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Purpose. The amphiphilic block copolymer Pluronic P85 (P85) in-
creases the permeability of the blood-brain barrier (BBB) with re-
spect to a broad spectrum of drugs by inhibiting the drug efflux
transporter, P-glycoprotein (Pgp). In this regard, P85 serves as a
promising component for CNS drug delivery systems. To assess the
possible effects of P85 on other transport systems located in the brain,
we examined P85 interactions with the glucose (GLUT1) and mono-
carboxylate (MCT1) transporters.

Methods. Polarized monolayers of primary cultured bovine brain mi-
crovessel endothelial cells (BBMEC) were used as an in vitro model
of the BBB. *H-2-deoxy-glucose and '“C-lactate were selected as
GLUT1 and MCT1 substrates, respectively. The accumulation and
flux of these substrates added to the luminal side of the BBMEC
monolayers were determined.

Results. P85 has little effect on *H-2-deoxy-glucose transport. How-
ever, a significant decrease !*C-lactate transport across BBMEC
monolayers is observed. Histology, immunohistochemistry, and en-
zyme histochemistry studies show no evidence of P85 toxicity in liver,
kidney, and brain in mice.

Conclusions. This study suggests that P85 formulations do not inter-
fere with the transport of glucose. This is, probably, due to compen-
satory mechanisms in the BBB. Regarding the transport of monocar-
boxylates, P85 formulations might slightly affect their homeostasis in
the brain, however, without any significant toxic effects.

KEY WORDS: blood-brain barrier; glucose; metabolism; monocar-
boxylates; Pluronic.

INTRODUCTION

The blood-brain barrier (BBB) restricts entry of diagnos-
tic and therapeutic agents to the brain from the vasculator.
The low permeability of the BBB is attributed to the brain
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microvessel endothelial cells, which form tight junctions and
have low pinocytic activity (1,2). In addition, these cells ex-
press drug efflux transporters such as P-glycoprotein (Pgp),
which actively extrudes drugs from the brain to the blood
(3,4). Substrates for these transporters include analgetics (5),
HIV proteases inhibitors (6), antibiotics (7), antiepileptics
(8), and anti-inflammatory drugs (9).

Our previous studies have demonstrated that poly(eth-
ylene oxide)-poly(propylene oxide) block copolymers
(Pluronics) are potent inhibitors of the Pgp drug efflux system
in the BBB (10). Specifically, formulation of Pgp-dependent
drugs with Pluronic P85 (P85) results in significant increases
in their transport to the brain (11). The inhibition of Pgp by
P85 involves two effects: 1) decreasing affinity of Pgp with
respect to both ATP and the drug molecules and 2) depletion
of intracellular ATP in the brain microvessel endothelial cells.
The synergy between these two effects results in the pro-
nounced inhibition of Pgp drug efflux function. The purpose
of the current study is to assess whether P85 affects other
transport systems in the BBB. Two transporters that play a
crucial role in the energy metabolism in the brain were cho-
sen: GLUT], a transporter of glucose, and MCT1, a trans-
porter of monocarboxylates.

Using polarized monolayers of bovine brain microvessel
endothelial cells (BBMEC) as an in vitro model of the BBB
the effects of P85 on the accumulation and flux of 2-deoxy-
glucose, a GLUT1 substrate, and lactate, an MCT1 substrate
were examined. The results suggest that the block copolymer
has little, if any, effect on the glucose supply to the brain, and
decreases the flux of lactate across the BBMEC monolayers.
The inhibition of the lactate transporter may be a consider-
ation for the potential adverse effect of P85 in the central
nervous system (CNS), which was addressed in toxicological
studies in this paper.

