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Purpose. Experiments were performed to assess the brain distribution of [*H]-verapamil, including the
influence of delivery route of inhibitor and substrate (nasal vs. systemic) on brain distribution. The
anatomic location of P-glycoprotein (P-gp) at the nose-brain barrier also was investigated.

Methods. Separate groups of mice were pretreated with rifampin or vehicle nasally or intravenously.
[*H]-verapamil was administered either nasally or via in situ brain perfusion, and dose-response profiles
were constructed for P-gp inhibition. Localization of P-gp in freshly obtained brain slices and olfactory
tissue was evaluated by confocal microscopy.

Results. Rifampin inhibited the P-gp-mediated efflux of [*H]-verapamil, regardless of delivery route
(Ipax = 62 = 6%). The EDs, for enhancement of [*H]-verapamil uptake by nasal rifampin was ~400-fold
lower than for intravenous rifampin (0.16 vs. 65 mg/kg, respectively). Microscopy showed that P-gp was
located in endothelial cells that line the olfactory bulb and within the olfactory epithelium.
Conclusions. Nasal delivery of rifampin enhanced brain uptake of [*H]-verapamil. The magnitude of
transport inhibition was dependent on the dose and route of the inhibitor, the time after administration
of the inhibitor, and the specific brain region examined. P-gp is localized to both the olfactory epithelium

and the endothelial cells that surround the olfactory bulb.
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INTRODUCTION

Central nervous system (CNS) diseases remain difficult
to treat due to poor brain penetration of therapeutic agents.
The primary limitation of uptake of these agents is the blood-
brain barrier (BBB). The BBB consists of polarized endothe-
lial cells connected by tight junctions that limit paracellular
permeability (1). Various methods have been evaluated to
improve BBB penetration and thereby increase brain uptake.
These methods have included increasing substrate lipophilic-
ity (to increase passive permeability), increasing carrier-
mediated transport across the BBB by conjugation with a
substrate of an endogenous uptake transporter (2), and de-
creasing efflux through transport inhibition or chemical modi-
fication of the substrate. In addition, nasal delivery has been
explored as a means to deliver substrates to the CNS. How-
ever, this approach has found limited utility. While some sub-
strates can be delivered directly to the brain via this route, the
efficiency of brain uptake is dependent on the substrate, and
many of the mechanisms governing this process are not well
understood. Previous work has shown that efflux transporters
attenuate brain uptake of substrates after nasal administra-
tion, and that this attenuation can be overcome by nasal ad-
ministration of appropriate transport inhibitors (3). These
observations seem to suggest that an analogue of the BBB,
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including relevant uptake and efflux transport systems, is op-
erative at this site

The localization of P-glycoprotein (P-gp) at the nose-
brain interface, which would result in attenuation of brain
uptake of substrates, remains in question. It has been dem-
onstrated that the olfactory receptor neurons that lie within
the olfactory epithelium in Xenopus laevis tadpoles express
P-gp (4), and Kandimalla and Donovan recently showed the
presence and function of P-gp in excised bovine olfactory
epithelium (5). P-gp also is expressed in normal human nasal
mucosa (6). In addition, the mdrla isoform of P-gp has been
shown to be present in the olfactory bulb of naive rats via
reverse transcriptase polymerase chain reaction (RT-PCR)
(7). Thus, it seems likely that P-gp located at the olfactory
epithelium, as well as within the olfactory bulb itself, operates
to limit the uptake of nasally administered substrates into the
murine brain.

There have been numerous efforts to inhibit P-gp at the
BBB to improve substrate penetration. However, the results
of these attempts have been mostly disappointing. Given that
P-gp is present throughout the body and usually plays a pro-
tective role, indiscriminately inhibiting this transporter could
lead to adverse drug interactions. In addition, overlapping
substrate specificity between CYP3A4 and P-gp means that
many inhibitors can affect both proteins, leading to unin-
tended drug interactions (8). While the brain is very sensitive
to P-gp inhibition, the placenta appears to be sensitive as
well (9), which could pose problems with drug-induced tera-
togenicity. Hepatic and intestinal P-gp can be affected by
inhibitors as well, which would lead to a decrease in both
intestinal and biliary excretion of compounds, resulting in
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increased absorption and decreased elimination (10). P-gp
also is located in the myocardium, and P-gp inhibition has
been shown to lead to increased accumulation of digoxin in
cardiac tissue (11).

