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Abstract

Cell-to-cell metabolic interactions are crucial for the functioning of the nervous system and depend on the differential expression
of glucose transporters (GLUTs) and monocarboxylate transporters (MCTs). The olfactory receptor neurons (ORNs) and supporting
cells (SCs) of the olfactory epithelium exhibit a marked polarization and a tight morphological interrelationship, suggesting an
active metabolic interaction. We examined the expression and localization of MCTs and GLUTs in the olfactory mucosa and found
a stereotyped pattern of expression. ORNs exhibited GLUT1 labeling in soma, dendrites, and axon. SCs displayed GLUT1 labeling
throughout their cell length, whereas MCT1 and GLUT3 localize to their apical portion, possibly including the microuvilli.
Additionally, GLUT1 and MCT1 were detected in endothelial cells and GLUT1, GLUT3, and MCT2 in the cells of the Bowman’s
gland. Our observations suggest an energetic coupling between SCs and Bowman’s gland cells, where glucose crossing the
blood—mucosa barrier through GLUT1 is incorporated by these epithelial cells. Once in the SCs, glucose can be metabolized to
lactate, which could be transported by MCTs into the Bowman’s gland duct, where it can be used as metabolic fuel. Furthermore,
SCs may export glucose and lactate to the mucous layer, where they may serve as possible energy supply to the cilia.
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Introduction

The olfactory mucosa (OM) consists of 2 layers, the olfac-
tory epithelium (OE) and the lamina propria. In rodents,
the OE is formed by olfactory receptor neurons (ORNs),
supporting cells (SCs), basal cells, and Bowman’s gland duct
cells. The bipolar ORNs span the epithelium, projecting a sin-
gle dendrite to the mucosal surface and a thin unmyelinated
axon to the olfactory bulb. ORN nuclei are aligned two-
thirds from the base of the epithelium and their dendrites
terminate in a structure called the knob, from where the che-
mosensory cilia responsible for odor transduction emanate.
The SCs have a columnar shape and also span the epithe-
lium, bearing microvilli in their apical surface. In the apical
portion of the epithelium, the SCs wrap the dendrites of the

ORNs, a microanatomy consistent with a functional rela-
tionship between these 2 cell types. The ducts of the Bow-
man’s glands originate in the lamina propria and project
to the epithelial mucosal surface (Farbman 1992; Nomura
et al. 2004). The capillaries of the OM run along the lamina
propria, far from the somata of the sensory neurons. Inter-
estingly, the endothelial cells of the capillaries express
glucose transporter 1 (GLUTI) and the tight junction
proteins, suggesting the presence of a blood—mucosa barrier
(Hussar et al. 2002). The OE cytoarchitecture resembles that
of other neural networks, comprising neurons, glial cells, and
endothelium, suggesting the existence of cell-cell metabolic
interactions.

© The Author 2011. Published by Oxford University Press. All rights reserved.

For permissions, please e-mail: journals.permissions@oup.com

2102 ‘9 YO0 UO SO UeisLYD enybueyD e /B10'SeuInopioxo ssiueyo//:dny Woiy popeojumoq


