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Women were tested for sensitivity to several odorants at ovulation and menstruation.
Three involatile esters (pentadecalactone, coumarin, and cinnamyl butyrate) predicted by
gas chromatographic data to be strongly retarded by the olfactory mucus showed similar
significant changes in sensitivity. By contrast, a more volatile ester (amy! acetate)
predicted to diffuse more readily though the mucus showed no such changes. This
suggests that variations in oMfactory sensitivity observed between ovulation and menstrua-
tion depend on odorant volatility and thus may result from peripheral mechanisms
limiting the access of odorant molecules to the olfactory receptors.

Olfactory sensitivity in women for the musk pentadecalactone (also known as
Exaltolide or Thibetolide) varies with phase of the menstrual cycle, being highest
around ovulation and lowest around menses {(Good, Geary, & Engen, 1976;
Le Magnen, 1948; Vierling & Rock, 1967). This change in sensitivity has been
related to the level of circulating estrogen (Good et al., 1976; Le Magnen, 1950;
Schneider, Costiloe, Howard, & Wolf, 1958). Sensitivity for other odorants,
notably methyl salicylate, safrole, pyridine (Meixner, Note 1), citral (Schneider &
Wolf, 1955), m-xylene (Koster, 1965), oil of cloves, n-butanol, and amyl
acetate (Kahn, Note 2), has been reported not to vary or to vary to a lesser
extent. Pietras and Moulton (1974, 1975) have observed that rats show cyclic
variations in their sensitivities for cyclopentanone, eugenol, and a-ionone related
to circulating concentrations of ovarian steroids. Henkin and Bartter (1966} have
demonstrated that untreated patients with hypoadrenocortical functioning show
markedly increased olfactory sensitivity. Normal olfactory sensitivity was re-
ported in these patients 2 to 3 days after administration of glucocorticoids.

How do circulating hormones affect olfactory sensitivity? Schneider and Wolf
(1960) have suggested that local changes in the nasal mucosa, affecting the
constriction of nasal airways and thus the flow of odorant molecules to the
receptors, may be the basis of estrogen-related changes in olfactory acuity.
Although the olfactory mucosa is inaccessible to direct study, menstruation has
been associated with engorgement of nasal cavernous tissue, increased nasal
secretion, and congestion. There are several arguments against this position.
First, Pfaff and Pfaffmann (1969) have shown that testosterone-induced changes
in olfactory bulb activity cannot be accounted for by gross changes in nasal air
flow. Second, Pietras and Moulton (1974, 1975) report that bilateral cervical
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sympathectomy does not affect the cyclic variations in olfactory sensitivity for
female rats, indicating that circulating hormones do not control olfactory sensi-
tivity by acting on the autonomic nervous system to affect the engorgement of
vascularized tissue and secretions of nasal glands. Third, such an explanation
does not account for the observation that a more robust and consistent change
has been seen for pentadecalactone than for other odorants.

Several investigators have suggested that steroid hormones affect olfactory
sensitivity by acting on the brain and controlling the overall excitability of the
olfactory system (cf. Pfaff & Pfaffmann, 1969; Pietras & Moulton, 1974, 1975).
Units in the preoptic area of castrated male rats show generally increased
responsiveness to odors and to electrical stimulation of the olfactory bulb fol-
lowing direct preoptic administration of testosterone (Pfaff & Pfaifmann, 1969).
Pfaff and Gregory (1971) report that this androgen-related sensitivity change
does not aiter the relative responsiveness of preoptic units to estrus as compared
“to ovariectomized female urine odors or to urine as compared to nonurine odors.
This indicates a lack of specificity, even for biologically salient odors, in the
hormonally controlled sensitivity changes at the preoptic level. Such a mechanism
can account for an overall change in olfactory sensitivity; however, it provides no
compelling explanation for a specific sensitivity change such as that reported for
pentadecalactone.

Another hypothesis is that circulating hormones act directly on the glands
producing olfactory mucus, controlling their rate of secretion and thus the effec-
tive barrier through which odor molecules must diffuse to reach the receptor
sites. Ebling (1974, 1977) has described a similar mechanism for direct hormonal
control over secretory activity of sebaceous and apocrine glands, in which
testosterone stimulates and estrogen inhibits secretions. Fortunato and Bindoni
(1971) report a strong reduction of acid mucopolysaccharides in the olfactory
mucus layer following hypophysectomy in rats. As acid mucopolysaccharides in
the mucus are thought to originate from olfactory supporting cells and, possibly,
Bowman’s glands (cf. Bronshtein & Leont’ev, 1973) this supports an argument for
hormonal control over secretion of the olfactory mucus layer.

