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Abstract

Responses from single receptor cells, electroantennograms (EAGs) and the proportion of upwind flight in a wind tunnel elicited
by graded stimulus strengths of (Z)-7-dodecenyl acetate (Z7-12:Ac) were measured from male cabbage loopers,Trichoplusia ni
(Hübner). The approach that was taken to illustrate the relationship between these three measures on the same scale was to express
the airborne stimulus strength for all three measures in molar units. A collateral discovery was finding a linear relationship between
spiking activity in the receptor cells and the proportion of the first two stages of upwind flight behavior.

Two validations corroborate the approach. The first of these demonstrates that, with only three exceptions, there is agreement
between behavioral and electrophysiological measures from several laboratories. At the same time, there is a demonstration high-
lighting the importance of the use of a stimulus benchmark in establishing the relevancy of an experimental stimulus strength to
a natural context. The second validation shows that both electrophysiological and behavioral data can be used to estimate the same
emission rate of Z7-12:Ac at low dosages from filter paper. Published by Elsevier Science Ltd.
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1. Introduction

Sex pheromone signals of moths are detected by
ensembles of antennal olfactory specialist neurons that
encode both the quality and the quantity of the signals.
Information from these neurons is transmitted to the cen-
tral nervous system (CNS) which, in turn, elicits the
appropriate behavioral response. Common measures of
responses to graded stimuli are made by counting the
number of spikes elicited from individual receptor cells,
measuring a bulk potential charge averaged across many
receptor cells, the electroantennogram (EAG), and by
measuring the percentage of animals that exhibit upwind
flight behaviors. Several measures of all of these
response types have been reported from the male cab-
bage looper moth,Trichoplusia ni (Hübner) (Grant,
1970; Payne et al., 1970; Mayer 1973, 1993; Linn et al.,

* Tel.: +1-904-374-5752; fax:+1-904-374-5804.
E-mail address:sidanne@gru.net (M.S. Mayer).

0022-1910/00/$ - see front matter. Published by Elsevier Science Ltd.
PII: S0022-1910 (00)00097-4

1984; Grant and O’Connell, 1986; Landolt and Heath,
1987, among others). It is often difficult, however, to
compare and contrast the same and different response
measures even from the same laboratory.

The comparison and unification of behavioral and
electrophysiological measures from the same and differ-
ent laboratories are both interesting and important, but
difficult. The lack of a common measure of stimulus
strength lies at the heart of this problem. For most insect
sex pheromone research, the stimulus strength is com-
monly identified simply as the logarithm of a dosage,
which is a weight applied to a substrate. The use of a
dosage to identify stimulus strength is simple and repro-
ducible, but unrevealing for a number of reasons. In fact,
the detectable stimulus strength is a function of the emis-
sion of the stimulant, not its initial weight (Brockerhoff
and Grant, 1999). To elaborate on this problem, the mol-
ecular weights of insect sex pheromones range from, say,
that of (Z)-5-decenyl acetate to some 18-carbon com-
pounds and there will be intrinsic differences in evapor-
ation from such commonly used substrates as paper
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strips, glass tubes, rubber septa and sometimes poly-
ethylene caps. Moreover, other physico-chemical proper-
ties may become factors in the ultimate rate of evapor-
ation. At yet another level, airflow dynamics,
temperature and the physical features of the plume at the
point of release, as well as at the antenna, further affect
the ultimate strength of the stimulus at receptor sites.
Much of the difference attributable to these diverse fac-
tors can be minimized by expressing the airborne stimu-
lus strength in terms of molar (M) units.

A concordance between some behavioral and electro-
physiological measures is not new. The receptor cell
threshold for spike initiation has been compared with the
behavioral threshold in the silkworm,Bombyx moriL.,
based on a common measure of the stimulus strength
(Kaissling and Priesner, 1970). The behavioral threshold
at which 50% of the animals responded was 1000 mol-
ecules per cm3 of air or 2×10218 M (Kaissling, 1987).
At this level about 11 receptor cells out of the total popu-
lation on the antenna should register at least one impulse
(Kaissling, 1971). The number of receptor cells
responding was used as the measure of threshold inB.
mori, but the data within this report shows a concordance
between behavior and the average number of impulses
elicited from stimulated receptor cells, a slightly differ-
ent approach from that of Kaissling and colleagues.

