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ABSTRACT 
 

Effective pharmacological treatment of pain with opioids requires that these drugs attain 

efficacious concentrations in the central nervous system (CNS). A primary determinant of CNS 

drug permeation is P-glycoprotein (P-gp), an endogenous blood-brain barrier (BBB) efflux 

transporter that is involved in brain-to-blood transport of opioid analgesics (i.e., morphine). 

Recently, the nuclear receptor constitutive androstane receptor (CAR) has been identified as a 

regulator of P-gp functional expression at the BBB. This is critical to pharmacotherapy of 

pain/inflammation, as patients are often administered acetaminophen (APAP), a CAR activating 

ligand, in conjunction with an opioid. Our objective was to investigate, in vivo, the role of CAR in 

regulation of P-gp at the BBB. Following APAP treatment, P-gp protein expression was 

increased up to 1.4-1.6-fold in a concentration-dependent manner. Additionally, APAP 

increased P-gp transport of BODIPY-verapamil in freshly isolated, rat brain capillaries. This 

APAP-induced increase in P-gp expression and activity was attenuated in the presence of CAR 

protein inhibitor or transcriptional inhibitor actinomycin D, suggesting P-gp regulation is CAR-

dependent. Furthermore, morphine brain accumulation was enhanced by P-gp inhibitors in 

APAP treated animals, suggesting P-gp mediated transport. A warm water (50°C) tail flick assay 

revealed a significant decrease in morphine analgesia in animals treated with morphine 3 h or 6 

h after APAP treatment as compared to animals treated concurrently. Taken together, our data 

imply that inclusion of APAP in a pain treatment regimen activates CAR at the BBB and 

increases P-gp functional expression, a clinically significant drug-drug interaction that modulates 

opioid analgesic efficacy. 
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INTRODUCTION  

 

Pain affects over 116 million people in the United States and costs ~$635 billion in 

medical treatments and lost productivity (Pain in America). Pain is a dominant symptom 

associated with acute and chronic inflammatory conditions. Pain pharmacotherapy often 

involves opioids, which are the most effective and the most widely used analgesic drugs. 

Opioids provide analgesia by binding to opioid receptors (i.e., mu, kappa, delta) on peripheral 

nerves; however, fully efficacious analgesia requires that these drugs access CNS opioid 

receptors (Hamabe et al., 2007; Labuz et al., 2007). Despite their analgesic efficacy, opioids are 

associated with multiple unwanted effects. They can cause euphoria that, in part, accounts for 

their abuse potential. Additionally, opioid pharmacotherapy can lead to respiratory depression, 

constipation, nausea, vomiting and rapid development of tolerance (Ronaldson and Davis, 

2011; Ronaldson and Davis, 2013). These adverse effects limit the opioid dose that can be 

administered and the level of analgesia that can be attained. Therefore, it is critical that brain 

opioid concentrations be maintained precisely to ensure effective pain management and to limit 

adverse drug reactions. 

Brain permeation of opioids is limited by the blood-brain barrier (BBB), a physical and 

biochemical barrier composed of microvascular endothelial cells surrounded by pericytes and 

astrocytes. BBB endothelial cells are joined by tight junctions/protein complexes, that impart a 

transendothelial resistance of 1500-2000 Ω*cm2, thereby restricting drug permeability (Butt et 

al., 1990).  The BBB also expresses efflux transporters, such as P-glycoprotein (P-gp), that 

greatly impair the ability of drugs to attain efficacious CNS concentrations. A member of the 

ATP-binding cassette (ABC) superfamily of transporters, P-gp is a 170-kDa integral membrane 

protein that is encoded by the multidrug resistance (MDR) gene (Gottesman, 1995). Two 

isoforms of the MDR gene, designated MDR1 and MDR2, have been cloned and sequenced in 

humans (Chen, 1986; Roninson, 1986). In rodents, P-gp is encoded by three genes designated 
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mdr1a, mdr1b and mdr2. While MDR2/mdr2 is primarily a hepatic transporter of 

phosphotidylcholine (Ueda et al., 1987), MDR1/mdr1a/mdr1b are expressed at multiple tissue 

barrier sites, including the BBB, and are involved in drug transport (Gottesman et al., 1995; 

Ueda et al., 1987). Since its discovery, many opioids and associated metabolites have been 

identified as P-gp substrates, including morphine (Letrent et al., 1998; Dagenais et al., 2004; 

Seelbach et al., 2007), morphine-6-glucuronide (Lotsch et al., 2002) and methadone (Bauer et 

al., 2006). P-gp is also involved in brain-to-blood transport of opioid analgesic peptides such as 

met-enkephalin and [D-penicillamine2,5]-enkephalin (DPDPE) (Dagenais et al., 2001; Kastin et 

al., 2002; Ronaldson et al., 2011). 

Nuclear receptors, such as the constitutive androstane receptor (CAR), are ligand-

activated transcription factors that are involved in P-gp regulation in several tissues including 

brain microvasculature (Bauer et al., 2004; Bauer et al., 2006; Wang et al., 2010; Chan et al., 

2011). For example, CAR activation with the known activating ligand phenobarbital (PB) 

increased P-gp expression in isolated rat brain capillaries (Wang et al., 2010). This same study 

showed that PB treatment increased luminal accumulation of fluorescently labeled cyclosporine 

A (CsA), a known P-gp substrate, suggesting enhancement in P-gp transport (Wang et al., 

2010). Although presence of CAR at the rodent BBB is well established, its expression at the 

human BBB has been debated. While Dauchy and colleagues (2008) could not detect human 

CAR (hCAR) mRNA in isolated brain microvessels from epileptic or glioma patients, studies 

using an immortalized human brain microvessel endothelial cell line (hCMEC/D3) and human 

brain-derived microvascular endothelial cells reported expression of both hCAR mRNA and 

protein (Chan et al., 2011). Additionally, Chan and colleagues (2011) found that hCAR 

activation by 6-(4-chlorophenyl)-imidazo[2,1-b]thiazole-5-carbaldehyde (CITCO) increased P-gp 

expression, providing evidence for P-gp regulation at the human BBB. Such observations may 

have profound implications for pain management regimens. For example, acetaminophen 

(APAP), a known CAR activator (Zhang et al., 2002), is often administered in conjunction with 
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morphine, a P-gp substrate, for treatment of post-operative pain (Remy et al., 2005). While CAR 

activation can increase P-gp functional expression at the BBB, the role of this mechanism in the 

context of pain pharmacotherapy has not been thoroughly examined.  

