enteropathy” [3]. HIV enteropathy occurs during the

acute phase of infection and throughout the advanced disease state, and it persists in patients

on cART [1,4]. The enteropathy likely reflects infected lymphoblast cells evading the immune

system that return to resting memory state during cART, but still harbor the HIV provirus and

or viral DNA to form a viral reservoir in the gut [5,6]. A persistent viral reservoir participates

in HIV pathogenesis [7], and impairment of the intestinal epithelial barrier may be involved.

The structure of the intestinal epithelium is maintained by a complex interaction of tight junc-

tion proteins that regulate diffusion of toxins, microbes and various molecules from the lumen

into the lamina propria and systemic circulation. Membrane-bound tight junction proteins

(e.g., claudins and occludins) and their adapter and scaffolding protein, regulate paracellular

diffusion, and claudins are the major determinants of paracellular transport processes [8].

Claudin-1 is largely localized in the apical region of colonic epithelial cells [9], and this trans-

membrane protein helps seal the epithelial monolayer. Zonula occuldens-1 (ZO-1) scaffolding

proteins are localized in the cytoplasm and contain a binding domain that anchors claudin

molecules to form a continuous paracellular seal. Reduction of ZO-1 expression disrupts tight

junctions and results in barrier breakdown [10]. A reduction or morphological redistribution

in sealing tight junction proteins can lead to intestinal hyperpermeability, so that contents nor-

mally restricted to the lumen (e.g., lipopolysaccharide, LPS) may translocate into the lamina

propria and circulation to promote systemic inflammation [11]. Systemic inflammation may

further dysregulate the gut, exacerbate gut pathology, and ultimately worsen disease. In HIV-

infected patients, reduced tight junction proteins such as claudin-1, claudin-7 and ZO-1 in the

colon and small intestine is associated with increased intestinal permeability, increased LPS

translocation, and increased systemic inflammation [12].

Methamphetamine is a popular illicit drug, and its use by HIV-infected individuals is asso-

ciated with a more rapid progression of HIV-related diseases [13]. The effect of methamphet-

amine on tight junction proteins in the gut is unknown. But methamphetamine is known to

disrupt another critical barrier, the blood brain barrier, causing increased permeability [14–

16] and impairing tight junction proteins [17–19]. Case reports link methamphetamine use to

ischemic colitis [20–22] and vasculitis of the distal colon [23]. Such gut pathologies may reflect

inflammation brought about by disruption of the intestinal barrier. Taken together, these

reports indicate that methamphetamine may alter intestinal tight junction proteins and pro-

mote intestinal leakiness.

The interactions between methamphetamine abuse and HIV disease progression are com-

plex and remain unclear [13]. However, the common intestinal symptomology observed in

both HIV-infected patients and methamphetamine users supports our hypothesis that the gut

is a site of comorbidity. To address this hypothesis, we studied the intestine from rats that

model key aspects of the human comorbid condition, i.e., HIV-1 transgenic (Tg) rats trained

to self-administer methamphetamine. Tg rats express 7 of the 9 HIV-1 proteins independent

of viral replication and thus provide a useful means to model HIV-infected patients with

cART-controlled viral replication [24]. To model humans abusing methamphetamine, rats

were allowed to self-administer the drug. To determine gut barrier function, the permeability

of the colon was determined by assessing orally gavaged sugar probes excreted in the urine.

Colon barrier integrity was also assessed by immunoblotting or staining for claudin-1 and ZO-

1 protein in the colon epithelium. Study outcomes reveal changes in colon barrier function

and integrity within the colon of HIV-1 Tg rats and demonstrate colon hyper-permeability in

the comorbid condition.

