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Purpose. The purpose of this study was to demonstrate that P-glycoprotein (P-gp) is localized in the
olfactory mucosa and is capable of limiting the nose-to-brain transport of substrates. Bovine olfactory
and nasal respiratory mucosae were compared to both localize P-gp and to measure its activity within
the epithelia.

Methods. Immunolocalization was performed on the bovine olfactory and nasal respiratory mucosa
using the C219 monoclonal antibody. Flux of etoposide, a substrate reported to be primarily effluxed by
P-gp, across bovine olfactory and nasal respiratory mucosae was measured using Sweetana-Grass
(Navicyte®™) vertical diffusion cells. Experiments were performed to evaluate the effect of directionality,
donor concentration, and the presence of inhibitors.

Results. Dense staining was observed on the apical surface of the ciliated epithelial cells and within the
submucosal lymphatics/vasculature and mucosal glands of the bovine olfactory and nasal respiratory
mucosae. Staining in the nasal respiratory epithelium was weak and patchy when compared to that
observed in the olfactory mucosa. The secretory transport (J;—,) kinetics of etoposide in the olfactory
(K = 260.5 uM, Vpax = 0.179 uM/cm? min) and nasal respiratory (Kp, = 46.9 uM, Viyax = 0.034 pM/cm?
min) mucosae were observed to be saturable and concentration-dependent. The flux of etoposide in the
submucosal-mucosal (/5 ,,) direction was significantly greater than the flux in the mucosal-submucosal
(Jm-s) direction in both the olfactory and nasal respiratory mucosa. The efflux ratios (Js m//m) of
etoposide across the olfactory and the nasal respiratory mucosae were 2.02 and 2.10, respectively. In the
presence of inhibitors such as 2,4-dinitrophenol (1 mM) and quinidine (1 mM), etoposide showed an
increase in J;,, s and a decrease in Jg ,,. The etoposide efflux was unaffected in the presence of a specific
multiresistance associated protein 1 (MRP1) inhibitor (MK571) and methotrexate, a substrate for BCRP
and MRP1-4.

Conclusions. P-gp was localized in the epithelial cells, nasal glands, and the vascular endothelium of
both the bovine olfactory and nasal respiratory mucosae, and the expressed P-gp was capable of
effluxing a substrate such as etoposide. The K, and V. of etoposide efflux were higher in the olfactory
mucosa compared to the nasal respiratory mucosa, and the expression of P-gp seems to be greater in the
olfactory epithelium compared to the nasal respiratory epithelium based on the staining density
observed using immunohistochemistry.

KEY WORDS: CNS; efflux; etoposide; membrane transport proteins; nasal respiratory mucosa;
nose—brain transport; olfactory mucosa; P-glycoprotein.

INTRODUCTION

Delivery of drugs to the central nervous system (CNS)
via the nasal cavity provides the potential to circumvent the
blood-brain barrier (BBB). Hydrophilic compounds such as
dopamine (1) and cephalexin (2), both of which are unable to
permeate the BBB, have been shown to access the CNS via
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the nasal cavity. The nasal administration of lipophilic com-
pounds such as progesterone (3) and midazolam (4), which
are able to penetrate the BBB, also resulted in higher Cp,ay
and shorter #,,,, values in the cerebrospinal fluid (CSF) than
following intravenous administration. Delivery of large
proteins such as nerve growth factor (NGF) to the brain
has also been demonstrated via a connection between the
nose and brain (5).

Several tracer studies have shown the existence of a
direct connection between the cranial CSF and the olfactory
mucosa through which low molecular weight drugs and
therapeutic peptides can access the CNS. In an attempt to
study the role of the olfactory pathway in CSF drainage,
Erlich and coworkers (6) observed that ferritin moved into
the olfactory submucosa 12 min after injection into the lateral
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ventricles of rats. Four hours after the injection, the quantity
of ferritin in the olfactory submucosa was increased, but the
distribution pattern remained unchanged. In a similar study,
Kida et al. (7) found that Indian ink particles present in the
subarachnoid space drained directly into discrete channels
that passed through the cribriform plate and into the
lymphatics in the olfactory submucosa. Both of these studies
also indicated that the tracers did not completely permeate
through the olfactory epithelium and did not appear within
the nasal cavity. Although the tracers used in these studies
were large in size, it is reasonable to assume that the ol-
factory epithelium acts as a barrier to the transport of small
molecules as well as macromolecules between the nasal cav-
ity and the CNS in the mucosal-submucosal (m-s) or sub-
mucosal to mucosal (s-m) directions.

