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ABSTRACT:

Uptake of drugs and other xenobiotics from the nasal cavity and
into either the brain or systemic circulation can occur through
several different mechanisms, including paracellular transport and
movement along primary olfactory nerve axons, which extend from
the nasal cavity to the olfactory bulb of the brain. The present study
was conducted to expand knowledge on a third means of uptake,
namely the expression of drug transporters in the rat nasal epithe-
lium. We used branched DNA technology to compare the level of
expression of nine transporters [(equilibrative nucleoside trans-
porters (ENT)1 and ENT2; organic cation transporter (OCT)1, 2, and
3; OCTN1; organic anion-transporting polypeptide (OATP)3; and

multidrug resistance (MRP)1 and MRP4] in nasal respiratory mu-
cosa, olfactory mucosa, and olfactory bulb to the level of expres-
sion of these transporters in the liver and kidney. Transporters with
high expression in the nasal respiratory mucosa or olfactory tis-
sues were immunolocalized by immunohistochemistry. ENT1 and
ENT2 expression was relatively high in nasal epithelia and olfactory
bulb, which may explain the uptake of intranasally administered
nucleoside derivatives observed by other investigators. OATP3
immunoreactivity was high in olfactory epithelium and olfactory
nerve bundles, which suggests that substrates transported by
OATP3 may be candidates for intranasal administration.

Introduction

Interest is increasing in the use of the intranasal route for drug
delivery. Although intranasal delivery avoids issues such as first-pass
biotransformation by the liver after oral administration, there are
significant hurdles such as bioavailability, degradation by nasal pro-
teases, and an apparent size limitation for materials that can be
delivered into the systemic circulation or the brain after intranasal
administration. Delivery of intranasally administered drugs into either
the brain or systemic circulation can occur by means of several
processes. Expression of several metal transporters (DMT1, ZIP14)
has been shown in rodent olfactory mucosa (Thompson et al., 2007;
Genter et al., 2009), and transection of the olfactory nerve stopped the
transport of manganese and thallium from the nasal cavity into the
brain (Kinoshita et al., 2008). Furthermore, ipsilateral transsynaptic
movement of manganese has been shown (Dorman et al., 2002).
Movement of molecules between epithelial cells, i.e., paracellular
transport, can be promoted by adjuvants such as poly-L-arginine that
“loosen” the intercellular junctions that comprise the nasal blood-
brain barrier. An unfortunate side effect of some adjuvants is serious

and potentially permanent damage to nasal tissues (Natsume et al.,
1999). Finally, the nasal mucosa is highly vascularized, allowing
drugs applied to the epithelial surface to be rapidly absorbed into the
bloodstream (Türker et al., 2004).

The delivery of nucleoside analogs such as zidovudine and 2�,3�-
didehydro-3�-deoxythymidine to the cerebral spinal fluid (CSF) has
been demonstrated after intranasal administration in rodents (Seki et
al., 1994; Yajima et al., 1996). Transport of nucleoside analogs is
mediated by the equilibrative nucleoside transporters (ENTs) (Gov-
indarajan et al., 2009). Although ENTs have been localized to various
brain regions in rodents and humans (Jennings et al., 2001; Alanko et
al., 2006), the presence of ENTs in nasal epithelia has not been shown
to date. Nucleoside drugs penetrate the blood-brain barrier poorly
(Varatharajan and Thomas 2009), so we hypothesize that the presence
of ENTs in nasal epithelia and/or the olfactory bulb (OB) may explain
their uptake from the nasal cavity and into the CSF.

Therefore, the goals of the present studies were to examine the
expression of some representative drug transporters, including ENTs,
in nasal epithelia and olfactory bulb, as a potential basis for predicting
which drugs may be candidates for intranasal administration and
uptake into the brain. Expression levels were compared to those in
liver and kidney. After identifying transporters with significant ex-
pression in nasal epithelia and/or OB, we performed immunohisto-
chemistry to localize the cell type(s) expressing the highly expressed
transporters.