MATERIALS AND METHODS

P85 Solutions

P85 was kindly provided by BASF Corp. (Parispany, NJ,
USA). The molecular mass of the poly-oxypropylene (PO)
segment in this sample was approximately 2500 and the con-
tent of poly-oxyethylene (EO) chains was approximately 50%
(w/w). P85 was dissolved in assay buffer containing 150 mM
NaCl, 25 mM NaHCO;, 10 mM glucose, 10 mM HEPES, 3
mM KCI, 1.2 mM MgSO,, 1.4 mM CaCl,, and 0.4 mM
K,HPO,, pH 7.4. *H-2-deoxy-glucose (*H-2-DG) and '“C-
lactate (**C-La) obtained from American Radiolabeled
Chemicals, Inc. (St Louis, MO, USA) were added to the co-
polymer solutions and incubated at 37°C for at least 1 h prior
to the subsequent use. No glucose was added to the assay
buffer for the *H-2-DG studies.

Cell Isolation and Culture

BBMEC were isolated from fresh cow brains using a
combination of enzymatic digestion and density centrifuga-
tion as described previously (12). The cells were maintained
in MEM:F12 culture medium supplemented with 10% horse
serum, heparin sulfate (100 wg/ml), amphotericin B (2.5 pg/
ml), and gentamicin (50 pg/ml). All tissue culture media were
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obtained from Gibco Life Technologies, Inc. (Grand Island,
NY, USA). Isolated BBMEC were seeded at a density of
50,000 cells/cm? in 24-well plates or 250,000 cells per insert
(Transwell, Costar brand Tissue Culture products, Contd.,
Vernon Hills, IL, USA), and were used for accumulation or
flux studies after reaching confluency (typically within 14
days).

Western Blot Analysis

The expression levels of GLUT1 and MCT1 in BBMEC
was evaluated by immunobloting technique described previ-
ously (13). The monoclonal antibodies to GLUT1, sc-1605
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), and to
MCT1, AB3540P (Chemicon International, Temecula, CA,
USA) were used at 1:100 dilutions. The monoclonal antibod-
ies to B-actin, anti-B-1-chicken Integrin (Sigma Corp., St.
Louis, MO, USA), were used at 1:200 dilution. The secondary
horseradish peroxide-conjugated anti-mouse Ig antibodies
(Amersham Life Sciences, Cleveland, OH, USA) were used
at 1:1500 dilution. The specific protein bands were visualized
using a chemiluminescence kit (Pierce, Rockford, IL, USA).
The expression levels of GLUT1 and MCT1 were quantitated
by densitometry (Nucleo Vision, Nucleo Tech, Curitiba-Pr.,
Brazil) and normalized to the constitutively expressed B-ac-
tin.

3H-2-DG and “C-La Accumulation Studies

Effect of various concentrations of P85 on *H-2-DG and
14C-La accumulation in the BBMEC was evaluated as de-
scribed earlier (14). Briefly, confluent cell monolayers were
pretreated with the assay buffer or solutions of P85 for 30 min
at 37°C, and then incubated with *H-2-DG (specific activity
10 Ci/mmol, 1wCi/ml, 100 nM) or '*C-La (specific activity 55
Ci/mmol, 1p.Ci/ml, 550 nM) in the assay buffer or P85 solu-
tions for various time intervals (up to 2 h). After that, cells
were washed with ice-cold PBS and solubilized in 1% Triton
X-100 for subsequent determination of radioactivity (Tricarb
4000, Packard, Meriden, CT, USA). To confirm specificity of
*H-2-DG and '*C-La transport, effects of nonlabeled p- and
L-glucose, as well as L-lactate were studied in BBMEC mono-
layers. All experiments were conducted in quadruplicate. The
cellular accumulations of the solutes were normalized for the
cellular protein content determined by Pierce BCA method
(15).

Effects of P85 on Kinetic Parameters of
3H-2-DG Transport

Effects of P85 on kinetic parameters of *H-2-DG trans-
port were evaluated in homologous competition experiments
with nonlabeled D-glucose using the radioligand saturation
binding method (16). This method is the most effective one at
minimizing the amount of radioligand needed in cases with
high K,,, values, such as GLUT1. For this purpose, the accu-
mulation of *H-2-DG (100 nM) was assayed in the presence
of increasing concentrations of nonlabeled 2-DG in assay
buffer or in 1%wt P85 solution following the 15 min treat-
ment. The data obtained from the inhibition experiments
were converted to a saturation curve by the dilution factor
(16). The maximal reaction rate (V,,,,,) and apparent Michae-
lis constants (K,,) were determined from the obtained satu-
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ration curves (17). The entire curve fitting was carried out
using GraphPad Prism 3.0 (GraphPad software, San Diego,
CA, USA).

