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a b s t r a c t

To better understand androgen function in the mammalian nose, we have determined the levels of testos-
terone (T) in the olfactory mucosa (OM, which harbors the olfactory receptor neurons) and the lateral
nasal gland (LNG, which is the largest anterior nasal gland) of C57BL/6 mice. The results indicated that,
in adult male mice, T levels in the LNG were substantially higher than those in the OM and other non-
reproductive or non-endocrine tissues examined, including liver, kidney, and brain. Furthermore, in the
LNG, the high T levels were accompanied by high levels of salivary androgen-binding protein (sABP) and
450
lfactory mucosa
ateral nasal gland
estosterone
etabolism

low microsomal T-hydroxylase activities. The high abundance of T and sABP in the LNG suggests not
only that the LNG is a storage site for androgen, but also the possibility that unusually high T levels may
occur in other organs that have abundant expression of sABP but low expression of steroid-metabolizing
enzymes. Our findings suggest a critical need to determine androgen levels in various organs, as well
as to establish the functional significance of an unusually high T level in the LNG, a gland known for its
secretion of biologically active molecules, such as odorant binding proteins and immunoglobulin A, to

the nasal cavity.

Sex steroid hormones, including testosterone (T), estradiol (E2),
nd progesterone (P), are believed to play important physiological
oles in the mammalian olfactory chemosensory system (see Ref.
1] for a review). Numerous studies in rodents have shown that
he chemosensory and reproductive behaviors are influenced by
tatus of sex steroid hormones (e.g., [2,3]). The olfactory mucosa
OM), located in the dorsal, posterior part of the nasal cavity,
here the olfactory receptor neurons reside, is a known target

issue for sex steroid hormone action [4,5]. In male rats, OM mor-
hology is altered by castration, and T replacement counteracts
hese alterations [6]. Castration also leads to decreases in neu-
osensory epithelial volume in the vomeronasal organ (VNO) during
evelopment [7], while circulating sex steroids can modulate VNO
heromone receptor expression [8].

Current understanding of the effects of sex steroids on olfactory
hemoreception is based on studies in which circulating steroid

evels were modulated and/or measured. Detailed mechanisms of
ormone action, including mechanisms of regulation of hormone
ioavailability in various nasal organs or tissue compartments, are
till poorly understood. Little is known about the homeostasis of sex
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steroids in the nasal organs, other than reports from in vitro studies
on nasal steroid hydroxylase enzymes and activities. In that regard,
mammalian OM has very high activities in the metabolism of vari-
ous sex steroids, including T, E2, and P [1]. The VNO is also capable
of metabolizing these sex steroids [9]. The steroid hydroxylases are
believed to have critical roles in keeping levels of steroid hormones
in the OM low, although in vivo evidence in support of this hypoth-
esis has not been reported. Accumulation of sex steroids, which are
normally removed through metabolism by nasal steroid hydroxy-
lases, could affect olfactory signal transduction, by competing for
odorant/pheromone receptors, or it could influence regeneration of
olfactory receptor neurons following tissue injury [1]. However, the
levels of sex steroid hormones in the OM or other nasal organs have
not been determined.

In the present study, we have examined the metabolism and
homeostasis of T in the OM and the lateral nasal gland (LNG), of
mice. The LNG (also known as Steno’s gland) is a secretory gland,
which drains its contents through ducts that open by the nos-
tril [10]. It is the largest anterior nasal gland in mice and rats,
and it is also found in other mammalian species, including man
[10–12]. The LNG is a major site for the synthesis and secretion of

odorant-binding proteins (OBPs), which function mainly as carri-
ers for odorants in the nasal mucus [13]. The LNG also synthesizes
vomeromodulin, a putative pheromone and odorant transporter
[14], and it secretes large amounts of immunoglobulin A [15], which
may be important for the immune barrier function of the OM [16].