Mozell and his co-workers have suggested that odorant molecules differ in
their propensity to sorb onto the olfactory mucus layer and that these differences
affect the spatial and temporal distribution of neural activity elicited across the
olfactory epithelium (Hornung, Lansing, & Mozell, 1975; Mozell, 1964a, 1964b,
1967). Mozell (1970) and Mozell and Jagodowicz (1973, 1974) have shown a
correlation between these putative differences and retention time on a gas
chromatographic column having a polar (Carbowax 20M) stationary phase. The
present study examines the extent to which gas chromatography (GLPC} can
predict olfactory properties of pure organic compounds.

For a given set of GLPC conditions, a compound’s retention time is largely a
function of its boiling point and its polarity. All odorants for which little or no
variation in sensitivity has been reported are more volatile and have much
shorter retention times on a Carbowax 20M column than does pentadecalactone
(see Table 1). We surmise two tendencies that odorants having substantially
longer GLPC retention times should exhibit in relation to their distribution in
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olfactory mucus. First, as Mozell has suggested, they should show steeper con-
centration gradients across the olfactory epithelium. Second, as they tend to be
large, polar molecules, mucus should retard their approach to the receptors. A
GLPC analogy suggests an explanation for the specificity observed in cyclic
olfactory sensitivity changes.

The aim of this investigation is to compare changes in olfactory sensitivity
observed for pentadecalactone with sensitivities for odorants predicted by GLPC
analogy to have similar sorptive properties. Two esters, coumarin and cinnamy]
butyrate, with approximately the same boiling point as pentadecalactone (~300°C)
were chosen. Amyl acetate, an ester with a much lower boiling point, was chosen
as a control. Pentadecalactone, coumarin, and cinnamyl butyrate have much
longer retention times on a Carbowax 20M column than does amyl acetate (see
Table 1). Changes in olfactory sensitivity between ovulation and menstruation
for pentadecalactone were compared with changes in sensitivity for coumarin and
cinnamyl butyrate, which should have similar sorptive properties, and with amyl
acetate, which should be retarded by the mucus to a much lesser extent.

METHODOLOGY

Subjects. Subjects were 12 adult women, ranging in age from 20 to 32 years. All
reported to be in good health and had regular menstrual cycles with average
lengths varying from 26 to 32 days. None had a history of menstrual or hormonal
dysfunction, and none was taking birth control pills. Menstrual histories were
taken from each subject, and presumed time of ovulation was determined by
extrapolation from these data and by monitoring basal temperature. Each subject
was tested at least twice, once during ovulation and once during menstruation. As
the purpose of this study is to compare the sensitivity change observed for
pentadecalactone with those observed for other odorants, subjects were tested on
as many as 3 successive days around the presumed time of ovulation until a clear

TABLE 1
GLPC RetexTiON TiMES ON A CarBowax 20M CorumMn FoR ODORANTS®
Odorant Retention time {sec)
Coumarin 388
Pentadecalactone 600
Cinnamy! butyrate ) 546
Methyl anthranilate 408
0Oil of cloves 315
Methyl salicylate 180
Safrol 150
Phenethyl alcohol 135
Citral 105
n-Butanol 45
Amyl acetate is
m-Xylene 35
Pyridine 35

¢ GLPC analyses were performed on a 6-ft x 0.125-in. 16.7% Carbowax 20M on 4560 Chromosorb
W column in a Perkin—Elmer Fll gas chromatograph with a flame ionization detector. Retention
times were measured at a column temperature of 220°C and a carrier gas flow of 30 ml/min.
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increase in sensitivity was observed for pentadecalactone. One subject in each
part of the experiment was excluded showing no change in sensitivity for
pentadecalactone on any days tested. In each part of the experiment three sub-
Jjects were tested first at ovulation, and three were tested first at menstruation.
Odorants. The four odorants used in this study are all esters; purity was
checked by GLPC. Cinnamyl butyrate (Givaudan) was purified of a volatile,
fragrant impurity by preparative GLPC before use; the other three compounds
were used from the bottles without further purification. Odorants were diluted in
dibutyl pthalate and presented in equilibrium sniffers (cf. Engen, Kiiduff, &
Rummo, 1975) containing either 40 ml of pure solvent or a solution of odorant.
Concentrations of the odorant solutions determined in a pilot experiment as being
slightly above threshold when sampled in the sniffers were 1.6 mm for penta-
decalactone, .96 mm for coumarin, 0.78 mm for cinnamyl butyrate, and
0.038 mm for amyl acetate. '
Experimental procedure. The experiment was divided into two parts. Six sub-
jects participated in the first part in which pentadecalactone, cinnamyl butyrate,
and coumarin were the odorants. Six other subjects participated in the second part
using amyl acetate and pentadecalactone as odorants. In both parts, sensitivity
for each odorant was tested in a separate block of trials and the order in which
these were presented was counterbalanced across subjects. Each block consisted
of 60 trials, a random sequence of 30 trials with the sniffer containing the solution
of odorant, and 30 trials with only the solvent. Subjects were instructed and
practiced in sniffing the odorant in a consistent manner and then were blindfolded
for the duration of the experiment. Prior to each block of test trials, the subjects
were familiarized with the target odor in a series of practice trials. On each trial,
the experimenter uncovered the sniffer and placed it under the subject’s nose for
sampling. The subject’s task was to say whether pure solvent or a solution of
odorant was presented, upon which the experimenter would state the correct
answer. Subjects were tested in an environmental chamber that is part of the
laboratory olfactometer. They abstained from eating and smoking for at least 2 hr
before testing and were not tested on days they reported respiratory problems.

