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Abstract
The blood brain barrier protects the brain from circulating compounds and drugs. The ATP-
binding cassette (ABC) transporter P-glycoprotein (Pgp) is involved with the barrier, both
preventing the influx of agent from the blood into the brain and facilitating the efflux of
compounds from the brain into the blood, raising the possibility of a similar role for other
transporters. Multidrug resistance associated protein (MRP), a 190 kDa protein similar to Pgp is
also ABC transport that has been implicated in the blood brain barrier. The current study explores
its role in opioid action. Immunohistochemically, it is localized in the choroid plexus in ratsand
can be selectively downregulated by antisense treatment at both the level of mRNA, as shown by
RT-PCR, and protein, as demonstrated immunohistochemically. Behaviorally, downregulation of
MRP significantly enhances the analgesic potency of systemic morphine in MRP knockout mice
and in antisense-treated rats by lowering the blood brain barrier. Following intracerebroventricular
administration, a number of compounds, including some opioids, are rapidly secreted from the
brain into the blood where they contribute to the overall analgesic effects by activating peripheral
systems. MRP plays a role in this efflux. Downregulating MRP expression leads to a
corresponding decrease in the transport and a diminished analgesic response from opioids
administered intracerebroventricularly. Thus, the transporter protein MRP plays a role in
maintaining the blood-brain barrier and modulates the activity of opioids.
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Introduction
The blood-brain barrier impedes the entry of compounds from the blood to the brain, thereby
providing protection from circulating agents that might influence brain function. However,
evidence suggests that this barrier, which contains a number of transporters, may have a
second role in the secretion of compounds from the brain to the peripheral circulation
(Banks et al., 1993;Banks and Kastin, 1987;Banks and Kastin, 1996;King et al., 2001). For
example, tumor necrosis factor (TNF-α) given intracerebroventricularly rapidly appears
intact in the circulation despite the fact that intravenous TNF-α does not gain appreciable
entry into the brain (Bodnar et al., 1989). Others have explored the secretions of other
cytokines from the brain into the systemic circulation (Goodman et al., 1990;McClain et al.,
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1991;Romero et al., 1996). In a series of elegant studies, Reichlin and colleagues
demonstrated that i.c.v. injections of interleukin-1β stimulated the secretion of interleukin-6
in the brain which then appeared in the peripheral circulation (Romero et al., 1996).

P-glycoprotein (Pgp) is a well established transporter that has been associated with the blood
brain barrier, both structurally (Cordon-Cardo et al., 1989;Hegmann et al., 1992;Tatsuta et
al., 1992) and functionally (Regina et al., 1998;Schinkel et al., 1994;Schinkel et al.,
1995a;Schinkel et al., 1995b;Schinkel et al., 1996). Like other members of the ATP binding
cassette (ABC) transporters, Pgp effluxes a wide range of molecules. Initial studies focused
upon chemotherapeutic agents and the role of increased Pgp expression with
chemoresistance. Among the large number of substrates are the opioids. Pgp has been
directly implicated in opioid actions (Aquilante et al., 1999;Callaghan and Riordan,
1993;Chen and Pollack, 1998;King et al., 2001;Thompson et al., 2000;Zong and Pollack,
2000). Elimination of Pgp greatly enhances the actions of systemic morphine by permitting
the increased entry of the drug into the brain. However, opioids administered directly into
the brain can be secreted into the circulation through a Pgp-medatiated transport system, as
shown through antisense and knockout paradigms (King et al., 2001). These findings
suggest an expanded role for Pgp beyond the blood-brain barrier to include the efflux of
neuro-active agents from the brain to the periphery. Many neurotransmitters and
neuromodulators have important targets on peripheral tissues, raising the possibility that this
system may provide an important communication link between the brain and peripheral
organs.

Multidrug resistance associate protein (MRP), a 190 kDa protein and a member of the ATP-
binding cassette (ABC) superfamily of transport proteins has long been associated with drug
resistance (Cole et al., 1994;Cole and Deeley, 1996;Cole and Deeley, 1998;Grant et al.,
1994;Loe et al., 1996). Yet, MRP and Pgp are quite dissimilar structurally, sharing only
approximately 15% amino acid homology. In vitro studies have shown that MRP and Pgp
efflux the same anti-tumor chemotherapeutic agents from tumor cells, although with
different affinities. Like Pgp, MRP has a wide spectrum of substrates, of which opioids are
only a small number. Analysis of human and murine tissues reveals a wide distribution of
MRP mRNA among a variety of tissues, with moderate expression in the brain (Loe et al.,
1996). In the current study, we have examined the potential role of MRP in the blood brain
barrier and its modulation of opioid action.