Meth and HIV in colon
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Materials and methods

Animals

Twenty male HIV-1 Tg Fischer 344 rats (Envigo Laboratories, Indianapolis, IN) were pur-

chased at 3–4 weeks of age and raised in the Rush University vivarium. Twenty male non-Tg

Fischer 344 rats were age-matched to the Tg rats and purchased (Envigo Laboratories) two

weeks prior to experimentation. All rats were housed in pairs in the environmentally-con-

trolled (12h light/dark cycle; lights on at 7AM) with food and water available ad libitum. At the

end of each experiment, rats were intraperitoneally (ip) administered chloral hydrate (400mg/

kg). This dose of ip chloral hydrate produces sedation within minutes [25,26], responding to

moderate aversive stimulation (e.g., toe pinch) is lost by 15min post injection, and deep anes-

thesia adequate for surgical procedures (e.g., loss of responding to skin incision [27], alter-

ations in brain activity consistent with anesthesia [28]) occurs within 30min post-injection

and persists for 90min post-injection [25]. Thus, at approximately 30min post injection and

following complete loss of responding to a strong paw pinch and chest skin incision, the rats

were killed via pneumothorax and transcardially perfused with saline. All procedures were

performed in accordance with the Guide for the Care and Use of Laboratory Animals (National

Research Council, Washington DC) and approved by the Rush University Institutional Ani-

mal Care and Use Committee.

Self-administration procedure

Implantation of intravenous catheters. Procedures for catheter implants followed our

previously published protocols [29–31]. In brief, rats (n = 40; weighting at least 250g) were

anesthetized with 2–3% isoflurane and implanted with custom built catheters constructed of

silastic tubing (0.3mm ID × 0.64mm OD; Dow Corning Co., Midland, MI) in the right jugular

vein. The opposite end of the cannula was passed subcutaneously over the mid-scapular region

and exited through a metal guide cannula (22 gauge; Plastics One Inc., Roanoke, VA). Rats

were allowed to recover from surgery for 10–14 days. Topical antibiotic (bacitracin) was

applied as needed. Catheters flushed daily with 0.1–0.2ml sterile saline to maintain patency,

implied by ease of flushing and consistent methamphetamine self-administration.

Self-administration. Operant chambers (Med-Associates, St. Albans, VT) were equipped

with two ‘nose-poke’ holes, a stimulus light above each hole, an audio tone generator, and a

house light. Each operant chamber was enclosed in a ventilated, sound-attenuating chamber.

Infusions were delivered via syringe in a motor-driven pump. Self-administration sessions

were conducted 2h/day for a total of 21 days.

A nose-poke in the ‘active’ hole (left hole) resulted in a 6s infusion of (+)methamphetamine

HCl (0.02mg/kg per 0.05mL sterile saline; Sigma-Aldrich, St. Louis, MO) on a fixed-ratio 1

(FR1) schedule of reinforcement. During the infusion, the cue light above the active hole was

illuminated and a 65dB tone was generated. During this time, additional nose-pokes were

recorded but were not reinforced. There was no post-infusion timeout period. For self-admin-

istration days 8–21, the infusion of methamphetamine was increased to 0.04mg/kg per 0.05mL

sterile saline and remained on a FR1 schedule of reinforcement. Nose-pokes in the ‘inactive’

hole (right hole) had no programmed consequence. Control rats were saline-yoked to a meth-

amphetamine counterpart of the same genotype; these rats received a non-contingent infusion

of saline (0.05mL) accompanied by a light and tone cues each time their methamphetamine

counterpart received a methamphetamine infusion. For saline-yoked rats, nose-pokes in either

hole were recorded but had no programmed consequence. One Tg rat died from undeter-

mined causes during the self-administration paradigm.

Meth and HIV in colon
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Intestinal permeability

Intestinal permeability was assessed as previously published [32,33] in naïve (i.e., un-instru-

mented) rats (12 weeks of age), and rats that underwent self-administration procedures (17–22

weeks of age). For the latter, permeability testing was conducted one day after the last operant

session. Briefly, all rats were fasted overnight prior to permeability testing. After the fast, rats

were given a 1.5mL sugar cocktail containing sucrose (142.5mg), mannitol (7.5mg), lactulose

(26.75mg) and sucralose (3.75mg) via oral gavage. To promote urine output, each rat received

8mL of lactated Ringer’s solution subcutaneously, immediately following oral sugar adminis-

tration. Rats were housed individually in metabolic cages, and urine was collected for 5h.

Urine sugar levels were measured by gas chromatography as previously described [34,35].