In the present study, we investigated, in vivo, effects of a single APAP dose on P-gp 

functional expression at the BBB.  We demonstrate, for the first time, that APAP acutely 

increases function/activity of P-gp by a CAR-dependent mechanism. Furthermore, this increase 

in P-gp activity is associated with significantly reduced brain accumulation of morphine and 

reduced analgesic efficacy in animals administered morphine following APAP dosing. These are 

critical findings that point towards clinically significant drug-drug interactions.  
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MATERIALS AND METHODS 

 

Materials. PSC 833 was obtained from Tocris Bioscience (Minneapolis, MN). APAP, PB, 

dimethyl sulphoxide (DMSO), actinomycin D (Act D), CsA, okadaic acid (OA), the mouse 

monoclonal anti-actin antibody, and the rabbit polyclonal anti-von Willebrand factor antibody 

were purchased from Sigma Aldrich (St. Louis, MO). BODIPY-verapamil hydrochloride was 

purchased from Life Technologies (Carlsbad, CA).  The rabbit polyclonal anti-CAR antibody was 

purchased from Abcam (San Francisco, CA). The goat polyclonal anti-lamin B antibody (M-20) 

was obtained from Santa Cruz Biotechnology (Dallas, TX) and the mouse monoclonal anti-P-gp 

antibody (C219) was purchased from ID Labs (London, ON, Canada).  

 

Animals and Treatments. All animal experiments were approved by the University of Arizona 

Institutional Animal Care and Use Committee (IACUC) and conform to National Institutes of 

Health (NIH) guidelines. Female Sprague-Dawley rats (200–250 g) were purchased from Harlan 

Sprague-Dawley (Indianapolis, IN), housed under standard 12 h light/ 12 h dark conditions, and 

provided with food and water ad libitum. Female rats were selected in order to maintain 

consistency with previous work (Seelbach et al., 2007; Ronaldson et al., 2011). Additionally, 

female rodents are preferable to males for transport studies since androgens have been shown 

to repress functional expression of ABC transporters (Cui et al., 2009). APAP (250 mg/kg, 500 

mg/kg) was prepared in 100% dimethyl sulfoxide (DMSO).  PB (80 mg/kg) was prepared in a 

50:50 ethanol:water solution. OA (0.1 ng/kg injected to obtain 2 nM plasma concentration) was 

prepared in 100% DMSO. Act D (79.48 mg/kg injected to obtain 1 µM plasma concentration) 

was prepared in 0.9% saline. All of these drug concentrations were based on the total blood 

volume of a 250 g rat. Total blood volume can be determined by the equation of Lee and 

Blaufox: [blood volume (mL) = 0.06 X body weight (g) + 0.77], which yields a blood volume of 

15.77 mL (Ronaldson et al., 2009). APAP and PB were administered by intraperitoneal (i.p.) 
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injection to female Sprague-Dawley rats at selected time points (i.e., 1 h, 3 h, 6 h or 24 h) prior 

to microvessel isolation or in situ brain perfusion. OA and Act D were administered by i.p. 

injection 1 h prior to APAP or PB treatment. Vehicle control animals were administered either 1 

µl/g 100% DMSO or 0.9% saline by i.p. injection.  

 

Microvessel Isolation. Brain microvessels were harvested as previously described by our 

laboratory (Seelbach et al., 2007; Campos et al., 2008; Ronaldson et al., 2009; Ronaldson et 

al., 2011). Briefly, following anesthesia with sodium pentobarbital (64.8 mg/mL i.p.), rats were 

decapitated and brains removed. The meninges and choroid plexus were excised and the 

cerebral hemispheres were homogenized in 4 mL of microvessel isolation buffer (103 mM NaCl, 

4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 15 mM HEPES, pH 7.4) 

containing protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). At this time, 8 mL of 26% 

dextran at 4°C was added to the homogenate and vortexed. Homogenates were then 

centrifuged (5600 x g; 4°C) for 10 min and the supernatant was aspirated. Pellets were 

resuspended in 10 mL of microvessel isolation buffer and passed through a 70 μm filter (Becton 

Dickinson, Franklin Lakes, NJ). Filtered homogenates were pelleted by centrifugation at 3000 x 

g for 10 min. At this time, the supernatant was aspirated and the pellet was collected for use in 

Western blot analyses or for preparation of cellular fractions. Cytoplasmic and nuclear fractions 

were isolated using the Qproteome® Cell Compartment Kit (Qiagen, Germantown, MD) 

according to manufacturer’s instructions. Crude membrane preparations were obtained by 

resuspending the pellet in a modified radioimmunoprecipitation buffer [50 mM Tris HCl, pH 7.4, 

150 mM NaCl, 1.0 mM EGTA, 1.0 mM sodium o-vanadate, 1% (v/v) Nonidet P-40, 0.25% (m/v) 

sodium deoxycholate, 0.1% (m/v) sodium dodecyl sulfate, 200 µM phenylmethylsulfonyl fluoride, 

and 0.1% protease inhibitor cocktail (Sigma-Aldrich)]. The cells were gently rocked for 15 min. 

at 4°C to allow lysis to occur. Lysates were then centrifuged (3,000 x g; 4°C) for 10 min. 

Denucleated supernatants were centrifuged at 100,000 x g (4°C) for 60 min. Pellets (i.e., crude 
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membranes) were resuspended in PBS containing protease inhibitor cocktail and frozen at -

20°C until future use.  

 

Western Blot Analysis. Protein isolated from rat brain microvessels was quantified using the 

bicinchoninic acid (BCA) protein assay (Pierce Biotechnology, Rockford, IL) and analyzed for 

expression of CAR and P-gp. Microvessel protein samples (10 μg) were resolved on 10% SDS-

polyacrylamide gels (Bis-Tris Criterion XT, Bio-Rad, Hercules, CA) and transferred to a 

polyvinylidene difluoride (PVDF) membrane. Protein transfer was verified by Ponceau S staining 

and PVDF membranes were incubated in Superblock (Pierce Biotechnology) containing 0.05% 

(v/v) Tween-20 overnight at 4°C. Membranes were then incubated with primary antibody (i.e., 

rabbit polyclonal anti-CAR (1:750 dilution), mouse monoclonal anti-P-gp C219 (1:2000 dilution), 

goat polyclonal anti-lamin B M-20 (1:1000 dilution) or mouse monoclonal anti-actin AC40 

(1:2000 dilution)) overnight at 4°C. The membranes were then washed in TBS-T (6 x 5 min) and 

incubated with appropriate secondary antibody for 1 h at room temperature. Membranes were 

developed using enhanced chemiluminescence (ECL, Amersham, Piscataway, NJ).  