http://chemse.oxfordjournals.org/

772 A. Nunez-Parra et al.

A general feature of the nervous system is that neurons are
surrounded by cells that act as intermediaries in the exchange
of metabolites with the blood. Accordingly, some of these cells
(neurons, glia, and endothelial cells) differentially express
metabolite transporters isoforms, like GLUTs and monocar-
boxylate transporters (MCTs, e.g., Pellerin et al. 2007;
Cortes-Campos et al. 2011). In general, several isoforms of
the glucose facilitative transporters have been identified in
the brain (GLUTI, 2, 3, 4, 5, 6, 8, and 10; for review, see
Simpson et al. 2007). These studies demonstrated that GLUT1
and GLUT?3 are the most widely expressed transporters in the
central nervous system (CNS). Endothelial cells express
GLUT1, which transports glucose from the blood to the inter-
stitial space, being essential for glucose transport through the
blood-brain barrier (Takata et al. 1997; Nualart et al. 1999;
Garcia et al. 2001). Astrocytes also express GLUT]1, allowing
the utilization of glucose in their metabolism (Yu and Ding
1998). Interestingly, it has been shown that glutamate (the main
excitatory neurotransmitter in the brain) can also be transported
through a Na*-driven mechanism into astrocytes. The resulting
increase in intracellular Na* concentration further activates an
Na*/K* ATPase, promoting astrocytic glycolysis and lactate
production (Pellerin and Magistretti 1994). Astrocytes also ex-
press MCT1 and MCT4, by which these cells can release lactate
to the extracellular space (Pellerin et al. 2005). On the other
hand, neurons express MCT2 (Pierre et al. 2002), the highest
affinity MCT, allowing uptake of lactate from the extracellular
space which they use as respiratory fuel. Additionally, neurons
in the CNS express GLUT3, a high-affinity glucose transporter,
and incorporate to a lesser extent glucose from the intercellular
space (Gerhart et al. 1989; Castro et al. 2007). This scenario is
not exclusive to astrocytes and neurons as the metabolic cell-to-
cell interaction has been also shown between hypothalamic ta-
nycytes and neurons (Millan et al. 2010; Cortes-Campos et al.
2011) and in a peripheral sensory organ like the retina, between
Miiller and photoreceptors cells (Wood et al. 2005).

In this work, we determined in the rat OE the expression of
GLUTI, 2, 3, and 5. Using immunohistochemistry, we also
examined the distribution of GLUT1 and 3, as representatives
of medium- and high-affinity glucose facilitative transporters,
respectively (e.g., Zhao and Keating 2007). Furthermore, we
studied the expression of MCT]1, 2, and 4 and the distribution
of MCT1 and 2 in this tissue, as representatives of medium-
and high-affinity MCTs (e.g., Morris and Felmlee 2008). Our
results show that OE cells differentially express GLUTI,
GLUTS3, MCT1, and MCT2, suggesting an integrated sub-
strate handling and metabolism between SCs, cells of the Bow-
man’s gland and duct, and potentially ORNS.

Materials and methods

Animals

Adult male Sprague-Dawley rats were used throughout the ex-
periments. Animals were kept in a 12 h light:dark cycle with

food and water ad libitum. The handling and discarding of
the animals were performed in agreement with the biosecurity
regulations (Biosecurity Manual of the Chilean National Com-
mittee for Science and Technology, CONICYT, 2008) and the
procedures indicated in the publication Guide for Care and Use
of Laboratory Animals (National Academy of Science, 1996).