The olfactory region consists of the olfactory mucosa
lining the cribriform plate of the ethmoid bone that separates
the nasal and cranial cavities. The olfactory epithelium
overlies a thick connective tissue (lamina propria) that
contains blood vessels, olfactory nerve bundles, and nasal
glands. The olfactory epithelium is a pseudostratified colum-
nar epithelium composed of three types of cells: olfactory
neurons, sustentacular (supporting) cells, and basal cells. It
has been proposed that macromolecular complexes such as
wheat germ agglutinin—horseradish peroxidase (8) and metals
such as cadmium and manganese (9) are taken up by the
olfactory neurons and transported to the olfactory bulb very
slowly by an axonal pathway (10). However, the transport of
low molecular weight drugs (11,12) and some macromole-
cules (13) from the nasal cavity to the CSF is very rapid.
Hence, it is believed that these molecules permeate through
the olfactory epithelium to reach the CSF via the perineuro-
nal spaces and olfactory submucosal lymphatics rather than
via the axonal pathway.

Chou and Donovan (11) reported that model antihista-
mine compounds sharing similar physicochemical properties
exhibited different CNS distribution patterns in rats follow-
ing nasal administration. Hydroxyzine and triprolidine read-
ily reached the CNS, whereas no measurable amounts of
chlorcyclizine or chlorpheniramine were observed. The lack
of predictive CNS distribution based on physicochemical
properties prompted the investigation of specialized trans-
port systems that could prevent molecules from permeating
through the olfactory mucosa. One important transport
system in many mucosal and epithelial tissues is P-glycopro-
tein (14), which has been shown to be capable of effluxing
many diverse substrates (15).

P-glycoprotein is a member of the ATP-binding cassette
(ABC) superfamily of proteins that was first implicated in
multidrug resistance due to its ability to efflux a variety of
anticancer drugs such as etoposide from malignant cells (16).
P-gp has been reported to be localized in the cells of tissues
that have specific barrier functions, i.e., blood-brain barrier,
blood—placental barrier, blood-testis barrier, blood—nerve
barrier, and the intestinal mucosa (17). On a cellular level,
P-gp is frequently localized in the plasma membrane and is
believed to be responsible for removing agents that partition
into the membrane (18).

Because the olfactory and nasal respiratory mucosae are
the primary barriers to drug absorption from the nasal cavity,
an understanding of the location and activity of transporters
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such as P-gp in both mucosae is essential to understanding
the role of efflux in nose-to-brain transport. Wioland et al.
(19) reported that efflux transporters such as P-gp and
multiresistance associated protein (MRP) 1 and 2 were
expressed in the epithelium and nasal glands of the human
nasal respiratory mucosa. Studies conducted by Graff and
Pollack (20,21) demonstrated that P-gp was present in the
murine olfactory mucosa and limited the brain uptake of
substrates after intranasal administration. We have demon-
strated that chlorpheniramine and chlorcyclizine are effluxed
across the bovine olfactory mucosa by transporters such as
P-gp (22). The objective of this study was to localize P-gp in
the bovine olfactory mucosa, determine its functionality
using etoposide as a substrate, and compare the results to
those observed in the bovine nasal respiratory mucosa.

MATERIALS AND METHODS
Chemicals and Reagents

Monoclonal anti P-glycoprotein antibody (C219) and
DAKO EnVision™ system were purchased from Dako
Corporation (Carpinteria, CA, USA). Etoposide, quinidine
HCI, 2, 4-dinitrophenol (2,4-DNP), dimethyl sulfoxide
(DMSO), methotrexate (MTX), and minimum essential
Eagle’s medium with Earl’s salts (MEM) were obtained from
Sigma (St. Louis, MO, USA). MK 571 was obtained from
CalBiochem (CalBiochem, La Jolla, CA, USA). Kreb’s
Ringer buffer (KRB) salts and HPLC solvents were obtained
from Fisher Scientific (Chicago, IL, USA).