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:xding@wadsworth.org
dx.doi.org/10.1016/j.jsbmb.2009.06.002
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We first compared T levels in various tissues, as well as in serum,
f adult, male mice. We found that T levels in the LNG were sub-
tantially higher than those in the OM or in other non-reproductive
r non-endocrine tissues examined. We also determined T levels

n OM, LNG, and serum, in male mice of various ages, in order to
etermine whether developmental changes in LNG T levels par-
lleled changes in circulating T level. The finding of unusually
igh T levels in the LNG prompted us to examine the expres-
ion of genes that are potentially responsible in the LNG and
M; this effort led to the additional discovery of high levels of

alivary androgen-binding protein (sABP), very low microsomal
-hydroxylase activities, and near-absence of expression of genes
or other T-metabolizing enzymes, in the LNG. To establish the
unctional significance of the high T levels in the LNG, we also
etermined whether androgen receptor is expressed. Our findings
emonstrate, for the first time, a high abundance of T and sABP

n the LNG. We propose that although the LNG is probably a tar-
et organ for androgens, it is as well a storage site for androgen,
nd that the stored androgen can be secreted to the nasal mucus,
hrough which T can reach other parts of the nasal cavity. Our find-
ngs also suggest a critical need to determine androgen levels in
arious other organs.

. Materials and methods

.1. Determination of serum and tissue T levels

Male and female C57BL/6J (B6) mice were obtained from a
reeding stock maintained at the Wadsworth Center. Animal-use
rotocols were approved by the Institutional Animal Care and Use
ommittee of the Wadsworth Center. Serum (obtained through
ardiac puncture) and tissues from individual mice were used for

determination. For the nasal tissues, LNG was dissected first,
ccording to a procedure described previously [17], and then the
asal cavity was split open by cutting the dorsal part along either
ide of the nasal septum, for dissection of the OM.

For liquid chromatography–mass spectrometry (LC–MS) analy-
is of T, OM or LNG from one mouse was homogenized in 1 ml saline,
hereas, other tissues were homogenized in saline at 100 mg/ml.

he internal standard, 1,2-D2-T (98%, Cambridge Isotope Labora-
ories, Andover, MA), was added to tissue homogenate or serum
amples at 0.1 ng/ml. Samples were extracted twice, each time with
volumes of hexane/ethyl acetate (6:4); the extracts were dried
ith nitrogen, and then reconstituted in 20% (v/v) methanol in
ater. The resultant mixture was further extracted with an Isolute

xtraction Cartridge (C18, 1 ml/100 mg) (Biotage, Charlottesville,
A). Samples were eluted from the cartridge with 1 ml methanol,
ried with nitrogen, and reconstituted in 50% (v/v) methanol in
ater for LC–MS analysis. The recovery of the added T was >90%,

t all concentrations tested. Authentic compounds were added to
harcoal-stripped bovine serum (Hyclone, Logan, UT) for construc-
ion of calibration curves.

An ABI 4000 Q-Trap LC/MS/MS system (Applied Biosystem, Fos-
er City, CA), fitted with a 1.8 �m XDB-C18 column (4.6 × 50 mm,
gilent Technologies, Santa Clara, CA), was used. The samples were
luted at a flow rate of 0.5 ml/min, with a mobile phase consisted
f solvent A (0.1% formic acid in acetonitrile/water (5:95)) and sol-
ent B (0.1% formic acid in acetonitrile/water (95:5)). The column
as equilibrated with 60%A:40%B; the solvent gradient consisted

inear increases from 40%B to 90%B, between 4 and 5 min, and then

o 100%B, between 5 and 6 min. The retention time for T and the
nternal standard was 4.5 min. The MS was operated in the positive
on mode, using atmospheric pressure chemical ionization. The par-
nt/product ion pairs of m/z 289.2/97.1 and 289.2/109.1 (for T), and
/z 291.2/99.1 and 291.2/111.1 (for 1,2-D2-T), were measured in the
& Molecular Biology 117 (2009) 81–86

Multiple Reaction Monitoring (MRM) scan mode. The parameters
for the chamber were as follows: curtain gas 35 psig, needle cur-
rent 3.5 �A, heated nebulizer temperature 350 ◦C, nebulizing gas
40 psig, declustering potential 80 V, and entrance potential 8.0 V.

1.2. Assay for T metabolism

OM from four, or LNG from five, 8- to 12-week-old male or female
mice was pooled for preparation of microsomes, as described
previously [9]. Reaction mixtures contained 50 mM potassium
phosphate buffer, pH 7.4, 10 �M T, 1 mM ascorbic acid, 0.1 mg/ml
(for OM) or 0.5 mg/ml (for LNG) microsomal protein, and 1 mM
NADPH, in a final volume of 0.5 ml. Reactions were carried out at
37 ◦C for 10 min (for OM) or 30 min (for LNG). Control reactions
were carried out without the addition of NADPH. The sources of T
metabolites and the internal standard have been described previ-
ously [18,19].