Briefly, urine samples (100μL) were mixed with 1mg myo-inositol as the internal standard.

The standard tube contained 1mg of the 4 sugar cocktail (sucrose, lactulose, mannitol, and

sucralose). All samples were hydrolyzed with 2M trifluoracetic acid; hydrolyzed samples were

then reduced by dissolving in 1M ammonium hydroxide. A solution of dimethyl sulfoxide

containing 20mg/mL of sodium borodeuteride was added to the samples and kept at 40˚C for

90min. For O-acetylation, 100μl of 1-methylimidazole and 0.5mL of acetic anhydride was

added to the samples followed by a mixture of 4mL water/1mL methylene chloride. The sam-

ples were dried and the final residue dissolved in 0.5mL acetone for gas chromatography. Gas

chromatography was performed using an Agilent 6890 GC equipped with a flame ionization

detector with a DB-225MS column (30m × 250μm ID with a 0.25 film thickness). The detector

and injector temperatures were set at 300˚C and 240˚C respectively. The initial column tem-

perature of 100˚C was held for 2min and then increased at a rate of 10˚C/min and held at

180˚C for another 2min. The column temperature was further increased at a rate of 4˚C /min

to 240˚C, which was maintained for 15min. The total run time was 42min.

Immunoblotting

Colon tissues (20mg) were washed in PBS and centrifuged; the supernatant was discarded. Mem-

brane and cytoplasmic fractions were extracted from the pellets using the NE-PERTM kit (Thermo-

Fisher Scientific, Waltham, MA). The supernatant (cytoplasmic extract) was removed and the

pellet (containing the membrane fragments) suspended in 100μl of tris-triton buffer. Samples were

incubated on ice for 20min and then centrifuged (16000xg for 10min). The supernatant was col-

lected and stored at -80˚C. Protein concentration was determined using the Bradford assay [36].

Homogenized colon samples (10μg) were boiled at 100˚C for 5mins with 2x Laemmli sam-

ple buffer (Bio-Rad Laboratories, Hercules, CA). Samples were electrophoresed on 15% tris-

HCl gels and transferred to 0.2μm nitrocellulose membranes. Non-specific binding sites were

blocked using 2.5% bovine serum albumin and 2.5% non-fat dry milk in tris-buffered saline /

Tween-20 (TBS-T), for 1h at room temperature (RT). Membranes were incubated overnight at

4˚C with claudin-1 primary antibody (1:1000, Santa Cruz Biotechnology, Dallas, TX) in TBST.

Membranes were incubated in HRP-conjugated rabbit anti-mouse secondary antibody

(1:2000, Jackson ImmunoResearch, West Grove, PA) for 1h at RT. Protein bands were visual-

ized using Pico chemiluminescent substrate (ThermoFisher Scientific). Membranes were

stained with a Ponceau S solution (Sigma-Aldrich, St. Louis, MO) and used as the loading con-

trol. Films and Ponceau S-stained membranes were scanned and optical density determined

using ImageJ software (NIH, Bethesda, MD).

Immunofluorescence

Distal colons were excised from all rats, extensively flushed with phosphate-buffered saline,

embedded into optimal cutting temperature compound, and flash frozen. Embedded colon
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samples were stored at -80˚C. Two distal colon sections (20μm) were evaluated for each rat.

Sections were post-fixed with acetone (-20˚C for 15min), air-dried, and incubated in 3%

serum (specific serum targeting host of the secondary antibody) and 2% bovine serum albumin

for 1h before overnight incubation with primary antibody for claudin-1 (1:50) or ZO-1 (1:100)

for 24h at room temperature. Sections were washed and incubated with rhodamine-conju-

gated secondary antibody (1:100) or Alexa Fluor1 555 (1:400) for 1h at room temperature. All

sections were counter-stained with DAPI (5min, 1:10,000) to identify cell nuclei. All antibodies

were sourced from ThermoFisher Scientific.