The EAG is a commonly used correlative of olfactory
receptor cell response and is a bulk measure of the
responses of many activated antennal receptor cells
(Kaissling, 1971; Nagai, 1985). Its association with
receptor cell responses and behavior has long been
noted, but its explicit relationship to these measures has
not been demonstrated even though the relationship to
the number of stimulated sensilla has been demonstrated
(Mayer et al., 1984). This report demonstrates the
relationship of the EAG to both receptor cell responses
and behavioral responses.

Two validations for the approach taken here follow
the discussion and conclusions. Among other things, the
importance of using a benchmark such as the level of
emission of sex pheromone from a female moth is dis-
cussed.

2. Materials and methods

2.1. Insects

The insects were reared on a semisynthetic medium
(Guy et al., 1985). Males and females were separated
during the pupal stage and 40–60 adults were maintained
in 25×25×25 cm Plexiglas-fiberglass screen cages.
Two to four small plastic cups filled with a nutrient sol-
ution of 10% sugar–water on cotton were provided for
each cage. The insects were maintained at 25–27°C, 70–
80% RH on a 14:10 light–dark photoperiod.

2.2. Assays—wind tunnel

Behavioral assays were conducted in a 183-cm long,
60-cm ID cylindrical Plexiglas tunnel (Mayer and
Doolittle, 1995). The airspeed in the tunnel was 15–20
cm/s. The plume produced from a dispenser loaded with
tissue papers treated with NH4OH and HCl was turbu-
lent, but confined within about 25 cm of the center of
the tunnel. Individual male moths were assayed at age
3–5 days, and from 4–7 h into the scotophase, corre-
sponding to the age and time of maximum sexual respon-
siveness (Shorey and Gaston 1964, 1965).

2.3. Pheromone

The Z7-12:Ac was purified by HPLC and silicic acid
column chromatography (GC). Dilutions in hexane were
verified by capillary gas–liquid chromatography (GLC)
which revealed impurities totaling less than 0.1% of (E)-
7-dodecen-1-ol acetate (E7-12:Ac) or other unknown
compounds eluting within the range of other known
sex pheromones.

2.4. Stimulus quantitation and control

Measurements of the stimulus emission rate and air
flow effects have been reported (Mayer et al., 1987;
Mayer, 1993).

The stimulus delivery system always used the same
type of glass dispenser (Mayer et al., 1987; Mayer,
1993). The dispenser is calibrated for an air flow rate of
200 cm3/min at about 24±3°C and these conditions are
maintained for both the behavioral and electrophysiolog-
ical assays. The dispenser was purged continually to
ensure that the pheromone concentration in the dispenser
did not increase during interstimulus intervals. Only the
stimulus control device differed in the two assays as
described below. The Z7-12:Ac concentrations used in
this report are those attained at the nozzle of the mixing
device. Further dilution will occur downwind within the
wind tunnel (Mayer and McLaughlin, 1991).

The operating principles of the glass stimulus control
device used for both electrophysiological methods has
been described (Mayer et al., 1987; Grant et al., 1989;
Mayer, 1993). Briefly, the control device provided a con-
stant flow of clean air at 1200 cm3/min over the antenna
into which the air stream containing the stimulus (200
cm3/min) was inserted from the dispenser. The basic
control device was the same for both of the electrophysi-
ological methods except the length of the nozzle was
shortened for the single cell assays. The total airflow at
the nozzle consequently was 200+1200=1400 cm3/min.

For behavioral assays, a glassY-shaped device was
used to control the onset of the stimulus (Mayer and
Doolittle, 1995). This device has two 12/30 ground-glass
ports that accept conforming pheromone dispensers. A
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glass port fused at a location after the junction of the
two ground-glass ports and connected to a valved vac-
uum source controlled the stimulus duration. One arm
of the control device was fitted with a clean dispenser
purging at 200 cm3/min; the other arm was fitted with a
dosed dispenser purging at 200 cm3/min for a combined
air dilution rate of 400 cm3/min.

Visual cues at the nozzle of the stimulus control
device consisted of a 10-cm square piece of hardware
cloth (0.635 cm mesh) suspended vertically at the tip of
the nozzle. To provide a visual cue, a gray metal moth-
shaped decoy was attached to the hardware cloth so that
the posterior of the decoy was directly above the control
device nozzle (Shorey and Gaston, 1970).

2.5. Behavioral responses

For behavioral assays, the materials, methods, and
pheromone dispensers were the same as reported by
Mayer and Doolittle (1995). Individual males were
released from a small cage centered in the plume down-
wind from the stimulus source. Source contact was
chosen for the correlations in this report because, accord-
ing to Grant (1981, 1987), once primed by any appropri-
ate level of pheromone, males will copulate in the pres-
ence of other appropriate releaser stimuli such as scales
and other physical cues.

