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Abstract: Dopamine has poor oral bioavailability and low permeability across the blood–brain
barrier, and yet it has been reported to have good systemic and central nervous system (CNS)
bioavailability following nasal administration. The aim of this study was to investigate the extent
to which dopamine transport in the olfactory and respiratory mucosae results from the activity
of organic cation transporters (OCTs) present in the nasal cavity. Transport studies were carried
out to determine the mechanism of dopamine transport across bovine olfactory and nasal
respiratory mucosa. Western blotting and immunohistochemistry were performed to determine
the expression and localization of organic cation transporter-2, a major transporter of dopamine,
in the nasal mucosa. Dopamine transport was found to be saturable across both tissues.
Amantadine, an organic cation transporter-1 (OCT-1) and organic cation transporter-2 (OCT-2)
mixed inhibitor, decreased dopamine flux to a greater extent than guanidine, a more specific
organic cation transporter-2 inhibitor. Immunohistochemistry results showed that organic cation
transporter-2 was localized in both the epithelial and submucosal regions of the nasal olfactory
and respiratory mucosa. Dopamine transport across the olfactory and respiratory mucosae is
partially mediated by organic cation transporters, including OCT-1 and OCT-2. Utilization of
uptake transporters may provide the opportunity for improved systemic absorption and targeted
CNS delivery of dopamine and other drug compounds following nasal administration.

Keywords: Nasal absorption; dopamine; organic cation transporter; olfactory transport;
respiratory transport

Introduction
Dopamine is a catecholamine neurotransmitter subject to

extensive hepatic metabolism following oral administration.
It is essentially completely ionized at physiological pH,
which results in its poor permeation across the blood–brain
barrier (BBB) and other cell membranes. Enhanced uptake
of dopamine into the central nervous system (CNS) of rats
and mice following nasal administration has been reported
by Dahlin and co-workers.1,2 These investigators observed
significantly higher amounts of dopamine in the CSF,

cerebellum, cerebrum, and left and right olfactory bulbs of
rats and mice following nasal compared to iv administration.
Similar observations of enhanced dopamine CNS bioavail-
ability following intranasal administration have also been
reported in other species, including rhesus monkeys and
beagle dogs.3,4 Because of the low permeability of dopamine
across epithelial and endothelial cells, it was hypothesized
that active transporters must be responsible for the uptake
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of dopamine from the nasal mucosa, enabling its subsequent
distribution into the CNS.

Within the CNS, dopamine is preferentially transported
intraneuronally by the dopamine transporter (DAT)5 while
peripherally, dopamine is transported primarily by the family
of organic cation transporters (OCTs).6 While OCT-1, OCT-
2, and OCT-3 are known to transport dopamine, OCT-2 is
reported to have a higher affinity for dopamine than OCT-
1,7 while the kinetics of OCT-3 transport of dopamine have
not been reported. Thus, the characterization of the role and
localization of OCT-2 in the nasal mucosa was the focus of
these investigations.

The OCTs are facilitative transporters belonging to the
solute carrier superfamily of transporters. They are membrane-
spanning proteins composed of 12 transmembrane domains
with both the amino and carboxy terminals on the cytoplas-
mic side. OCT-1, OCT-2, and OCT-3 are known to be
responsible for the clearance of organic cations in the
kidneys, liver, and intestines, and they have been shown to
facilitate the transport of many of the catecholamine
neurotransmitters7,8 and drug substrates such as quinidine,
probenecid, memantine, and guanidine.6,8–12 OCT-1 has been
observed on the basolateral membrane of the intestinal and
renal epithelia.6,8,13 OCT-3 has been observed in the kidneys,

placenta, and other extraneuronal tissues.14,15 OCT-2, while
also expressed on the basolateral surface of the renal tubules,
has lower expression in the intestinal epithelium.13 With
regard to the nasal mucosa, Monte et al., while investigating
OAT activity in the murine olfactory mucosa, showed that
OCT-1 and OCT-2 were present in this tissue.16 Typical Km

values for dopamine transport by OCT-2 are in the millimolar
range.6,9,10

After previous demonstration of the expression, localiza-
tion, and role of DAT in dopamine transport across the nasal
tissues,17 the objective of these studies was to investigate
the role of OCTs in dopamine transport at higher substrate
concentrations, which would be more relevant to the exog-
enous nasal doses used by Dahlin et al.1,2 Bovine olfactory
and respiratory mucosae were used in these studies because
their structures and organization bear close resemblance to
the structure of the human nasal mucosa,18–20 and discrete
samples of both tissues can be readily obtained from donor
cattle.21–23

Experimental Section
All chemicals, including dopamine HCl, amantadine HCL,

and guanidine HCl, were obtained from Sigma-Aldrich

(5) Thibaut, F.; Vaugeois, J. M.; Petit, M. The dopamine transporter:
characterization and physiopathologic implications. Encephale
1995, 21, 445–451.