Quantification and statistical analyses

The number of active nose-pokes, inactive nose-pokes and infusions were averaged across all

sessions. The active and inactive nose-pokes were analyzed using a two-way ANOVA with

Newman-Keuls post-hoc comparisons. The average number of infusions per session and

cumulative methamphetamine intake were analyzed using a non-directional Student’s t-test.

The urine sucralose/lactulose ratio and claudin-1 protein expression (immunoblots) were

analyzed using a two-way ANOVA with genotype and treatment as factors. A post hoc New-

man-Keuls test was used for between-group differences; planned contrasts selected for compari-

sons were treatment within each genotype, and treatment between genotypes. Claudin-1 and

ZO-1 immunofluorescence were scored by two genotype and/or treatment-blinded observers

using images magnified 20x on a Zeiss confocal or an Olympus microscope. A rating scale was

developed that accounted for intensity and distribution of tight junction immunofluorescence

as follows: 0 = no immunofluorescence, 1 = light, discontinuous immunofluorescence, 2 = light,

continuous immunofluorescence, 3 = intense, discontinuous immunofluorescence, 4 = intense,

continuous immunofluorescence around the crypts. Within each section, 15–20 crypts were

identified, and immunofluorescence was scored. Scores were analyzed using a corrected one-

tailed, non-parametric Mann-Whitney U-test (α = 0.025) to allow for the multiple planned con-

trasts (listed above). All data were analyzed using GraphPad Prism 5.0 (GraphPad Software, La

Jolla, CA) or GB-Stat (Dynamic Microsystems, Silver Spring, MD) and are represented as mean

+SEM.

Results

Methamphetamine self-administration

Non-Tg and Tg rats similarly acquired and maintained the operant task necessary for self-

administration of methamphetamine. There was a significant increase in the number of nose-

pokes in the active hole compared to the inactive hole (F(1,17) = 35.9, p<0.0001), independent

of genotype (F(1,17) = 0.03, p = 0.88; Fig 1A). There also was no difference between genotypes

in the average number of infusions per session (t(17) = 1.38, p = 0.2; Fig 1B) or total cumulative

methamphetamine intake (t(17) = 1.11, p = 0.28; Fig 1C). Additionally, we determined that

there was no effect of genotype on the number of methamphetamine infusions across the ses-

sions (genotype: F(1,17) = 1.82, p = 0.19; time: F(20,340) = 11.65, p<0.0001; interaction: F(20,340) =

2.98, p = 0.76). Saline-yoked rats received equal numbers of saline infusions as their metham-

phetamine self-administering counterparts.

Effect of genotype and methamphetamine self-administration on intestinal

permeability

Intestinal permeability was assessed in non-Tg and Tg rats that self-administered metham-

phetamine and saline-yoked controls. For the functional permeability assessment (Fig 2), there

Meth and HIV in colon
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Fig 1. Methamphetamine self-administration in non-Tg and Tg rats. (A) Non-Tg and Tg rats similarly performed

the methamphetamine self-administration task. Shown is the average number of nose-pokes per 2h session across 21

days by non-Tg and Tg rats. There were a greater number of active nose-pokes vs inactive nose-pokes for both

genotypes. Non-Tg and Tg rats did not differ in the (B) average number of methamphetamine infusions per session, or

(C) total methamphetamine intake (Student’s t-test, � p<0.05; �� p<0.01).

https://doi.org/10.1371/journal.pone.0190078.g001
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was a significant effect of genotype (F(1,33) = 12.38, p = 0.001) on the sucralose/lactulose ratio,

which confirmed our preliminary findings [37]. However, there was no effect of treatment

(F(1,33) = 1.4, p = 0.25) and no interaction (F(1,33) = 0.003, p = 0.96). Post hoc analysis indicated

a significant difference between non-Tg and Tg rats, for both saline-yoked and methamphet-

amine treatment groups.