For LC–MS analysis of T metabolites, reactions were termi-
nated by the addition of cold methanol, to a final concentration of
67%. An internal standard, 16�-hydroxyprogesterone, was added at
200 pg to each sample. Metabolites were enriched through solid-
phase extraction (SPE), using Isolute C18 columns (Biotage). The
extracted samples were reconstituted in 50% methanol in water for
LC–MS analysis. Recovery of the metabolites was ∼90%. Identity of
T metabolites was confirmed by matching retention time and MS
spectrum with those of the authentic compound. Authentic com-
pounds were used to construct calibration curves. T metabolites
were determined using the same LC–MS/MS system, LC column,
mobile phase, and flow rate as described above for T detection.
The column was equilibrated with 85%A:15%B; the solvent gradi-
ent consisted linear increases from 15%B to 30%B (between 3 and
25 min), and then from 30%B to 40%B (between 25 and 26 min),
followed by a 4 min wash with 100%B.

The MS was operated in the positive ion mode, using atmo-
spheric pressure chemical ionization. Metabolites were identified
by matching retention times and MS spectra (obtained in the
Enhanced Product Ion scan mode) with those of the authentic
standards. The parent/product ion pairs of m/z 305.2/97.1 (15�-OH-

), 305.2/109.2 (15�-OH-T), 305.2/269.1 (2�-OH-T), and 331.2/97.2
(for 16�-hydroxyprogesterone) were measured in the MRM scan
mode. The parameters for the chamber were as follows: curtain
gas 30 psig, needle current 3.0 �A, heated nebulizer temperature
350 ◦C, nebulizing gas 50 psig, declustering potential 68 V, and
entrance potential 7.0 V.

1.3. RNA PCR

Tissues (LNG or OM) from three mice (8- to 12-week-old, male
or female) were pooled for total RNA preparation. Total RNA was
isolated with use of the RNeasy Mini kit (QIAGEN, Valencia, CA). All
RNA samples were treated with DNase I (Life Technologies, Carls-
bad, CA) before reverse transcription (RT). RNA-PCR analysis was
performed as previously described [20]. Gene-specific PCR primers
for androgen receptor, Cyp19, type I and type II 5�-reductase, Abpa2,
24, and 27, and Abpbg1, 2, 21, 24, 26, and 27 were the same as
those described previously [21–25]. Identity of all PCR products was
validated by sequence analysis.

Real-time RNA-PCR analysis was performed for Abpa27, accord-
ing to the general protocol described elsewhere for analysis of
cytochrome P450 (P450) gene expression [26], with use of an ABI
7500 Fast Real-Time PCR System and SYBR Green core reagents

(Applied Biosystems). The primers used for real-time PCR were: for
Abpa27, 5′-agagggagattgtggccttt-3′ and 5′-cctcggtcaaggtcctatca-3′;
and for glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
5′-tgtgaacggatttggccgta-3′ and 5′-tcgctcctggaagatggtga-3′ (with an
annealing temperature of 62 ◦C for both transcripts). PCR products
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Fig. 1. Serum and tissue T level in male mice. (A) T levels in various tissues. T levels were determined for 8-week old male mice (n = 8). One of the mice tested was found to
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2.2. Microsomal T-hydroxylase activity

To understand the mechanisms underlying the higher T levels
in the LNG than in the OM, we determined rates of T metabolism

Table 1
Developmental changes in serum and LNG T levels in male mice. Serum and LNG
from individual mice of various ages were used for T determination. The 8-week-old
mice were not the same as those used for the experiment described in Fig. 1. Mice
with unusually high serum T level were not found in this experiment; the values
shown represent means ± SD (n = 4–5).

Age of mouse Testosterone level

Serum LNG
pg/ml ng/g protein
ave exceptionally high serum, as well as tissue, T levels, causing the data to fail th
nalyzed using the Kruskal–Wallis one-way analysis. The values shown are the med
n the testis were significantly higher than those in the other tissues (P < 0.05). (*) T
xcept for testis (P < 0.05). (B) Correlation of LNG and OM T levels with serum T level
he correlation coefficient (r) is 1.000 for LNG vs. serum (P < 0.001), and 0.952 for O

ere validated by sequence analysis, and PCR specificity was
onfirmed by analysis of reaction products on agarose gels. One
f the samples was serially diluted for construction of a standard
urve. Experiments were performed in duplicate, and the results
ere corrected on the basis of the levels of GAPDH mRNA present

n the same RNA preparation.