(6) Eisenhofer, G. The role of neuronal and extraneuronal plasma
membrane transporters in the inactivation of peripheral catechola-
mines. Pharmacol. Ther. 2001, 91, 35–62.

(7) Urakami, Y.; Okuda, M.; Masuda, S.; Akazawa, M.; Saito, H.;
Inui, K. Distinct characteristics of organic cation transporters,
OCT1 and OCT2, in the basolateral membrane of renal tubules.
Pharm. Res. 2001, 18 (11), 1528–1534.

(8) Busch, A. E.; Karbach, U.; Miska, D.; Gorboulev, V.; Akhoun-
dova, A.; Volk, C.; Arndt, P.; Ulzheimer, J. C.; Sonders, M. S.;
Baumann, C.; Waldegger, S.; Lang, F.; Koepsell, H. Human
neurons express the polyspecific cation transporter hOCT2, which
translocates monoamine neurotransmitters, amantadine, and me-
mantine. Mol. Pharmacol. 1998, 54, 342–352.

(9) Grundemann, D.; Koster, S.; Kiefer, N.; Breidert, T.; Engelhardt,
M.; Spitzenberger, F.; Obermuller, N.; Schomig, E. Transport of
monoamine transmitters by the organic cation transporter type 2,
OCT2. J. Biol. Chem. 1998, 273, 30915–30920.

(10) Grundemann, D.; Liebich, G.; Kiefer, N.; Koster, S.; Schomig,
E. Selective substrates for non-neuronal monoamine transporters.
Mol. Pharmacol. 1999, 56, 1–10.

(11) Grundemann, D.; Breidert, T.; Spitzenberger, F.; Schomig, E.
Molecular structure of the carrier responsible for hepatic uptake
of catecholamines. AdV. Pharmacol. 1998, 42, 346–349.

(12) Koepsell, H.; Gorboulev, V.; Karbach, U.; Arndt, P. Polyspecific
cation transporters in the proximal tubule. Nephrol., Dial.,
Transplant. 2000, 15 (Suppl. 6), 3–4.

(13) Kim, M. K.; Shim, C.-K. The transport of organic cations in the
small intestine: current knowledge and emerging concepts. Arch.
Pharm. Res. 2006, 29, 605–616.

(14) Wu, X.; Kekuda, R.; Huang, W.; Fei, Y. J.; Leibach, F. H.; Chen,
J.; Conway, S. J.; Ganapathy, V. Identity of the organic cation
transporter OCT3 as the extraneuronal monoamine transporter
(uptake2) and evidence for the expression of the transporter in
the brain. J. Biol. Chem. 1998, 273 (49), 32776–32786.

(15) Wu, X.; Huang, W.; Ganapathy, M. E.; Wang, H.; Kekuda, R.;
Conway, S. J.; Leibach, F. H.; Ganapathy, V. Structure, function,
and regional distribution of the organic cation transporter OCT3
in the kidney. Am. J. Physiol.: Renal. Physiol. 2000, 279 (3),
F449–F458.

(16) Monte, J. C.; Nagle, M. A.; Eraly, S. A.; Nigam, S. K.
Identification of a novel murine organic anion transporter family
member, OAT6, expressed in olfactory mucosa. Biochem. Biophys.
Res. Commun. 2004, 323, 429–436.

(17) Chemuturi, N. V.; Donovan, M. D. Role of dopamine transporter
(DAT) in dopamine transport across the nasal mucosa. Life Sci.
2006, 79, 1391–1398.

(18) Menco, B. P. Qualitative and quantitative freeze–fracture studies
on olfactory and nasal respiratory epithelial surfaces of frog, ox,
rat, and dog. III. Tight-junctions. Cell Tissue. Res. 1980, 211,
361–73.

(19) Menco, B. P. Qualitative and quantitative freeze-fracture studies
on olfactory and nasal respiratory structures of frog, ox, rat, and
dog. I. A general survey. Cell Tissue Res 1980, 207, 183–209.