Reverse transcription-polymerase chain reaction

The total RNA of rat OM, muscle, choroid plexus (CP),
liver, small intestine (SI), and Neuro2A cell line was isolated
using Trizol (Invitrogen). For reverse transcriptase—
polymerase chain reaction (RT-PCR), 34 pg of RNA
was incubated in 20 pL reaction volume containing 5x buffer
for M-MulV RT, 20 U RNAse inhibitor, 1 mM dNTPs, 2.5
uM oligo(dt)18 primer, and 10 U revertAidTM H minus
M-MulLV reverse transcriptase (Fermentas International
Inc.) for 5 min at 37 °C, followed by 60 min at 42 °C and
10 min at 70 °C. Parallel reactions were performed in the
absence of reverse transcriptase to control for contaminant
DNA. For amplification, a cDNA aliquot (1 pL) in a volume
of 12.5 uL containing 10x buffer PCR without MgCl,
(Fermentas International Inc.), 10 uM dNTPs, 25 uM
MgCl,, 0.3125 U of Tag DNA polymerase (Fermentas Inter-
national Inc.), and 10 pM of each primer were incubated at
95 °C for 5 min, 35 cycles (5sat 95 °C, 30 sat 55°C, and 40 s
at 72 °C), and 7 min at 72 °C. PCR products were separated
by 1.2% agarose gel electrophoresis and visualized by stain-
ing with ethidium bromide. The following set of primers was
used to analyze the expression of MCTI1: sense 5'-GGG
AAG GTG GAA AAA CTC AA-3’, antisense 5'-ACA
CTC CAT TCG CAA CAA CA-3’ (expected product of
400 bp); MCT2: sense 5'-CAG GAG GTC CCA TCA
GTA GT-3’, antisense 5'-ACT TTT AGA CTT CGC
AGC AC-3' (expected product of 416 bp); MCT4: sense
5'-TGC GGC CCT ACT CTG TCT AC-3’, antisense 5'-
TCT TCC GAT GCA GAA GAA G-3' (expected product
of 369 bp); GLUTI: sense 5'-CAT GTA TGT GGG GAG
GTG T-3’, antisense 5'-GAC GAA CAG CGA CAC CAC
AG-3" (expected product of 559 bp); GLUT2: sense 5'-
GGC TAA TTT CAG GAC TGC TT-3’, antisense 5'-TTT
CTT TGC CCT GAC TTC CT-3’ (expected product of 278
bp); GLUTS3: sense 5'-GGG CAT GAT TGG CTC TTT
TT-3’, antisense 5'-GGG CTG CGC TCT GTA GGA TA-3'
(expected product of 386 bp); GLUTS: sense 5'-TTG GCC
TTC GAG TCT CTT-3’, antisense 5'-GTC CCC AAA
GCT CTA CCA CA-3’ (expected product of 483 bp). Addi-
tionally, the following set of primers was used to analyze the
expression of B-actin: 5'-GCT GCT CGT CGA CAA CGG
CTC-3' and antisense: 5 CAA ACA TGA TCT GGG
TCA TCT TCT C-3' (expected product of 353 bp).

Immunofluorescence

Rat OM was dissected and fixed directly by immersion in
Bouin’s solution (750 mL of saturated picric acid, 250 mL
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of 37% formaldehyde, and 50 mL of glacial acetic acid). For
immunostaining, samples were dehydrated in graded alcohol
solutions and embedded in paraffin. Sections (7 um) were ob-
tained and mounted on poly-L-lysine—coated glass slides. For
immunohistochemical analyses, we used the following anti-
bodies and dilutions: chicken anti-MCT1 (1:50, Millipore,
Cat# AB1286, antigen: LQNSSGDPAEEESPYV), chicken
anti-MCT2 (1:100, Millipore, Cat# ABI1287, antigen:
NTHNPPSDRDKESSI), rabbit anti-GLUT1 (1:1000, East
Acres, antigen: last C-terminal 13-aa peptide from Human
Glut-1), rabbit anti-GLUT3 (1:50, Alpha Diagnostic Interna-
tional, Inc., Cat# GT31-A, antigen: last C-terminal 12-aa pep-
tide from Mouse), goat anti-olfactory marker protein (OMP)
(1:2000, Wako Chemical, Inc., Cat# 544-10001-WAKO), and
mouse anti-cytokeratin 18 (1:100, Sigma-Aldrich, Cat#
C8541). Sections were incubated with the antibodies overnight
at room temperature in a humid chamber. The antibodies
were diluted in a Tris—HCI buffer (pH 7.8) containing (in
mM) 8.4 NaH,PO,, 3.5 KH,PO,, 120 NaCl, and 1% bovine
serum albumin. After extensive washing, the sections were in-
cubated with the primary antibodies overnight and subse-
quently with Cy2-, Cy3-, or Cy5-labeled secondary
antibodies (1:200, Jackson Immuno Research). The slides
were analyzed using single plane confocal images (D-Eclipse
C1 Nikon).