In contrast, nasal delivery may represent a promising
alternative to systemically delivered P-gp inhibitors. For in-
stance, the inhibitor could be administered nasally to target
the BBB, with the pharmacologic substrate administered sys-
temically. Efflux transporters such as P-gp represent signifi-
cant barriers to effective delivery of pharmacologic agents to
the brain. The ability to deliver modulators of P-gp or other
transporters specifically to the brain or the BBB, thus avoid-
ing interactions with transport proteins in other organs and
tissues, would represent a significant advantage in delivering
therapeutic agents to the CNS. This paper addresses the ef-
ficacy of nasally administered rifampin, a model P-gp inhibi-
tor, in increasing brain uptake of the model P-gp substrate
[’H]-verapamil. In addition, experiments were performed to
evaluate the caudal distribution of [*H]-verapamil, and the
dependence of distribution on the delivery route of both in-
hibitor and substrate (nasal vs. systemic). Finally, this study
evaluated the anatomic location of P-gp operating at the
nose-brain interface.

MATERIALS AND METHODS

Materials

Probe substrates were obtained from the following
sources: [°H]-(+)-verapamil (85 Ci/mmol) (NEN Life Science
Products, Boston, MA, USA); rifampin (Spectrum, New
Brunswick, NJ, USA); (+)-verapamil hydrochloride (Sigma-
Aldrich, St. Louis, MO, USA). Polyclonal antibodies were
obtained from the following sources: Glutl and pan-
cytokeratin (Santa Cruz Biotech., Santa Cruz, CA, USA);
C219 (Signet Laboratories, Dedham, MA, USA); mouse
IgG2a/FITC (Alexis Biochemicals, San Diego, CA, USA);
anti-goat IgG antibodies (molecular probes, Eugene, OR,
USA). All other chemicals and reagents were of the highest
grade available from commercial sources.

Animals

Adult CF-1 mice [mdrla(-/-) and mdrla(+/+), 3045 g]
were purchased from Charles River Laboratories, Inc. (Wil-
mington, MA, USA) and maintained in a breeding colony in
the School of Pharmacy, The University of North Carolina
(Chapel Hill, NC, USA). Animals were housed in a tempera-
ture- and humidity-controlled room with a 12-h light/dark
cycle and had free access to food and water. The experimental
protocol was approved by the Institutional Animal Care and
Use Committee of the University of North Carolina. All ex-
perimental procedures were conducted according to the
Guide for the Care and Use of Laboratory Animals (Institute
of Laboratory Animal Resources, Commission on Life Sci-
ences, National Research Council, Washington, DC, 1996).

Nasal Administration

Mice (n = 4) were anesthetized with intraperitoneal
(i.p.) ketamine/xylazine (140/8 mg/kg). Mice were placed in a
supine position with a dowel (~7 mm) placed under the neck
to limit liquid flow down the trachea. Solutions containing test
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compounds (37°C) were gassed with 95% O, and 5% CO, for
pH control (7.4) prior to instillation. When appropriate, ra-
diolabeled tracers (2 wCi/ml; 0.5 mCi/ml for slicing experi-
ments) were added. Solutions were administered via separate
10-pl gas-tight syringes (2-inch, 23-G needle) to each nostril.
Timing of the experiment was initiated following completion
of instillation.

In situ Brain Perfusion

The details of in situ mouse perfusion have been de-
scribed elsewhere (12). Briefly, mice (n = 4) were anesthe-
tized as described above. A catheter (polyethylene tubing,
0.30 mm i.d. x 0.70 mm o.d.) was placed in the left common
carotid artery after ligation of the external branch. The car-
diac ventricles were severed immediately before brain perfu-
sion with Krebs-bicarbonate buffer via a syringe pump (60 s,
2.5 ml/min, pH 7.4 with 95% O, and 5% CO,, 37°C) contain-
ing 1 uM [*H]-verapamil (0.1 pCi/ml). [**C]-inulin (0.3 wCi/
ml) was added as a vascular space marker. The perfusion was
terminated by decapitation; the brain was dissected on ice and
the left hemisphere (~140 mg) and perfusate (~150 mg) were
collected and weighed in tared 8-ml glass scintillation vials.
Brain tissue was digested with 0.7 ml of Solvable (Packard,
Boston, MA) at 50°C overnight. Samples were vortex-mixed
with 5 ml of scintillation cocktail (Ultimate Gold XR; Pack-
ard). Total radioactivity (*H and '*C) was determined simul-
taneously in a PerkinElmer 1600TR liquid scintillation ana-
lyzer. Brain samples obtained from naive mice were analyzed,
and these blank samples were subtracted from all analyzed
samples to correct for apparent background.

Influence of Route of Administration of Inhibitor and
Substrate on Brain Uptake

For the group (n = 4) that received both inhibitor and
substrate nasally, rifampin (5 pl; 0.30 pg/kg to 0.27 mg/kg)
was administered to each nostril of P-gp-competent mice as
described above. Control animals received only methanol ve-
hicle (in preliminary studies, brain uptake of [*H]-verapamil
was similar in the presence vs. the absence of methanol), and
P-gp-deficient animals were included to define complete in-
hibition of P-gp—mediated transport. After 7 min, 2.5 pl ali-
quots of saline containing [*H]-verapamil (5 uM; 2 nCi) were
administered to each nostril, and the experiment was termi-
nated 3 min later via decapitation. The brain was excised and
total radioactivity was determined as described in the Mate-
rials and Methods.