Kreb’s Ringer Buffer

Kreb’s Ringer Buffer was prepared by adding 0.5 mM
MgCl,, 4.56 mM KCl, 119 mM NacCl, 0.7 mM Na,HPO,, 1.3
mM NaH,PO,, 10 mM D-Glucose, 2.5 mM CaCl,, and 15 mM
NaHCOj; to deionized water. The pH was adjusted to 6.5 £
0.2 with either 1 N HCl or NaOH.

Nasal Mucosal Samples

Bovine olfactory and nasal respiratory mucosae were
obtained from the Roherkassee Meat Co. (Williamsburg, IA,
USA). After the animals were decapitated, longitudinal
incisions along the lateral walls of the nasal cavity and a
vertical incision along the ocular plane were made to expose
the nasal respiratory and olfactory regions of the bovine
nasal cavity. Full-thickness olfactory and nasal respiratory
mucosae were harvested from the ethmoid and maxilloturbi-
nates, respectively. The tissues used for immunohistochemis-
try were rinsed thoroughly with MEM, flash frozen in
isopentane cooled by liquid nitrogen, and transported to the
microscopy facility for further processing. The tissues used in
the transport studies were rinsed thoroughly with KRB and
stored in fresh KRB maintained on ice. Transport studies
were conducted within 4 h of the procurement time. The
mucosal tissues were determined to be viable after the
transport studies using one of several methods including: (1)
live-and-dead cell assay (LIVE/DEAD® viability/cytotoxicity
kit; Molecular Probes, Eugene, OR); (2) measurement of the
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flux of a well-characterized paracellular marker (Lucifer
yellow) across the mucosal tissue; (3) measurement of the
electrical resistance across the mucosal membrane (EVOM,
World Precision Instruments, Sarasota, FL), USA.

Immunolocalization of P-Glycoprotein
Antibodies

Primary antibody (anti-P-glycoprotein antibody, C219)
is an antihuman mouse IgG,, monoclonal antibody that
recognizes an intracellular epitope located on the carboxy
terminal portion of P-gp (23,24). The secondary antibody was
labeled with horseradish peroxidase (HRP). Negative con-
trols were performed by replacing the primary antibody with
an irrelevant IgG,, of the same origin. The secondary
antibody and the isotype matched negative control were
components of the DAKO EnVision™ system.

Immunohistochemistry

The frozen tissues were cut into 10-um sections using a
Microm HMS505E cryostat (Richard Allen, Inc., Richland,
MI, USA). The sections were mounted on Superfrost PLUS
slides (Fisher Scientific), fixed by using a mixture of 75%
acetone and 25% ethanol for 5 min at room temperature, and
air-dried overnight at —20°C. The sections were washed with
distilled water followed by PBS (pH = 7.1) to remove the
cryomounting medium. Dako quenching solution (a compo-
nent of the DAKO EnVision™ system) was used to block the
sections against endogenous peroxidase. The sections were
rinsed with PBS and incubated with blocking solution
containing 10% normal goat serum + 1% bovine serum
albumin for approximately 20 min.

The sections were subsequently incubated at 4°C for
48 h with primary antibody diluted (1:2) with 1% fetal calf
serum in PBS followed by incubation with the secondary
antibody (DAKO EnVision™ System) for 30 min. After
rinsing thoroughly with PBS followed by distilled water, the
sections were exposed to a solution containing diaminoben-
zidine chromogen (DAKO EnVision™ System) for 5 min.
The sections were rinsed with running tap water for 15 min
and counterstained with methyl green.