Membranes were stained for total protein with Ponceau S and the optical density (OD) of each 

band was normalized to total protein in each sample (i.e., loading control) according to a 

previously published method (Romero-Calvo et al., 2010). Ponceau S staining has long been 

applied for quality control of membrane transfer and is often used as an alternative to individual 

housekeeping/structural proteins (i.e., actin, GAPDH) in the assessment of equal loading in 

Western blots. Ponceau S is a fast and a fully reversible stain that, when applied and quantified 

prior to antibody staining, has been validated as an alternative means to immunoblotting of 

individual specific proteins for assessment of protein loading during Western blot analysis 

(Romero-Calvo et al., 2010). Since experimental manipulations (i.e., drug treatment) have been 

shown to alter expression of housekeeping proteins (i.e., actin, GAPDH) (Aldridge et al., 2008) 

and homogenate concentrations that allow for detection of our low-abundance proteins of 
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interest (i.e., P-gp and CAR) put high abundance loading control proteins outside the linear 

range of detection (Dittmer and Dittmer, 2006), we chose to utilize total protein as our loading 

control. Bands were quantitated and corrected for background using ImageJ densitometric 

software (Wayne Rasband, Research Services Branch, National Institute of Mental Health, 

Bethesda, MD). All data was normalized to saline control values that were matched to treated 

animals from the same experimental day and reported as percent of control (% control).  

 

Confocal Microscopy. Immunofluorescence of rat brain microvessels (isolated as described 

above) was performed as previously described (Lochhead et al., 2010). Briefly, brain 

microvessels were incubated on glass slides at room temperature for 15 min to enable vessel 

adherence. This was followed by fixation in 4% paraformaldehyde for 10 min. The slides were 

blocked in 2% goat serum and 1% bovine serum albumin before incubation in C219 antibody 

(1:100) and rabbit polyclonal antibody directed against von Willebrand factor (1:5000), an 

established brain microvessel marker. Slides were incubated in the presence of both primary 

antibodies for 90 min at room temperature. All slides were then incubated with appropriate 

Alexa Fluor-conjugated secondary antibodies (i.e., Alexa Fluor 488 goat anti-mouse IgG, Alexa 

Fluor 568 goat anti-rabbit IgG; Invitrogen, Carlsbad, CA) for 60 min at room temperature in the 

dark. All slides from control and treated rats were collected and processed in parallel. Primary 

antibody was omitted from slides in each treatment group as a negative control.  All slides were 

imaged sequentially on a Leica SP5-II resonant scanner confocal microscope (Leica 

Microsystems, Buffalo Grove, IL) using 40X/1.25NA PL Apo oil-immersion objective lens. Filters 

were appropriately set to avoid bleed-through and to enhance the signal-to-noise ratio for each 

fluorophore. Images were obtained with a resolution of 2048 x 2048 and a pixel size of 0.11 μm. 

Semiquantitative analysis of the mean fluorescent intensity of P-gp was performed according to 

a previously published method (Hawkins et al., 2004). Microvessels were randomly chosen from 

rats in each treatment group and the mean fluorescence intensity was analyzed from Leica 
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Confocal Microscope image analysis software (Leica) with the data presented as % control. 

Background correction settings were the same for all images acquired to ensure that data could 

be accurately compared between treatment groups. 

 

Ex Vivo Fluorescent Transport Assay. Our ex vivo P-gp transport assay was performed as 

previously described (Bauer et al., 2004; Bauer et al., 2006) with few modifications.  Briefly, 

meninges, choroid plexus and white matter of six brains (per treatment group) were excised and 

cerebral hemispheres were homogenized in 20 mL of capillary buffer (136.9 mM NaCl, 8.1 mM 

Na2HPO4, 2.7 mM KCl, 1.5 mM KH2PO4, 1 mM CaCl2, 0.5 mM MgCl2, 5 mM D-glucose, 1mM 

Na+ pyruvate). Ficoll solution (30%) was then added to the homogenate at a volume of 40 mL, 

which was shaken and centrifuged (6000 x g; 4°C). Pellets were resuspended in 1 mL of 1% 

BSA capillary buffer and loaded onto a glass bead column. Capillary buffer containing 1% BSA 

was used as wash buffer and elution was carried out by agitation of glass beads in capillary 

buffer. Glass beads were removed via filtration and the remaining buffer was then centrifuged 

(500 x g; 4°C). The resultant pellet was washed by resuspension in capillary buffer and 

centrifuged (6000 x g; 4°C). The pellet was then resuspended in 400 μL capillary buffer and 

plated onto chambered borosilicate coverglass. Adhered brain capillaries were then incubated 

for 30 min in the presence or absence of PSC833 (5 μM) followed by incubation with the 

fluorescent P-gp substrate BODIPY-verapamil (1 μM) before visualization utilizing a Leica HCS 

A Inverted Confocal Microscope. In this assay, brain microvessels remained viable for at least 4 

h following removal from rat brain (Wang et al., 2010). Luminal fluorescent intensity was 

determined using ImageJ software. 

 

In Situ Brain Perfusion. In situ perfusion studies were carried out in female Sprague-Dawley 

rats (200-250 g) as previously described by our group (Seelbach et al., 2007; Ronaldson et al., 

2009; Ronaldson et al., 2011). Briefly, 3 h post APAP or PB treatment, animals were 
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anesthetized with sodium pentobarbital (64.8 mg/ml i.p.) and heparinized (10,000 U/kg i.p.). 

Body temperature was maintained at 37°C using a heating pad. The common carotid arteries 

were cannulated with silicone tubing connected to a perfusion circuit. The perfusate was an 

erythrocyte-free modified mammalian Ringer’s solution consisting of 117 mM NaCl, 4.7 mM KCl, 

0.8 mM MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2, 10 mM D-glucose, 3.9% (w/v) dextran (MW 

60,000), and 1.0 g/L bovine serum albumin (type IV), pH 7.4, warmed to 37°C and oxygenated 

with 95% O2/5% CO2, Evan’s blue dye (55 mg/L) was added to the perfusate to serve as a 

visual marker of BBB integrity. Perfusion pressure and flow rate were maintained at 95-105 

mmHg and 3.1 mL/min respectively. Both jugular veins were severed to allow for drainage of the 

perfusate. Using a slow-drive syringe pump (0.5 mL/min per hemisphere; Harvard Apparatus, 

Holliston, MA), [3H]morphine (0.5 μCi/ml) was added to the inflowing perfusate. Following 

perfusion, the rat was decapitated and the brain was removed. The meninges and choroid 

plexus were excised and cerebral hemispheres were sectioned and homogenized. TS2 tissue 

solubilizer (1 mL) was added to each tissue sample and the samples were allowed to solubilize 

for 2 days at room temperature. To eliminate chemiluminescence, 100 μl of 30% glacial acetic 

acid was added, along with 2 mL Optiphase SuperMix liquid scintillation cocktail (PerkinElmer, 

Boston, MA). Samples were measured for radioactivity on a model 1450 liquid scintillation 

counter (PerkinElmer). For inhibition studies, animals were perfused with erythrocyte-free 

modified mammalian Ringer’s solution containing a P-gp inhibitor (i.e., 10 µM CsA, 5 µM 

PSC833) for 10 min prior to perfusion with [3H]morphine.  