For the group (n = 4) that received the inhibitor nasally
and substrate systemically, rifampin (5 pl; 0.30 pg/kg to 0.27
mg/kg) was administered to each nostril of P-gp—competent
mice as described above. Immediately following the instilla-
tion of rifampin, the mice were prepared for in situ brain
perfusion, and the perfusion was initiated 35 min following
the nasal instillation of rifampin. This time point was selected
because 35 min is the minimum time necessary to prepare the
animal for the in situ brain perfusion. The in situ brain per-
fusion was performed and samples were analyzed as de-
scribed above.

For the group (n = 4) that received the inhibitor sys-
temically and substrate nasally, rifampin (25-150 mg/kg; i.v.)
was administered via tail vein injection (<0.30 ml/animal).
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Thirty-five min after rifampin administration, 2.5 ul aliquots
of saline containing [*H]-verapamil (5 pM; 2 wCi) were ad-
ministered to each nostril. The experiment was terminated
3 min later and the samples were processed and analyzed as
above.

For the group (n = 4) that received both the inhibitor
and substrate systemically, rifampin (25-150 mg/kg, i.v.) was
administered via tail vein injection (<0.30 ml/animal). Imme-
diately following the administration of rifampin, the mice
were prepared for in situ brain perfusion and the perfusion
was initiated 35 min following the nasal instillation of ri-
fampin. The in situ brain perfusion was performed and
samples were analyzed as described above.

Determination of Total Radioactivity

Tissue samples were digested in Solvable (Packard) at
50°C overnight (1 ml for whole brain, 0.7 ml for a single
hemisphere). After cooling, Ultima Gold XR (Packard) scin-
tillation cocktail was added (15 ml for whole brain, 5 ml for a
single hemisphere), and the sample was vortex-mixed. Scin-
tillation counting (referenced to appropriate quench curves
for single- or dual-label counting, depending on the experi-
ment) was performed in a Packard Tri-Carb model 1900 TR
(Packard). Brain samples obtained from naive mice were ana-
lyzed, and these blank samples were subtracted from all ana-
lyzed samples to correct for apparent background.

Calculation of BBB Transport Parameters

Parameters related to the in situ brain perfusion were
calculated based on the method described by Smith (13).
Brain vascular volume (V,,.., ml/100 g) was estimated from
tissue distribution of [**C]-inulin, which is known to diffuse
very slowly across the BBB, according to the following equa-
tion:

X*

vasc — C*

v

where X* and C* represent [**C]-inulin in the brain (dpm/100
g) and perfusate (dpm/ml), respectively. Apparent brain dis-
tributional volumes of substrates (Vy,.in, mI/100 g) were cal-
culated as according to the following equation:

Xbrain
C

Vbrain =
perf

where X, i, is substrate in the brain (dpm/100 g) corrected
for vascular contamination (Xioa1 = [Vvase * Cpert]) and Cperr is
substrate concentration in perfusate (dpm/ml). Initial uptake
clearance of substrates (Cl,,, ml/100 g/min) were calculated
as follows:

up?

)(brain/T

Clypy="

perf

where T is the perfusion time (min).

Fresh Tissue Slicing

For each of the experimental groups described above, an
additional group (n = 3) was included to allow examination
of [*H]-verapamil disposition. These experiments were per-
formed exactly as above, except that the specific activity of
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[?H]-verapamil was increased to 0.5 mCi/ml in order to in-
crease the limit of detection. At the end of each set of ex-
periments, the brain was dissected on ice, blotted dry and
mounted on a platform with cyanoacrylate to allow for coro-
nal slicing. After allowing the tissue to set for approximately
2 min, the platform was submersed in 2°C phosphate buffered
saline (PBS) to allow for slicing (Vibratome 3000; Vibratome,
St. Louis, MO, USA); 300-micron thick sections were cut (in
a rostral-to-caudal direction) with 35°-blade angle using Vi-
bratome feather blades [low speed (1), high amplitude (8)].
Slices were removed from the buffer bath and placed in tared
8-ml glass scintillation vials and weighed. The tissue was di-
gested with 0.3 ml of Solvable (Packard) at 50°C overnight.
Cooled samples were vortex-mixed with 5 ml of scintillation
cocktail (Ultimate Gold XR; Packard), and total radioactivity
was determined as described above.