Immunoblotting

Total protein extracts were obtained from rat cerebral cortex
or OM by homogenizing the tissue in buffer A (0.3 mM sucrose,
3 mM dithiothreitol, 1 mM ethylenediaminetetraacetic acid, 100
pg/mL phenylmethylsulfonyl fluoride, 2 pg/mL pepstatin A, 2
pg/mL leucopeptin, and 2 pg/mL aprotinin) and sonicated 3-5
times for 10 s at 4 °C. Proteins were resolved by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (50 or 180 pg/lane) in
a 5-15% (w/v) polyacrylamide gel, transferred to polyvinylidene
difluoride (PVDF) membranes (0.45 pm pore, Amersham Phar-
macia Biotech), and probed for 2 h at 4 °C with, rabbit anti-
GLUT3 (1:4000), rabbit anti-GLUT1 (1:10000), chicken
anti-MCT1 (1:4000), or chicken anti-MCT2 (1:000). After ex-
tensive washing, the PVDF membranes were incubated with
peroxidase-labeled anti-rabbit or peroxidase-labeled anti-
chicken IgY (1:1000; Jackson Immuno Research) for 1 h at
4 °C. The reaction was developed using the enhanced chemo-
luminescence western blotting analysis system (Amersham Bio-
sciences). Negative controls consisted of incubating the
membrane with a preabsorbed antibody (anti-MCT1 1:100,
anti-GLUT3 1:100, anti-MCT1 1:1000, or MCT4 1:500 with
100 pg/mL inductor peptide incubated at 4 °C overnight).

Image analysis

To corroborate the colocalization of different antigens, we
measured the Pearson’s coefficient (Rr) in regions of interest
(ROIs) of the images, using the Image Pro-Plus software. This
coefficient measures the overlapping level between the pixels
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of 2 fluorescent channels, going from —1 to +1 (100% of coloc-
alization, Manders et al. 1992). The Rr measured for OMP
and CYT18 immunolabeling were 0.34 and 0.39 for ORN
and SC soma, respectively (Table 1), most likely reflecting
a tight relationship between the 2 kinds of cells and the sub-
sequent optical cross between fluorescent signals but not co-
localization. Thus, for our colocalization analysis, we defined
Pearson coefficient intensities of colocalization in 2 levels:
0 < Rr £0.4, no colocalization; 0.41 < Rr < 1, colocalization.

Results

Messenger RNA expression of facilitative GLUTs in the OM

Using the RT-PCR technique, the messenger RNA (mRNAs)
of GLUTs 1 and 3 isoforms were found in the OM, whereas
GLUT2 and GLUTS were absent in this tissue (Figure 1A). Ev-
ery RT-PCR gel included, as positive control, a sample of a tis-
sue or cell line where the presence of the respective transporter
had been reported previously, that is, CP for GLUT1 (Kumagai
et al. 1994; Vannucci 1994), rat liver (L) for GLUT2 (Lachaal
et al. 2000; Eisenberg et al. 2005), the N2A cell line for GLUT3
(Shin et al. 2004), and SI for GLUTS5 (Rand et al. 1993).

GLUT1 and 3 immunolocalization

To attain a more precise localization of those GLUTSs evi-
denced by RT-PCR in OM we determined the expression
of GLUTI1 and 3 in the different OM cell types by immuno-
fluorescence and confocal microscopy. The specificity of the
primary antibodies used in our study was tested through
western blot analysis, utilizing an OM preparation and total
brain extract as positive controls and preabsorbed antibodies
as a nonspecific primary antibody-binding control (Figures 1B
and 3B). Our results confirmed the OE expression of GLUTI
and 3. Furthermore, in the OE, a low molecular weight
GLUT1 (45 kDa) was found, unlike the low and high (55
kDa) molecular weight GLUT1 found in brain (Maher
et al. 1994; Garcia et al. 2003). GLUT1 and GLUT3 showed
a differential localization in the different cell types that com-
prise the OE. To identify the different cell types present in the
OE, we colabeled the cells with an antibody against OMP,
a marker for mature ORNs (Kream and Margolis 1984;
Nakashima et al. 1985; Weiler and Benali 2005) and an
anti-cytokeratin 18 antibody (CYT18), as supporting and
Bowman’s gland cell marker (Asan and Drenckhahn
2005). In our samples, these 2 antibodies did not label ORN’s
cilia and SC’s microvilli. All the images shown throughout
our study correspond to thin optical slices (0.5—-1 pm), which
was likely the reason why few ORNs were stained in each
sample. Interestingly, a polarized distribution of GLUTI
and GLUT3 was observed in the OM (Figure 2). Our result
confirmed the observations of Hussar et al. (2002), showing
a high expression of GLUTI in the endothelial cells of the
capillaries of the lamina propria (Figure 2I). However,
GLUT1 was also expressed in other structures of the OM
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Table 1 Pearson’s correlation coefficient (Rr) for double immune-labeling and different ROIs