3H-2-DG and “C-La Flux Studies

BBMEC permeability studies were carried out as previ-
ously described (14). Briefly, polycarbonate membrane in-
serts with confluent BBMEC monolayers were placed in Side-
Bi-Side diffusion chambers (Crown Bio Scientific, Inc.,
Somerville, NJ, USA) and maintained at 37°C. The trans-
epithelial electrical resistance (TEER) of the confluent
BBMEC monolayers was ca. 165.0 + 15.7 Q - cm?. First, the
cell monolayers were pre-treated with the substrate-free assay
buffer or P85 solutions (0.001-1%wt), and then, transport of
*H-2-DG (100 nM) or *C-La (550 nM) in either assay buffer
alone or in the corresponding P85 solution added to the lu-
minal side of the monolayers was monitored by appearance of
the radioactivity (Tricarb 4000, Packard, Meriden, CT, USA)
in the receiver chamber on the abluminal side of the mono-
layers. All transport experiments were conducted in triplicate.

Quantitative Determination of Lactate in
Extracellular Media

Confluent BBMEC monolayers were treated with vari-
ous concentrations of P85 for 2 h at 37°C. Then, extracellular
media was collected and centrifuged (10 min, 1500 rpm). Lac-
tate in the supernatant was assayed using commercial kit (cat.
no. 735-10, Sigma, St. Louis, MO, USA).

In Vivo Toxicity Evaluation of P85

To evaluate possible toxic effects of P85 in vivo, female
C57/B1/6 mice aged 11-12 weeks (Taconic Laboratories, Ger-
mantown, NY, USA) were injected three times i.v. with 1%wt
P85 or physiologic saline solution (100 pl) via the tail vein (on
1st, 4th, and 7th day). On the 9th day, animals were sacrificed;
liver, brain, and kidney were removed, washed in ice-cold
saline, fixed in 4% phosphate-buffered paraformaldehyde,
and paraffin embedded. Pathologic evaluation of the organs
was performed on 5-pm paraffin sections stained with hema-
toxylin and eosin (H&E). To assess toxicity of the copolymer
in the mice brain, enzyme histochemistry for adenosine tri-
phosphatase (ATPase), expressed in endothelial cells was
performed on frozen sections. ATPase was detected by in-
soluble deposits of calcium phosphate forming at the sites of
ATPase expression. Cobalt chloride was exchanged for cal-
cium to form cobalt phosphate at these sites with subsequent
exposure to ammonium sulfide to generate a black insoluble
precipitate. Sections were examined using a digital imaging
system (MagnaFire digital camera) and software (Optronics,
Goleta, CA, USA). The total area occupied by dye staining
was quantified using Image-Pro Plus software (Media Cyber-
netics, Silver Spring, MD, USA) in 20 fields with a 20x ob-
jective, as previously described (18).

Mouse astrocytes were treated with polyclonal antibod-
ies against glial fibrillary acid protein (GFAP) at 1:1000 dilu-
tion (Dako Corp., Carpinteria, CA, USA), and then, primary
antibodies were detected by immunoperoxidase staining with
3,3’-diaminobenzidine as the chromogen (Vectastain Elite
ABC kit, Vector Laboratories, Burlingame, CA, USA). All
sections were counterstained with Mayer’s hematoxylin. De-
letion of the primary antibody or use of rabbit IgG (Dako
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Corp.) served as controls. Immunostained tissues were ana-
lyzed using a Nikon Eclipse 800 microscope.