(20) Adams, D. R. Transitional epithelial zone of the bovine nasal
mucosa. Am. J. Anat. 1986, 176, 159–170.

(21) Kandimalla, K. K.; Donovan, M. D. Carrier mediated transport
of chlorpheniramine and chlorcyclizine across bovine olfactory
mucosa: implications on nose-to-brain transport. J. Pharm. Sci.
2005, 94 (3), 613–624.

(22) Koushik, K. N.; Kompella, U. B. Transport of deslorelin, an LHRH
agonist, is vectorial and exhibits regional variation in excised
bovine nasal tissue. J. Pharm. Pharmacol. 2004, 56, 861–868.

(23) Schmidt, M. C.; Simmen, M.; Hilbe, M.; Boderke, P.; Ditzinger,
G.; Sandow, J.; Lang, S.; Rubas, W.; Merkle, H. P. Validation of
excised bovine nasal mucosa as in vitro model to study drug
transport and metabolic pathways in nasal epithelium. J. Pharm.
Sci. 2000, 89, 396–407.

OCT-Mediated Nasal Dopamine Transport articles

VOL. 4, NO. 6 MOLECULAR PHARMACEUTICS 937



Chemical Co. (St. Louis, MO). Krebs Ringers buffer (KRB)
contained 0.49 mM MgCl2, 4.56 mM KCl, 120 mM NaCl,
0.70 mM Na2HPO4, 1.5 mM NaH2PO4, 10 mM dextrose,
2.52 mM CaCl2, and 84 mM NaHCO3. KRB–sodium
metabisulfite solution contained KRB with 0.05 mg/mL
Na2S2O5, which was added to limit the atmospheric oxidation
of dopamine. Nasal mucosal tissues were obtained from local
abattoirs (Roehrkassee Meat Lockers, Williamsburg, IA, and
Bud’s Custom Meats Co, Riverside, IA) and transported to
the laboratory in ice-cold Krebs–Ringer buffer (KRB).

Transport Studies. Mucosal explants (2 cm2) were
mounted between the donor and receiver chambers of
Snapwell diffusion chambers (Harvard Apparatus, Holliston,
MA), and excess tissue was trimmed away. The explants
were equilibrated for 20–30 min with 6 mL of buffer (KRB
+ sodium metabisulfite (0.05 mg/mL)) or buffer + inhibitor
(for inhibitor studies) in both the donor and receiver
chambers. After equilibration, the buffer was replaced by
donor (buffer + drug or buffer + drug + inhibitor) and
receiver (buffer or buffer + inhibitor) chamber solutions.
The tissues were kept aerated with carbogen (95% O2 + 5%
CO2), and the temperature was maintained at 37 °C through-
out the experiment.

Transport studies were conducted in the mucosal–submu-
cosal direction, and samples (400 µL) were withdrawn from
the receiver chamber at regular intervals and replaced by
fresh, prewarmed buffer solution for a period of up to 120
min. The withdrawn samples were analyzed for dopamine
content by HPLC. The cumulative amount of dopamine
transported across each tissue was calculated and used to
quantify thefluxofdopamineateachfixeddonorconcentration.

Tissue Integrity. Transport studies were completed within
approximately 4 h of harvest of the nasal tissues, and it has
previously been established that these tissues typically remain
viable for at least this period of time.20–23 Lucifer yellow
(LY), a paracellular transport marker, was used to verify the
integrity of the explants by adding it in a sufficient quantity
to the donor chamber at the end of each transport study to
result in a concentration of ∼200 µg/mL. The LY concentra-
tion in the receiver chamber was measured after 1 h using
fluorescence spectroscopy (Kontron SFM25, Kontron Instru-
ments, Everett, MA) with a λexcitation of 420 nm and λemission

of 530 nm. Transport of more than 0.1% of LY into the
receiver chamber was considered to be a sign of damage to
the tissues, and transport data from these tissues were
discarded. Transepithelial electrical resistance (TEER) mea-
surements were also performed before and after each study
as well as at two time points during the study (EVOM, World
Precision Instruments, Inc., Sarasota, FL). A decrease of
>20% in the initial TEER value was considered significant,
and results from such studies were discarded.