Results were reported as picomoles of radiolabeled morphine per gram of brain tissue 

(C; pmol/g tissue), which is equal to the total amount of radioisotope in the brain [CBrain; dpm/g 

tissue] divided by the amount of radioisotope in the perfusate [CPerfusate; dpm/pmol]: C = 

CBrain/CPerfusate. The brain vascular volume in rats has been previously shown to range between 6 

and 9 μL/g brain tissue (Takasato et al., 1984). Since brain tissue was processed immediately 

after perfusion with a radiolabeled substrate, all uptake values required correction for brain 
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vascular volume. This was accomplished by subtracting the average vascular volume (i.e., 8.0 

μL/g brain tissue as calculated from data reported by Takasato and colleagues) from whole-

brain uptake data obtained using [3H]morphine. Multiple time uptake data were best-fit to a 

nonlinear least squares regression model, using the following equation: C = (Kin/kout) x (1- e-

k(out)T), where C is the concentration of drug per gram of brain tissue, T is time in minutes, Kin is 

the calculated uptake transfer constant, and kout is the brain efflux rate coefficient estimated. 

The estimated brain volume of distribution (VBr) was calculated using the following equation: VBr 

= Kin/kout. All kinetic parameters were calculated using SigmaPlot 11 graphical and statistical 

software (SPSS Inc., Chicago, IL). 

 

Antinociceptive Analysis. A warm-water (50°C) tail flick assay was used to measure the 

sensitivity of the tail to a noxious thermal stimulus. Specifically, this assay measured a spinally 

and supraspinally mediated antinociceptive response, which provided an index of BBB 

permeation for morphine, a peripherally administered opioid agonist (Vanderah et al., 2008). 

Animals were gently held around the trunk, and the distal 2/3 of the tail was immersed in a 50°C 

constant temperature, circulating warm-water bath. The latency to tail flick or withdrawal of the 

tail from the water was taken as the experimental end point with a cut off of 10 sec to avoid 

tissue damage. Baseline tail flick values were obtained prior to treatment (i.e., 2.84 ± 0.1 sec). 

After baseline measurements were recorded, animals were administrated (i.p.) either APAP 

(500 mg/kg) alone, morphine (10 mg/kg) alone, morphine (10 mg/kg) and APAP (500 mg/kg) 

concurrently, morphine (10 mg/kg) 3 h post APAP (500 mg/kg) treatment or morphine (10 

mg/kg) 6 h post APAP (500 mg/kg) treatment. Testing was performed 30, 45, 60 and 120 min 

post morphine administration (or post APAP administration in the APAP alone group). Raw tail 

flick data were converted to area under the curve (AUC) using the trapezoidal method to enable 

statistical comparisons between treatment groups. 
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Statistical Analysis. Western blot analysis data are reported as mean ± SEM from at least 

three separate experiments where each treatment group consists of pooled microvessels from 

three animals. Confocal data are reported as mean ± SEM from at least 50 brain capillaries per 

treatment group. Ex vivo transport assay data are reported as mean ± SEM from three separate 

experiments where at least 50 brain capillaries were examined per treatment group. In situ brain 

perfusion data are reported as mean ± SEM from six individual animals per treatment group. 

Antinociceptive analysis data are reported as mean ± SEM from 10 individual animals per 

treatment group. To determine statistical significance between treatment groups in western blot 

and confocal experiments, Student’s t-test was used for unpaired experimental data. To 

determine statistical significance between treatment groups in ex vivo transport experiments, 

Kruskal-Wallis one-way analysis of variance (ANOVA) on ranks and the post hoc multiple-

comparison Tukey’s t-test was used. To determine significance of brain [3H]morphine 

accumulation, a repeated measures ANOVA and post hoc multiple-comparison Bonferroni t-test 

were used. To determine significance between treatment groups in tail flick experiments a two-

way time vs. treatment ANOVA and post hoc multiple-comparison Holm-Sidak t-test were used. 

A value of p < 0.05 was accepted as statistically significant.  
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RESULTS 

 
APAP Increases P-gp Protein Expression in Isolated Rat Brain Microvessels 

In order to evaluate the effect of a single dose of APAP on P-gp protein expression, 

animals were administered APAP (i.p.) 3 h prior to microvessel isolation. A 3 h time point was 

selected based on the 2.6-3.6 hr in vivo half-life of APAP in the rat (Gonzalez-Martin et al., 

1998). A known CAR activating dose of APAP (500 mg/kg) and a suboptimal dose of APAP 

(250 mg/kg) were selected; 500 mg/kg, but not 250 mg/kg APAP has previously been shown to 

activate CAR in mice (Zhang et al., 2002). A single dose of APAP (500 mg/kg) significantly 

increased (1.4-fold) P-gp protein levels in whole microvessel homogenates as compared to 

homogenates from saline and DMSO vehicle control animals (Figure 1A, B). The 250 mg/kg 

APAP dose did not significantly increase P-gp expression. Additionally, P-gp expression in the 

DMSO vehicle control group did not significantly differ from that of the saline group. DMSO has 

previously been established as a vehicle control both in CAR induction studies (Burk et al., 

2005) and in BBB transport studies in our own laboratory (Ronaldson et al., 2011). The 500 

mg/kg APAP dose was used for all subsequent experiments because this dose generated a 

significant increase in P-gp expression. Furthermore, this dose of APAP is not associated with 

overt toxicity in Sprague-Dawley rats (Kim et al., 2007; McGill et al., 2012).  

To investigate the time course of APAP’s effect on P-gp expression, animals were 

administered APAP (500 mg/kg, i.p.) or DMSO (i.p.) vehicle control 1, 3, 6 or 24 h prior to 

microvessel isolation. In accordance with the dose-response data presented in Fig 1A and B, P-

gp expression was found to be increased (1.6-fold) with APAP treatment at 3 h, as compared to 

DMSO (Figure 1C,D). Additionally, P-gp expression was increased (1.6-fold) at 6 h but was 

decreased at 24 h (0.7-fold) following APAP treatment. All subsequent experiments were 

conducted at the 3 h time point since this is where we detected the maximal increase in P-gp 

expression following a single APAP dose.  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 9, 2013 as DOI: 10.1124/mol.113.086298

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #086298                     

 

16 

In order to further examine and visualize the effect of APAP on P-gp at the BBB, we 

examined P-gp expression using confocal microscopy. Our data show that P-gp staining along 

brain microvessels was enhanced 2-fold in APAP or PB (3 h) treated animals, as compared to 

microvessels from saline treated animals (Figure 2). Taken together, these data suggest that 

APAP treatment modifies P-gp expression in rat brain microvessels.  

