Induction of Olfactory Receptor Sensitivity in Mice

Hai-Wei Wang, Charles J. Wysocki, Geoffrey H. Gold

Repeated exposure to olfactory ligands (odorants) increased peripheral olfactory sensi-
tivity in mice. For two unrelated ligands, androstenone and isovaleric acid, induction of
olfactory sensitivity was odorant-specific and occurred only in inbred strains that initially
had low sensitivity to the exposure odorant. These data demonstrate stimulus-induced
plasticity in a sensory receptor cell, suggesting a form of stimulus-controlled gene ex-
pression. Induction with two unrelated odorants implies that olfactory induction is a general
phenomenon that may occur in a large fraction of the human population.

Individual variation in olfactory sensitivity
is common in humans. For example, insen-
sitivity to the odorant androstenone (5c-
androst-16-en-3-one), an example of a spe-
cific anosmia, occurs in roughly 50% of
populations tested (1). The causes of spe-
cific anosmia are not known but appear to
have a genetic component (2). Thus, by
analogy to color blindness (3), specific
anosmia may result from defects in the
genes encoding the olfactory receptor pro-
teins (4). However, in contrast to color
blindness, which is stable throughout life,
specific anosmia to androstenone can be
reversed by repeated exposure to this odor-
ant (5). Induction of androstenone sensi-
tivity was demonstrated by psychophysical
measurements (5), so it is not known
whether induction results from changes in
peripheral olfactory sensitivity or from
changes in central olfactory processing.
Furthermore, it is not yet known whether
induction can occur with odorants other
than androstenone. We have addressed
these issues by recording the olfactory re-
ceptor potential in inbred strains of mice
that exhibit behavioral deficits for an-
drostenone or for another odorant, isova-
leric acid.

Inbred strains of mice that are relatively
insensitive (C57BL/6J) and sensitive (AKR/
J) to isovaleric acid were identified by their
behaviors in a conditioned aversion task (6).
These strains did not differ in their sensitiv-
ity to isoamyl acetate (6). Therefore, the
C57BL/6] strain was chosen as an animal
model for individuals with a specific anosmia
for isovaleric acid, and the AKR/] strain was
chosen as an animal model for individuals
sensitive to isovaleric acid. The same ap-
proach was used to identify the NZB/BIN]
and CBA/] strains as animal models for
individuals with a specific anosmia for, or
sensitivity to, androstenone, respectively
(7). We exposed mice to androstenone or
isovaleric acid (8) and assessed shifts in
receptor sensitivity by recording the voltage
across the olfactory epithelium in response
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to olfactory stimuli, a signal known as the
electro-olfactogram (EOG) (9, 10). All re-
sponses had monophasic negative wave
forms, which are typical of the receptor
component of the EOG (9, 11). Our mea-
surements likely underestimated increases in
response amplitude that occurred in a subset
of receptor cells, because the EOG averages
the responses of many cells.

In an NZB/BIN]J mouse, 23 days of
exposure to androstenone caused an in-
crease in the amplitudes of the EOG in
response to all tested concentrations of this
odorant (a 2.2-fold increase occurred at the
lowest concentration) but had no effect on
the amplitudes of the responses to isoamyl
acetate (Fig. 1) (12). The averages of mea-

Fig. 1. The odorant-induced volt-
ages across the olfactory epithe-
lia (EOG) (9) of NZB/B1NJ mice in -
response to 1.0-s pulses, starting
at zero time, of androstenone and
isoamyl acetate (the odorant con-
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surements from ten mice exposed for 2 to 4
weeks and from eight control NZB/BIN]
mice (Fig. 2) confirmed these observations.
These values also demonstrated a 2.2-fold
increase in the amplitude of the response to
the lowest concentration of androstenone
(13) [at a response amplitude of 0.2 mV,
this corresponds to a 5.5-fold increase in
androstenone sensitivity (14)]. The differ-
ence in response amplitude was significant
at all concentrations (P < 0.002) (15). In
contrast, androstenone exposure did not
cause a significant change in the amplitudes
of the responses to isoamyl acetate (P >
0.80). This result demonstrates that expo-
sure to androstenone preferentially affected
sensitivity to this odorant, as was observed
in humans (5). The ability of an odorant to
increase androstenone sensitivity in NZB/
BIN]J mice also appeared to be specific for
androstenone, because exposure to isoamyl
acetate (8) had no significant effect on
responses to either androstenone or isoamyl
acetate (16). The EOG responses were
recorded ~20 hours after the last exposure
to androstenone. This persistence in in-
creased sensitivity suggests that induction
may be long-lasting; in humans, induction
appears to be stable for at least 6 weeks after
the end of androstenone exposure (17).
To investigate whether induction occurs
only in strains that have low sensitivity to
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the inducing odorant, we measured the
effects of androstenone exposure in CBA/J
mice, which, unlike NZB/BIN] mice, ex-
hibited behavioral sensitivity to both an-
drostenone and isoamyl acetate in the con-
ditioned aversion assay (7). The EOG re-
sponses to androstenone were larger in the
control CBA/] mice than in the control
NZB/BIN]J mice, which is consistent with
the behavioral observations. In contrast to
results from the NZB/BIN] strain, respons-
es from the CBA/J mice to androstenone or
isoamyl acetate were not significantly af-
fected by the 2 to 6 weeks of exposure to
androstenone (Fig. 2) (18). This result
suggests that induction does not occur in
mice that initially have appreciable sensi-
tivity to the inducing odorant.