Immunohistochemistry

After decapitation, the brains were removed rapidly and
embedded in Tissue-Tek O.C.T. compound (Sakura, Tor-
rance, CA, USA) and stored at —20°C until analysis. In ad-
dition, the majority of the olfactory turbinates (~35 mg of
tissue) were removed, fixed (4% paraformaldehyde in PBS),
decalcified (0.5 M EDTA at 4°C overnight), embedded in
O.C.T. medium and stored at —20°C until cutting on the cryo-
microtome. Frozen horizontal sections containing the olfac-
tory bulb (20 pm) and serial coronal sections (20 pm) con-
taining the olfactory epithelium were cut with a Leica
CM1850 cryostat microtome (Leica, Bannockburn, IL, USA)
at —15°C. The sections were thaw-mounted onto Superfrost
Plus Micro Slides (VWR Scientific, West Chester, PA, USA).
The samples were fixed in ice-cold acetone for 10 min at 4°C
and allowed to air dry quickly. Samples were rinsed with
ice-cold blocking buffer (0.01 M PBS containing 5% goat
serum and 1% bovine serum albumin) three times. Blocking
buffer was removed and samples were incubated immediately
with anti-MDR1 (1:100, C219), anti-cytokeratin (1:100), and/
or anti-Glut1 (1:100) primary antibodies using CoverWell im-
aging chamber gaskets (Molecular Probes, Eugene, OR,
USA) for 5 h. Samples were washed 3x with 0.01 M PBS for
15 min and subsequently incubated with fluorochrome con-
jugated secondary antibodies using CoverWell imaging cham-
ber gaskets for 90 min. Samples were washed again (3x) with
0.01 M PBS and rinsed briefly with distilled water. Glass
cover slips were mounted onto the tissue using glycerol. Im-
munofluorescent images were detected using Zeiss LSMS5
Pascal Laser Scanning Confocal Microscope (Microscopy Ser-
vices Laboratory UNC-CH Department of Pathology &
Laboratory Medicine) interfaced to an Optronics DET 750
cooled CCD camera via an Apple Macintosh G3 computer
system utilizing a Scion CG7 capture card. Confocal scanning
was performed in the x-y field with a pinhole setting of 1.00
airy disk units. Laser power and PMT gain were held constant
for each sample. Scan averaging was set to 8 and the 63x oil
immersion objective lens was used for all image acquisitions.

Data Analysis

Data are presented as mean = SD for n = 4 per group
unless otherwise noted. Where appropriate, a two-tailed Stu-
dent’s ¢ test was used to evaluate the statistical significance of
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differences between experimental groups. In all cases, p <
0.05 was used as the criterion of statistical significance.

The degree of inhibition of P-gp—-mediated efflux of [*H]-
verapamil for the nasal experiments was calculated using the
following formula:

DPMrifampin - DPMVchiclc

x100
DPMmdrla(—/—) - DPMvehicle

% inhibition =

where DPM,itampin 18 the total radioactivity in rifampin-
treated mdrla(+/+) mice, and the DPM, ;.. and
DPM,,4;1a(-/—), are the total radioactivity in vehicle-treated
mdrla(+/+) and mdrla(—/-) mice, respectively. Likewise, the
degree of inhibition of P-gp-mediated efflux of [°H]-
verapamil for the in situ brain perfusion studies was defined
as follows:

Clup,mdrla(+/+) - Clup.mdrla(+/+),vchiclc

% inhibition = x100

Cl

up,mdrla(—/—),vehicle — Clup,mdrl a(+/+),vehicle

where Cly, mdriacs/+) 18 the initial uptake clearance of
[*H]-verapamil in rifampin-treated mdrla(+/+) mice, and
Clup,mdrla(+/+). vehicle and Clup,mdrla(—/—), vehicle are the lnltlal
uptake clearance of [*H]-verapamil in vehicle-treated
mdrla(+/+) and mdrla(—/-) mice, respectively. The concen-
tration-dependent inhibition of P-gp-mediated [*H]-
verapamil efflux data were analyzed by nonlinear least-
squares regression (WinNonlin 3.2; Pharsight, Mountain
View, CA, USA) to obtain estimates of key parameters
(Epnaxo EDsg, v). Appropriate statistical and model selection
criteria were used to evaluate model performance. Assess-
ment of the goodness of fit of the model to the observed data
was based on coefficients of variation (CV %) and distribution
of residual error.

RESULTS

Brain Uptake Following Nasal Administration of Inhibitor

In order to elaborate fully the ability of nasally admin-
istered rifampin to inhibit P-gp-mediated flux, dose-response
relationships were constructed for the influence of nasally
administered rifampin on the brain uptake of [*H]-verapamil.
The relationship between transport inhibition of nasally ad-
ministered [*H]-verapamil and nasally administered rifampin
dose(s) is shown in Fig. 1. The profile was characterized by an
E ..x 0f 99 £ 3% (i.e., essentially complete inhibition of P-gp—
mediated transport of [*H]-verapamil at administered ri-
fampin concentrations approaching 1 mM), and an EDs, of 22
+ 2 pg/kg. For this study, there was no difference in % inhi-
bition between waiting 7 min vs. 35 min between inhibitor and
substrate administration.