 

APAP Increases P-gp-Mediated Transport in Ex Vivo P-gp Transport Assay 

Since we observed an increase in P-gp expression following APAP treatment, we sought 

to determine if this corresponded to a change in P-gp transport activity. Therefore, activity of P-

gp was assessed using an ex vivo P-gp transport assay. Animals were treated with 0.9% saline 

(1 mL/kg injection volume), APAP (500 mg/kg) or PB (80 mg/kg), a well-established CAR 

activator (Wang et al., 2010). Microvessels were isolated from animals and incubated with the 

fluorescent P-gp substrate BODIPY-verapamil in the presence or absence of the P-gp inhibitor 

PSC833. Previous kinetic studies indicate that BODIPY-verapamil can be used as a probe 

substrate for P-gp (Lelong et al., 1991; Simmons et al., 1995). While BODIPY-verapamil is also 

a known substrate for multidrug resistance-associated protein 1 (Mrp1), recent studies suggest 

that Mrp1 is primarily localized to the abluminal (i.e., brain) aspect of the rodent BBB (Roberts et 

al., 2008). Therefore, Mrp1 is not expected to contribute to luminal BODIPY-verapamil 

accumulation.  Microvessels from both PB- and APAP-treated animals showed significantly 

increased luminal fluorescence as compared to the microvessels isolated from saline treated 

animals (Figure 3). An increase in luminal fluorescence is representative of an increase in brain-

to-blood (i.e., efflux) transport. In the presence of PSC833, vessels showed markedly reduced 

luminal fluorescence in each treatment group, suggesting involvement of P-gp in brain-to-blood 

transport of BODIPY-verapamil. Taken together, our data show that a single dose of APAP can 

modulate P-gp transport activity at the BBB. 
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Increased P-gp Expression/Transport is CAR-Dependent  

Since CAR has been shown to be a critical regulator of P-gp at the BBB (Wang et al., 

2010; Chan et al., 2011), and APAP is a known CAR ligand (Zhang et al., 2002), we 

hypothesized that APAP may increase P-gp protein expression via activation of CAR. CAR is a 

nuclear receptor that is activated by ligand binding in the cytoplasm. Inactive CAR is 

sequestered within the cytoplasm by cytosolic binding proteins heat shock protein 90 (Hsp90) 

and cytoplasmic CAR retention protein (CCRP) (Timsit and Negishi, 2007). Activating ligands 

recruit protein phosphatase 2A (PP2A) to the CAR-Hsp90-CCRP complex, leading to 

dephosphorylation of threonine 38 in hCAR or threonine 48 in rodent CAR (Mutoh et al., 2009). 

Dephosphorylation leads to dissociation of cytosolic binding proteins and translocation of CAR 

to the nucleus. In the nucleus, CAR forms a heterodimer with RXR, binds the phenobarbital-

responsive enhancer module (PBREM), and activates target gene transcription (Timsit and 

Negishi, 2007). Therefore, a change in the nuclear/cytoplasmic ratio for CAR is indicative of 

altered CAR-mediated signal transduction. One method of assessing activation of CAR is 

through comparison of CAR protein expression in the nucleus to that of CAR protein expression 

in the cytoplasm. To correlate expression levels of CAR with the potential for signal 

transduction, we calculated the nuclear/cytoplasmic ratio for CAR, as previously described 

(Ronaldson et al., 2009). For these experiments, microvessels from animals treated with APAP 

(500 mg/kg), PB (80 mg/kg) or saline were fractionated into cytoplasmic and nuclear 

compartments using the Qproteome cell fractionation kit (Qiagen). Western blotting and 

subsequent densitometric analysis was used to determine the level of CAR protein expression 

in the nucleus as compared to that in the cytoplasm. APAP and PB both significantly increased 

the nuclear to cytoplasmic ratio of CAR as compared to control (Figure 4), suggesting activation 

of CAR.  

The role of CAR signaling in the APAP-induced increase in P-gp transport was 

evaluated using two CAR pathway inhibitors: OA, a PP2A inhibitor, and Act D, a transcriptional 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 9, 2013 as DOI: 10.1124/mol.113.086298

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #086298                     

 

18 

inhibitor. OA blocks activation of CAR by inhibiting its dephosphorylation via PP2A (Pei, 2003). 

Act D blocks transcription by intercalating into DNA and preventing progression of RNA 

polymerases (Koba, 2005). Animals were dosed with OA (0.1 ng/kg, to obtain 2 nM plasma 

concentration) or Act D (79.5 mg/kg, to obtain 1 µM plasma concentration) 1 h prior to treatment 

with APAP (500 mg/kg), saline or PB (80 mg/kg). These doses of inhibitors were selected based 

on previous studies that showed them to be effective in inhibiting CAR activation and CAR-

induced transcription, respectively (Wang et al., 2010). OA and Act D treatment blocked the 

APAP- and PB-induced increases in P-gp expression in crude membrane preparations (Figure 

5), suggesting a dependence on dephosphorylation and transcription, respectively. In 

accordance with expression data, OA and Act D treatment significantly attenuated the increase 

in luminal BODIPY-verapamil fluorescence observed in vessels isolated from animals 

administered APAP or PB alone (Figure 6). Consistent with previous work (Wang et al. 2010), 

OA did not affect BODIPY-verapamil transport while Act D treatment decreased P-gp activity in 

control vessels. Taken together, these data suggest a role for CAR in the regulation of P-gp 

transport activity at the BBB following exposure to APAP or PB.  

 

BBB Permeability to Morphine Decreased Following APAP Treatment 

To examine functional relevance of APAP-induced P-gp upregulation, we investigated 

whether APAP pretreatment altered brain permeation of the established P-gp substrate 

morphine. In situ brain perfusion was used to determine whether APAP treatment altered blood-

to-brain transport activity of the opioid. Brain [3H]morphine uptake in saline treated and APAP 

treated animals showed increasing accumulation over the entire duration of the experiment 

(Figure 7A). In APAP-treated animals, a significant decrease (2-fold) in [3H]morphine uptake 

was observed compared with the uptake time course in saline controls. Multiple-time uptake 

data were fit using nonlinear least squares regression equation (i.e., C = (Kin/kout) x (1- e-k(out)T), 

which provided R2 values of 0.99 (saline) and 0.99 (APAP). Kinetic analysis of multiple-time 
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uptake data revealed a significant increase (p < 0.05) in kout and decrease in KIN (p < 0.05) in 

APAP treated animals as compared to saline controls (Table 1), suggesting activation of an 

efflux process for morphine at the BBB. Of particular significance, the estimated brain volume of 

distribution at steady-state (VBr) was reduced (1.6-fold) in APAP treated animals as compared to 

saline controls, indicating reduced ability of morphine to permeate brain parenchyma. 