Etoposide Permeability

The permeation of etoposide across the bovine olfactory
and nasal respiratory mucosae was measured using Sweetana-
Grass (Navicyte®) vertical diffusion cells. The temperature
was maintained at 37 + 0.5°C using a circulating water bath.
The mucosal tissue was mounted between the donor and
receiver compartments and equilibrated for 30 min in KRB at
pH 6.5 £0.2. After equilibration, the KRB was replaced with 1
ml each of the donor (etoposide + 0.1% DMSO in KRB) and
the receiver solutions (0.1% DMSO in KRB). The donor and
the receiver chambers were kept under a constant carbogen
flow (95% O, + 5% CO,) at the rate of 3—4 bubbles/s.
Samples (200 pl) were taken from the receiver solution at
regular time intervals for up to 120 min and analyzed for the
presence of etoposide. The solution removed was replaced
with fresh, prewarmed receiver solution.
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Concentration Dependence and Directionality
of Etoposide Transport

Etoposide flux across the bovine olfactory and nasal
respiratory mucosae was determined in the mucosal-
submucosal (m-s) direction by mounting the tissue so that
the epithelial surface was in contact with the donor solution.
In a similar fashion for the s—m studies, the submucosal sur-
face of the mucosa was in contact with the donor solution.
The effect of donor concentration on the submucosal-
mucosal (s—m) flux of etoposide across the bovine olfactory
and nasal respiratory mucosae was investigated at concen-
trations ranging from 21 to 425 uM. To compare the mag-
nitude of s=m and m-s flux, two concentrations of etoposide
were selected. The s—m and m-s flux across nasal respirato-
ry mucosa was measured using a 42-uM etoposide concen-
tration in the donor chamber. A concentration of 212 uM was
used when comparing the directional flux in the olfactory
mucosa.

Inhibition Studies

Etoposide flux in both the mucosal-submucosal and
submucosal-mucosal directions was measured in the pres-
ence of quinidine (1 mM) (25), 24-DNP (1 mM) (25),
MKS571 (25 uM) (26,27), or methotrexate (1 mM) (28). For
all inhibition studies, the tissues were preequilibrated with
the inhibitor solution (inhibitor + 0.1% DMSO in KRB) in
the donor and receiver chambers for 30 min at 37 + 0.5°C.
At the start of the experiment, the donor chamber was filled
with 1 ml of inhibitor solution containing etoposide and the
receiver chamber was filled with 1 ml of inhibitor solution.
The pH of the inhibitor-containing donor and receiver
solutions (except for methotrexate) was maintained at 6.4 +
0.2. The pH of the donor and receiver solutions containing
methotrexate was maintained at 7.4 £ 0.2 due to the low
solubility of methotrexate at pH 6.4. The donor concen-
trations of etoposide used for studies with nasal respiratory
mucosa and olfactory mucosa were 42 and 212 uM,
respectively.

HPLC Analysis

Analysis of etoposide was carried out with an HPLC
system consisting of a Hitachi L-6200 Intelligent pump and
L-4000 UV detector set at 230 nm (Hitachi, San Jose, CA,
USA), Shimadzu CR-501 Chromatopac Integrator (Shi-
madzu, Columbia, MD, USA) and Waters 712 WISP
autosampler (Waters Corp., Milford, MA). A Luna C8 (2)
column (5 um; 250 x 4.60 mm; Phenomenex, Torrance, CA,
USA) and a mobile phase of 40% acetonitrile, 1% glacial
acetic acid, and 59% water pumped at 1 ml/min were used.

Data Analysis

Flux of etoposide across the olfactory or nasal respira-
tory mucosa in either the mucosal-submucosal (/;, ) or
submucosal-mucosal (/s ,) direction was calculated from the
linear portion of the cumulative mass transported vs. time
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profile using Fick’s first law. The ratio of Jg //; s was
denoted as the efflux ratio (ER). The concentration depen-
dence of flux was quantified by fitting the following
Michaelis—-Menten-type expression (25) to the data using
GraphPad Prism version 3.03 (GraphPad Software, San
Diego, CA, USA).

Jsom = [(Jmax X C)/(Km + C)]+ P x C (1)

where J.x 1S the maximal rate of s—m flux, C is the donor
concentration, K, is the Michaelis-Menten constant, and P is
the passive permeability.