.4. Immunoblot analysis

Tissues (LNG or OM) from three mice (8- to 12-week-old,
ale or female) were pooled for preparation of whole-cell lysate.

issues were homogenized in the RIPA cell lysis buffer (Pierce
iotechnology, Rockford, IL), containing protease inhibitors (HaltTM

rotease Inhibitor Cocktail Kit, Pierce). The homogenate was kept
n ice for 10 min, and then centrifuged at 13,000 × g, at 4 ◦C, for
0 min. The supernatant fraction was analyzed by sodium dodecyl
ulfate-polyacrylamide gel electrophoresis under reducing condi-
ions [27]; immunoblot analysis was performed with use of a rabbit
nti-mouse sABP antibody [28], and an enhanced chemilumines-
ence kit (Amersham, Arlington Heights, IL). The optical density of
etected bands was determined with a Personal Densitometer SI
Molecular Dynamics, Sunnyvale, CA).

.5. Other methods and data analysis

Statistical significance of differences between two groups
as analyzed using Student’s t-test. Statistical significance of
ifferences in tissue T levels among multiple groups was ana-

yzed using Kruskal–Wallis one-way analysis of variance on
anks; pairwise multiple comparisons were performed using
tudent–Newman–Keuls test. The relationship between serum and
issue T levels among individual mice tested was analyzed using
pearman rank order correlation.

. Results

.1. Tissue T levels

The serum and tissue levels of T were determined, with use
f LC–MS/MS, for the LNG and OM of adult, male B6 mice. T lev-
ls in several other organs were also determined, for comparisons.

s expected, the testis had the highest levels of T among all tis-
ues tested; however, an unexpected finding was that T levels in
he LNG (median value: 18.5 ng/g protein) were significantly higher
han those in the OM (median value: 4.4 ng/g protein) for the same
roup of male mice (Fig. 1A). Moreover, T levels in the LNG were
ality test. Therefore, significance of differences in T levels among the tissues was
ogether with the 25% (lower bar) and 75% (upper bar) percentile marks. (**) T levels

in the LNG were significantly higher than the levels in all other tissues examined,
ng the eight mice analyzed. Tissue and serum T levels for each mouse were plotted.
serum (P < 0.001), according to the Spearman rank order correlation test.

higher than in any of the other non-reproductive tissues exam-
ined, including brain (median value: 4.7 ng/g protein), liver (median
value: 1.7 ng/g protein), and kidney (median value: 5.2 ng/g pro-
tein). Tissue T levels varied considerably among individual males
tested; often (as illustrated by the example in Fig. 1), one or two
mice with very high T levels exist in a group of adult males, making
it difficult to compare T levels among various tissues. However, a
comparison of serum and tissue T levels indicated that tissue T lev-
els in both OM and LNG, as well as in the other tissues tested, were
correlated (P < 0.001) with serum T levels, in individual adult males
(Fig. 1B). The association between serum and LNG T levels was also
observed during postnatal development: T was not detected in the
male LNG until 8 weeks after birth, an age when serum T reached
adult levels (Table 1).

In consideration of the possibility that the mice with excep-
tionally high T levels represent dominant males in a cage, we
have also analyzed the data excluding the outlier mice. The results
(not shown) confirmed the significantly higher T levels in the LNG
(19.8 ± 6.7 ng/g protein; mean ± S.D.) than in the OM (4.3 ± 1.2 ng/g
protein), or than in the other non-reproductive tissues examined
(p < 0.01; Student’s t-test).