In order to verify that observed changes in morphine brain permeation were attributable 

to changes in P-gp transport, animals treated with APAP (500 mg/kg) or PB (80 mg/kg) were 

perfused at 3 h in the presence or absence of P-gp inhibitors (i.e., 10 uM CsA, 5 uM PSC833) 

for 10 min prior to perfusion with [3H]morphine. P-gp inhibitors significantly increased 

[3H]morphine accumulation in all groups (Figure 7B). As with the APAP-treated animals, 

significantly less [3H]morphine accumulated in the brains of PB treated animals in the absence 

of a P-gp inhibitor. This effect was blocked by P-gp inhibitors CsA and PSC833, further 

confirming P-gp involvement in decreased brain permeation of morphine following APAP 

treatment.  

 
APAP Pretreatment Alters Morphine Antinociception 

As there exists an inverse relationship between morphine analgesia and P-gp 

expression levels (Hamabe et al., 2007), we speculated that altered morphine brain permeation 

following APAP treatment could result in changes in morphine analgesia efficacy. A standard 

warm-water (50°C) tail flick assay was used to assess morphine analgesia following APAP 

treatment.  In this established assay for opioid-induced analgesia, an increase in tail flick latency 

is indicative of an increased level of analgesia. Animals were administrated (i.p.) either APAP 

(500 mg/kg) alone, morphine (10 mg/kg) alone, morphine and APAP concurrently, morphine 3 h 

post APAP treatment or morphine 6 h post APAP treatment. The 3 h and 6 h time points were 

selected on the basis of Western blot data illustrating increased P-gp expression at these time 

points (See Figure 1C, D). APAP alone had no effect on tail flick latencies (no significant 
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difference from baseline latencies) during the 30 – 120 min time course or at 3 h or 6 h (data not 

shown). Morphine alone (30-120 min) exhibited increases in tail flick latencies that were directly 

comparable to previously published work (data not shown, Morgan et al., 2006; Shen and Crain, 

1997). In accordance with previous findings for morphine (Shen and Crain, 1997), analgesia in 

all animals treated with morphine and morphine with APAP peaked 60 min post morphine 

treatment (Figure 8A). Two-way ANOVA analysis showed a significant main effect for time (F(3, 

27) = 7.78, p < 0.001), a significant main effect for treatment (F(2, 27) = 3.86 , p < 0.05), and no 

time-treatment interaction (F(1,27) = .26, p > 0.05). Post-hoc comparisons using Holm-Sidak t-

tests revealed differences between animals treated with morphine and APAP concurrently and 

those treated with morphine 3 h or 6 h post APAP administration. AUC, a measure of total 

antinociception, was decreased in the 3 h post APAP group as compared to the concurrent 

administration group (See Figure 8B). While not statistically significant, a similar trend was 

evident between the concurrent administration group and the 6 h post APAP group. Taken 

together, these results suggest that animals administered morphine 3 h or 6 h after APAP 

treatment, when P-gp levels are known to be elevated, experienced less analgesia than animals 

treated with the two drugs concurrently. 
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DISCUSSION 

At the BBB, P-gp restricts entry of endogenous substrates (i.e., steroids, cytokines, 

bilirubin) into brain parenchyma in an effort to precisely control their CNS concentrations 

(Demeule et al., 2002). P-gp also limits CNS xenobiotic permeation and is a constraining factor 

for effective drug delivery and/or treatment of neurological diseases, including pain. It is well 

established that P-gp can modulate the disposition of opioids into the CNS (Hassan et al., 

2009). For example, pharmacologic inhibition studies in P-gp competent rodents and 

experimentation in P-gp deficient [mdr1a(−/−)] mice have shown that P-gp can restrict CNS 

permeation and modulate antinociceptive activities of several opioid analgesic drugs, including 

morphine, oxycodone, methadone, fentanyl, loperamide and DPDPE (Chen and Pollack, 1999; 

Letrent et al., 1999a; Dagenais et al., 2004; Hassan et al., 2007; Seelbach et al., 2007).   

P-gp expression/activity at the BBB can be directly regulated by pharmacological agents. 

Many previous in vitro and in vivo studies have shown that drugs can either modulate their own 

transport by P-gp (Zastre et al. 2009; Yousif et al. 2012) or the transport of other P-gp 

substrates (Bauer et al. 2004; Bauer et al. 2006; Wang et al. 2010; Chan et al. 2011). This 

consideration is critical in pharmacotherapy of pain where ancillary medications such as APAP 

are often combined with opioids as part of a therapeutic regimen. In the current study, we 

demonstrated, for the first time, that a single dose of APAP increases P-gp expression in 

isolated rat brain capillaries after only a single half-life (i.e., 3 h). This elevation in P-gp 

expression is maintained at least 6 h following APAP administration and is absent 24 h post 

APAP administration. Additionally, we showed that this increase in P-gp expression at 3 h 

corresponded to enhanced P-gp mediated transport activity at the BBB. Evidence for increased 

P-gp mediated transport included i) increased luminal fluorescence of BODIPY-verapamil in rat 

brain capillaries isolated from APAP-treated animals that could be attenuated by PSC833; ii) 

reduced brain uptake of morphine, an established P-gp substrate, in APAP-treated animals 

during in situ perfusion that could be prevented by P-gp inhibitors CsA and PSC833; and iii) a 
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decrease in VBr and KIN as well as an increase in kout for morphine following APAP treatment, 

reflecting enhanced brain-to-blood morphine transport. Taken together, these data indicate, for 

the first time, that a single APAP dose can enhance P-gp mediated transport processes at the 

BBB even after 3 h and 6 h APAP treatment. 

In order to fully understand implications of APAP-mediated induction of P-gp activity, it is 

necessary to identify and characterize biological mechanisms that enable drugs to modify 

endogenous BBB transport processes. APAP has been shown to be an activator of CAR (Zhang 

et al., 2002), a nuclear receptor involved in regulation of xenobiotic metabolism and elimination. 

CAR activation leads to transcription of genes that encode drug metabolizing enzymes and drug 

transporters (i.e., P-gp, MRP2, BCRP) (Burk et al., 2005; Kodama and Negishi, 2006; Wang et 

al., 2010; Chan et al. 2011). Of particular importance to this study, CAR activation has been 

shown to increase MDR1 expression in human colon adenocarcinoma cells (Burk et al., 2005) 

and P-gp expression and activity at the rodent BBB (Wang et al., 2010). While responses of 

nuclear receptors are characterized by marked inter-species differences, it is critical to 

emphasize that APAP activates both rodent CAR and hCAR (Zhang et al., 2002). This 

observation is particularly important because it points towards a mechanism that can be studied 

in an in vivo rodent model system to evaluate potential drug-drug interactions between APAP 

and P-gp substrate drugs (e.g., opioid analgesics) that may have profound clinical implications.  