Materials and Methods
DPDPE, β-endorphin, [D-Ala2,MePhe4,Gly(ol)5]enkephalin (DAMGO), morphine,
oxymorphone and naltrexone were gifts from Research Technology Branch of the National
Institute on Drug Abuse. Chloramine T, and sodium metabisulfate were purchased from the
Sigma Chemical Co. (St. Louis, MO), Ketamine HCl was purchased from Fort Dodge
Laboratories, Inc. (Fort Dodge, IA) and Na[125I] was purchased from New England Nuclear
(Boston, MA). Antisense oligodeoxynucleotides were synthesized by Midland Certified
Reagent (Midland, TX).

β-Endorphin, DPDPE, morphine, oxymorphone and DAMGO were iodinated with Na125I
(DuPont, Wilmington, DE) and chloramine T with a peptide/NaI molar ratio of 10:1, as
previously described (Goldberg et al., 1998). The iodinated compounds were purified by
HPLC over a Rainin Microsorb-MV C18 reverse-phase column (Woburn, MA) with an
acetonitrile gradient (10%-60%).

Male Sprague-Dawley rats (250-275 g; Charles River Laboratories, Wilmington, MA), male
Crl:CD-1® (ICR) BR mice (25-30g; Charles River Laboratories, Wilmington, MA) and
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male MRP−/− mice and wild-type controls (Taconic Farms) were maintained on a 12 h light/
dark cycle with food and water available ad libitum. Wild-type (FVB/N) and MRP−/−

(Mdr1a−/−; FVB/NMRPtm1N7) mice were purchased from Taconic Farms.
Intracerebroventricular (i.c.v.) cannulae were implanted in rats as previously described
(Rossi et al., 1997b) and animals were allowed one week to recover from the surgery. All
procedures were reviewed and approved by the Institutional Animal Care and Use
Committee (IA CUC) of Memorial Sloan-Kettering Cancer Center (#90-05-010). The
animal care systems of the MSKCC are fully accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC) and are in compliance with the
Guide for the Care and use of Laboratory Animals. We are also in compliance with the
Animal Welfare Act and agree to adhere to the Public Health Service “Principles for the Use
of Animals” (NIH Manual Chapter 4,206).

Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Male Sprague-Dawley rats were sacrificed and the choroid plexus isolated from the lateral
ventricles. Total cytoplasmic RNA of the choroid plexus was isolated and purified by the
Ultraspec RNA isolation system (Biotecx Laboratories, Houston, TX). Methods were based
upon prior approaches (Pan et al., 1999). Complementary DNA (cDNA) was synthesized
from 1 μg total RNA at 37° C for 1 hour using 200 ng random hexamer oligonucleotide, 200
U of Superscript II reverse transcriptase (GibcoBRL, Grand Island, NY), 10 mM dNTP, and
0.1M DTT in a reaction volume of 20 μL.

Two oligodeoxynucleotides (Clonetech, Palo Alto,CA) targeting the rat glyceraldehyde 3-
phosphate dehydrogenase were designed at positions 35-60 (sense primer, 5′-
TGAAGGTCGGTGTCAACGGATTTGGC-3′) and 994-1017 (antisense primer, 5′-
CATGTAGGCCATGAGGTCCACCAC-3′) and utilized in PCRs to quantify the total RNA
concentration and used as internal standards. Two oligodeoxynucleotides were designed on
the basis of the nucleotide sequence of rat MRP at positions 3049-3073 (sense primer, 5′-
CAGTGACTCTGACAACTTGAATGGG-3′) and 3537-3559 (antisense primer, 5′-
ACGGATAATGGGCAAACCTGTG-3′) and used in PCRs to amplify cDNA fragment
encoding the rat MRP in the choroid plexus. After the reverse transcription, PCR reactions
were carried out for 35 cycles using T. aquaticus polymerase (Sigma, St. Louis, MO) to
obtain high amplification in the presence of α 32P-dCTP (New England Nuclear). Each
cycle consisted of melting step (45 s at 90°C), an annealing step (45 s at 60°C) and an
extension step (1 min at 72°C). A 2% agrose gel was used to run the PCR products. The
intensity of the bands were visualized on XO-MAT AR film (Kodak, Rochester, NY).