Effect of genotype and methamphetamine self-administration on barrier

integrity

Our pilot suggested that increased colon permeability may be due to a loss of barrier integrity

that is maintained by tight junction proteins [37]. Thus, here we used membrane fractions of

distal colon homogenates to assess levels of claudin-1 using immunoblots (Fig 3). There was a

significant effect of genotype on claudin-1 expression (F(1,32) = 6.87, p = 0.01), but no effect of

treatment (F(1,32) = 0.91, p = 0.34) and no interaction (F(1,33) = 0.15, p = 0.70), similar to func-

tional permeability outcomes. To determine if colon leakiness was due to an overall loss of

tight junctions or a change in the distribution of tight junction protein expression, we used

immunofluorescence to qualify the staining patterns of claudin-1, as well as a second tight

junction protein, ZO-1. The integrity of the intestinal barrier in the non-Tg saline-yoked rats

appeared to be intact, as indicated by the continuous and intense claudin-1 (Fig 4A) and ZO-1

(Fig 5A) immunofluorescence around the crypts. Relative to these non-Tg saline-yoked rats,

saline-yoked Tg rats exhibited significantly altered claudin-1 (U = 3.0, p = 0.0001; Fig 4B) and

ZO-1 (U = 20.0, p = 0.015; Fig 5B) immunofluorescence around the colonic crypts. Also com-

pared to non-Tg saline-yoked rats, non-Tg rats that self-administered methamphetamine

exhibited significantly altered claudin-1 (U = 19.0, p = 0.007) and ZO-1 (U = 13.5, p = 0.004)

immunofluorescence, wherein the intensity of staining was normal, but the staining pattern

was discontinuous. Methamphetamine self-administering Tg rats had light and discontinuous

claudin-1 immunofluorescence (see Fig 4A, lower right), which was significantly different

from methamphetamine self-administering non-Tg rats (U = 12.0, p = 0.003). In contrast, ZO-

1 immunofluorescence in both the methamphetamine self-administering and saline-yoked Tg

Fig 2. Colon permeability. Tg rats, regardless of methamphetamine self-administration, exhibited a significantly more

permeable colon, as assessed the by the sucralose/lactulose ratio, compared to non-Tg saline yoked-rats (p = 0.001).

Methamphetamine self-administration did not result in a significant difference (p = 0.25), and there was no interaction

between genotype and meth (p = 0.96). Horizontal lines indicate planned contrasts that showed differences with a

Newman-Keuls post hoc test (� p<0.05).

https://doi.org/10.1371/journal.pone.0190078.g002
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Fig 3. Claudin-1 protein expression. (A) Immunoblot illustrating claudin-1 (23kDa) in the distal colon from 8

different samples (s, saline; m, meth). Arrow indicates molecular weight at 25kDa. (B) Overall, Tg rats had a

significantly less claudin-1 compared to non-Tg rats (p = 0.01). Methamphetamine (meth) self-administration did not

result in a significant difference (p = 0.34), and there was no interaction between genotype and meth (p = 0.70).

Horizontal lines indicate an overall effect of genotype from the two-way ANOVA (� p<0.05).

https://doi.org/10.1371/journal.pone.0190078.g003

Fig 4. Claudin-1 immunofluorescence. (A) Representative photomicrographs of claudin-1 immunofluorescence

(red) in the distal colon of saline-yoked (top) and methamphetamine (meth) self-administering (bottom) non-Tg (left)

and Tg (right) rats. Sections were counterstained with DAPI (blue) to identify crypts. Colon tissue from saline-yoked

non-Tg rats exhibited continuous, intense claudin-1 immunofluorescence around the epithelial cells within the crypts

(top, left); whereas colons from saline-yoked Tg rats exhibited light, continuous claudin-1 immunofluorescence (top,

right). Non-Tg rats that self-administered methamphetamine had discontinuous claudin-1 immunofluorescence

(bottom, left). Tg rats that self-administered methamphetamine (bottom, right) displayed the least amount of claudin-

1 immunofluorescence. White bar = 25μm. (B) A scale from 0–4 was used to score claudin-1 immunofluorescence (see

Methods). As indicated by horizontal lines above the bars, scores differed significantly between saline-yoked (open bars)

non-Tg and saline-yoked Tg rats, methamphetamine self-administering (filled bars) non-Tg and Tg rats, and saline-

yoked non-Tg and methamphetamine self-administering non-Tg rats. Mann-Whitney U-tests corrected for multiple

comparisons (�� p<0.01).

https://doi.org/10.1371/journal.pone.0190078.g004
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rats was intense, however discontinuous (see Fig 5A, lower right). There was no significant dif-

ference in claudin-1 immunofluorescence score (U = 34.0, p = 0.18) or ZO-1 (U = 28.0,

p = 0.07) between the Tg saline-yoked or Tg methamphetamine self-administering rats.