Statistical Analysis

All statistical tests were performed by GraphPad Prism
3.0 with two-way ANOVA and Newman-Keuls post-test for
multiple comparisons. A minimum p value of 0.05 was esti-
mated as the significance level for the all tests. The results are
presented as means + SEM.

RESULTS

Expression of GLUT1 and MCT1 in the BBMEC

Expression of GLUT1 and MCT1 in the BBMEC was
validated by Western bloting analysis. As is seen in Fig. 1, the
confluent BBMEC monolayers displayed significant amounts
of both, GLUT1 and MCT1 proteins. These results confirm
BBMEC monolayers as an in vitro model of the BBB and
suitable for further studies of GLUT1 and MCT1 transport-
ers.

Effects of P85 on GLUT1

Effects of P85 on *H-2-DG accumulation levels in the
BBMEC were examined over the wide range of P85 concen-
trations (0.001-1% wt) (Fig. 2A). Subtle, but statistically sig-
nificant increases in the *H-2-DG intracellular levels were
observed in the presence of low concentrations of P85 (0.001-
0.01% wt). By contrast, the exposure of the cells to high
concentrations of the block copolymer (0.1-1% wt) resulted
in significant decreases in *H-2-DG accumulation. The speci-
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Fig. 1. (A) Western blot analysis of GLUT1 and MCT1 in the con-
fluent BBMEC monolayers (for experimental conditions see “Mate-
rials and Methods”). The protein bands were visualized by chemolu-
minescence. (B) Levels of expression of the transport proteins nor-
malized to B-actin.
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Fig. 2. (A) Effect of P85 on *H-2-DG accumulation in the BBMEC
monolayers treated with solutions of 100 nM *H-2-DG in: assay
buffer (filled diamonds); 0.001 % wt P85 (crosses); 0.01 % wt P85 (open
triangles); 0.1%wt P85 (open squares); or 1%wt P85 (open circles).
(B) Effect of D-glucose on accumulation of *H-2-DG in the BBMEC
monolayers. All measurements were done at 15 min after addition of
the substrate. Statistical significance of P85 effects compared to the
P85-free controls is shown on the figure: (*) p < 0.05, (**) p < 0.005;
n = 4.

ficity of *H-2-DG transport mediated by GLUT1 was con-
firmed by experiments in which increasing amount of D-
glucose were added to treatment solutions causing subse-
quent decreases in *H-2-DG intracellular concentrations (Fig.
2B). Addition of L-glucose had no effect on *H-2-DG accu-
mulation (data not shown).

The kinetic parameters of the glucose transport were de-
termined using the radioligand saturation binding or the “cold
saturation” method commonly used for substrates with high
K, values. For this experiment *H-2-DG was supplemented
with increasing concentrations of unlabeled D-glucose, and
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the accumulation of *H-2-DG was measured (Fig. 3). The
maximal reaction rate (V,,,.) and apparent Michaelis con-
stants (K,,,), were determined as described in “Materials and
Methods.” V,,,,,. for GLUT1 in the absence of P85 is 2502.2
pmol mg™" min~!, and K, is 0.079 mM. Treatment of the cells
with 1% wt P85 slightly reduced V,,,,. by 1.3 times (1927.2
pmol mg™ min™') and increased K,, by approximately 1.8
times (0.1432 mM).

Figure 4 presents results of the flux studies of *H-2-DG
across BBMEC monolayers exposed to the assay buffer, vari-
ous concentrations of P85 (0.01%, 0.1%, 1% wt), and unla-
beled D-glucose. The block copolymer had no effect on the
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Fig. 3. Homologous inhibition experiments for 100 nM *H-2-DG ac-
cumulation in the presence of increasing concentrations of nonla-
beled D-glucose in assay buffer (filled diamonds) or in 1%wt P85
(open circles); inhibition curve (A), and saturation curve (B).
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Fig. 4. Effect of P85 on *H-2-DG flux in the BBMEC monolayers.
Transport of the probe from luminal to abluminal side was examined
using the assay buffer (filled diamonds); 0.01%wt P85 (open tri-
angles); 0.1%wt P85 (open squares); 1%wt P85 (open circles); or 10
mM of nonlabeled D-glucose (filled squares). Statistical significance

of the P85 effects compared to the P85-free controls is shown on the
figure: (*) p < 0.05,n = 3.