The relationship between transport inhibition of systemi-
cally administered [*H]-verapamil by nasally administered ri-
fampin is shown in Fig. 2. The profile was associated with an
E hax 0f 61 £ 19% and an EDs, of 170 + 50 pg/kg. From this
figure, it is apparent that maximum inhibition was not
achieved. Due to limitations in the solubility of rifampin, 1
mM was the highest concentration achievable. Therefore, an
additional experiment was performed to attempt to increase
the amount of rifampin delivered nasally. To accomplish this,
10-pl aliquots (5 pl/mostril) of rifampin (0.27 mg/kg) were
administered at 4 successive time points (0, 5, 10, and 15 min)
to a group (n = 4) of animals prior to the in situ perfusion.
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Fig. 1. Dose-response relationship for inhibition of P-gp-mediated
efflux transport of nasally administered [*H]-verapamil by nasally
administered rifampin. Symbols represent mean + SD for n = 4 per
rifampin dose. The fitted line represents a sigmoidal Hill equation
withE .. = 99 +3%,EDs, = 22 +2 pg/kg, vy = 2.7 + 0.4 (parameter
estimate + standard error).

This method of nasal delivery increased the % inhibition
achieved via this route from 44 + 3% (at 0.27 mg/kg, equiva-
lent) to 72 + 4% (at 1 mg/kg, equivalent).

To serve as an additional control, rifampin was adminis-
tered to mdrla(—/-) mice to ensure that mechanisms other
than P-gp inhibition did not enhance [*H]-verapamil brain
uptake. There was no statistical difference between the [*H]-
verapamil uptake in mdrla(-/-) mice treated with rifampin
vs. vehicle-treated animals for the nasal delivery of rifampin.

Brain Uptake Following Systemic Administration
of Inhibitor

To more fully demonstrate the ability of rifampin to in-
hibit P-gp-mediated efflux of [*H]-verapamil, dose-response
profiles were constructed for the influence of systemically
administered rifampin on the brain uptake of [*H]-verapamil.
The relationship between transport inhibition of systemically
administered [*H]-verapamil by systemically administered ri-
fampin is shown in Fig. 3. The profile was associated with an
E,..x of 62 £ 9% and an EDy, of 65 + 10 mg/kg.
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Fig. 2. Dose-response relationship for inhibition of P-gp-mediated
efflux transport of systemically administered [*H]-verapamil by na-
sally administered rifampin. Symbols represent mean + SD forn = 4
per rifampin dose. The fitted line represents a sigmoidal Hill equation
with E ., = 61 £ 19%, ED5, = 170 + 50 pg/kg, v = 2.2 + 0.5
(parameter estimate + standard error).



90
60 + § U
50 + yadl o

= s
.8 %
S 40 T
5 fol
£307 //
R 20 1 o
1+ )
o L2 : : =
0 50 100 150 200

Rifampin Dose (mg/kg, i.v.)
Fig. 3. Dose-response relationship for inhibition of P-gp-mediated
efflux transport of systemically administered [*H]-verapamil by sys-
temically administered rifampin. Symbols represent mean + SD for n
= 4 per rifampin dose. The fitted line represents a sigmoidal Hill
equation with E ., = 62 + 9%, ED5, = 65 + 10 mg/kg, vy = 3.0 £ 0.6
(parameter estimate + standard error).

The relationship between transport inhibition of nasally
administered [*H]-verapamil by systemically delivered ri-
fampin is shown in Fig. 4. Again, inhibition was incomplete
(Eppax = 75 £ 12%) and the EDy, (76 + 9 mg/kg) was similar
to that against systemic [*H]-verapamil. As with the preced-
ing experiment, there was no statistical difference between
the [*H]-verapamil uptake in mdrla(—/-) mice treated with
rifampin vs. vehicle-treated animals for the systemic delivery
of rifampin.

Comparison of Nasally Administered and Systemically
Administered Rifampin on the Ability to Enhance Brain
Uptake of [*H]-Verapamil

While both nasally administered and systemically admin-
istered rifampin were able to attenuate the P-gp-mediated
efflux of [*H]-verapamil, the doses administered between the
two routes of administration differed greatly. Figure 5 depicts
the simultaneous modeling of the % inhibition of P-gp—
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Fig. 4. Dose-response relationship for inhibition of P-gp-mediated
efflux transport of nasally administered [*H]-verapamil by systemi-
cally administered rifampin. Symbols represent mean + SD for n = 4
per rifampin dose. The fitted line represents a sigmoidal Hill equation
with E, ., = 75 + 12%, EDs, = 76 + 9 mg/kg, v = 3.8 + 0.9 (pa-
rameter estimate + standard error).
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Fig. 5. Simultaneous modeling of the dose-response relationships for
inhibition of P-gp-mediated efflux transport of systemically admin-
istered [*H]-verapamil by nasally administered rifampin (O) vs. sys-
temically administered rifampin (@). Symbols represent mean + SD
for n = 4 per rifampin dose. The fitted lines represents a sigmoidal
Hill equation with E_,, = 62 + 6%, ED5, = 65 = 7 mg/kg, vy = 2.9
+ 0.4, and a potency ratio of 417 + 42 (parameter estimate + standard
error).