Discussion

Using the non-infectious HIV-1 Tg rat model of HIV-infected humans on cART, we describe

increased colon barrier permeability associated with the expression of toxic HIV-1 proteins

and alteration of tight junction protein expression. We reveal that HIV-1 Tg rats recapitulated

the colon permeability seen in HIV-infected patients [38,39]. We also reveal that methamphet-

amine altered claudin-1 and ZO-1 expression in the colon. However, colon pathology in the

comorbid scenario was not greater than that found with either condition alone, i.e., in HIV-1

Tg rats given saline or with methamphetamine exposed non-Tg rats.

Animal models that recapitulate key aspects of human disease are critical for understanding

the biology of the disease, as well as for medication development. There are several rodent

models of HIV-infection, and of methamphetamine addiction. Regarding the former, the

humanized mouse model recapitulates important pathologies of HIV/AIDS such as depletion

of CD4+ T cells, generalized immune activation [40], and gut barrier pathology [41]. However,

these mice retain innate immune responses and exhibit difficulty in generating memory T cells

[42], which may influence outcomes. Mice that express single genes, such as the HIV-1 pro-

teins gp120 or Tat, allow evaluation of the effects imposed by only one of seven identified toxic

HIV-1 proteins. HIV-1 Tg rats express all seven of the toxic viral proteins, the two genes

responsible for infection and replication (gag-pol) are absent [43]. These rats recapitulate viral

protein expression patterns seen in HIV-infected humans, especially those maintained on

anti-retroviral regimens [24]; therefore, these rats are used to study HIV/AIDS-related pathol-

ogies [44]. Another factor that influenced the choice of model was the capacity of the rats to

acquire and perform self-administration operant tasks (discussed below), which are more diffi-

cult for mice.

Fig 5. ZO-1 immunofluorescence. (A) Representative photomicrographs of ZO-1 immunofluorescence (red) in the

distal colon of saline-yoked (top) and methamphetamine self-administering (bottom) non-Tg (left) and Tg (right)

rats. Sections were counterstained with DAPI (blue) to identify crypts. Saline-yoked non-Tg exhibited continuous ZO-

1 immunofluorescence around the epithelial cells within the crypts (top, left); whereas non-Tg rats that self-

administered methamphetamine had discontinuous ZO-1 immunofluorescence (bottom, left). Saline-yoked non-Tg

and Tg rats that self-administered methamphetamine also had discontinuous ZO-1 immunofluorescence (right).

White bar = 25μm. There was no group difference in intensity of ZO-1 immunofluorescence. (B) A scale from 0–4 was

used to score ZO-1 immunofluorescence (see Methods). As indicated by horizontal lines above the bars, scores differed

significantly between saline-yoked (open bars) non-Tg and saline-yoked Tg rats, and saline-yoked non-Tg and

methamphetamine self-administering (filled bars) non-Tg rats. Mann-Whitney U-tests corrected for multiple

comparisons (� p<0.025).

https://doi.org/10.1371/journal.pone.0190078.g005
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Study outcomes support the validity of HIV-1 Tg rats as a model for gut pathology seen in

HIV-infected humans. We revealed, that similar to the clinical scenario [38,39], colon barrier

function and integrity is impaired in HIV-1 Tg rats as compared to non-Tg rats. Recently,

Banerjee et al. [45] reported gut leakiness, i.e., increased serum LPS in HIV-1 Tg rats exposed

to binge alcohol treatment. In contrast to our results, alcohol-free Tg rats did not show changes

in gut permeability compared to non-Tg un-treated rats. This discrepancy may be due to the

fact that our rats were 17–22 weeks of age and males, whereas the rats used in the Banerjee

study were 6–8 weeks old and females. As HIV-1 Tg rats show age-dependent differences in