Dopamine flux was calculated using Fick’s first law by
dividing the slope of the steady-state portion of the cumula-
tive amount of drug transported vs time curve by the tissue
area exposed to the donor phase (1.13 cm2). The permeability
was obtained by dividing the flux by the initial concentration

of dopamine in the donor chamber (2.1, 3.2, 4.2, 5.3, 10.2,
and 21.1 mM).

Transport Inhibition. The effect of amantadine (0.1
mM)8 and guanidine (1 mM),10 both OCT-2 inhibitors,
on dopamine transport was studied by equilibrating the
explants with buffer + inhibitor for 30 min prior to the
initiation of the transport study. Transport studies were
carried out as described above except the inhibitors were
included in the donor and receiver solutions used during
the study.

HPLC Analysis. The HPLC system used to measure
dopamine concentrations consisted of a Shimadzu LC-600
pump, a Waters 712 autoinjector (Waters Inc., Milford, MA)
and a Shimadzu SPD-6A UV–vis detector (280 nm) inter-
faced with a Shimadzu C-R4A Chromatopac integrator
system (Shimadzu Scientific Instruments, Columbia, MD).

Figure 1. Mucosal–submucosal flux of dopamine across
the bovine olfactory mucosa. Transport studies were
carried out for 120 min, and flux was calculated using
Fick’s first law. Flux was saturable and yielded a Km of
16.8 mM and Jmax of 6.0 µg cm–2 min–1 when a
Michaelis–Menten equation was fit to the mean data
(GraphPad Prism 4.0 software, GraphPad Software
Inc., San Diego, CA). Mean flux ( standard deviation
values are shown; n ) 3–4 (some deviations are within
the symbol).

Figure 2. Mucosal–submucosal transport of dopamine
across the bovine respiratory mucosa. Transport studies
were carried out for 120 min, and flux was calculated
using Fick’s first law. Flux was saturable and yielded a
Km of 18.4 mM and Jmax of 2.7 µg cm–2 min–1 when a
Michaelis–Menten equation was fit to the mean data
(GraphPad Prism 4.0 software, GraphPad Software
Inc., San Diego, CA). Mean flux ( standard deviation
values are shown; n ) 5–10 (some deviations are
within the symbol).
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The mobile phase contained acetonitrile (17%) and water
containing 1% acetic acid, 0.5 mM disodium EDTA, and
2.5 mM sodium octyl sulfonate. A Phenomenex Luna 5 µm,
C-18, 250 mm × 4.6 mm column (Phenomenex Inc.,
Torrance, CA) was used with a mobile phase flow rate of 1
mL/min.

Western Blotting. Tissue segments were rinsed with ice-
cold KRB and homogenized with KRB containing protease
inhibitors (Sigma protease inhibitor kit, catalog no. P8340,
Sigma Diagnostics Inc., St. Louis, MO). Rat kidney
extract, known to express OCT-2 (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA), was used for a comparison
to a known expressed protein. The homogenate was
centrifuged at 1000g for 15 min at 4 °C; the supernatant
was decanted and centrifuged at 10000g for 30 min at 4
°C. The supernatant was decanted once again and centri-
fuged at 100000g for an additional 1 h at 4 °C. The pellet
was solubilized by heating in loading buffer (4.5 g of
sodium dodecyl sulfate, 1.69 g of Tris base, 15 g of
sucrose, 0.46 g of dithiothreitol, 6 mg of bromophenol
blue, and distilled water to 50 mL) at 100 °C for 5 min.
The samples were separated on 10% SDS–polyacrylamide
(PAA) gels (Biorad, Hercules, CA), and the proteins were
transferred to nitrocellulose membranes (Biorad, Hercules,
CA). Nonspecific binding was blocked with blocking
buffer (5% nonfat milk in 0.15% v/v Tween-20, 10 mM
Tris base, and 100 mM NaCl) for 60 min. The membranes
were incubated with primary antibody (rabbit anti-rat
OCT-2, 1:500 diluted with blocking buffer; Alpha Diag-
nostics International Inc., San Antonio, TX) for 1 h. The
membranes were rinsed with wash buffer (0.15% v/v
Tween-20, 10 mM Tris base, and 100 mM NaCl for 15
min) followed by incubation with a horseradish peroxidase
conjugated goat anti-rabbit secondary antibody (1:20000
diluted with blocking buffer, donated by Dr. Craig Morita,
Department of Immunology, The University of Iowa). The
immunoreactive bands were rinsed with wash buffer and
developed using an enhanced chemiluminescence (ECL)
kit (Pierce Biotechnology, Rockford, IL).