Immune labeling ROI Rr Conclusion
OMP-CYT18 OE, soma SC 0.34 For Rr > 0.41 a possible colocalization is considered

OE, soma ORN 0.39
GLUT1-OMP ORN, knobs 0.39 —

ORN, dendrites 0.47 + On ORN dendrite

ORN, soma 0.50 + On ORN soma

LP. nerve bundle 0.56 ++ On nerve bundles
GLUT1-CYT18 OE, outmost region 0.24 —

SC, apical soma 0.57 ++ On SC

SC, basal projection 0.60 ++ On SC

LP, Bowman’s gland 0.57 ++ On Bowman'’s gland
GLUT3-OMP ORN, cilliary zone 0.1 —

Cilliary zone + dendrites of ORN 0.04 —
MCT1-OMP OE apical, ORN dendrites, knobs 0.14 —
MCT1-CYT18 OE, outmost region 0.04 —

SC, soma 0.57 ++ On SC soma
MCT2-OMP ORN, knobs 0 —

ORN, soma 0.40 —

LP, Bowman’s gland 0.05 —

LP, nerve bundle 0.05 —
MCT2-CYT18 SC, soma 0.40 —

LP, nerve bundle 0.16 —

LP, Bowman’s gland 0.52 ++ On Bowman'’s gland
MCT1-GLUT1 OE, outmost region 0.05 —

ORN/SC, soma 0.62 ++
MCT1-GLUT3 OE, apical 0.60 ++

CYT-18, cytokeratine 18; LP, lamina propria.

(Figure 2A.E,I). For instance, GLUT1 was present through-
out the OE (Figure 2 A-H), where it colocalized with OMP
in the ORN somata and dendrites with no clear overlapping
in the knobs (Figure 2C,D, arrowhead and arrow). To cor-
roborate our results, we measured the overlap between the 2
signals and calculated the Pearson’s correlation coefficient
(Rr) for several ROIs, assigning 2 levels of colocalization
to our analysis (see Materials and methods): 0 < Rr £ 0.4,
no colocalization; 0.41 < Rr <1, colocalization. In this case,
Rrs of 0.50, 0.47, and 0.39 were obtained for ORN’s soma,
dendrite, and knob, respectively (Table 1), supporting the
idea that GLUT]1 is present in the somatic and dendritic re-
gions of ORNs. GLUTI1 was also present in the apical region
(Rr=0.57) and extensions of the SCs (Rr = 0.60) (Figure 2E-H,
arrow and arrowhead, respectively). In the lamina propria,
GLUT1 was present in endothelial cells of the capillaries
and in cells of the Bowman’s glands (Figure 2I-L, Rr = 0.57).

The morphology and localization of the structures stained
with GLUTI in the OM suggest that this transporter is ex-
pressed in the nerve bundles (most likely surrounding the ax-
ons) and in ensheathing cells (Figure 2I-L, arrowhead and
arrow, respectively).