HIV-1 protein mRNA expression [24], it is possible that the duration of exposure to viral pro-

teins may determine the extent of barrier damage, such that older rats will show enhanced bar-

rier pathology relative to younger rats. Sex may also be a discriminating factor. Estrogen

improves esophageal barrier function and reduces epithelial barrier permeability by potentiat-

ing occludin expression in rabbits [46]. Estrogen also attenuates oxidative stress induced by

the HIV-1 proteins Tat and gp120 [47]. It may be that estrogen produced by the female Tg rats

used by Banerjee et al. [45] may have conferred protection against the effect of the viral pro-

teins on the colon epithelial barrier.

To assess functional colon status, we evaluated the translocation of small sugar probes. The

use of small sugar probes to evaluate intestinal paracellular permeability is simple and non-

invasive [48]. Sucralose is stable throughout the gastrointestinal tract, and lactulose evaluates

small intestine permeability. Thus, the ratio of sucralose/lactulose specifically assesses colon

barrier permeability [35]. HIV-1 Tg rats had a higher urine sucralose/lactulose ratio compared

to non-Tg rats. This observation recapitulates the enhanced colon permeability seen in HIV-

infected humans [38,39].

To indicate a mechanism that underlies gut leakiness imposed by chronic exposure to HIV-

1 proteins, we evaluated protein expression using immunoblotting and immunofluorescence

for the tight junction protein, claudin-1, in the colon of saline-yoked HIV-1 Tg and non-Tg

rats. There was an overall decrease in claudin-1 protein in the distal colon of Tg rats; i.e.,

immunofluorescence demonstrated lighter intensity staining that was discontinuous in pattern

in the Tg rats, suggesting abnormal expression and distribution of claudin-1. These observa-

tions support and extend a preliminary study by Zhang et al. [41], in which colon claudin-2, a

pore-forming claudin (that regulates permeability), was increased in the humanized mouse

model of HIV. The current findings also concur with studies of humans by Chung et al. [38]

who reported a dysregulation of claudin-2 and -4, and Tincati et al. [39] who reported a reduc-

tion in claudin-1 and -7 in biopsied colonic tissues from HIV-infected patients on antiretrovi-

ral therapy, relative to healthy controls. We also evaluated ZO-1, an intracellular scaffolding

protein that organizes and maintains tight junction proteins by linking transmembrane pro-

teins, such as claudin-1, sealing paracellular transport [10]. In the colon of saline-yoked Tg

and non-Tg rats, there was a decrease in ZO-1 staining. However, following methamphet-

amine exposure, the pattern and distribution of staining was discontinuous, regardless of

genotype. In a recent study by Patel et al, exposure to Tat and methamphetamine altered ZO-1

expression in an in vitro model of the blood-brain barrier; however, alterations in functional

permeability were not obtained [49]. This suggests that alterations in the distribution and

expression of multiple tight junction proteins may play a role in the functional permeability

that was observed in the current in vivo study with non-Tg and Tg rats.

To determine the effect of methamphetamine use during exposure to HIV-1 proteins on

the outcomes of colon pathology, we utilized a contingency operant paradigm wherein HIV-1

Tg rats self-administered methamphetamine. To our knowledge, there are four published

studies on methamphetamine in HIV-1 Tg rats [50–53]. In all four, non-contingent adminis-

tration approaches were used, with doses that are significantly greater than the daily intake of
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methamphetamine self-selected by the rats. Allowing rats to self-titrate methamphetamine in

the context of visual and audio cues emulates the motivational aspects of drug-taking in

humans, and controls for the known contributions imposed by task contingencies that influ-

ence behavioral and biochemical readouts of drug exposure in rats [54,55]; for review, see

[56]). Fischer 344 rats exhibit a low motivational state; they have lower levels of drug intake in

operant tasks when directly compared to Lewis [57–60], and as compared to reports with Spra-

gue-Dawley rats, including those from our laboratory [29,30,61]. We observed low levels of

responding in the current study by non-Tg rats even with a FR1 schedule of reinforcement for

methamphetamine self-administration. This response profile was not significantly altered in

the Tg rats, for both genotypes exhibited similar rates of task acquisition and stable operant

behavior. These outcomes are similar to our previous study with self-administered cocaine