Immunohistochemical Studies
Rats were perfused transcardially with 0.1M phosphate buffered saline (pH 7.4) and fixed
with 4% formaldehyde in phosphate buffer. Upon the removal of the brain, it was placed in
4% formaldehyde for 2 hr at room temperature and transferred to 30% sucrose and stored at
4°C overnight. Sections (40 μ) were pre-incubated at room temperature for 30 min in 3%
NGST (normal goat serum triton) and then incubated overnight at room temperature with
primary antibody, MRPr1 (1:5000) (Kamiya Biomedical Co.; Seattle, WA). The sections
were washed with 1% NGST, incubated with the secondary anti-mouse IgG antibody
(Vector Laboratories; Burlingame, CA) at room temperature for 1 hr, washed with
phosphate buffered saline (PBS), incubated with Elite ABC (Vector Laboratories;
Burlingame, CA) at room temperature for 1 hr and washed with PBS. These sections were
reacted at room temperature with nickel-DAB until the background increases and washed
with PBS. Brain sections were photographed and digitized with Photoshop without
modification.
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Antisense Studies
The rat MRP antisense oligodeoxynucleotides were based upon rat sequences. These
antisense oligodeoxynucleotides were synthesized by Midland Certified Reagent Co.,
purified, and dissolved in 0.9% saline. The antisense targeting rat MRP (GenBank accession
No.X6393, 5′-CGCCGCATAAGACCGAGAGGA-3′) corresponds to nucleotide 456-476.
Four base pairs in the MRP antisense were switched to generate the mismatch control (5′-
CCGCGACTAAGCACGAGGAGA-3′). Rats received the antisense oligodeoxynucleotides
(10 μg in 2 μL, i.c.v.) daily for five days and were tested on the sixth day for either efflux of
radiolabeled compounds from the brain or for analgesia.

Efflux studies
Groups of rats received the [125I]compound (i.c.v.; 5-10×106 c.p.m.) at time zero and 200 μl
of blood samples were drawn from an indwelling jugular catheter at the indicated times into
tubes containing EDTA (70 μL, 0.2 mM). Samples were centrifuged and aliquots of plasma
(100 μl) were counted. Prior studies have shown that the radioactivity in the plasma is
primarily unchanged compound (King et al., 2001).

Analgesia Studies
Analgesia was assessed quantally in the radiant heat tail-flick assay, as previously described
(Rossi et al., 1993;Rossi et al., 1994;Rossi et al., 1996;Rossi et al., 1997a). Baseline
latencies ranged from 2-3 s and a cutoff of 10 s was implemented to minimize tissue damage
in analgesic animals. Rat studies were assessed using graded responses while mice studies
assessed analgesia quantally as an increase equal to or greater than twice the baseline value
for that animal (Le Bars et al., 2001). To assess the involvement of possible peripheral
mechanisms, the distal portion of the tail was immersed in a DMSO solution containing the
antagonist naltrexone (3 mM), which provides a pharmacological effect localized only to the
region of the tail exposed to the solution (King et al., 2001; Kolesnikov and Pasternak,
1999) (King et al., 2001;Kolesnikov and Pasternak, 1999). As a control, a more proximal
region of the tail that was not exposed to the naltrexone was tested.

In mice analgesia studies, antisense targeting mouse MRP (5 μg in 2 μL, ic.v.; GenBank
acession No.NM_008576, GCTATGCTGCTGTGTTGCTGG; corresponds to nucleotide
2766-2786) was administered on days 1, 3 and 5. On day six, analgesia was assessed (as
described above). Two base pairs in the MRP antisense were switched to generate the
mismatch control (GCTTAGCTGCTGTTGTGCTGG).

Results
MRP expression in the brain

The importance of Pgp in the blood brain barrier raised the question of whether or not other
transporters, like MRP, may have similar functions. First, we examined the expression of
MRP within the brain. RT-PCR revealed the presence of MRP mRNA in a number of brain
structures, including the choroid plexus, the cerebellum (CRB), cortex (CTX),
periaqueductal gray (PAG), and hippocampus (HIP) (Fig 1a). However, its expression was
not homogeneous. Expression was greatest in the cerebellum, periaqueductal gray and
hippocampus, with moderate levels in the choroid plexus and the lowest levels in the cortex.
Immunohistochemistry confirmed the expression of MRP within the choroid plexus (Fig
1b), with dense labeling around the border of the ventricle showing a distribution similar to
that previously observed with P-glycoprotein (King et al., 2001).
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The role of MRP in opioid efflux from the brain
The presence of MRP in the choroid plexus suggested that it might be involved with the
blood brain barrier. Prior work from our group has shown that in addition to reducing the
entry of compounds from the circulation into the brain, Pgp also actively secretes
compounds in the opposite direction, secreting them from the brain into the circulation
(King et al., 2001). In these studies administration of a series of opioids and opioid peptides
into the lateral ventricle led to their transport and detection into the peripheral circulation
(King et al., 2001). To assess whether MRP also is involved in the transport of compounds
from the brain to the periphery, we selectively downregulated MRP using antisense
approaches previously established in our laboratory to selectively downregulate opioid
receptors, neuronal nitric oxide synthase and P-glycoprotein (King et al., 2001;King et al.,
1997;Kolesnikov et al., 1997;Rossi et al., 1994;Rossi et al., 1995;Standifer et al.,
1994;Standifer et al., 1996). Unmodified antisense oligodeoxynucleotides were administered
intracerebroventricularly over a period of five days and animals tested on the sixth day.
Downregulation of MRP mRNA was confirmed with RT-PCR (Fig. 2a), with the specificity
of the response confirmed by the inactivity of a mismatch control in which the order of only
four bases was switched. Immunohistochemical studies confirmed the actions of the
antisense at the protein level (Fig. 2). Control rats showed intense labeling in the walls of the
ventricle (Fig. 2b), which was not appreciably altered in mismatch control animals (Fig. 2d).
However, little immunohistochemical staining could be detected following antisense
treatment (Fig. 2c). Thus, the antisense paradigm downregulated MRP expression levels for
both mRNA and protein.