Immunohistochemistry. Bovine nasal explants were
cryofrozen in liquid nitrogen, and 10 µm thick sections
were cut, placed on slides, and dried overnight at 4 °C.
The sections were brought to room temperature and rinsed
with phosphate buffered saline (PBS) for 2 min. The
sections were washed with distilled water for 2 min and
treated with quenching solution (0.3% H2O2) followed by
two 1 min rinses with distilled water. Sections were
incubated with the primary antibody (rabbit anti-rat OCT-2
antibody, 1:5000, Alpha Diagnostics International, CA)
overnight. The sections were rinsed with PBS twice (5
min each) and then treated with HRP conjugated secondary
antibody (1:10000 dilution, goat anti-rabbit) for 30 min
followed by two 5 min rinses with PBS. This was followed
by treatment with a solution of hydrogen peroxide and
alkaline phosphatase (ScyTel Laboratories, Logan, UT)
using Nuclear Fast Red (ScyTel Laboratories, Logan, UT)
as the reactive chromogen, which imparts a red coloration

to the antigen–antibody complex. To improve the visu-
alization of the red color, the sections were also coun-
terstained with hematoxylin. The dye was rinsed away
with 100% ethanol for 1 min followed by two butanol
rinses each for 1 min. This was followed by two 2 min
rinses with xylene. The final sections were coverslipped
and examined using an Olympus BX 51 microscope.
Additional sections were subjected to the same treatment
as described above; however, instead of exposure to the
primary antibody against OCT-2, they were treated with
a nonspecific rabbit IgG to identify nonspecific binding
that may have been due to the IgG moeity.

Results
Mucosal Transport. The flux of dopamine in the

mucosal–submucosal (m–s) direction across both the

Figure 3. Effect of an OCT-1/OCT-2 mixed inhibitor,
amantadine (100 µM), on mucosal–submucosal dopamine
flux across bovine explants. Dopamine transport across
(A) olfactory mucosa and (B) respiratory mucosa was
measured over a 120 min period. Separate experiments
were conducted using the same dopamine concen-
tration and included 100 µM amantadine in both the
donor and receiver chambers. Mean flux ( standard
deviation values are shown (some deviations are within
the symbol). Unpaired two tailed t tests (p < 0.05) were
performed to compare the mean flux values at each
dopamine concentration in the presence and absence
of inhibitor. A significant difference in flux compared to
the control (p < 0.05) is indicated by an asterisk (/).
The symbol # indicates that dopamine flux was not
measurable.
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olfactory (Figure 1) and nasal respiratory (Figure 2)
mucosae increased in a nonlinear manner with increasing
dopamine donor concentration. Fitting a Michaelis–Menten
(M–M) type equation (GraphPad Prism 4.0, GraphPad
Software Inc., San Diego, CA) to the flux results gave a
Jmax of 6.0 µg cm–2 min–1 and a Km of 16.8 mM across
the olfactory mucosa (Figure 1). Fitting a Michaelis–
Menten (M–M) type equation to the nasal respiratory m–s
results gave a Jmax of 2.7 µg cm–2 min–1 and a Km of 18.4
mM (Figure 2). While the data show some deviation,
especially at low and high concentrations, from the single-
carrier model assumed by the M–M fitting, the saturable
transport observed strongly suggests that at least one
transporter and probably several transporters are active
in the concentration range tested. The calculated Km and
Vmax parameters are likely influenced by all of the carrier
activities and, as a result, should not be used as the only
confirmatory test for the presence of OCT-2.

To further investigate the role of OCTs in dopamine
flux, two OCT inhibitors, amantadine and guanidine, were

included in additional transport studies. For these studies,
the dopamine concentrations investigated were below the
observed Km values, ensuring that inhibition could be
clearly observed. Unpaired, two-tailed t tests were per-
formed to compare the mean of the dopamine flux values
obtained at each dopamine donor concentration in the
presence and absence of inhibitor. Amantadine (100 µM),
which inhibits both OCT-1 and OCT-2, produced a
significant decrease in dopamine flux in the m–s direction
across both the olfactory mucosa and nasal respiratory
mucosae (parts A and B of Figure 3, respectively).
Guanidine (1 mM), an OCT-2, OCT-3, and PMAT (plasma
membrane monoamine transporter) inhibitor, decreased
dopamine olfactory flux in the m–s direction at 2.11 and
4.22 mM dopamine (Figure 4A), while across the respira-
tory mucosa, guanidine produced a significant decrease
in dopamine flux in the m–s direction at all concentrations
investigated (Figure 4B). At low dopamine concentrations
(2.11 mM), amantadine reduced the dopamine flux to
below the level of detection compared to the 23% decrease
in dopamine flux across the olfactory mucosa produced
by guanidine. Across the respiratory mucosa, dopamine
(3.16 mM) flux was not detected in the presence of
amantadine, while the flux was reduced by 40% in the
presence of guanidine.