flux of the substrate except for 0.01%wt. At this concentra-
tion P85 induced significant flux increases (by 40%) com-
pared with the control group. Noteworthy, the flux of a para-
cellular marker, >H-mannitol, was not altered over the entire
range of P85 concentrations confirming integrity of the mono-
layers (data not shown). Addition of D-glucose significantly
reduced the flux of *H-2-DG (Fig. 4), thereby confirming
specific GLUT1-mediated transport.

Effects of P85 on MCT1

'4C-La, a typical MCTT1 substrate, displays unusual accu-
mulation kinetics in BBMEC with an initial accumulation in-
crease (at 15 min) followed by a decrease in the substrate
intracellular accumulation levels (at 25-60 min) (Fig. SA).
Taking into account that '*C-La can also be a substrate for
organic anion efflux transporters (such as MRPs) we exam-
ined the uptake of '*C-La in the presence of the MRPs in-
hibitor, indomethacin (10 uM), or with the MCT1 inhibitor,
phloretin (50 uM). As is seen in the Fig. 5A, phloretin nearly
completely abolished the 15-min maximum on the kinetics
curve. By contrast, addition of indomethacin did not affect
the maximal accumulation levels, although it did increase the
accumulation of '*C-La at later time points. Thus, the initial
15-min kinetic phase is likely to characterize the MCT1 func-
tion, while the subsequent phase corresponds to the substrate
efflux. To validate this observation, we examined the effect of
non-labeled lactate on the **C-La accumulation at the 15-min
time point (Fig. 5B). Decreases in the *C-La accumulation
levels in the presence of non-labeled lactate suggest specific
MCT1-mediated transport.

The effects of P85 on '*C-La accumulation in the
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BBMEC were examined over a wide concentration range of
the block copolymer (0.001-1%wt). Figure 6A shows the ki-
netics of '*C-La accumulation, which are complicated by the
effects of P85 on both MCT1 and MRPs transporters. To
simplify analysis, we plotted the data for accumulation intra-
cellular levels at only one 15-min time point over a range of
P85 concentrations (Fig. 6A, insert). As seen in the figure,
P85 reduced '*C-La intracellular levels with the greatest ef-
ficacy observed at 0.01%wt P85.

To confirm those results, we measured the amount of
lactate remaining in the media following a 2-h exposure of
BBMEC to various concentrations of P85 (Fig. 6B). Signifi-
cant increases in the lactate levels in the extracellular media
were observed with 0.01-1% wt P85, suggesting the inhibitory
effect of the block copolymer on MCT1-mediated transport
of lactate. Consistent with the results of the previous experi-
ment, the greatest effect was observed at 0.01% wt P85.
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Fig. 5. (A) Kinetics of *C-La accumulation in the BBMEC mono-
layers. The cells were treated with 550 nM 'C-La in: assay buffer
(filled circles); S0uM phloretin (open squares); or 10 uM indometh-
acin (open triangles). (B) Saturation experiment with 550 nM '*C-La
and increased concentrations of nonlabeled L-lactate.
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Fig. 6. (A) Effect of P85 on *C-La accumulation in the BBMEC
monolayers. Accumulation of 550 nM '#C-La was examined in: assay
buffer (filled diamonds); 0.0001%wt P85 (filled triangles); 0.001 % wt
P85 (filled squares); 0.01 % wt P85 (open triangles); 0.1%wt P85 (open
squares); and 1%wt P85 (open circles). Inset: Intracellular accumu-
lation levels of *C-La at the 15-min time point (indicated by the
arrow). (B) lactate extracellular levels following 2-h treatment of
BBMEC with various concentrations of P85. Statistical significance of
the P85 effects compared to the P85-free controls is shown on the
figure: (*) p < 0.05, (**) p < 0.005; n = 4.