We next examined the role of MPR in the brain-to-blood transport of a series of structurally
dissimilar [125]opioids. [125I]β-endorphin administered intracerebroventricularly rapidly
appeared in the peripheral circulation (Fig. 3a), as previously shown (King et al., 2001).
Treatment of the rats with the mismatch oligodeoxynucleotide was without effect, but the
antisense treatment significantly lowered the efflux of the drug (F22,72 = 3.373; p<0.0001).
Posthoc analysis (Dunnets) revealed that the efflux in the MRP antisense group, but not the
mismatch group, was significantly different from control (p<0.01). Antisense treatment
produced a similar blockade of [125I]morphine (F20,88 = 1.73; p<0.05), [125I]oxymorphone
(F20,33 = 4.63; p<0.0001), [125I]deltorphin II (F20,121 = 1.77; p<0.05), and [125I]DPDPE
(F12,63 = 4.65; p<0.0001) efflux from the brain into the periphery. However, the MRP
antisense did not block the transport of all compounds tested. The transport into the
circulation of [125I]DAMGO and [125I]dynorphin A was not significantly affected by the
antisense treatment. The inactivity of the MRP antisense against [125I]DAMGO transport
(Fig. 3) illustrated the relatively stringent specificity of the transporter since the efflux of
another pentapeptide, DPDPE, was blocked by the MRP antisense. It also distinguished Pgp
from MRP since [125I]DAMGO transport was lowered by Pgp antisense treatment (King et
al., 2001).

The role of MRP in systemic opioid analgesia
P-glycoprotein modulates morphine analgesia (Drewe et al., 2000;King et al., 2001;Letrent
et al., 1998;Letrent et al., 1999;Thompson et al., 2000;Zong and Pollack, 2000). As a
component of the blood brain barrier, Pgp impedes the entry of morphine into the brain.
Downregulation of Pgp leads to higher morphine levels in the brain and increased analgesic
responses. To assess whether MRP had a similar role in the blood-brain barrier, we explored
the role of MRP in the production of morphine and oxymorphone mediated analgesia.
Downregulation of MRP using antisense enhanced systemic morphine analgesia. At a fixed
dose, morphine analgesia displayed a greater peak response and longer duration of action
than control animals (data not shown). This prolonged duration of morphine analgesia was
still evident when the dose of morphine in the antisense-treated animals was decreased to
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give similar peak effects as those in the control and mismatch groups (p<0.01) (Fig. 5a).
Dose-response studies revealed a significant 2-fold enhanced potency of systemic morphine
following downregulation of MRP (p<0.05; Fig 5b, Table 1). Oxymorphone analgesia also
was influenced by MRP. Transport studies demonstrated the MDR-dependent transport of
oxymorphone from the brain to the peripheral circulation, indicating that oxymorphone was
a substrate for the transporter. Downregulation of MRP by antisense treatment shifted the
analgesic dose-response curve of systemic oxymorphone approximately 3-fold to the left
(Fig. 6a; Table 1).

The role of MRP in morphine tolerance
A number of studies have implicated Pgp in morphine tolerance (Aquilante et al.,
1999;Hassan et al., 2009;King et al., 2001;Letrent et al., 1999;Mercer and Coop, 2011),
leading us to explore MRP in this model. Morphine responses in control and mismatch-
treated animals were highest on the first day and rapidly declined over a week.
Downregulating MRP expression slowed the development of morphine tolerance (F2,11 =
22.5; p<0.001) (Fig 7). Post hoc analysis revealed that the antisense treated animals were
significantly different (p<0.05) from either the saline or mismatch controls. In the MRP
antisense-treated group, morphine retained a response near to those in naïve animals for
almost a week. Similar results were seen in mice (data not shown), where an antisense
treated group showed no decline in analgesic response over the 10 day test (80% to 70%)
whereas no analgesic response was seen in the saline group at 7 days compared with 80% on
the first day (p<0.004 Fisher Exact Test).