Western Blotting. Western blots were produced using
an anti-rat, OCT-2 specific antibody, and the expression
of bOCT-2 was observed as bands with molecular weight
between 60 and 70 kDa (Figure 5). The lane containing
the rat kidney extract preparation also showed a similar

Figure 4. Effect of an OCT-2 inhibitor, guanidine (1
mM), on mucosal–submucosal dopamine flux across
bovine olfactory explants. Dopamine transport across(A)
olfactory mucosa and (B) respiratory mucosa was mea-
sured over a 120 min period. Separate experiments
were conducted using the same dopamine concentration
including 1 mM guanidine in both the donor and receiver
chambers. Mean flux ( standard deviation values are
shown. Unpaired two tailed t tests (p < 0.05) were
performed to compare the mean flux values at each
dopamine concentration in the presence and absence
of inhibitor. A significant difference in flux compared to
the control (p < 0.05) is indicated by an asterisk (/).

Figure 5. Determination of OCT-2 expression in bovine
olfactory and respiratory mucosae by Western blotting.
Membrane fractions from olfactory and respiratory
explants were separated on PAA gels and treated with
rabbit anti-rat antibody against OCT-2. HRP conjugated
goat anti-rabbit secondary antibody was used, and the
reactive band was visualized by chemiluminescence. A
band between 60 and 80 kDa was observed that was
similar to that of the control band (rat kidney extract)
known to express OCT-2.
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band at 60–70 kDa. These results correlate well with the
reported molecular weight of OCT-2 observed in renal
tissues.24

Immunohistochemistry. Light microscopy showed that
the olfactory and respiratory mucosae contained a ciliated
columnar epithelial layer overlying an extensive submucosal
region (Figures 6 and 7). The submucosal regions contain
nasal glands and blood vessels within a connective tissue
matrix. When compared to the tissues exposed to the
irrelevant IgG (Figure 6b,d), the red coloration in the
epithelial and submucosal regions of the olfactory mucosa
(Figure 6a,c) suggests the presence of bOCT-2. Compared

to the irrevelant IgG controls (Figure 7b,d), the red coloration
in the epithelial and submucosal regions of the respiratory
mucosa (Figure 7a,c) also suggests the presence of bOCT-2
in the respiratory mucosa. There was little difference
observed in the pattern of bOCT-2 distribution between the
olfactory and respiratory mucosae.

Discussion
Three OCTs (OCT-1, OCT-2, and OCT-3) are known to

transport dopamine, and all share similar substrates although
with different specificities. The expression of both OCT-1
and OCT-2 in the murine olfactory mucosa by RT-PCR was

(24) Karbach, U.; Kricke, J.; Meyer-Wentrup, F.; Gorboulev, V.; Volk,
C.; Loffing-Cueni, D.; Kaissling, B.; Bachmann, S.; Koepsell, H.
Localization of organic cation transporters OCT1 and OCT2 in
rat kidney. Am. J. Physiol.: Renal. Physiol. 2000, 279, F679–
F687.

Figure 6. OCT-2 localization by immunohistochemistry
in bovine olfactory mucosa. Sections of bovine olfactory
mucosa were treated with rabbit anti-rat anti-OCT-2
antibody and goat anti-rabbit secondary antibody.
Control olfactory mucosal sections were treated with
an irrelevant rabbit anti-rat IgG and goat anti-rabbit
secondary antibody to detect nonspecific binding. The
sections were counterstained with hematoxylin and
viewed using an Olympus BX 51 microscope: (a) the
epithelial cell layer of the olfactory mucosa, where the
presence of OCT-2 is observed by the red coloration in
the apical region of the epithelial cells; (b) control
olfactory tissue highlighting the epithelial region; (c)
submucosal glandular region of the olfactory mucosa,
where prominent OCT2 labeling is observed surrounding
the glandular epithelium; (d) control olfactory submucosal
tissue highlighting a region containing submucosal
glands.