[31] in which drug intake did not differ between Tg and non-Tg rats. In contrast, it was

recently reported that Tg rats were more sensitive to lower doses of cocaine (but not heroin)

than non-Tg rats, after stable self-administration behavior had been acquired [62]. Several pro-

tocol differences may explain these divergent outcomes, e.g., McIntosh et al. [62] used different

drug doses for each genotype during acquisition of self-administration, whereas we used the

same dose of methamphetamine for both genotypes. The contribution of HIV-1 proteins to

reward-motivated behavior is complex, e.g., overexpression of the HIV-1 protein Tat potenti-

ates ethanol and cocaine-induced conditioned place preference in mice [63,64]. Thus, addi-

tional studies in this exciting new field will be exceptionally informative.

HIV-infection in humans results in marked gut pathology [7], but the status of the intestine

in methamphetamine abuse is largely unstudied. Here, we reveal a morphological disorganiza-

tion of the colon tight junction proteins claudin-1 and ZO-1 in methamphetamine self-admin-

istering non-Tg rats relative to saline-yoked non-Tg rats. Functional permeability of the colon

was not significantly altered by methamphetamine within either non-Tg or Tg groups of rats.

These findings indicate that while the exposure levels of methamphetamine employed in the

current study is sufficient to alter colonic tight junction protein expression and localization,

these effects may be subthreshold to, or compensated for, putative effects on functional perme-

ability. It is possible that barrier function would be compromised with higher doses of meth-

amphetamine or longer methamphetamine exposure. The moderate levels of

methamphetamine intake by the rats used in the current study may have contributed to the

absence of an observable interaction of HIV-1 proteins and methamphetamine. Alternatively,

the effect of the HIV-1 proteins alone may have been sufficiently robust, such that a ‘ceiling’

effect reflects the lack of enhancement by methamphetamine in the current comorbid model.

Regardless, there is literature showing that HIV-1 proteins and methamphetamine may have

both distinct and common mechanisms for disrupting tight junction protein expression and/

or production. HIV-1 proteins stimulate the production of the pro-inflammatory cytokine

TNF-α by epithelial cells, which can activate NF-κB followed by marked reduction in the tight

junction protein expression that is due to reduced transcription [65,66]. HIV-1 proteins also

stimulate matrix metalloproteinase (MMP) and proteasome activity, which can increase the

degradation of barrier proteins that impact barrier continuity [67,68]. Methamphetamine has

pro-inflammatory effects in brain [69] and detrimental effects on blood-brain barrier integrity

via activation of MMP-9 in rodents [70,71]. It is plausible that the capacity of methamphet-

amine to alter intestinal tight junctions may also involve the pro-inflammatory cascades or

increased MMP pathways. Future studies using intestinal epithelial cell lines with HIV-1 pro-

teins and physiologically relevant doses of methamphetamine would be useful in identifying

the mechanistic pathways for proposed barrier disruption.

The observation that the colon is a pathological site for HIV-1 proteins and methamphet-

amine has translational relevance in several domains. First, indices of gastrointestinal
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pathology may aid in the early diagnosis of brain pathologies. For example, in Parkinson’s dis-

ease, gastrointestinal dysfunction precedes motor symptoms [72], and enteric α-synuclein sta-

tus may serve as early markers of this disease [73]. We have preliminary findings showing that

enteric α-synuclein is increased in methamphetamine self-administering Sprague-Dawley rats

[74]. Moreover, the preclinical outcomes observed in the current study support case reports

indicating that gut pathology is a consequence of methamphetamine abuse [20–23], and illus-

trate that this field of study would be a fruitful pursuit toward understanding the exaggerated

pathology that is associated with comorbid methamphetamine use and HIV-infection [75–77].

Finally, our findings support the utility of HIV-1 Tg rat models for studies on gut dysfunction

related to HIV-infected individuals on cART and the consequences of this infection in the

context of methamphetamine abuse.
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