2.6. Neurophysiological responses

Responses of single neurons to stimuli of Z7-12:Ac
were recorded as described by Mayer (1993). The wings
and legs of an intact male are secured with molten paraf-
fin and beeswax in a hollowed-out depression of a small
Plexiglas plate. The basal and distal ends of an antenna
are immobilized between strips of double-stick Scotch
tape so that several distal flagellomeres were accessible
both to the electrodes and stimulus. The accessible flag-
ellomeres were suspended on the tape over a small hole
that was connected to a vacuum (|2000 cm3/min) that
entrains the stimulus. All air was from a tank (Linde,
Inc.) and was purified by passage first through silica gel,
then activated charcoal, and finally through silica gel.

Action potentials from the neurons were amplified by
an AC-coupled Grass P 15D preamplifier (bandpass 30–
3000 Hz). Impulse activity was displayed on a storage
oscilloscope and monitored with an audio monitor. The
signal was further amplified and led to a Digital PDP
11/23 computer. The digitized spike trains were stored
and sorted according to Mankin et al. (1987). The num-
ber of spikes/s were calculated by subtracting the num-
ber of spikes in the prestimulus interval (3 s) from the
number in the stimulus interval and dividing the remain-
der by the stimulus duration (3 s).

Electroantennograms were recorded from live, intact
males that were inserted head first into the tapered end

of a truncated pasteur pipette. The electrodes and pro-
cedures are the same as described in Mayer et al. (1984).

2.7. Statistical procedures: flight behavior

Regression analyses of the logarithm of the percentage
of the animals contacting the source, the number of
spikes per second, and the EAG (in2mV) as dependent
variables were calculated by SAS (PROC REG and
options) (SAS Institute Inc., 1995) against the logarithm
of the airborne concentration as the independent vari-
able. The residuals and other assessments of each
regression were examined according to principles in
Freund and Littell (1991). Probit and Logistic analyses
were computed by SAS (PROC LOGIT and PROC
PROBIT with the OPTC option) to obtain estimates of
the response threshold, the concentration at which there
is a 50% probability for the response to occur.

3. Results

The EAG magnitude, the number of action potentials
from HS(a) antennal olfactory sex pheromone specialist
neurons, and the percentage of males contacting the
source following upwind sex pheromone-activated flight
were plotted nomographically on the common abscissa
of airborne Z7-12:Ac concentration in molar units (Fig.
1). The same lineal dimensions of the ordinate scale
were used to project the percentage behavior, HS(a)
spike output, and the EAG. The plot of the EAG
response was shifted by an order of magnitude so that
the correspondence of all three regression lines is appar-
ent. This array does not appear to be accidental and
forms the basis for the comparisons that follow.

3.1. Stages of flight behavior

Measures of the amount of each stage of upwind flight
and copulatory-like behavior elicited by five airborne
concentrations of Z7-12:Ac are given in Table 1 along
with the estimated spikes/s for these concentrations. A
regression analysis and the parameters for each
behavioral stage are given in Table 2. The logarithm of
percentage source contact is plotted against the logar-
ithm of the airborne concentration of Z7-12:Ac in Fig.
1, filled circles (I), to compare with the electrophysiol-
ogical measures.

The threshold, the stimulus level at which an individ-
ual exhibits a 0.5 probability of behavior, was computed
for each of the stages of behavior by probit analysis. For
plume acquisition, closing on the source, source contact
and copulatory-like behaviors the molar thresholds were
6×10211, 8×10211, 8×10211, and 1×10210, respectively.
(See Approach Validation I, Table 3, for comparison
with the level of Z7-12:Ac emitted by a female.) Note
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Fig. 1. Overlay of responses by HS(a) neurons (n=10), EAG (n=10), and behavior to Z7-12:Ac drawn on the same abscissal scales. The left-
hand ordinate is the percentage of males contacting the source (I); the right-hand ordinate is the number of HS(a) spikes per second (s). The
right-hand ordinate for EAG responses (h) has the same lineal dimensions as the other curves, but is shifted upward by one order of magnitude
so that all of the responses can be compared visually. The vertical hatched areas represent the expected airborne concentration of Z7-12:Ac in the
wind tunnel and the field from one virgin female based on the range of emission rates of about 2–20 ng/min reported by Bjostad et al. (1980) and
Mayer (1993) (see also Approach Validation II, Fig. 6).