Materials and Methods

Animals. Male adult Sprague-Dawley rats (8–9 weeks of age) were ob-
tained from Harlan (Indianapolis, IN). Rats were maintained in 12-h light/dark
cycles in Association for Assessment and Accreditation of Laboratory Animal
Care-accredited facilities at the University of Cincinnati and the University of
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Arizona. Protocols were approved by each Institutional Animal Care and Use
Committee. Rats (n � 4) were fed standard rodent chow ad libitum (Harlan
Teklad, Indianapolis, IN) and allowed free access to tap water.

RNA Isolation. Rats were sacrificed by decapitation. The ethmoid turbi-
nates and caudal one-third of the nasal septum were used as the source of
olfactory RNA; the nasoturbinates, maxilloturbinates, and the anterior two-
thirds of the nasal septum were used for isolation of respiratory RNA (see
Wetmore et al., 1999 for a diagram of these regions of the rodent nasal cavity).
Tissues were immediately frozen on dry ice and stored at �80°C until RNA
isolation. RNA was isolated using Tri Reagent (Molecular Research Center,
Cincinnati, OH) or RNAzol B reagent (Tel-Test, Inc., Friendswood, TX)
according to the manufacturers’ protocols. Sufficient liver, kidney, olfactory,
and respiratory tissues were obtained from each of the four rats to isolate RNA
from individual rats, whereas olfactory bulbs were pooled from two rats for
preparation of two olfactory bulb RNA samples. The concentration of total
RNA in each sample was quantified spectrophotometrically at 260 nm. RNA
integrity (relative ratio of 28S and 18S rRNA bands) was analyzed by form-
aldehyde-agarose gel electrophoresis with ethidium bromide staining.

Gene Expression Analysis. Specific oligonucleotide probes for organic
cation transporter (OCT)1, 2, and 3; multidrug resistance protein (MRP)1 and
4; OCTN1; organic anion-transporting polypeptide (OATP)3; and ENT1 and
ENT2 were diluted in lysis buffer supplied in the Quantigene HV Signal
Amplification Kit (Panomics, Inc., Freemont, CA) as previously reported
(Cherrington et al., 2004). Total RNA (0.5 �g/�l; 10 �l) was added to each
well of a 96-well plate containing capture hybridization buffer and 50 �l of
each diluted probe set. Total RNA was hybridized to each probe set overnight
at 53°C. Subsequent hybridizations were carried out per the manufacturer’s
protocol, and luminescence was measured with a Quantiplex 320 bDNA
luminometer interfaced with Quantiplex Data Management Software version
5.02.

Immunohistochemistry. Selected proteins were chosen for immunolocal-
ization using these antibodies: ENT1 (Santa Cruz K-18; Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA); ENT2 (Santa Cruz K-14); OCT2 (Santa Cruz
C-13); OCTN1/2/3 (Santa Cruz H-130); MRP1 (Santa Cruz H-70); and
OATP3 (Dr. Paul Dawson, Wake Forest University, Winston-Salem, NC).
Antibodies were applied to either deparaffinized-archived control rat nasal
cavity sections (decalcified in 10% formic acid) or to freshly cut cryosections
of control rat nasal cavity (decalcified in 0.1 M EDTA, pH 7.4). Immunolo-
calization was detected using species-appropriate horseradish peroxidase-con-
jugated secondary antibodies (Dako, Carpinteria, CA), followed by tyramide
signal amplification (PerkinElmer Life and Analytical Sciences, Waltham,
MA), and application of aminoethylcarbazole as chromagen (Genter et al.,
2002). Selected sections were subjected to antigen retrieval [sections were
microwaved in 0.01 M citric acid (pH 5.2) for 16 min, cooled to room
temperature, and rinsed in 10 mM phosphate-buffered saline before antibody
application]. Immunostained sections were counterstained with hematoxylin
and photographed with a Nikon D80 camera (Nikon, Tokyo, Japan). Images
were opened and optimized using Irfanview software (http://www.irfanview.
com/).