RESULTS

The results are reported both in terms of the number of correct responses in
each block of trials and of 4, an index of sensory sensitivity presumed to be free
of response bias (Engen, 1971). Figure 1 depicts the number of correct responses
for odorants in both parts of the experiment. Performance during menstruation
is plotted along the abscissa, and performance during ovulation along the ordinate.
Points lying above the solid line indicate that the subjects made more correct
responses during ovulation than during menstruation. All subjects made more cor-
rect responses during ovutation for pentadecalactone, cinnamyl butyrate, and
coumarin, Two subjects made more and four subjects made fewer correct
responses during ovulation than during menstruation for amyl acetate. An exam-
ination of Fig. 1 indicates that there is a considerable degree of overlap in per-
formance for the four edorants during both menstrual conditions. An analysis of
the number of correct responses for the first part of the experiment, using a two-
factor analysis of variance with repeated measures (Keppel, 1973), shows that
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sensitivity to the three odorants, pentadecalactone, cinnamyl butyrate, and
coumarin, was significantly higher at ovulation [F(1,5) = 95.33, p < .001]. There
was no significant difference between them [F(1.5) = 2.74], nor was there a
significant interaction between menstrual condition and odorants [F(2,10) = 1.62].
An analysis of the number of correct responses for the second part of the
experiment with amyl acetate and pentadecalactone showed that sensitivity was
significantly higher at ovulation [F(1,5) = 19.25, p < .01]. Again there was no
significant difference between the odorants [F(1,5) = 0.49], but this time there
was a significant interaction between the odorants and menstrual condition
[F(1,5) = 27.25, p < .01}, indicating that pentadecalactone was affected more
by menstrual condition than amyl acetate.

The analysis of the data in terms of d' for individual subjects in both parts of
the experiment is presented in Table 2. All subjects showed a higher 4’ in the
ovulatory condition for pentadecalactone, cinnamyl butyrate, and coumarin. Two
subjects showed a higher and four a lower d’ in the ovulatory condition for amyl
acetate. In Part 1 sensitivity at ovulation was significantly higher for penta-
decalactone (+ = 16.32, p < .01), coumarin (f = 4,88, p < ,01) and cinnamyl
butyrate ( = 4.47, p < .01). In Part 2 sensitivity at ovulation was significantly
higher for pentadecalactone (+ = 4,72, p < .01) but not for amyl acetate
(t = —1.10).

DISCUSSION

The results show that sensitivity for pentadecalactone, cinnamyl butyrate, and
coumarin is significantly higher at ovulation, whereas sensitivity for amyl acetate
appears unchanged. The lack of significant difference in the number of correct
responses between the three test odorants in Part 1 and the two test odorants in
Part 2 indicates that they were well matched for intensity. The lack of significant
interaction for the number of correct responses among the three test odorants as a
function of menstrual condition in Part 1 indicates that the change in sensitivity
observed for pentadecalactone was not significantly different from that observed
for cinnamyl butyrate and coumarin. An examination of Fig. 1 supports this con-
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FiG. L. Number of correct responses during ovulation plotted against the number of correct
responses during menstruation for each subject. Points lying above the solid line indicate that the
subject made more correct responses during ovulation than during menstruation. All subjects made
more correct responses for pentadecalactone (closed diamends), cinnamyl butyrate (closed triangles),
and coumarin {closed squares). Two subjects made more and four made fewer correct responses
during ovulation for amyl acetate {open diamonds).
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TABLE 2 )
VALUES OBTAINED FOR d’ FOR INDIVIDUAL SUBJECTS AT OvULATION () anp MENSTRUATION (M)
Subject no.
1 2 3 4 5 &
Part 1
Pentadecalactone O 1.01 0.92 1.46 1.27 1.80 0.81
M 0.08 0.09 0.70 0.46 0.81 0.17
Coumarin 0 0.95 222 0.70 3.12 2.68 1.68
M (.65 1.68 0.28 2.12 2.18 0.60
Cinnamyl butyrate 0 2.12 1.05 1.63 2.27 0.60 0.79
M 0.42 0.54 (.49 1.36 0.35 -0.26
7 8 9 10 | 3 12
Part 2
Pentadecalactone O 0.95 0.67 2.57 0.97 1.28 0.98
M —-0.09 0 1.07 0.18 0.70 0.70
Amyl acetate 0 (.98 0.67 0.42 0.60 2.46 1.09
M 1.36 0.60 0.25 0.70 2.68 1.16