mediated efflux of systemically administered [*H]-verapamil
by nasally administered rifampin vs. systemically adminis-
tered rifampin. The dose-dependent inhibition of P-gp-medi-
ated [®H]-verapamil efflux data were analyzed by nonlinear
least-squares regression using a sigmoidal E, ., model:

. ., . Emax . DOSe'y
% Inhibition=—"—"
50 v

PR + Dose

where E_ . is the maximum percentage of inhibition of P-gp—
mediated efflux by rifampin, dose is the administered Dose of
rifampin, EDs, is the apparent half-inhibitory constant, v is
the sigmoidicity factor, and PR is the potency ratio. This pro-
file maintains a maximum inhibition of P-gp—mediated efflux
(of [?H]-verapamil) for both rifampin delivery routes of 62 +
6%, an EDs, of 65 + 7 mg/kg, and a potency ratio (nasal vs.
systemic rifampin) of 417 + 42. Using the potency ratio, the
ED,, for nasally administered rifampin was approximately
0.16 mg/kg compared to approximately 65 mg/kg for systemi-
cally administered rifampin.

Brain Disposition of [*H]-Verapamil Following
Rifampin Administration

In order to investigate the distribution of [*H]-verapamil
to different brain regions depending on the route(s) of deliv-
ery, brains from individual animals (n = 3) from each experi-
mental group were sliced in sequential 300-pm sections in a
rostral-to-caudal direction and examined for [*H]-verapamil
content. Figure 6 depicts the brain disposition of [*H]-
verapamil following the nasal administration of rifampin. The
AUC,,, (dpm - slice/mg) was increased for systemically ad-
ministered [*H]-verapamil compared to nasally administered
[’H]-verapamil following the nasal instillation of rifampin
(365 + 63 and 276 + 49 dpm - slice/mg, respectively). It is
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Fig. 6. Representation of the caudal distribution of nasally adminis-
tered [*H]-verapamil [O, (5 pl, 5 uM, 0.5 mCi/ml)] vs. systemically
administered [*H]-verapamil [@®, (1 uM; 0.1 wCi/ml; 60s, 2.5 ml/min]
following nasal administration of rifampin (10 pl, 1 mM). n = 3.

evident from this figure that when the inhibitor and substrate
were both given nasally, there was increased substrate accu-
mulation in the rostral portions of the brain. On the other
hand, when the inhibitor was given nasally and the substrate
systemically, there was increased caudal penetration com-
pared to the nasal-nasal combination, but the extreme caudal
section of the brain evidenced limited substrate uptake. The
brain disposition following the systemic delivery of rifampin
(Fig. 7) differed markedly from the nasal inhibitor profiles.
The AUC,_,, (dpm - slice/mg) was almost 2-fold higher when
both the substrate and inhibitor were administered systemi-
cally compared to the systemic administration of rifampin
followed by the nasal instillation of [*H]-verapamil (478 + 84
and 268 + 44 dpm - slice/mg, respectively, p < 0.01). There was
relatively uniform substrate penetration when both inhibitor
and substrate were administered systemically, and the con-
tour of the line follows that of regional blood volumes (12).
For instance, the uptake in the striatum and thalamus region
(slices 7-10) was lower than in the frontal cortex (slices 3-6).
Conversely, when the substrate was administered nasally fol-
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Fig. 7. Representation of the caudal distribution of nasally adminis-
tered [*H]-verapamil [O, (5 pl, 5 uM, 0.5 mCi/ml)] vs. systemically
administered [*H]-verapamil [@, (1 uM; 0.1 wCi/ml; 60s, 2.5 ml/min)]
following the systemic administration of rifampin (150 mg/kg). n = 3.
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lowing the systemic administration of inhibitor, there was in-
creased substrate penetration in the rostral portions of the
brain with limited substrate accessing the caudal segments.

P-glycoprotein Localization

Incubation with anti-P-gp primary antibodies followed
by conjugation with fluorochrome-labeled secondary antibod-
ies allowed for the localization of P-gp by laser scanning con-
focal microscopy. To determine the cellular localization of
P-gp, the protein was co-localized with both the endothelial
cell marker Glutl and the epithelial cell marker pan-
cytokeratin. In the mdrla(+/+) mice, P-gp was localized to the
endothelial cells that line the olfactory bulb (Fig. 8, panels
D-F) and the olfactory epithelium (Fig. 8, panels A—C). In the
control mdrla(—/-) mice, P-gp was absent in the olfactory
epithelium (Fig. 8, panels G-I), and there was no uniform
detectable staining for P-gp in the olfactory bulb. As a second
negative control, and to confirm the specificity of the second-
ary antibody, tissue was incubated with rabbit IgG from non-
P-gp immunized rabbits followed by fluorochrome conju-
gated anti-rabbit secondary antibodies. These samples indi-
cated that limited background signal from rabbit IgG (acting
as the primary antibody) contributed to the signal for P-gp.