Finally, we studied the transport of *C-La formulated
with various concentrations of P85 across the BBMEC mono-
layers (Fig. 7). In agreement with the data obtained in the
accumulation studies, the block copolymer decreased the
transport of **C-La. The maximal inhibition effect was found
at 0.01-0.1% wt P85, whereas at 1% wt P85 transport of
4C-La was partially restored.

Histology, Inmunohistochemistry, and Enzyme
Histochemistry for Toxicological Evaluation of P85 Effects

To evaluate the potential toxic effects of P85 in vivo,
mice were injected with 1% wt P85, the highest concentration
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used, or with the physiologic solution as a control. Two days
after the last injection, the animals were sacrificed, and the
internal organs were collected at necropsy. Light microscopy
of liver, kidney and brain was performed on hematoxylin and
eosin (H&E)-stained paraffin sections. There was no evi-
dence of nephrotoxicity, that is, acute tubular necrosis, glo-
merular changes or edema/fibrosis of interstitium in treated
mice compared with controls (data not shown). Liver tissue
from both controls and treated animals demonstrated absence
of significant hepatocyte necrosis, micro- or macrosteatosis,
inflammatory changes in bile ducts or microvessels (Figs. 8A
and 8B). Light microscopie examination of brain tissue
showed no evidence of neuronal injury, edema or brakedown
of the BBB.

Next, we evaluated neuro-inflammatory responses (as-
trogliosis) and structural integrity of the BBB in mice treated
with P85 or physiologic buffer. The level of astrogliosis as
detected by GFAP staining was not altered in the treatment
group compared with controls (Figs. 8B and 8E). We also
assessed the activity of ATPase (detected in situ by formation
of an insoluble precipitate with cobalt chloride) on frozen
brain sections as a measure of potential P85 toxicity in the
BBB. There was no difference in ATPase activity in brain
microvascular endothelial cells of control mice (Fig. 8C) or
mice treated with P85 (Fig. 8F). The level of ATPase expres-
sion was assessed as the quantity of microvessels expressing
ATPase. This was determined by image analysis (Fig. 8G) as
the percent of area occupied by stained microvessels in gray
and white matter that showed no statistically significant dif-
ferences between control (untreated) and P85-treated groups
(p > 0.05). These results indicate the absence of significant
toxic effects of P85 in vivo at the doses used in these experi-
ments.
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Fig. 7. Effect of P85 on '*C-La flux in the BBMEC monolayers.
Transport of the probe from luminal to abluminal side was examined
in: assay buffer (filled diamonds); 0.01%wt P85 (open triangles);
0.1%wt P85 (open squares); or 1%wt P85 (open circles). Statistical
significance of the P85 effects compared to the P85-free controls is
shown on the figure: (*) p < 0.05;n = 3.
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Fig. 8. Absence of significant P85 toxicity in vivo. Liver tissue from
control (A) or treated animals (D) was free of significant histopath-
ologic alterations. There was no increase in intensity of GFAP im-
munostaining in control (B) or P85-treated groups (E). Brain mi-
crovessels demonstrated similar ATPase activity in control (C) and
treated animals (F) as confirmed by image analysis (G) expressed in
percent of area occupied by stained microvessels in gray and white
matter. Panels A and B, H&E; panels B and E, brain coronal sections
immunostained with antibodies to GFAP and counterstained with
Mayer’s hematoxylin; panels C and F, ATPase in situ detection in
brain coronal sections.