To determine whether induction can oc-
cur with odorants other than androstenone,
we measured the effects of 2 to 4 weeks of
exposure to isovaleric acid on C57BL/6] and
AKR/] mice, strains that are relatively in-
sensitive and sensitive, respectively, to this
odorant (6). The results (Fig. 3) paralleled
those described above for induction of andro-
stenone sensitivity: Exposure to isovaleric
acid increased the responses to the odorant
in the C57BL/6] strain but not in the AKR/J
strain and did not affect the responses to
isoamyl acetate in either strain (19).

Our data show that induction can occur
within the olfactory epithelium and is odor-
ant-specific; that is, it occurred only in
strains that have low sensitivity to the
exposure odorant, and sensitivity increased
preferentially for that odorant. This speci-
ficity provides evidence that induction re-
sults from changes within the olfactory
receptor cells. The increase in response
amplitude could result from an increase in
the number of receptor cells that respond to
the exposure odorant, an increase in the
sensitivity of cells that already respond to
the exposure odorant, or both. In any case,
however, the temporal stability of induc-
tion suggests that it is mediated by altered

gene expression in the exposed animals,
possibly reflecting increased expression of
genes that encode olfactory receptor pro-
teins (4) with a high affinity for the expo-

su

re odorant.
The EOG responses of the control NZB/

BINJ mice to androstenone were smaller
than those of the CBA/] strain. This differ-
ence provides the second example of an
olfactory receptor-cell correlate of low be-
havioral sensitivity in mammals; the first is
the low sensitivity to isovaleric acid in the
C57BL/6] strain [(20) and Fig. 3]. Thus,
our data support the hypothesis that at least

SO
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me specific anosmias are caused by genet-
defects that are expressed in olfactory

receptor cells.

Our results demonstrate stimulus-in-

duced plasticity in a sensory receptor cell.
The ability of the olfactory receptor cells to
exhibit this plasticity may be related to
their continual turnover (21), which sug-
gests that the full differentiation of imma-

tu

re olfactory receptor cells and the deter-

mination of their odorant specificity may be
controlled, in part, by olfactory stimula-
tion. Therefore, because of the relative
simplicity of the olfactory epithelium, ol-
factory induction may provide a useful mod-

el

for the study of the control of gene

expression during neuronal development
and differentiation.
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Fig. 1 were recorded from the middle of the third
most posterior turbinate. The averages of the
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. The exposure-induced increase was largest after 2
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Sensitivity is defined as the inverse of the stimulus
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Probability values were determined with simple
effects tests within a repeated-measures analysis
of covariance, where the average response to the
highest concentration of isoamyl acetate served
as the covariate.
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For 10 exposed and 11 control mice, analyses of
EOG responses to androstenone and isoamyl
acetate revealed F, o = 0.72 (P > 0.40) and
F1.19) = 0.00 (P> 0.9&), respectively.

C. J. Wysocki, unpublished data.

Analyses of variance of EOG responses produced
the following results: control CBA/J (n = 20) re-
sponses versus control NZB/B1NJ (n = 18) re-
sponses to androstenone, F ) = 10.39 (P <
0.005); exposed CBA/J (n = éO) responses versus
control CBA/J (n = 20) responses to androstenone
and isoamyl acetate, F; 55, = 0.01 (P> 0.90) and
F1,.a8 = 0.06 (P> O.Bb), respectively.

The EOG responses to isovaleric acid from the
exposed (n = 9) and control (n = 10) C57BL/6J
mice were significantly different [F, ,,, = 7.90 (P <
0.02)], and the interaction between treatment con-
dition and the isovaleric acid concentration was
significant [F 4 54, = 6.12 (P < 0.001)]. However, no
significant differences were detected between ex-
posed (n = 11) and control (n = 10) AKR/J mice
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V. T. Troitskaya, O. S. Gladysheva, S. N. Novikov,
Neurophysiology USSR 19, 133 (1987); H.-W.
Wang, C. J. Wysocki, G. H. Gold, Chem. Senses
17, 714 (1992).

P. P. C. Graziadei, R. R. Levine, G. A. Monti-
Graziadei, Neuroscience 4, 713 (1979).

We thank G. K. Beauchamp, J. H. Eberwine, J. S.
Kauer, G. Lowe, L. M. Masukawa, J. Nathans, E.
N. Pugh, Jr., and S. H. Snyder for comments on
the manuscript, L. Clark for advice about stimula-
tion methods, and L. M. Wysocki for assistance in
the conduct of the initial behavioral investigations.
Supported by grants from the U.S. National Insti-
tutes of Health (G.H.G. and C.J.W.)

25 November 1992; accepted 22 February 1993