DISCUSSION

It was shown previously that P-gp serves to limit the
uptake of substrates delivered by nasal administration, and
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Fig. 8. Immunohistochemical staining for P-glycoprotein in the olfac-
tory epithelium (panels A-C) and the endothelium lining the olfac-
tory bulb (panels D-F). Panel A shows staining for P-gp with C219,
panel B shows staining for epithelial cells with pan-cytokeratin, and
panel C shows the co-localization of P-gp with the epithelial cells.
Panel D shows a representative group of endothelial cells lining the
olfactory bulb stained for P-gp (C219), panel E shows staining for
endothelial cells with Glutl, and panel F shows the colocalization of
P-gp with the endothelial cells of the olfactory bulb. Panels G-I show
the negative control for epithelial cell staining using mdrla(—/-) mice.
Panel G shows staining for P-gp, panel H shows staining for epithelial
cells, and panel I shows the co-localization.
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that this attenuation could be overcome by a nasally admin-
istered inhibitor (3). However, these studies focused on the
whole brain and did not examine compound distribution
within the brain following nasal delivery, nor did they address
whether the observed effect was simply localized to the ol-
factory bulb. In addition, these studies did not explore the
potential application of transport inhibitor administration via
the nasal route to enhance drug uptake across the BBB when
the pharmacologic agent is administered by a non-nasal route.
Clearly, the ability to deliver modulators of P-gp or other
efflux transporters specifically to the brain or BBB, avoiding
interaction with these transport proteins in other organs and
tissues (e.g., the GI tract, liver), would represent a significant
advantage in CNS therapeutics.

The current experiments demonstrated that there are
distinct relationships for the different combinations of admin-
istration routes for an inhibitor and substrate (nasal vs. sys-
temic). As would be expected, the maximum degree of inhi-
bition was achieved when both the inhibitor and substrate
were administered nasally (Fig. 1). The fact that nasal ri-
fampin could abolish the P-gp-mediated transport of nasal
[?H]-verapamil is consistent with previous data indicating that
at sufficiently high concentrations, rifampin could inhibit
completely the P-gp—mediated efflux of verapamil at the BBB
(14). This is likely due to the nature of this delivery route, in
that both the substrate and inhibitor are exposed to P-gp—
mediated efflux equally.

Systemic delivery of rifampin resulted in incomplete in-
hibition of P-gp-mediated efflux, whether [°’H]-verapamil was
administered either systemically or nasally (Figs. 3 and 4, re-
spectively). This incomplete inhibition likely is due to an in-
ability to achieve adequate rifampin concentrations at the
BBB after systemic administration because of dose-limiting
toxicity (150 mg/kg was the highest dose tolerated). This is
similar to previous studies which have shown increased brain
uptake of substrates in the presence of P-gp inhibitors, but
less than complete P-gp inhibition (15).

Despite the fact that inhibition was incomplete, nasal
delivery of rifampin resulted in a substantially increased brain
uptake of systemically administered [°H]-verapamil (Fig. 2).
In fact, the magnitude of P-gp inhibition was comparable to
that achieved with systemic rifampin, even though much
lower doses were administered nasally. For instance, at a dose
equivalent to approximately 0.27 mg/kg, 43.6% inhibition was
achieved when the inhibitor was given via the nasal route,
compared to 56.2% inhibition when 100 mg/kg rifampin was
administered systemically. When comparing the inhibition of
P-gp-mediated [°H]-verapamil efflux at the BBB by nasal vs.
systemic rifampin, there was an approximate 400-fold lower
EDs, for nasal compared to systemic rifampin (0.16 vs. 65
mg/kg, respectively, Fig. 5). Thus, theoretically the same %
inhibition can be achieved by giving ~400 less dose via nasal
administration. Previous studies have indicated that it is the
inhibitor concentration in the brain that drives the inhibition
of P-gp-mediated transport (14). Thus, the dose advantage
observed with nasal rifampin administration is consistent with
targeted delivery of rifampin to the brain, resulting in en-
hanced concentration (of inhibitor) at the BBB compared to
systemic rifampin delivery.