T levels were also determined for adult female B6 mice (data
not shown). Serum T levels in female mice (70 ± 10 pg/ml, n = 8)
were much lower than those found in adult male mice (∼600 pg/ml;
Table 1). T levels in female OM and LNG were below detection limit
(∼2.5 ng/g protein for the nasal tissues).
2 Weeks 53 ± 6 <2.5a

4 Weeks 73 ± 8 <2.5a

8 Weeks 610 ± 160 19.0 ± 0.5
12 Weeks 630 ± 70 21.0 ± 3.2

a Detection limit.
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Table 2
In vitro metabolism of T by OM and LNG microsomal preparations. Rates of formation
of three major T metabolites, 15�-hydroxy-testosterone (15�-OH-T), 15�-OH-T, and
2�-OH-T, were determined, as described in the Section 1. Reaction mixtures con-
tained 50 mM potassium phosphate buffer, pH 7.4, 10 �M T, 1 mM ascorbic acid,
0.1 mg/ml (for OM) or 0.5 mg/ml (for LNG) microsomal protein, and 1 mM NADPH.
The values presented are means ± S.D. (n = 3).

Gender Tissue Rates of product formation

15�-OH-T 15�-OH-T 2�-OH-T
pmol/min/mg protein

Male OM 3900 ± 300 300 ± 40 330 ± 50
LNG 110 ± 20a 8.8 ± 1.6a 8.8 ± 2.5a

Female OM 3300 ± 260 250 ± 30 260 ± 40
a a a
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Fig. 2. Gene expression analysis for OM and LNG. (A) Detection of various Abpa and
Abpbg transcripts in the OM and LNG of male and female mice by RNA-PCR anal-
ysis. Tissues from 8- to 12-week-old mice (three per group) were pooled for total
RNA preparation. PCR products were analyzed on 1% agarose gels, and visualized
by staining with ethidium bromide. Numbers represent various Abpa or Abpbg tran-
scripts. The results shown are representative of two independent determinations.
(B) Real-time RNA-PCR analysis of Abpa27 expression in the OM and LNG of male
mice. The values shown represent means ± SD. (*) There is a significant difference
between OM (n = 5) and LNG (n = 4) (P < 0.01). (C) Immunoblot analysis of sABP pro-
tein expression in the OM and LNG. Tissue homogenates from OM and LNG (30 �g
protein each), pooled from three 8- to 12-week-old mice, were analyzed using a
polyclonal anti-sABP antibody. The size of the sABP proteins detected is indicated.
The results shown are representative of two independent determinations. (D) RNA-
PCR analysis of expression of androgen receptor (AR), aromatase, and 5�-reductase
type I and type II in OM and LNG of male mice. The sizes of PCR products detected
LNG 110 ± 10 8.0 ± 0.2 8.9 ± 0.7

a The rates are significantly different between OM and LNG, for both sexes
P < 0.01; Student’s t-test).

n the two tissues, based on the assumption that a low rate of T
etabolism can lead to T accumulation in the tissue. The patterns

f major hydroxy-testosterone produced in microsomal reactions
ere similar between the OM and the LNG, with 15�-, 15�-, and
�-hydroxy-T being the most abundant forms, for microsomes from
ither male or female mice (data not shown). Rates of formation of
he three major metabolites were approximately 30-fold lower in
he LNG than in the OM; however, the rates were not significantly
ifferent between male and female mice (Table 2). Thus, the very

ow activity for T hydroxylation in the LNG may have contributed
o the observed high T levels in this gland. However, the lack of dif-
erences between male and female LNG in T hydroxylase activities
ndicated that a very low rate of T hydroxylation is not sufficient –
lthough it is probably necessary – for attainment of high tissue T
evels.

.3. Tissue levels of sABP

High tissue levels of T can also result from abundant expres-
ion of molecules that are capable of binding to T. In that regard,
t has been reported that the sABPs, known to be expressed in
lands of the head and neck region, can bind T with high affin-
ty [29]. A qualitative RNA-PCR analysis of Abp gene expression in
he OM and LNG of male and female mice, performed with spe-
ific primers for Abpa2, 24, and 27 and those for Abpbg1, 2, 21, 24,
6, and 27 [25], detected Abpa2 and a27 transcripts in the male
nd female LNG; Abpa27 transcripts in the male and female OM;
s well as Abpbg2 and bg27 transcripts in all tissues examined
Fig. 2A). Subsequently, a quantitative RNA-PCR analysis was per-
ormed for Abpa27, which appeared to be ubiquitously expressed
n the OM and LNG; the results indicated that the level of Abpa27

RNA was >100-fold higher in the male LNG than in the male OM
Fig. 2B).