The role of MRP in intracerebroventricular morphine analgesia
Prior studies with Pgp revealed an important role for transport in mechanisms alone can
mediate opioid analgesia, their importance became clearer with the demonstration of
synergy between peripheral and central sites (Kolesnikov et al., 1996b). Peripheral doses
that had little effect alone still markedly potentiated the actions of intracerebroventricular or
intrathecal morphine. Although the level of morphine in the circulation following
intracerebroventricular administration is low, it still contributed to the overall analgesia
(King et al., 2001). In the earlier studies, the downregulation of Pgp lowered the analgesic
response to intracerebroventricular morphine due to the diminished secretion of the drug
into the systemic circulation. This analgesic effect was opposite to that seen with systemic
morphine, where the loss of Pgp enabled higher brain concentrations and a greater analgesic
response.

We therefore examined MRP to see if it, too, elicited a similar effect. Like Pgp,
downregulating MRP significantly lowered the analgesic response of supraspinal morphine,
shifting the dose-response curve approximately 5-fold to the right (p<0.05; Fig 5c; Table 1).
Similarly, supraspinal oxymorphone analgesia was decreased approximately 6-fold
following antisense treatment, as demonstrated by the shift in the dose-response curves (Fig
6b).

To assess whether this shift was due to the loss of a peripheral site of action, we utilized a
paradigm in which peripheral sites were selectively blocked by the opioid antagonist
naltrexone administered topically (Kolesnikov et al., 1996a;Kolesnikov and Pasternak,
1999;Kolesnikov et al., 1996b). In this approach, the distal portion of the tail is immersed
into a solution of naltrexone in DMSO. Administered in this way, the actions of the
antagonist are limited to only the exposed region of the tail, with no appreciable systemic
absorption (Kolesnikov and Pasternak, 1999). We next examined the potential role of MRP.
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In these studies, we administered doses of morphine that had equianalgesic peak effects in
control, mismatch and antisense groups. Since the antisense treatment lowered the response
(Fig. 5c), this group received a higher morphine dose (30 μg) than the dose in the other two
groups (10 μg) so that their peak responses would be similar. Following
intracerebroventricular morphine administration, the analgesic response in control and
mismatch animals was lowered on regions of the tail exposed to topical naltrexone (Fig. 8),
implying the importance of a peripheral mechanism in the analgesic response. Testing on the
proximal region of the tail not exposed to the antagonist offered an important control. If the
naltrexone were acting systemically, it should also have blocked the response on the
proximal region to the same extent as the distal region which was exposed to the solution
containing the drug. Thus, the differences between the proximal and distal responses in the
control and mismatch groups confirmed the topical nature of the antagonism (Fig. 8). In the
antisense group, the higher morphine dose (30 μg) produced a similar response as in the
control and mismatch groups that received a lower morphine dose (10 μg), as expected (Fig.
8) Unlike the other two groups, topical naltrexone had no effect in the MRP antisense
treated group (Fig. 8). Thus, downregulation of MRP eliminated the peripheral component
of centrally administered morphine analgesic.

MRP knockout mice
Knockout mice offer another model for assessing the role of MRP. Unlike the antisense
paradigm, there is a complete loss of MRP in these mice. The effects of the loss of MRP in
the knockout model were quite similar to those seen using antisense in the rats. Systemic
morphine was over twice as potent in the MRP−/− mice (Fig 9a; Table 2). However, when
given supraspinally, morphine was significantly less active in the MRP−/− mice compared to
the wild-type mice (p<0.05) (Fig 9b). The decrease in supraspinal morphine analgesia
activity in the MRP knockout mice reflected the loss of a peripheral mechanism of action. In
the wild-type mice, topical naltrexone lowered the analgesic activity of centrally
administered morphine (0.8 μg, i.c.v.). In contrast, topical naltrexone was without effect
against an equi-analgesic dose (2.1 μg, i.c.v.) of centrally administered morphine in the
MRP−/− mice (Fig 9c).

Discussion
The blood-brain barrier, a complex structure which is designed to isolate the brain from
circulating drugs, toxins, and xenobiotics. In addition to the well established structural
components, it also includes transporters, such as P-glycoprotein (Mercer and Coop,
2011;Rao et al., 1999;Schinkel et al., 1994;Schinkel et al., 1996). Within the blood-brain
barrier, the P-glycoprotein transporter pumps drugs that diffuse into the brain from the blood
back into the blood. Evidence now suggests that these transporters also pump agents from
the brain directly into the circulation. Earlier studies have demonstrated the active transport
of a wide range of compounds from the brain into the circulation, including TNF-α (Bodnar
et al., 1989), cytokines such as IL-6 (Romero et al., 1996) and others (Abe et al.,
1998;Banks et al., 1993;Banks and Kastin, 1987;Banks and Kastin, 1994;Banks and Kastin,
1996;Gao et al., 2000). More recently we documented the ability of Pgp to efflux a variety
of opioids from the brain into the circulation (King et al., 2001). Furthermore, this transport
was functionally relevant in that the analgesic activity of these centrally-administered
opioids was dependent, in part, on the activation of peripheral mechanisms by the secreted
drug that interacted synergically with the central ones.