Figure 7. OCT-2 localization by immunohistochemistry
in bovine respiratory mucosa. Sections of bovine
olfactory mucosa were treated with rabbit anti-rat
anti-OCT-2 antibody and goat anti-rabbit secondary
antibody. Control respiratory mucosal sections were
treated with an irrelevant rabbit anti-rat IgG and goat
anti-rabbit secondary antibody to detect nonspecific
binding. The sections were counterstained with hema-
toxylin and viewed using an Olympus BX 51 micro-
scope: (a) the epithelial cell layer of the respiratory
mucosa, where the presence of OCT-2 is observed by
the red coloration in the apical region of the epithelial
cells and on the plasma membrane surrounding the
basal cells; (b) control respiratory tissue highlighting
the epithelial region; (c) submucosal glandular region of
the respiratory mucosa, where prominent OCT2 labeling
is observed surrounding the glandular epithelium; (d)
control olfactory submucosal tissue highlighting a region
containing submucosal glands.
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recently reported,16 providing evidence that both of these
transporters are present in the nasal mucosa. It has also been
reported that dopamine has some affinity for the NET
(norepinephrine) and SERT (serotonin) transporters.6 The
deviations of the measured flux from that predicted by the
M–M fitting in the respiratory mucosa (Figure 2) and at high
concentrations in the olfactory mucosa (Figure 1) suggest
that processes in addition to OCT-mediated transport are
playing a role in dopamine uptake in these tissues. The
activities of the OCTs and the neurotransmitter transporters,
including DAT,17 NET, and SERT, may influence the total
dopamine transport. Since several of these are facilitative
transporters present at various cellular and submucosal
locations in these tissues, they may be acting as influx or
efflux transporters for dopamine at the concentrations used
in these studies, thus explaining both the positive and
negative deviations when using a simplified, single-carrier
uptake model.

When OCT inhibitors were included in the transport
studies, amantadine, an OCT-1 and OCT-2 inhibitor, pro-
duced a more marked decrease in dopamine flux compared
to guanidine, an agent capable of inhibiting OCT-2, OCT-
3, and PMAT (Figures 3 and 4). Yet complete inhibition of
transport was still not observed, especially at high donor
concentrations. Since passive transport of dopamine is likely
to be negligible, even at higher donor concentrations, the
observed transport of dopamine is likely the result of multiple
additional transporters, including DAT, OCT-1, and OCT-2
transferring dopamine across the tissue explants.

OCT-2 localization in epithelial tissues including a sub-
stantial submucosal layer has not been previously reported.
The immunohistochemistry results suggest that bOCT-2 is
associated with the nasal submucosal structures of the bovine
explants, with some bOCT-2 also observed in the epithelial

region. The significant submucosal presence of OCT-2
suggests that it may assist in the transport of dopamine into
or from the nasal glands and blood vessels. The submucosal
localization of OCT-2 also suggests a detoxifying role for
OCT-2 in the nasal mucosa, similar to that ascribed to OCT-2
in the kidneys. Regardless of its endogenous role, the
demonstration of the presence and activity of OCT-2 in the
full-thickness nasal mucosal explants suggests that ascribing
all transporter behavior to the epithelial cells, as is commonly
done in the interpretation of cell culture results, may lead to
erroneous conclusions about the role of a particular trans-
porter at a distinct anatomical location or within a specific
organ system.

The presence of numerous transporters for dopamine (as
well as for other neurotransmitters) highlights the pivotal
role played by these transporters in maintaining well-
controlled concentrations of dopamine at various sites within
the body. These transporters represent important potential
pathways for the uptake of exogenous compounds across the
nasal mucosa and, potentially, into the brain. The observation
that dopamine is preferentially distributed into the brain
following nasal administration provides strong evidence that
transporters within the nasal mucosa can be exploited to
target drug delivery from the nasal cavity into the brain.

Abbreviations Used
OCT, organic cation transporter; OCT-1, organic cation

transporter-1; bOCT-1, bovine organic cation transporter-1;
OCT-2, organic cation transporter-2; bOCT-2, bovine organic
cation transporter-2; DAT, dopamine transporter; CNS,
central nervous system; BBB, blood–brain barrier; CSF,
cerebrospinal fluid.
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