Results from the flux experiments are presented as mean
values + standard deviation. A Student’s ¢ test or one-way
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ANOVA followed by Tukey’s multiple comparison tests was
performed to compare the means. A value of p < 0.05 was
considered statistically significant.

RESULTS

Immunolocalization of P-gp in Bovine Olfactory and Nasal
Respiratory Mucosae

At low magnification, dense staining was observed in the
olfactory epithelium (Fig. 1a). The boxed region of Fig. 1a at
higher magnification (Fig. 1b) highlights the staining on the
apical surface of the ciliated olfactory epithelial cells. Intense

Fig. 1. Immunolocalization of P-glycoprotein (P-gp) (C219 antibody) in bovine
olfactory and nasal respiratory mucosae. Dark-stained region represents C219 and
P-gp reaction product, (a) olfactory mucosa (20x), (b) boxed epithelial region of (a) at
(40x%), (c) boxed glandular region of (a) at (100x), (d) control olfactory tissue, (e) nasal
respiratory mucosa at (20x), (f) boxed epithelial region of (e), (g) endothelial cells
lining the vascular lumen, and (h) control nasal respiratory tissue. % Localization of P-
gp in the submucosal vascular spaces. % Absence of P-gp in the submucosal vascular
spaces of the control. Filled arrows indicate the localization of P-gp and the open
arrows indicate the absence of P-gp in the controls.
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Fig. 2. Concentration dependence of submucosal to mucosal flux of
etoposide across bovine olfactory and respiratory mucosae at pH
6.5 + 0.2. Data points represent the mean flux + SD (n = 3-6).

staining was also observed in the submucosal lymphatics, in
the capillary endothelium of the vascular spaces, and in the
nasal glands within the submucosa. Intracytoplasmic staining
within the glands was faint and granular (Fig. 1c). No staining
was observed in the epithelium, submucosal lymphatics, nasal
glands, or other submucosal structures of the control
olfactory sections treated with the irrelevant IgG,, (Fig. 1d).

Similar staining patterns were also observed in the nasal
respiratory epithelium (Fig. 1e). However, the intensity of
staining was weak and patchy when compared to the
olfactory mucosa (Fig. 1f). The submucosal lymphatics and
vasculature of the respiratory mucosa were densely stained
and endothelial staining of the large blood vessels was
apparent. Homogeneous staining was observed in the vascu-
lar smooth muscle surrounding the large arteries of the nasal
submucosa, potentially due to the reported cross reactivity of
C219 with the heavy chain of myosin present in smooth
muscle (29). No consistent staining was observed in the
endothelium of the arterial lumen (Fig. 1g). These large
capillaries were not observed in the olfactory mucosal
sections, probably due to the lower vascularity of the
olfactory mucosa compared to the nasal respiratory mucosa.
The cell membranes of the nasal glands in the nasal
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respiratory submucosa were densely stained, whereas the
intracellular staining was weak and granular. No staining by
C219 was observed in any of the epithelial or submucosal
structures in the control nasal respiratory tissue (Fig. 1h).

Etoposide Permeability
Concentration Dependence

The secretory (submucosal-mucosal) transport kinetics
of etoposide in the olfactory and respiratory mucosae were
observed to be saturable and concentration-dependent
(Fig. 2). The Ky, Vimax, and permeability (P) parameters of
etoposide efflux across the olfactory mucosa obtained by
fitting Eq. (1) to the s=m flux (J ,) vs. donor concentration
results were found to be 260.5 uM, 0.179 uM/cm? min, and
6.5 x 107° cm/min, respectively. The K., Viax, and P for
etoposide in the respiratory mucosa, obtained in a similar
fashion, were found to be 46.9 uM, 0.034 pM/cm2 min, and
5.0 x 10~® cm/min, respectively.

Directionality

To investigate the presence of carrier-mediated trans-
port, the directionality of etoposide flux across the bovine
olfactory and respiratory mucosae was determined. In the
case of the olfactory mucosa, the Jg ., of etoposide was
significantly greater than the J,, ¢ (Fig. 3a) with an efflux
ratio (ER = Jgz/Jins) of 2.02. In the nasal respiratory
mucosa, the Jg , was also significantly greater than the Jy, ¢
with an efflux ratio of 2.1. The donor concentration used in
the studies with the respiratory mucosa was 42 uM rather
than 212 pM as in the olfactory mucosa, because the
etoposide efflux in the respiratory mucosa was saturated at
donor concentrations greater than 80 uM (Fig. 2).