In Silico Evaluation of Subcellular Localization. Because of the pattern
of immunolocalization observed for OCT2 and MRP1 in nasal respiratory
mucosa, in silico analysis was undertaken to ask whether OCT2 is likely to be
a secreted protein, and whether the MRP1 protein sequence contains a nuclear
localization signal. To do this, the respective rat protein sequences were
obtained from Uniprot (http://www.uniprot.org) and queried in either SignalP
to ascertain the likelihood that OCT2 is secreted (http://www.cbs.dtu.dk/
services/SignalP) or the PredictNLS (http://cubic.bioc.columbia.edu/services/
predictNLS/) to identify putative nuclear localization sequences.

Results and Discussion

Gene expression studies showed that several of the transporters
evaluated were expressed in nasal epithelia and/or OB at levels
comparable to or exceeding those in liver or kidney. OCT1, OCT3,
and OCTN1 were not appreciably expressed in nasal epithelia or
olfactory bulb and therefore were not immunolocalized.

ENT1 and ENT2 expression in nasal epithelia and OB was com-
parable to the expression in liver and kidney. Immunolocalization

with the respective antibodies revealed that both proteins are ex-
pressed along the apical surface of the olfactory epithelium (Fig. 1, a
and b). Staining in respiratory epithelium was quite weak, but, inter-
estingly, immunolocalization was found in acinar cells of subepithe-
lial mucus glands (data not shown).

Expression of OATP3 in respiratory and olfactory tissues were �50
times greater than in liver or kidney. OATP3 was detected by immu-
nohistochemistry in the olfactory nerve layer in the epithelium, as well
as in subepithelial nerve bundles, which contain the axons of the
olfactory neurons that project into the nasal cavity. Robust staining in
the cytoplasm of nasal respiratory epithelium was also observed (Fig.
1, c–e).

MRP1 expression in nasal epithelia was found to be comparable to
that in kidney, with even higher expression in OB. MRP4 was like-
wise found to be expressed at two to three times higher level in nasal
epithelia, compared to kidney, with lower but detectable expression in
OB (Fig. 1f). MRP1 immunolocalization studies revealed nuclear
staining in the nasal respiratory epithelium. Immunoreactivity was
weak in olfactory epithelial sections, and MRP protein was found to
be diffusely detectable in all layers of the OB (Fig. 1, g–i).

OCT2 localization and activity were previously described in bovine
olfactory mucosa (Chemuturi and Donovan, 2007). In our studies,
OCT2 expression in olfactory tissue was observed at approximately
twice the level detected in kidney (Fig. 1j). Strong immunoreactivity
was localized to the apical surface of the olfactory epithelium and in
the ducts of Bowman’s glands (BG), as well as in subepithelial BG
(Fig. 1k). OCT2 was also detected in secretory granules in the respi-
ratory epithelium (Fig. 1l).

Because we found OCT2 immunolocalization in the secretory gran-
ules of the nasal respiratory epithelium, as well as immunolocalization
of MRP1 in the nuclei of the respiratory epithelium (and to a lesser
extent, in nuclei of the olfactory epithelium), in silico analysis was
undertaken to attempt to explain these observations. SignalP analysis
of the rat OCT2 protein sequence revealed that OCT2 has a targeting
sequence (between positions 33 and 34) that would predict that OCT2
could be secreted; when similarly evaluated, MRP1 (known to be an
integral membrane protein), was identified as a nonsecreted protein. A
nuclear localization sequence (NLS) was not found in MRP1 when
analyzed using PredictNLS; the aryl hydrocarbon nuclear translocator
protein sequence was used as a “positive control” for this analysis,
and, as is known that NLS were found in the aryl hydrocarbon nuclear
translocator sequence.

The transfer of drugs and toxicants from the nasal cavity to the
brain and bloodstream can occur by several different mechanisms.
The original goal of this work was to determine whether ENT1 and
ENT2 (encoded by SLC29A1 and SLC29A2) are expressed in nasal
epithelia, because substrates for these transporters, e.g., zidovudine
and 2�,3�-didehydro-3�-deoxythymidine, are detected in CSF fluid
after intranasal administration to rodents (Seki et al., 1994; Yajima et
al., 1996). We found that ENT1 expression was higher in olfactory
mucosa, respiratory mucosa, and OB than that in liver and kidney, and
that ENT2 expression in nasal epithelia was comparable to that in
liver and kidney, and 2- to 3-fold higher in OB. Immunohistochemical
results showed that these proteins had essentially the same pattern of
immunolocalization, namely at the apical surface of the olfactory
epithelium, in the Bowman’s glands beneath the olfactory epithe-
lial basement membrane and in mucus glands under the respiratory
epithelium.