As CAR translocates to the nucleus upon activation, a change in the nuclear/cytoplasmic 

ratio for CAR is indicative of altered CAR-mediated signal transduction. In the present study, we 

observed increased nuclear/cytoplasmic ratio of CAR expression in both APAP and PB treated 

animals, suggesting activation of CAR-mediated signaling by these two ligands. We further 

evaluated the role of CAR in regulation of P-gp at the BBB using two CAR pathway inhibitors 

(i.e., OA, and Act D). We observed that OA treatment prior to APAP administration attenuated 

the increase in luminal BODIPY-verapamil fluorescence observed in animals treated with APAP 

or PB. Furthermore, pretreatment with Act D before administration of APAP or PB also 
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prevented changes in luminal BODIPY-verapamil fluorescence. Taken together, these data 

provide evidence for involvement of a CAR-dependent mechanism in the in vivo upregulation of 

P-gp expression and activity triggered by APAP. 

Given that APAP increases P-gp at the BBB and the inverse relationship between 

morphine analgesia and P-gp expression levels (Hamabe et al., 2007), we assessed whether 

attenuated morphine brain permeation following APAP treatment resulted in modified morphine 

analgesic efficacy in a standard warm-water (50°C) tail flick assay. We measured differences in 

morphine analgesia in three experimental groups: i) animals administered morphine and APAP 

concurrently, ii) animals administered morphine 3 h post APAP treatment and iii) animals 

administered morphine 6 h post APAP treatment. Our data indicates that an increase in P-gp 

functional expression occurs 3 h and 6 h following a single APAP dose. Indeed, tail flick latency 

scores (in sec) reveal a significant decrease in morphine-induced analgesia in animals that 

received morphine 3 h or 6 h after APAP treatment, as compared to those that received the two 

drugs concurrently.  This finding has important clinical implications for the use of APAP and 

morphine together in pain management, as APAP is often given hours prior to morphine or co-

administered (Remy et al., 2005). As described below, this observation is also in accordance 

with clinical evidence that suggests that APAP may modify morphine brain delivery.  

The rodent APAP dose of 500 mg/kg used in this study corresponds to a Human 

Equivalent Dose (HED) of 5.67 g/day (U.S. Department of Health and Human Services, 2005). 

This HED is equal to a high therapeutic dose for humans (>4-6 g/day) (Albertson et al., 2010) 

and, thus, is often administered to patients receiving APAP for pain management. Such an 

APAP dose has the potential to activate CAR and increase P-gp functional expression at the 

BBB, an effect that has significant drug-drug interaction consequences. In fact, APAP and 

morphine are commonly used concurrently for management of postsurgical pain (Remy et al., 

2005). Since our data imply that less morphine enters the brain in the presence of APAP, co-

administration of morphine and APAP may require changes in morphine dose levels in order to 
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achieve an analgesic effect that is similar to that achieved with morphine alone (i.e., contribute 

to morphine tolerance). Studies here did not attempt to examine a model of inflammation due to 

the fact that our previous studies (Seelbach et al., 2007; McCaffrey et al, 2008) demonstrated 

inflammation-induced BBB changes, including those that may increase BBB paracellular 

permeability and compromise BBB integrity (McCaffrey et al., 2008). As such, the combination 

of morphine and APAP during times of injury may initially be offset by inflammation-induced 

opening of the BBB. Long-term/chronic effects of sustained APAP use on opioid BBB 

penetration should be examined. Additionally, modified morphine brain permeation may result in 

altered incidence of adverse effects (e.g., addiction, nausea, respiratory depression). Indeed, in 

a randomized, double-blind clinical study of patients undergoing dental surgery found that, 

acutely, APAP reduced the incidence of morphine-related adverse events (Van Aken et al. 

2004). The data of Van Aken and colleagues may be the result of altered CNS morphine 

delivery induced by APAP. However, a recent mixed treatment comparison analysis of 60 

relevant clinical studies reported that APAP reduced the amount of morphine required by 

patients to manage pain in the first 24 h following major surgery (Maund et al., 2011). This 

morphine-sparing effect was only studied acutely and is not found in all patient populations (i.e., 

young infants) or following all procedures (i.e., lumbar laminectomy and discectomy, cesarean 

delivery) (van der Marel et al., 2007; Cakan et al., 2008; Siddik et al., 2001). Taken together, the 

results of these studies may reflect, in part, altered CNS delivery of morphine as a result of prior 

or concurrent APAP exposure over time. Repeated dosing often leads to analgesic tolerance 

that may be explained, in part, by changes in P-gp at the BBB as noted here. The present study 

and clinical observations highlight the complexity of pain polypharmacy and emphasize the 

need for novel, translational studies assessing the effect of APAP and morphine co-

administration. Studies evaluating effects of chronic APAP exposure on acute morphine brain 

permeation and long-term morphine requirement for pain management are needed.  
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In summary, we describe, for the first time, increased functional expression of P-gp at 

the BBB after a single dose of APAP. We also demonstrate that activation of CAR directly 

modulates P-gp activity at the BBB, which alters morphine brain permeation and efficacy. 

Overall, these data demonstrate that CAR activation is a factor that contributes to drug-drug 

interactions involving APAP and opioids, an observation critical to the future of efficacious pain 

pharmacotherapy. 
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FIGURE LEGENDS 

 

Figure 1. APAP Increases P-gp Protein Expression in a Concentration-Dependent 

Manner. A. Animals were administered (i.p.) a single injection of saline, DMSO (vehicle control), 

APAP 250 mg/kg or APAP 500 mg/kg. After 3 h, animals were sacrificed and brain microvessels 

were isolated and prepared for Western blot analysis. Whole microvessels (10 μg) were 

resolved on a 10% SDS-polyacrylamide gel and transferred to a PVDF membrane. Samples 

were analyzed for expression of P-gp. B. Relative levels of P-gp expression in samples from A 

were determined by densitometric analysis. Results are expressed as mean ± SEM of three 

separate experiments (9 animals per group). Asterisks represent data points that are 

significantly different from control (*p < 0.05). C. Animals were administered (i.p.) a single 

injection of DMSO or APAP 500 mg/kg. After 1, 3, 6 or 24 h, animals were sacrificed and brain 

microvessels were isolated and prepared for Western blot analysis. Whole microvessels (10 μg) 

were resolved on a 10% SDS-polyacrylamide gel and transferred to a PVDF membrane. 