Inhibition Studies

The J,, s and J; ,, of etoposide (212 uM) in the presence
of 1 mM 2,4-DNP (metabolic inhibitor); 1 mM quinidine (a
mixed inhibitor of P-gp and MRP 1 and 2 (26), 25 uM MK571
(specific MRP1 inhibitor) (26), or 1 mM methotrexate (a
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Fig. 3. Effect of inhibitors on the polarized transport of etoposide at pH 6.5 + 0.2 or 7.4 + 0.2 (for methotrexate) across (a) bovine olfactory mu-
cosa (control = 212 uM etoposide) (b) bovine nasal respiratory mucosa (control = 42 uM etoposide). Efflux ratio (ER) = Jg /i s; Tms
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substrate of MRP1-4 and BCRP) (28, 30-33) were investi-
gated in the bovine olfactory mucosa. Similar studies were
also conducted in the nasal respiratory mucosa, but with a
lower donor concentration of etoposide (42 pM). One-way
ANOVA followed by Tukey’s multiple comparison testing
showed that, in the presence of 2,4-DNP or quinidine, the
Jsm of etoposide across the olfactory (Fig. 3a) or the nasal
respiratory (Fig. 3b) mucosae decreased significantly com-
pared to the J; ,, of the noninhibited s—m etoposide flux. The
Jm_s of etoposide across the olfactory (Fig. 3a) or the nasal
respiratory (Fig. 3b) mucosa increased significantly compared
to the noninhibited m-s etoposide flux (control). The mag-
nitude of change in J,, ¢ and Jg ,, of etoposide was nearly
identical in the presence of either 2,4-DNP or quinidine and
the efflux ratio in both olfactory and respiratory mucosae was
reduced to less than 1 in the presence of these inhibitors. In
the presence of MK571, however, the J ,, of etoposide across
the olfactory (Fig. 3a) and the nasal respiratory (Fig. 3b)
mucosae remained significantly greater than the J,, ¢ with
efflux ratios of 2.57 and 3.54, respectively. Similarly, in the
presence of methotrexate the Jg ,,, of etoposide across the
olfactory (Fig. 3a) and the nasal respiratory (Fig. 3b)
mucosae was significantly greater than the J,, s with efflux
ratios 2.3 and 3.27, respectively.

DISCUSSION

Because the olfactory and respiratory epithelia are the
primary barriers to drug absorption from the nasal cavity, the
localization and activity of P-gp within these barriers has a
significant impact on the understanding of nasal bioavailabil-
ity. The apical location of P-gp restricts the transcellular
absorption of P-gp substrates. For substrates that have
reached the olfactory submucosa, absorption into the blood
or CSF is further restricted by the P-gp located in the endo-
thelium of the vascular spaces and submucosal lymphatics.

The morphology of the bovine and human respiratory and
olfactory mucosa has been well characterized by previous
investigators (34-36). Their results show that the epithelial
cells, sustentacular cells, neurons, tight junctions, and the
pattern of intercellular arrangements have remarkable inter-
species consistency. Excised bovine nasal mucosa has been
validated as an in vitro model to study drug transport and
metabolic pathways in the nasal epithelium (37). Other inves-
tigators have also utilized excised bovine olfactory mucosa as
a source for cells and subcellular fractions to study olfactory
mucosal metabolism (38,39). Additional studies have been
conducted to compare the permeability of numerous other
model compounds across bovine olfactory and respiratory
mucosae. These studies have demonstrated that, when
adjusted for thickness differences, there are no substantial
differences in the passive permeabilities of various com-
pounds across either of these mucosal tissues (35). However,
the differential expression of various influx and efflux trans-
porters in the olfactory and respiratory mucosae has been
observed. These differences have been shown to affect the
overall permeability of selected substrates across these
mucosae (22). The immunostaining of the bovine respiratory
mucosa showed similarities with that of the human respira-
tory mucosa with the exception that the human respiratory
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mucosa showed intense staining along the circumference of
the basal cells, except at points of contact with the basal lam-
ina; this was not observed in the bovine respiratory mucosa
(19). This localization of P-gp in the basal cells, in addition to
at the apical surface, would enhance the epithelial barrier
properties against potentially toxic inhaled substances.