The expression of OATP3 (encoded by SLC21A7 and involved in
thyroid hormone transport) was detected at remarkably high levels in
olfactory and nasal respiratory tissues. It is established that propyl-
thiouracil-induced hypothyroidism in humans and rodents is associ-
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FIG. 1. Gene expression [expressed as relative light units (RLU) per 5 �g of RNA] and immunolocalization (using aminoethylcarbazole as the chromagen) for transporters
examined in rat nasal respiratory mucosa (R), olfactory mucosa (OE), OB, liver, and kidney. a, ENT1 and ENT2 expression as assessed by branched DNA analysis. b,
immunohistochemical localization of ENT1 (data shown) and ENT2 was similar, with the most prominent at the apical surface of the olfactory epithelium (��) and in the
subepithelial BG. Original magnification, 20�. Staining was negligible in respiratory epithelium, with some immunoreactivity noted in the acinar cells of the submucosal
mucus glands (data not shown). c, OATP3 expression as assessed by branched DNA analysis. d, OATP3 is localized in the apical cytoplasm of sustentacular cells (SUS),
the olfactory nerve layer (ONL), and in subepithelial nerve bundles (NB). Original magnification, 10�. e, immunohistochemistry reveals cytoplasmic localization of OATP3
in ciliated cells of the respiratory epithelium. Original magnification, 10�. f, MRP1 and MRP4 expression as assessed by branched DNA analysis. g, immunohistochemistry
localized MRP1 expression to the nuclei in respiratory epithelial cells (arrow). Original magnification, 10�. h, diffuse MRP1 expression was found throughout the olfactory
bulb, including the ONL, glomerular layer (GL), external plexiform layer (EPL), and mitral cell layer (MCL). Original magnification, 4�. i, MRP1 immunoreactivity was
weakly detected in the olfactory epithelium, with the strongest immunoreactivity in occasional olfactory neuron nuclei (arrows). Original magnification, 20�. j, OCT1,
OCT2, OCT3, and OCTN1 expression as assessed by branched DNA analysis. k, immunohistochemistry reveals OCT2 expression primarily in the ducts of BG in the
olfactory epithelium (arrow) and in the acinar cells of BG. Original magnification, 10�. l, OCT2 immunohistochemistry reveals expression in the secretory granules (�)
of respiratory epithelial cells. Original magnification, 10�.
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ated with olfactory dysfunction and decreased olfactory neurogenesis
(e.g., Paternostro and Meisami, 1996; Tong et al., 2007). Thus, the
high OATP3 expression in the olfactory mucosa may be a reflection
of the important role that thyroid hormone plays in olfactory function
and homeostasis. OATP3 was detected in the apical cytoplasm of
sustentacular cells, as well as in the mature olfactory neuron layer and
in olfactory nerve bundles. This distribution suggests that OATP3
protein may participate in uptake and translocation of materials from
the nasal airway into the brain. Although intestinal transport of thyroid
hormone and bile salts has been attributed to OATP3, there is only
limited data available on drugs that are transported by OATP3 (e.g.,
fexofenadine) (Kikuchi et al., 2006).

These studies extend previous observations to show that drug
transporters are present in nasal respiratory and olfactory tissues as
well as in OB. In contrast to the observations of other investigators,
who detected OATP3 by immunohistochemistry in the mouse olfac-
tory bulb (Ohtsuki et al., 2004), we did not detect immunostaining in
the rat olfactory bulb, even when antigen retrieval was undertaken.
Likewise, human MRP1 was immunolocalized in the cytoplasm in
human nasal respiratory mucosa (Wioland et al., 2000), in contrast to
the nuclear localization that we observed herein. These observations
suggest that there may be significant interspecies differences in the
expression and localization of these and other transporters.
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