Samples were analyzed for expression of P-gp. D. Relative levels of P-gp expression in 

samples from C were determined by densitometric analysis. Results are expressed as mean ± 

SEM of three separate experiments (9 animals per group). Asterisks represent data points that 

are significantly different from control (*p < 0.05). 

 

Figure 2. APAP Increases P-gp Immunofluorescence. Animals were administered (i.p.) a 

single injection of saline, DMSO (vehicle control) or APAP 500 mg/kg. After 3 h, animals were 

sacrificed and brain microvessels were isolated, plated on glass slides, fixed and probed with 

mouse monoclonal anti-P-glycoprotein antibody and rabbit polyclonal antibody directed against 

von Willebrand factor (VWF). All slides were then incubated with appropriate Alexa Fluor-

conjugated secondary antibodies. A. Representative immunofluorescent images from animals 

treated with saline (top row), APAP (middle) or PB (bottom). B. Semiquantitative analysis of the 
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mean fluorescent intensity of P-gp. Microvessels isolated from treated and control animals were 

randomly selected for image analysis. Each bar represents the mean ± SEM of 50 

microvessels. Data is presented as percent of control. Asterisks represent data points that are 

significantly different from saline (**p < 0.01). 

 

Figure 3: Increased P-gp transport activity following treatment with APAP or PB. A. 

Representative images show increased luminal accumulation of BODIPY-verapamil, an 

established P-gp substrate, following treatment with known CAR activators APAP and PB. 

Luminal fluorescence was significantly reduced in the presence of PSC833, an established P-gp 

inhibitor. B. Quantification of luminal fluorescence shows that APAP and PB induced increases 

in P-gp transport activity are attenuated by the P-gp inhibitor PSC833. Results are expressed as 

mean ± SEM of at least 50 individual capillaries per group from two separate experiments. 

Asterisks represent data points that are significantly different from saline, unless otherwise 

indicated (*p < 0.05). 

 

Figure 4: Expression of CAR in brain microvessels following treatment with APAP or PB. 

A. Western blot analysis of microvessels isolated from rats treated with 500 mg/kg APAP or 80 

mg/kg PB for 3 hr. Cytoplasmic and nuclear extracts from rat brain microvessels (10 μg) were 

resolved on a 10% SDS-polyacrylamide gel and transferred to a PVDF membrane. Samples 

were analyzed for expression of CAR. B: Relative levels of CAR determined by densitometric 

analysis and the nucleus-to-cytoplasm ratio was calculated. Results are expressed as mean ± 

SEM of three separate experiments. Asterisks represent data points that are significantly 

different from saline (*p < 0.05). 

 

Figure 5: APAP-induced increase in P-gp expression attenuated by protein phosphatase 

2A/CAR pathway inhibitor OA and transcriptional inhibitor/CAR pathway inhibitor Act D. 
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Animals were administered (i.p.) a single injection of OA or Act D 1 h prior to administration of 

saline, APAP (500 mg/kg) or PB (80 mg/kg). After 3 h, animals were sacrificed and brain 

microvessels were isolated. Crude membrane fractions were isolated and prepared for Western 

blot analysis. A. Crude membrane fractions (10 μg) were resolved on a 10% SDS-

polyacrylamide gel and transferred to a PVDF membrane. Samples were analyzed for 

expression of P-glycoprotein. B. Relative levels of P-gp expression in samples from control, OA-

or Act D-treated animals were determined by densitometric analysis. Results are expressed as 

mean ± SEM of three separate experiments (9 animals per group). Asterisks represent data 

points that are significantly different from control (*p < 0.05).  

 

Figure 6: APAP-induced increase in P-gp transport attenuated by protein phosphatase 

2A/CAR pathway inhibitor OA and transcriptional inhibitor/CAR pathway inhibitor Act D. 

Animals were administered (i.p.) a single injection of OA or Act D 1 h prior to administration of 

saline, APAP (500 mg/kg) or PB (80 mg/kg). After 3 h, animals were sacrificed and brain 

microvessels were isolated and prepared for ex vivo transport assay. A. Representative 

confocal images show decreased luminal accumulation of BODIPY-verapamil, an established P-

gp substrate, following treatment with PP2A inhibitor OA or transcriptional inhibitor Act D. B. 

Quantification of luminal fluorescence shows that APAP and PB induced increases in P-gp 

transport activity are attenuated by OA and Act D pretreatment. Results are expressed as mean 

± SEM of at least 50 individual capillaries per group from two separate experiments. Asterisks 

represent data points that are significantly different from sal, unless otherwise indicated (*p < 

0.05).  

 

Figure 7: Accumulation of [3H]morphine into rat brain following APAP treatment. A. Effect 

of APAP administration (3 h) on the brain uptake of [3H]morphine as determined by in situ brain 

perfusion. Animals were perfused with [3H]morphine (0.5 mCi/ml) for 2.5, 5, 10, 15 and 20 
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minutes. Results are expressed as mean ± SEM of 6 animals per time point. Multiple time data 

was best fit (r2 > 0.99 for both treatment groups) using a non-linear, least-squares regression 

model. Asterisks represent data points that were significantly different from control (saline 

treated) animals (*p < 0.05; **p < 0.01). B. Effect of P-gp inhibitors on the brain uptake of 

morphine during inflammatory pain. Animals were perfused with P-gp inhibitors (i.e., 10 uM 

CsA, 5 uM PSC833) for 10 min prior to perfusion with [3H]morphine. Animals were then 

perfused with [3H]morphine (1.0 mCi/ml, 10 mM total concentration) for 10 minutes in the 

presence of the respective inhibitor. Results are expressed as mean ± SEM of 6 individual 

animals per time point. Asterisks represent data points that were significantly different (**p < 

0.01 from Control No Inhibitor condition; ‡p < 0.01 from respective No Inhibitor condition). 

 

Figure 8: APAP pretreatment alters morphine antinociception in hot-water (50°C) tail flick 

assay. Effect of APAP (500 mg/kg) administration on morphine (10 mg/kg) antinociception was 

assessed by hot-water tail flick. A. Time-effect curves showing an increase in tail flick latency 

that peaks 60 min post morphine dosing and is declining by 120 min. Two-way ANOVA 

indicates a decrease in morphine-induced analgesia in animals that received morphine 3 or 6 h 

post APAP treatment as compared to animals that received both morphine and APAP 

concurrently. Results are expressed as mean ± SEM of 10 animals per treatment group. *p < 

0.05 Concurrent group vs. 3 h group. †p < 0.05 Concurrent group vs. 6 h group. B. Histogram 

bars represent areas under the time-effect curves illustrated in A. Asterisks represent data 

points that are significantly different (*p < 0.05). 
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