Functionally, P-glycoprotein expression modulates the sensitivity to opioid analagesia
through its role in the blood brain barrier (Aquilante et al., 1999;Callaghan and Riordan,
1993;Chen and Pollack, 1998;Hamabe et al., 2007;Hassan et al., 2009;Kalvass et al.,
2007;King et al., 2001;Lotsch et al., 2004;Marzolini et al., 2004;Mercer and Coop,
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2011;Thompson et al., 2000;Zong and Pollack, 2000). When opioids such as morphine are
administered systemically, the blood-brain barrier, which includes the ABC transporters,
including Pgp, impedes morphine's entry into the brain. Downregulation of Pgp thereby
enhances systemic morphine analgesia. This ability of Pgp to efflux morphine from the brain
to the blood leads to a very different effect when the opiate is given centrally. Although
central sites remain the primary site of opioid action, peripheral systems also play a role.
The importance of peripheral systems is strengthened by the presence of profound
peripheral/central synergy (Kolesnikov et al., 1996b). In earlier studies, we showed that
peripheral sites influenced morphine analgesia when the drug was given centrally due to the
efflux of opioids into the general circulation where it activated peripheral opioid systems
that synergized with the central drug actions in both mice and rats (King et al., 2001).

Like Pgp, MRP is a member of the ATP-binding cassette (ABC) or ATPase superfamily of
transport proteins, conferring a pattern of drug resistance in tumor cells similar to the Pgps
(Cole et al., 1994;Cole and Deeley, 1996;Cole and Deeley, 1998;Grant et al., 1994;Hipfner
et al., 1999;Loe et al., 1996). Although dissimilar structurally, both MRP and Pgp transport
many similar compounds. Both are upregulated in tumor cells and play a role in resistance to
chemotherapeutic drugs and have a variety of physiological actions, including a functional
role in maintaining the blood brain barrier. As drugs diffuse from the blood into the
endothelial cells of the blood vessels, these transporters efflux the drug from the cell back
into the blood, providing a “functional barrier” to supplement the structural ones associated
with the blood brain barrier. MRP is expressed in the cerebellum, periaqueductal gray, and
hippocampus and at lower levels in the frontal cortex and choroid plexus. Conversely, the
expression of Pgp is quite high in the frontal cortex, choroid plexus and periaqueductal gray,
with lower levels in cerebellum and hippocampus (King et al., 2001). In this study, we have
identified MRP as a transport protein able to efflux a number of neuro-active substances
from the brain into the blood, thus suggesting another important pathway for brain/body
communication.

The efflux studies confirmed the transport of a number of opioids from the brain to the
periphery, as previously shown (King et al., 2001). However, this transport is not limited to
opioids. Other neuropeptides also are pumped into the circulation, including substance P (W.
Su and G.W. Pasternak, unpublished observations). Thus, this transport system may be more
general and its relevance may involve a number of different neurotransmitter/modulator
systems. Down regulation of MRP impaired the secretion of all the agents tested, except for
[125I]DAMGO and [125I]dynorphin A. This inability to influence [125I]DAMGO secretion,
however, illustrates a difference in the selectivity of MRP from that of Pgp.

Like Pgp, MRP in the brain is functionally relevant. The role of MRP in the blood-brain
barrier was clearly revealed by the increased potency of systemic morphine and
oxymorphone with the downregulation of MRP by antisense in the rat model or in the MRP
knockout mice. The loss of MRP presumably lowered the permeability of the blood-brain
barrier to these opioids, enhancing their entry into the brain and thus their analgesic activity.
The decreased potency of intracerebroventricular opioid following downregulation of MRP
in the antisense or the knockout models is similar to that seen with Pgp and reflects the loss
of activation of peripheral opioid sites which synergize with central ones. Even the low
levels of drug seen in the circulation following intracerebroventricular administration appear
sufficient to evoke this synergy. In addition to the role of the peripheral sites, it also is
possible that the lack of efflux of morphine from the brain may also increase morphine
concentrations in the brain. However, if morphine were acting only centrally, these
increased concentrations should have enhanced morphine analgesia and not decreased it.
Our current findings also suggest a role for MRP in morphine tolerance. However, it is only
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one of multiple systems involved with the behavioral phenomenon and its relative
significance compared to the other systems is not fully worked out.

A remaining question is the relationship between the two transporters, both structurally and
functionally. Each is important in the blood-brain barrier and in central-peripheral transport.
At this point we do not know whether they work independently of each other or in series.
However, it has been reported that Pgp is localized subapically, whereas MRP is localized
basally (Rao et al., 1999). If they act in series, that might explain why downregulation of
either is sufficient to lower the overall transport of the ligands and produce the same
modulation of opioid analgesia. However, more information is needed to define their
functional interactions.