Interestingly, GLUT3 was mainly and robustly expressed
in the apical portion of the OE cells, presumably in the apical
somata region and microvilli of the SCs and/or in ORN cilia
(Figure 2M-P, arrow). There was no overlapping between
GLUT3 and OMP in the dendritic area (Rr = 0.035).

mRNA expression of MCTs in the OM

MCTs isoforms 1 and 2 mRNAs were found in the OM,
whereas MCT4 was absent in this tissue (Figure 3A). Every
RT-PCR gel included, as positive control, a sample of mus-
cle homogenate, where the presence of the respective
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Figure 1

mRNA and protein analysis of GLUT expression in the OM. (A) Positive labeling for GLUT1 and GLUT3 mRNA. CP: choroid plexus; L: liver; NoA:

Neuro-2A cell line; SI: small intestine; (-): negative control. (B) GLUT1 and GLUT3 are expressed in OM. Total brain extract was used as positive control.
Preabsorbed antibodies were used as a nonspecific primary antibody—binding control.

transporters was previously demonstrated (Garcia et al.
1995; Bonen et al. 2006).

MCT1 and MCT2 immunolocalization

Once MCT1 and MCT2 mRNAs were determined in the OM,
we studied the localization of MCT1 and MCT2 with immu-
nofluorescence. Through western blot analysis, we confirmed
the presence of MCT1 and MCT2 proteins in the OM and
controlled for the nonspecific primary antibody binding used
in our study (Figure 3B). The 2 transporters displayed a polar-
ized distribution in the OM. MCT1 was abundantly expressed
in the epithelium (Figure 4A,B,C,D), where it colocalized with
CYTI18 (Figure 4A-b3, arrow, Rr = 0.57). Interestingly, no
colocalization with CYT18 was evident in the most apical re-
gion of the OE (Rr = 0.04, Figure 4b1-b3, arrowhead). In ad-
dition, no overlap between OMP and MCT]1 signals in the
somata or in the ORN knobs was observed (Figure 4d3,
Rr = 0.14). As previously reported (Chiry et al. 2006), there
was a robust MCT1 expression in the endothelial cells of
the capillaries of the lamina propria (Figure 4d3, insert).
On the other hand, MCT?2 is presumably present in the basal
processes of the SCs (Figure 4E—f3, asterisks) and in the ducts
of the Bowman’s glands (Figure 4E-h3, arrow). In the lamina
propria, MCT2 colocalized with CYT18 in the Bowman’s
gland cells (Figure 4E-f3, arrowhead, Rr = 0.52).

To confirm our results, we performed dual labeling immuno-
fluorescence for MCT1 with GLUT1 and GLUT3 (Figure 5).
As expected, MCT1 and GLUT!I signals colocalized in the
upper edge of the SC nuclear layer (Figure 5SA-b3, arrowhead,

Rr = 0.62), whereas MCT1 but not GLUTI was expressed in
the outermost layer (Figure 5A-b3, arrow). In addition, in
agreement with our results, MCT1 and GLUTS3 had different
expression levels in the apical region of the OE (Figure 5C-d3).
Below the apical border of the OE, MCT1 (observed only in
SCs, not in ORNs; Figure 4) and GLUT3 signals overlapped
(Rr = 0.60), suggesting that GLUT3 was expressed in the SCs
(Figure 5d1-d3, arrow). No colocalization of MCTI and
GLUT3 was observed in the most apical level of the microvillar
and ciliary layer (Figure 5d1-d3, white arrowhead; Rr = 0.05).
In addition, GLUT3 was markedly expressed in the cells of the
Bowman’s gland of the lamina propria, where there was no
MCTT1 labeling (Figure 5C, asterisk, see also Figure 2M).

Discussion

It was previously demonstrated that GLUT1 was present in
the endothelial cells of the capillaries of the OM and also that
the different tight junction proteins (i.e., occludin, claudins
and zonula occludens) were located in the capillaries and in
the apical portion of the OE (Hussar et al. 2002; Steinke et al.
2008; Tang et al. 2009). These results suggest that in order to
access the ORN axons and reach the most apical region of
the OE cells, such as the chemosensory cilia, the nutrients
from the blood must cross the endothelial barrier. Thus, it
seems reasonable that endothelial cell-mediated transport
and intercellular transport between epithelial cells play
a key role on the supply of blood borne substrates to the
OE cells. This hypothesis is supported by the close
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Epithelium
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Epithelium