An additional experiment that allowed only 7 min to
elapse between nasal rifampin instillation and the [*H]-
verapamil brain perfusion produced a maximum inhibition of
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approximately 25.5 + 6.2%. This obviously was less than the
maximum inhibition achieved when 35 min was permitted to
elapse between rifampin instillation and [?H]-verapamil per-
fusion (43.6 + 8.2%), indicating that the magnitude of trans-
port inhibition is dependent of the dose and route of the
inhibitor as well as the time after administration of the in-
hibitor. This difference in degree of inhibition is likely due to
the increased penetration of the nasally administered inhibi-
tor over time. Thus, it is likely that with optimization of this
approach, including proper inhibitor selection and dosing
schedule for both inhibitor and substrate, improved substrate
penetration could be achieved (15).

The pharmacologic implications of utilizing this route of
delivery are most likely dependent upon the substrate being
able to reach the pharmacologic target. Therefore, it was im-
portant to examine the brain distribution, and how distribu-
tion might change according to the route(s) of delivery of the
inhibitor and/or substrate. It was evident from these experi-
ments that nasal delivery resulted in enhanced delivery to the
rostral portion of the brain (Figs. 6 and 7). There was a sig-
nificant difference in the AUC (dpm - slice/mg) when [°H]-
verapamil was delivered nasally (268 + 44 and 276 + 49
for systemic vs. nasal rifampin, respectively) vs. systemically
(478 + 84 and 365 + 63 for systemic vs. nasal rifampin, respec-
tively; p < 0.01). However, there was no significant difference
in the AUC (dpm - slice/mg) when the rifampin was delivered
nasally (276 + 49 and 365 + 63 for nasal vs. systemic vera-
pamil, respectively) vs. systemically (268 + 44 and 478 + 84 for
nasal vs. systemic verapamil, respectively). This indicates that
the delivery route of the inhibitor, while important, is not as
important as the delivery route of the substrate with regards
to enhancing brain uptake. On the other hand, while the over-
all exposure is comparable between nasal rifampin and sys-
temic rifampin, it is clear from the profiles (Figs. 6 and 7) that
there is a distinct advantage for uptake in the rostral portions
of the brain when the inhibitor is delivered nasally compared
to the more uniform brain disposition following the systemic
delivery of the inhibitor. This could have obvious therapeutic
implications. The pharmacologic impact of utilizing the nasal
route of delivery depends not only enhancing brain uptake,
but also on the ability of the substrate to reach its pharma-
cologic target, which may be problematic with nasal delivery
for caudal portions of the brain.

Other studies in our laboratory have indicated that in the
absence of transporter-mediated flux, the distribution of com-
pounds in the brain following nasal instillation is diffusional in
a rostral-to-caudal direction and is mainly dependent on the
lipophilicity of the compound (16). Therefore, it is likely that
the degree of inhibition following nasal administration will be
higher in the rostral portions of the brain compared to sys-
temic administration of the same inhibitor, assuming that the
inhibitor is not a substrate for transport-mediated flux. More-
over, when addressing the brain uptake of subsequent sys-
temic administration of a substrate, the distribution of the
substrate within the brain is going to be dependent on the
nature of transporter inhibition achieved. Nasal administra-
tion of an inhibitor clearly presents a significant degree of
inhibition in the rostral portions of the brain and the degree
of inhibition decreases toward the more caudal portions,
therefore, the uptake of substrate will follow this same pat-
tern (Figs. 6 and 7). On the other hand, systemic administra-
tion of an inhibitor will allow a more uniform inhibition
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throughout the BBB, and thus the uptake of substrate will
follow this same pattern (Figs. 6 and 7).

The immunohistochemical studies reported herein con-
firm the presence of P-gp at the murine olfactory epithelium,
and it is likely that this localization attenuates the delivery of
P-gp substrates to the brain. P-gp in the nasal mucosa also
likely plays a role in the attenuation of brain uptake of com-
pounds, but the present data imply that nasally delivered sub-
strates are able to access the olfactory epithelium and blood
supply in order to modulate BBB P-gp. The olfactory region
is primarily supplied with blood from the ophthalmic artery,
and there is evidence for a local vascular pathway associated
with brain delivery via nasal delivery (17,18). Thus, it is pos-
sible that nasally delivered inhibitors are able to access this
local blood supply and have an impact on BBB-specific trans-
porters.

There is significant interest in the potential for develop-
ing transport inhibitors in order to improve drug delivery
specifically to the brain. These efforts have failed, largely due
to the systemic toxicity associated with these inhibitors. Nasal
delivery of transport-specific inhibitors appears to offer a
means to inhibit efflux transport at the BBB while maintain-
ing low systemic concentrations of the inhibitor (thus limiting
systemic toxicity). The magnitude of this transport inhibition
is dependent on the dose and the route of the inhibitor, the
time after administration of the inhibitor, and the specific
brain region examined. In addition, it should be taken into
account that this approach is only viable if the toxicity asso-
ciated with a specific inhibitor is not CNS-mediated. There-
fore, the potential use of nasal instillation as a way to target
transport inhibitors to the brain may serve to enhance the
efficacy of inhibitors that have been formulated for delivery
via traditional routes.
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