Further immunoblot analysis was performed using a polyclonal
nti-sABP antibody, which was prepared against purified sABP pro-
ein [28]; it is not clear whether the anti-sABP antibody cross-reacts
ith all sABP isoforms, but the antibody is expected to recog-

ize many of these highly homologous proteins. The immunoblot
nalysis revealed much higher levels of sABP proteins in the LNG
han in the OM of male mice (Fig. 2C). A densitometric analysis of
mmunoblot results from two independent experiments indicated
∼50-fold difference in the relative amounts of the sABP proteins
etected, between the LNG and the OM (data not shown). In female
ice, sABP proteins were detected at levels much lower than those
etected in the males, in both OM and LNG (Fig. 2C). The abundant
xpression of sABP proteins in the male LNG supports the idea that
he sABPs play a role in retaining T in this secretory gland in male

ice.
are indicated. Tissues from 8- to 12-week-old mice (three per group) were pooled
for total RNA preparation. The results shown are representative of two independent
determinations.

2.4. Expression of androgen receptor, 5˛-reductases, and
aromatase

The discovery of the presence of high T levels in the LNG sug-
gests that the LNG is possibly a target organ for T and/or related
sex hormones. A qualitative RNA-PCR analysis identified mRNAs for
androgen receptor in OM and in LNG, confirming that both tissues
are potential biological targets of androgens (Fig. 2D). Transcripts
for type I and type II 5�-reductase enzymes, which convert T to
dihydrotestosterone (DHT), and for aromatase (CYP19), which con-

verts T to estradiol, were also detected, apparently in abundance,
in the OM, but such transcripts were barely (or not) detected in the
LNG. In this context, 5�-reductase and aromatase enzyme activities
have been reported for rat olfactory epithelium in a previous study
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30], but it had not been studied whether these enzymes are also
xpressed in the LNG. The near absence of the 5�-reductases and
romatase in the LNG could have contributed to the high levels of
detected in the gland, given the known activity of these enzymes

n metabolizing T. Notably, DHT, the product of 5�-reductase, is a
ore potent androgen than T is [31]; thus, the differential expres-

ion of the 5�-reductase in the OM and in the LNG might serve to
ncrease the sensitivity of the OM to androgen stimulation, while
rotecting the LNG against overstimulation by the high levels of T
resent.

. Discussion

The homeostasis of T in various tissues, such as the OM and
he LNG, can be maintained by multiple factors, which together
ontrol the levels of free androgens that are available for car-
ying out biological functions. For OM and LNG, tissue T levels
re clearly influenced by circulating androgen levels. Furthermore,
450-catalyzed T hydroxylation represents one of the first steps

n the inactivation of T; thus, tissue T levels can be influenced by
he level of steroid hydroxylase activities in that tissue. On the
ther hand, steroid binding proteins, such as sABP, may retard T
etabolism, by sequestering T away from the metabolic enzymes.

herefore, the present finding of an unusually high T level in the
NG, a presumed non-steroidogenic organ, can be explained by the
ery high sABP levels (∼50-fold higher in the LNG than in the OM),
he very low microsomal T hydroxylase activity (∼30-fold lower in
he LNG than in the OM), and the near absence of the steroid 5�-
eductases and the aromatase, enzymes that can convert T to other
orms of steroid hormones, in this tissue.

The sABPs are known to be expressed in additional nasal tissues,
uch as the VNO, and other organs in the head-and-neck region,
ncluding the olfactory bulb, salivary glands, lacrimal gland, and
arderian gland [25]. Thus, we propose that T levels in these other
lands or organs, in addition to the OM and LNG studied here, will
iffer, in a manner dictated by the relative abundances of metabolic
nzymes (e.g., P450s) and steroid-binding proteins (e.g., sABP) in
he particular tissue. In cells expressing sABP, T is either protein-
ound or free, and the two forms exist in an equilibrium affected
y the affinity of the binding and the abundances of T and sABP. In
issues with low P450 activity, free T has ample opportunity to com-
lex with sABP, and this event leads to accumulation of T in the tis-
ue. Contrastingly, in tissues with high P450 activity, free T is rapidly
etabolized. This event leads to decreases in cellular concentra-

ions of free T, with consequent dissociation of the sABP-T com-
lexes, and culminates in a low steady-state level of T in the tissue.