- GLUT1 CYT18
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CYTI18
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Epithelium
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Tl o g i

A 0 ORN

Figure 2 Cellular distribution of GLUT1 (A-L) and GLUT3 (M-P) in the OM. OMP was used to identify ORN (B) and CYT18 to identify SCs and Bowman'’s
gland cells (F, J). GLUT1 colocalized with OMP in the soma of the ORNs (C and higher magnification view in D, arrowhead) but not in the ORN knobs (D,
arrow). GLUT1 and CYT18 expression overlapped in SCs (G-H, arrow). In the lamina propria (I-L), GLUT1 was present in endothelial cells of the blood vessels
in the nerve bundles (higher magnification is shown in L, arrowhead), in ensheathing cells (arrow), and in the Bowman'’s gland where it colocalized with
CYT18 (K). GLUT3 (M-P) was located in the microvillar region and the most apical portion of the OE (arrow). Scale bar, 100 pm; B, Bowman'’s gland; N, nerve

bundle; V, blood vessel.

morphological relationship between OE SCs and the den-
drites of the olfactory neurons (Nomura et al. 2004).

Our results indicate that in addition to the mucosal endo-
thelial cells (Hussar et al. 2002), GLUT1 is present in the en-
sheathing cells surrounding ORN axons, the Bowman’s
gland cells in the lamina propria, and in the OE SCs. Our
data suggest that glucose, traveling from the blood stream
to the ORNSs, overcomes an endothelial barrier in a step me-
diated by GLUT1 and, once in the lamina propria, is incor-
porated into the ensheathing cells surrounding the axon
bundles by GLUTI1. Glucose may also be transported by
GLUT]1 into SCs, where it was found pronouncedly ex-
pressed, but also through the same transporter into ORNs
somata or dendrites. The substantial expression of GLUT]1
in the apical zone of SCs suggests that glucose from the capil-
laries may reach the apical surface of such cells, from where it
may be transported out to the mucus. On the other hand, the
immunofluorescence data seems to indicate that the micro-
villar layer and apical epithelial zone express GLUT3. With

the present data, we cannot rule out the possibility that
ORN:s cilia might also express GLUT3 or other GLUTs,
not considered in this study. However, an extended immu-
nohistological analysis is needed to clarify this point. In
the CNS, GLUT3 is found solely in neurons, where its high
glucose affinity is relevant for the transport of glucose from
the surrounding fluid (Castro et al. 2007; Simpson et al.
2008). Our data suggest that SCs, expressing GLUT3 and
GLUTI! in their soma and GLUT3 in the microvilli,
could play an important role in glucose distribution in the
OE, regulating glucose concentration in the environment
surrounding ORNs cilia.

Currently, there is no evidence about the presence of glu-
cose in the ciliary mucus. Nonetheless, it has been reported
that glucose is a major component of other epithelial fluids,
such us the oviductal fluid, where it is present at millimolar
concentrations (Gardner and Leese 1990; Tadokoro et al.
1995; Hugentobler et al. 2008). Moreover, odor transduction
occurs in the olfactory cilia, where activation of odorant
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Figure 3 mRNA and protein analysis for MCT expression in the OM.
(A) Positive labeling for MCT1 and MCT2 mRNAs. M: muscle; (—): negative
control. (B) MCT1 and MCT2 proteins are expressed in OM. Total brain
extract was used as positive control, and preabsorbed antibodies were used
as a nonspecific primary antibody—binding control.
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receptors leads to an increase in the intracellular Ca®* con-
centration (for review, see Mombaerts 2004). Olfactory cilia
contain a Na*/K*-ATPase (Menco et al. 1998) and a plasma
membrane Ca’*-ATPasa (PMCA; Weeraratne et al. 2006;
Castillo et al. 2007; Antolin et al. 2009). In the absence of
Ca®* reservoirs that could capture this divalent cation, this
latter enzyme is required, in addition to an Na*/Ca’* ex-
changer (Reisert and Matthews 1998), to reestablish the rest-
ing Ca®* concentration within the cilia to terminate the odor
response. In conditions that cilia do not contain mitochon-
dria, whether glucose plays a role in cilia energy metabolism
is not precisely known. However, the findings that glycolytic
enzymes are present in cilia (Mayer et al. 2008, 2009) strongly
suggest so. GLUT1 and 3 distribution found in the present
study suggest that SCs play a role in glucose distribution in
the OE and also that ORNs could capture this molecule from
the surrounding environment.