DISCUSSION

Pluronic block copolymers have attracted significant at-
tention as chemosensitizing agents in chemotherapy due to
their ability to inhibit the Pgp drug efflux transporter and
thereby abolish mechanisms of drug resistance in cancer cells.
Following the completion of phase I clinical trials a Pluronic
formulation with doxorubicin is currently undergoing Phase
II clinical trials for the treatment of the esophagus adenocar-
cinoma and soft tissue sarcoma, both cancers with high inci-
dence of MDR. Recently, application of Pluronic formula-
tions for CNS drug delivery was also suggested (10). We have
demonstrated that Pluronic P85 can enhance the transport of
a wide range of Pgp-dependent compounds, CNS drugs and
imaging agents to the brain (11). However, along with advan-
tages related to the increased permeability of the BBB, con-
cern arises regarding possible side effects of Pluronics due to
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the inhibition of other transport systems essential for normal
brain function. In this paper, we have addressed the effects of
Pluronics on the transport to the brain of major metabolic
substrates, such as glucose and monocarboxylates. Although,
GLUT1 and MCT1 transporters are not ATP-dependent, and
therefore, intracellular ATP depletion caused by Pluronics
may have no immediate effect on their function, they are
membrane-associated proteins, which could be affected by
Pluronic-induced alterations in cellular membranes. In par-
ticular, the hydrophobic PO chain of Pluronic block copoly-
mer P85 used in this study is known to incorporate into the
hydrophobic regions of cellular membranes resulting in their
fluidization (19,20).

Based on the results of the accumulation and flux studies
in BBMEC monolayers, we identified two opposite concen-
tration-dependent effects of P85 on the GLUT1 transporter.
Low doses of P85 (0.001 and 0.01% wt) appear to activate the
transport function of GLUT1 resulting in slight increases in
both, uptake and flux of the substrate. Conversely, high con-
centrations of P85 (0.1 and 1% wt) resulted in a decrease in
2-DG accumulation levels, although flux of the substrate was
not altered. Because GLUT1 is expressed in both, luminal
and abluminal membranes in BBMEC, as well as in the cy-
toplasm (21,22), we speculate that decreases in 2-DG accu-
mulation at high P85 concentrations might be compensated
by activation of GLUT]1 in the cytoplasm and/or the ablumi-
nal membranes of the cells. In fact, compensatory mecha-
nisms are well known for glucose transport in the BBB (23).
Opverall, P85 has minimal effect on the GLUT1-mediated flux
and is unlikely to decrease the glucose supply to the brain.

The current study indicates that the effect of P85 on
MCT1 transporter is complicated by the existence of efflux
systems that we attribute to the expression of MRPs in brain
microvessel endothelial cells (24). The fact that P85 has also
been shown to affect MRPs makes picture even more convo-
luted. Because of this we were unable to use Michaelis-
Menten analysis to quantify the P85 effects on MCT1. How-
ever, both accumulation and flux studies suggest that P85 can
inhibit MCT1 in BBMEC. Interestingly, P85 has a maximal
inhibition effect at concentrations 0.01-0.1% wt, which is in
the vicinity of the critical micellar concentration (CMC) of
the block copolymer. The same concentration dependency for
the inhibitory effects of P85 has been reported for Pgp and
MRPs transport systems (19,25), at concentrations of P85 that
exceeded the CMC the inhibition effect was diminished. We
relate these effects to lateral segregation of P85 in the mem-
branes induced by the increasing concentration of the block
copolymer (26). However, a possibility of some correlation
between the effects of P85 on the Pgp and MRPs drug efflux
transporters, and effects on GLUT1 and MCT1 cannot be
excluded. A rationale for the lack of the P85 effects on glu-
cose transport and inhibition of monocarboxylate transport in
the BBB still need to be identified. One feature can make
MCT1 more vulnerable for P85 than GLUT], is its depen-
dence on pH-gradient (27,28). Indeed, P85 was shown to in-
hibit efficiently H+-ATPase in the affected cells (29). This
might be the Achilles heel of MCT1 for P85 inhibitory action.
Overall, the results of the present study suggest that P85
might cause functional alterations in the monocarboxylate
transporter that can interfere with the regulation of energy
metabolism in the brain. Nevertheless, a careful histologic,
immunohistochemical and enzyme histochemical examina-

1999

tion showed no significant toxic effects of P85 multiple injec-
tions at the highest doses of the block copolymer used. This
confirms safety of the P85 formulations for CNS drug deliv-
ery.
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