clusion. The significant interaction for the number of correct responses between
the two test odorants and menstrual condition in Part 2 of the experiment indicates
that there is a significant difference in the sensitivity change observed for amyl
acetate and pentadecalactone. This conclusion is also supported by the analysis
of d’.

The observed sensitivity changes for pentadecalactone, cinnamy! butyrate, and
coumarin are similar and substantially greater than any observed for amyl acetate.
Any proposed mechanism for hormonal contrel of olfactory sensitivity must
account for this specificity. It is possible that some common stereochemical trait
or biological significance relating pentadecalactone, coumarin, and cinnamyl
butyrate results in their exciting a class of receptors or neurons at some higher
brain center that is distinct from those responding to amyl acetate. If this is the
case, then it is conceivable that some differential change in neural excitability
could account for the present results. This seems unlikely for several reasons.
First, all four odorants are esters. Second, even given the relative unimportance
of functional groups in determining the odor quality of large molecules, the
molecular shapes of pentadecalactone, coumarin, and cinnamyl butyrate do not
suggest any clear stereochemical relationship that could serve to distinguish
them from amyl acetate. Third, there is no evidence for either coumarin or
cinnamyl butyrate having any biological association with pentadecalactone that
might relate them in terms of functional significance.

The most apparent chemical differences between amyl acetate and the other
odorants are amyl acetate’s smaller molecular weight and higher volatility. Ac-
cording to Stuiver (Note 3), access of odorant molecules to the olfactory
receptors depends on (i) the volume of nasal airflow diverted to the olfactory
cleft, (ii) the proportion of odorant molecules absorbed from that airstream into
respiratory mucus before reaching the olfactory epithelium, and (iii} the propen-
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sity of odorant molecules reaching the olfactory epithelium to absorb into and
migrate through the olfactory mucus. Although gross changes in nasal airflow
have been effectively ruled out as the basis for hormonally induced sensitivity
changes, alterations in the sorptive properties of the respiratory or the olfactory
mucus remain as viable hypotheses. An increase in the propensity of the respira-
tory mucus to absorb odorant molecules would result in fewer molecules being
distributed to the olfactory epithelium. It is conceivable that hormonally induced
changes in the sorptive properties of the respiratory mucus could discriminate
between molecules on the basis of molecular size or volatility and thus account
for the present results. So little is known concerning the absorption of odorant
molecules into the respiratory mucus that no strong arguments can be raised for
or against this possibility.

A more plausible interpretation of the present resuits is that changes in
olfactory sensitivity during the menstrual cycle are related to hormonally con-
trolled changes in the olfactory mucus layer. Mucus should retard the passage of
involatile odorants more than volatile ones, and we infer that GLPC retention
time measures this retarding effect. We surmise two means by which an increase
in mucus thickness can affect sensitivity to weak stimuli. One involves a spatial
variation: The effective stimulating area along the olfactory epithelium is de-
creased because the concentration, ¢, of odorant molecuies is diminished at more
remote receptor sites. This could happen, for example, if odorant molecules
were preferentially deposited in regions where there are few or no chemore-
ceptors. As thickness of mucus increases, competition between sorption in
sensitive areas and sorption in insensitive areas might shift more toward the
latter. The other involves a temporal variation, hypothesizing that receptor re-
sponse to weak stimuli is a function of the rate of change of the concentration, dc/dr,
and that this slope decreases in much the same fashion as GLPC peaks become
broader as a function of their retention times.

Either model predicts that an intermediate variation of sensitivity with the
menstrual cycle should be observed for some odorants with faster diffusion
rates than cinnamyl butyrate and slower rates than amyl acetate. Methyl
anthranilate is an ester whose boiling point is nearly as high as that of
pentadecalactone, but whose GLPC retention time lies between that of cinnamyl
butyrate and amyl acetate {(see Table 1). In tests of five female subjects three
showed greater sensitivity at ovulation, one at menstruation, ane one showed
no difference. Although more subjects need to be studied more thoroughly
before significance can be attached to these particular results, the preliminary
data are consistent with a GLPC analogy.
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