GLUT3 was also strongly expressed in the Bowman’s
glands in the lamina propria, where it can by means of its
low K,,,, rapidly uptake glucose that diffuses from the blood
vessels.

This putative metabolic role of GLUTI in SCs seems to
be well integrated with the expression of MCT1 (a medium
affinity lactate transporter, K,, = 4 mM; Simpson et al.
2007), generally present in SCs and strongly expressed close

Figure 4 Cellular distribution of MCT1 (A-d3) and MCT2 (E-h3) in the OM. MCT1 was expressed throughout the whole OE predominantly in the apical
portion of the OE (b1, arrow), where it colocalized with CYT18 (A, B, b3). MCT1 was also present in the upper region of the EO (Figure b1, b3, arrowhead)
and in the endothelial cells of the blood vessels (d3 insert). MCT2 immunoreactivity was found in cells of the Bowman’s gland duct, in the Bowman'’s gland
(E-h3, arrow), and in the basal layer of the OE (E—f3, asterisk). Scale bar, 100 um; B, Bowman'’s gland; D, Bowman’s gland duct; V, blood vessel.
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Figure 5 Differential distribution and colocalization of MCT1, GLUT1
(A-b3), and GLUT3 (C~d3). MCT1 colocalized with GLUT1 in the SC nuclear
layer (b3, arrowhead) but not in the outmost part of the OE (b1-b3, arrow).
MCT1 overlapped with the GLUT3 signal in the apical portion of the OE
(C, d3, arrow) and not in the ciliary/microvillar layer, where only GLUT3 was
observed (d3, white arrowhead). GLUT3 was also present in the cells of the
Bowman’s gland (C, asterisk). Scale bar, 100 pum.

— . A R (o, s
2-[ —
ml oo —

amina propria

Figure 6 Diagram of the OM depicting the cellular distribution of the
glucose and MCTs. Transporters in the endothelial cells of the capillaries and
enshething cells were identified based on the morphology of the cells
stained and their localization in the lamina propria, *. B, Bowman’s gland;
BC, basal cell; D, cells of the Bowman’s gland duct; EC, ensheathing cell; V,
blood vessel.

to the microvilli and basal processes. Thus, SCs may have
a role on capturing glucose from the interstitial region and
metabolizing it to lactate, which would be subsequently ex-
ported by a lactate/H* co-transporter to the external envi-
ronment. Moreover, for the first time, we found evidence

that suggest that the Bowman’s gland could have an impor-
tant function in OM lactate metabolism. In these cells,
a strong expression of MCT?2 was found, where Bowman’s
gland duct cells could take up lactate for duct cell meta-
bolism. In addition, we found abundant MCT?2 labeling
in the basal region of the OE, suggesting its presence in
SCs processes.

Hence, some similarities of the putative functional interac-
tions between OE cell components and with those between
astrocytes and neurons in the CNS are suggested by our re-
sults, regarding metabolite transport and possible metabolic
interrelationships.

Following the available evidence, we propose the model
illustrated in Figure 6. In our model, glucose from the blood
is incorporated into the SCs, where it is metabolized to
lactate or released into the intercellular and mucous environ-
ment. Lactate may be released to the extracellular compart-
ment via MCT1 and incorporated by Bowman’s gland duct
cells via MCT?2. Once in these cells, it could be processed by
oxidative metabolism. Cells of the Bowman’s duct and gland
and SC processes could also incorporate, via MCT2, lactate
that was transported from the blood by MCTI1 of the
endothelial cells.
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