In conclusion, MRP is another ABC transporter implicated in both the blood-brain barrier
and the secretion of neuro-active compounds from the brain into the periphery. These
transporters make up a unidirectional barrier – transporting compounds from the brain to the
circulation. When viewed from the peripheral circulation, this transport returns compounds
that diffuse into the brain back into the circulation, essentially presenting a function barrier
to entry into the brain. When viewed from the brain, these transporters can secrete
compounds from the brain into the peripheral circulation, giving the brain an endocrine-like
function. Many of these agents, of which the opioids are only one, have well established
peripheral receptors and functions, as exemplified by the brain-gut peptides, and would be
anticipated to be functionally active systemically. The current studies explore opioids, but a
range of studies have shown similar efflux patterns for other classes of compounds and
peptides, implying a more general function. Like Pgp, the transport of these compounds by
MRP is unidirectional, with all the compounds secreted into the circulation. In addition to
their central actions, many neurotransmitters/modulators have receptors on peripheral tissues
mediating additional physiological actions. The ability of transporters to secrete neuro-active
compounds from the brain into the circulation may therefore provide a mechanism for the
brain to influence a vast array of peripheral tissues in an endocrine-like manner.
Understanding the role of all these transporters will be important to more fully define the
actions of the brain and its potential control over the whole body.
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Fig 1. Identification of MRP in rat brain
a) RT-PCR was performed to determine the level of MRP mRNA expression in the rat
cerebellum (CRB), frontal cortex (CTX), periaqueductal gray (PAG), choroid plexus (CP),
and hippocampus (HIP). Total cytoplasmic RNA from the indicated regions were isolated
and purified by the Ultraspec RNA isolation system (Biotecx Laboratories; Houston, TX) as
described in methods. Loading was assessed using the housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (G3PDH).
b) Sections of rat brain through the lateral ventricle to view the choroid plexus were
prepared as described and then reacted with the MRP1 monoclonal antibody, as described in
methods. Labeling was most restricted to the cells lining the ventricle.
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Fig 2. Effects of MRP antisense treatment on MRP expression
The effects of antisense treatment on MRP expression were assessed at the mRNA and
protein levels. a) MRP mRNA expression was analyzed using RT-PCR in control, MRP
antisense treated and mismatch control rats. All the samples contained the same predicted
MRP PCR fragment (530 bp), but the levels in the antisense treated animals were
dramatically reduced. Loading was assessed by PCR of G3PDH, which gave the predicted
982 bp fragment in all lanes with equal intensity. b) MRP immunohistochemical staining
was used to assess expression at the protein level. Sections of rat brain containing choroid
plexus were obtained and reacted with MRPr1 monoclonal antibody, as describe in methods.
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Staining was carried out on control, antisense and mismatch control animals. The figures
show a low power overview along with a higher power of the same section.
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Fig 3. Effects of peptide secretion from the brain to periphery by MRP antisense treatment
a) Groups of rats (n = 3) were either treated with saline, MRP antisense, or mismatch control
daily for 5 consecutive days. On day 6, [125I]β-endorphin was administered i.c.v. and
aliquots of plasma assessed for radioactivity at the indicated time points. ANOVA revealed
significant differences among the groups (p<0.0001), with a post hoc Dunnett analysis
showing that the antisense group was significantly different from the others (p<0.05).
b) Groups of rats were either treated with saline, MRP antisense, or mismatch control daily
for 5 consecutive days. On day 6, [125I]morphine, [125I]oxymorphone, [125I]DPDPE or
[125I]deltorphin II (8X106 cpm, i.c.v.) was administered and aliquots of plasma withdrawn
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from the jugular catheter and counted for radioactivity in the gamma counter. Results are the
peak effect time point for control radiodrug. MRP antisense significantly decreased the
efflux of these compounds from the brain into the blood.
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Fig 4. Effects of DAMGO secretion from the brain to periphery by MRP antisense treatment
[125I]DAMGO secretion from the brain to the blood in MRP antisense treated rats. Groups
of rats (n ≥ 4) received saline, MRP antisense (10 μg; i.c.v.) daily for five days. On day six,
rats were administered with [125I]DAMGO (8 x 106 cpm; i.c.v.) and blood samples were
taken at the indicated times.
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Fig 5. Effect of MRP on morphine analgesia in rats
a) Groups of rats (n ≥ 4) received either saline, MRP1 antisense (10 μg; i.c.v.) or mismatch
(10 μg; i.c.v.) for five consecutive days. On day six, the animals received equianalgesic
doses of morphine determined to yield similar peak effects (saline and mismatch, morphine,
4.5 mg/kg, s.c.; MRP antisense, morphine, 2 mg/kg, s.c.) and analgesia was assessed at the
indicated times.
b) Groups of rats (n ≥ 4) received either saline, MRP1 antisense (10 μg; i.c.v.) or mismatch
(10 μg; i.c.v.) for five consecutive days. On day six, morphine cumulative dose response
curves were generated. Analgesia was assessed as tailflick latency.