Etoposide was effluxed from the bovine olfactory and
respiratory mucosae demonstrated by the high efflux ratios
(Fig. 3a and b). Various inhibitors of ATP-dependent efflux
transporters for which etoposide is reported to be a substrate
were used to screen for the transporter that had the greatest
influence on the etoposide efflux across olfactory and
respiratory mucosae. Etoposide efflux across both mucosae
was inhibited by 2,4-DNP and quinidine, but not by MK571
or methotrexate. These results demonstrate that the efflux of
etoposide across the olfactory and respiratory mucosae is
primarily mediated by P-gp. Other investigators have also
demonstrated that the efflux of etoposide is primarily
mediated by P-gp, whereas other efflux transporters such as
MRPs (MRP1 and MPR3) and BCRP play a much less
significant role (26,40).

In the presence of 2,4-DNP and quinidine, etoposide
transport would be expected to be due to passive diffusion,
and the efflux ratio should approach 1.0. Interestingly, the
efflux ratios for etoposide in the presence of either 2,4-DNP or
quinidine were significantly lower than 1 (J;,_s > J ). This
asymmetric passive diffusion across biological membranes
has been observed by other researchers (25,41), and is likely
a result of the distinct properties of the apical and basolateral
domains of each tissue containing different ion channels,
additional transport proteins, enzymes, and lipids (42).

The J, ., of etoposide across both the respiratory and
olfactory mucosae was found to be concentration-dependent
and saturable (Fig. 2), which further supports the existence of
efflux transport. The Ky, (260.5 uM) and Viay (0.179 pM/cm?
min) values for etoposide efflux in the olfactory mucosa were
found to be higher than in the respiratory mucosa (K, = 46.9
uM and Viay = 0.034 uM/cm? min). The higher K, and Vipax
values of etoposide efflux in the olfactory mucosa may be
related to the higher expression of P-gp in the olfactory
epithelium as demonstrated by the greater staining density
observed in the olfactory epithelium (Fig. 1a and b). Other
investigators have also reported regional differences in P-gp
distribution resulting in differential efflux kinetics (43,44).
For example, Stephens et al. (44) reported that the net
transport (Js_m—Jm.s) of paclitaxel and digoxin across the
murine ileum was greater than across the proximal colon.
This coincided with the greater expression of P-gp in the
ileum. Tang et al. (45) reported that the K, (252.8 uM) and
Vimax (2.43 pM/cm? s) values for [°H]vinblastine efflux across
Madin-Darby canine kidney (MDCK) cells that express the
human multidrug resistance (MDR1) gene were substantially
higher than for efflux across wild-type Madin—Darby canine
kidney cells (MDCK-WT) (K, = 24.5 pM and Vi, = 0.42
pM/cm? s). The differences in the kinetic parameters were
attributed to differences in the expression levels of P-gp
isoforms, which were substantially higher in MDCK-MDRI1
cells compared to MDCK-WT cells.

In summary, P-gp is localized on the apical surface of the
epithelium and within the submucosal vasculature/lymphatics
and the nasal glands of bovine olfactory and respiratory
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mucosae, and it is active in effluxing etoposide, a P-gp
substrate. Immunohistochemistry demonstrates that the ex-
pression of P-gp is higher in the olfactory epithelium com-
pared to the respiratory epithelium. These results help to
identify P-gp-mediated efflux as a biological factor that in-
fluences direct nose-to-brain transport of solutes along with
other reported physicochemical factors (46). Given the
recent interest in exploiting the nasal cavity as a portal for
delivering drugs to both the CNS and the systemic circula-
tion, the presence of efflux transporters such as P-gp could
have a significant impact on the bioavailability (CNS and
systemic) of a wide range of structurally diverse substrates.
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