In female mice, the level of T was below our current detec-
ion limit in both the OM and the LNG; therefore, we cannot yet
etermine whether a higher T level exists in the LNG than in the
M. Circulating androgen levels, as well as the levels of OM and
NG sABP, are much lower in females than in males, whereas we
ound microsomal T hydroxylase activities in the OM and LNG to
e comparable between males and females. These patterns, when
ombined, predict the occurrence of very low T levels in female OM
nd LNG.

The high T hydroxylase activity in the OM, compared to the
NG, is believed to be related to the abundant expression of two
450 enzymes, CYP2A5 and CYP2G1, in the OM; both enzymes (in
ddition to being active in metabolizing numerous foreign chem-
cals) are efficient in the hydroxylation (and thus inactivation) of
ex steroid hormones, including T, E2, and P [17,18,32]. CYP2G1 is

xpressed in the OM and VNO, but not in the LNG, while CYP2A5
s expressed in the OM at levels much higher than in the LNG or
he VNO [9,17,32]. The role of CYP2A/2G enzymes in nasal microso-

al steroid hormone metabolism has been demonstrated in in vitro
tudies that used P450 antibodies and chemical inhibitors [18,32].
& Molecular Biology 117 (2009) 81–86 85

Mouse sABPs are members of the secretoglobin family [33].
A functional sABP is a covalently linked (through a disulfide
bond) heterodimer composed of one ABP � subunit (belonging
to secretoglobin family B) and one ABP � or � subunit (belong-
ing to secretoglobin family E). The sABP proteins detected on
immunoblots represent both monomers (alpha subunit, 10841 Dal-
ton and, beta subunit, 9997 Dalton), which were not distinguished
by the separation, under the reducing conditions used for the gel
electrophoresis; the intact sABP dimer has a molecular weight of
∼21 kD [34]. The sABP proteins are encoded by a recently expanded
cluster (on mouse chromosome 7) of 30 Abpa and 34 Abpbg genes
and pseudogenes, all highly similar in DNA and predicted pro-
tein sequences [35]. The biological functions of the sABPs have yet
to be identified; however, these proteins are capable of binding,
with high affinity, sex steroids that have the saturated A ring of
T (including T, P, but not E2 or cholesterol) [29]. Based on a com-
parative evolutionary genomics analysis, Emes et al. [36] proposed
that sABPs play a role as pheromones, or a role in modulation of
odorant detection. Earlier work had suggested that sABPs function
in reproductive behavior [37,38]. However, experimental evidence
for a role of the sABPs in chemosensory function has yet to be
obtained.

The nasal epithelium is covered with a layer of aqueous mucus,
through which odorants, environmental chemicals, and pathogens
must travel in order to come in contact with the underlying epithe-
lial cells. Numerous components of the nasal mucus have been
identified (see Ref. [1] for a review), including immunoglobulins,
various enzymes, antioxidants (such as reduced glutathione), and
mucin. Nasal mucus also contains regulatory proteins and transport
proteins, such as OBP [39] and vomeromodulin [40]. The presence
of the proteins in the mucus can result from either serum transu-
dation or local synthesis and secretion [41,42]. However, there has
been no report of detection of sex steroid hormones in the nasal
mucus.

T is a well established regulatory molecule for a variety of cel-
lular functions and signaling pathways [43]. Thus, our finding of an
unusually high level of T in the LNG has strong physiological rele-
vance, particularly given the known or hypothesized functions of
T in the olfactory system [1]. We propose, based on the findings
of the present study, that the stored androgen of the LNG can be
secreted to the nasal mucus, and can thus potentially function in
a paracrine fashion, in the male olfactory system. The nasal mucus
is secreted by a variety of nasal glands. In rodents, secretions from
the LNG can reach other parts of the nasal cavity, including the
OM and VNO [13,14]. We envision that, as the LNG releases its
secretory contents, the stored T is also released, perhaps carried by
sABP, and distributed throughout the nasal mucus. In the OM and
VNO, the bound or free T can potentially perform several functions,
including: activation of membrane androgen receptors; interaction
with odorant/pheromone receptors as an agonist or an antagonist;
and inhibition of putative pheromone-metabolizing enzymes in the
mucus. Validation of this hypothesis will likely have a significant
impact on our understanding of the links between androgen home-
ostasis and the biology (or diseases) of the olfactory system and the
upper respiratory tract in mammals.
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