Su and Pasternak Page 19

Synapse. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



c) Groups of rats (n ≥ 4) received either saline, MRP1 antisense (10 μg; i.c.v.) or mismatch
(10 μg; i.c.v.) for five consecutive days. On day six, the animals received the indicated
morphine dose supraspinally and morphine analgesia was assessed.
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Fig 6. Effect of MRP1 antisense on oxymorphone analgesia in rats
a) Groups of rats (n ≥ 4) received either saline, MRP1 antisense (10 μg; i.c.v.) or mismatch
(10 μg; i.c.v.) for five consecutive days. On day six, systemic oxymorphine cumulative dose
response curves were generated.
b) Groups of rats (n ≥ 4) received either saline, MRP1 antisense (10 μg; i.c.v.) or mismatch
(10 μg; i.c.v.) for five consecutive days. On day six, the animals received the inducated
oxymorphone dose supraspinally and oxymorphone analgesia was assessed.
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Fig 7. Effect of MRP1 antisense on morphine tolerance
Groups of rats (n ≥ 4) received either saline, MRP1 antisense (10 μg; i.c.v.) or mismatch (10
μg; i.c.v.) for five consecutive days. On day six, the animals started receiving peak equi-
analgesic doses of morphine (saline and mismatch, morphine, 4.5 mg/kg, s.c.; MRP
antisense, morphine, 2 mg/kg, s.c.) daily along with either saline, MRP1 antisense or
mismatch (i.c.v.). Analgesia was assessed on the indicated days. b) Groups of mice (n ≥ 10)
received saline MRP1.
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Fig 8. Effect of MRP1 antisense on peripheral opioid alkaloids analgesia
Groups of rats (n ≥ 4) received either saline, MRP1 antisense (10 μg, i.c.v.) or mismatch (10
μg, i.c.v.) for five consecutive days. On day six, they received the indicated morphine dose
(saline and mismatch, morphine, 10 μg, i.c.v.; MRP1 antisense, morphine, 30 μg, i.c.v.)
supraspinally. Fifteen minutes later, analgesia was assessed and the distal portion of their
tails were immersed in a 3 mM naltrexone solution. Tail flick latencies were determined on
the region exposed to naltrexone and a more proximal control region that had not been
exposed to naltrexone.
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Fig 9. Morphine analgesia in MRP knockout mice
a) Cumulative dose response curves were generated in groups (n ≥10) of for both wild-type
and MRP knockout mice, with ED50 values of 4.3 mg/kg, s.c. (3.0, 6.4) and 1.7 mg/kg, s.c.
(1.1, 2.5), respectively.
b) Groups of wild-type (n ≥ 10) and MRP knockout mice (n ≥ 10) mice received a dose of
morphine (700 ng, i.c.v.) supraspinally and analgesia was assessed fifteen minutes later.
There was a significant decrease in the morphine analgesic response in the MRP knockout
mice compared to the wild-type (p<0.05).
c) Groups of wild-type (n ≥10) and MRP knockout mice (n ≥10) mice received peak
equianalgesic doses of morphine (wild-type, morphine 700 ng, i.c.v.; MRP−/−, morphine, 2.1
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μg, i.c.v.). Fifteen minutes later, the distal portion of their tails were immersed in a 3 mM
naltrexone solution and analgesia assessed both proximally on a region not exposed to
naltrexone and distally on a region exposed to the naltrexone.
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Table 1

Effect of antisense treatment on opioid analgesia

Saline Antisense Mismatch Antisense Shift

Systemic (mg/kg, s.c.)

        Morphine 3.5 (2.2, 5.5) 1.3 (1.1, 1.6) 3.9 (2.0, 4.1) 2.7

        Oxymorphone 0.20 (0.16, 0.25) 0.08 (0.07, 0.09) 0.24 (0.21, 0.28) 2.5

Supraspinal (μg, i.c.v)

        Morphine 2.2 (1.5, 3.0) 10.6 (8.4, 13.3) 2.2 (1.9, 2.4) 4.8

        Oxymorphone 16.7 (12.5, 21) 104 (91, 107) 16.8 (13.5, 20.8) 6.2

The ED50 values with 95% confidence limits were calculated from the dose-response curves in the figures. The shift by antisense was determined

by the ratio of the ED50 of the saline and antisense groups.
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Table 2

Systemic morphine analgesia in MRP knockout mice

ED50 Value (mg/kg, s.c.)

Wildtype mice 4.3 (3.0, 6.4)

MRP Knockout mice 1.7 (1.1, 2.6)

ED50 values are from the dose-response curves in Figure 9.
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