Table 1
Amount of five stages of upwind sexual behaviors of male cabbage loopers elicited by five airborne concentrations of Z7-12:Ac in a wind tunnel

Actual airborne Z7-12:Ac concentration (M)a

1.8×10214 1.9×10213 1.9×10212 2.1×10211 6.6×10210

Estimated spikes/sb 2.6 6.3 13.5 28.2 95.5
Number of males 49 90 140 121 124
assayed

Criterion behavioral Number of males responding (percentage in parentheses)
stage

Taking flight 44 (89.8) 77 (85.6) 113 (80.7) 111 (91.7) 124 (100)
Plume acquisition 5 (10.0) 18 (20.0) 20 (14.3) 82 (67.8) 116 (93.5)
Closing on source 2 (2.0) 11 (12.2) 18 (12.9) 70 (57.9) 113 (91.1)
Source contact 1 (2.0) 9 (10.0) 18 (12.9) 65 (53.7) 111 (89.5)
Copulation 1 (2.0) 6 (6.7) 14 (10.0) 50 (41.3) 103 (83.1)

a Concentrations correspond to 0.0316, 0.1, 0.316, 1.0, and 3.16µg dosages of Z7-12:Ac in the glass dispenser.
b Calculated average HS(a) spikes/s from for Z7-12:Ac airborne concentrations according to the regression equation in the results section.

particularly that the copulation threshold centers the
range of airborne Z7-12:Ac concentrations expected
downwind from a female.

3.2. EAG

The EAG was recorded over nine dosages of Z7-
12:Ac (seven of which are shown in Fig. 2) producing
airborne concentrations ranging from less than
1.7×10215 to 8.1×1029 M. The data in Fig. 1 for the
EAG are responses to the seven lowest concentrations
assayed. At the three highest concentrations assayed
which are off the scale of the graph, 1.5×1029, 3.5×1029

and 8.1×1029 M, the response was 3.3, 4.2 and 4.5 mV,
respectively. All of the data points fit a regression having
the following parameters: log10Y=2.19+0.17(log10M)
with an r2 of 0.973. This line closely conforms to a pre-
viously reported measure which had coordinates of

log10Y=2.17+0.19(log10M) for points within the same
concentration range (Mayer et al., 1984).

3.3. HS(a) response

The response of HS(a) specialist neurons to 3-s stimuli
was measured at six airborne concentrations of Z7-12:Ac
ranging from 1.7×10215 to 6.6×10210 M (Fig. 3). The
concentration–response data fit a regression having the
following parameters: log10Y=5.19+0.35(log10M) with
an r2 of 0.996. This line closely conforms with the pre-
viously reported line which had parameters of
log10Y=6.00+0.42(log10M) (Mayer, 1993).

4. Discussion and conclusions

The combined measures of EAG, single receptor cell
response and behavior are noteworthy because they
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Table 2
Regression parameters for equations fitting percentage criterion
behavioral stages to either the airborne Z7-12:Ac concentration or the
average number of HS(a) spikes/s for the data in Table 1

Criterion behavioral Regression parametersa

stage (Y)
a SEM b SEM r2

Behavior vs concentration
Taking flight 2.09 0.11 0.01 0.01 0.316
Plume acquisition 4.14 0.68 0.24 0.06 0.840
Closing on source 5.58 0.69 0.39 0.06 0.931
Source contact 5.58 0.56 0.39 0.05 0.954
Copulation 5.55 0.38 0.39 0.03 0.978
Behavior vs HS(a) spikes/s
Taking flight 1.90 0.04 0.04 0.03 0.322
Plume acquisition 0.52 0.25 0.70 0.17 0.845
Closing on source 20.26 0.25 1.12 0.18 0.932
Source contact 20.30 0.19 1.13 0.14 0.956
Copulation 20.38 0.13 1.13 0.09 0.980

a Parameters to fit general equation, log10Y=a+b(log10X), whereY
is the percentage criterion behavioral stage and log10X is either the
airborne concentration (M) of Z7-12:Ac or the average number of
HS(a) spikes/s.

show the relationship between the average number of
spikes elicited from receptor cells and the average
behavioral response of the male cabbage looper. It seems
intuitive that the dynamic range of response by receptor
cells would be related to the dynamic range of behavioral
response as shown by Kaissling and Priesner (1970).
Likewise, it seems intuitive that the numbers of spikes
elicited from receptor cells and the change in the EAG
potential, which are interdependent measures of stimulus
strength, would somehow be related to each other and

Table 3
Summary of chemical and bioassay measures of the female Z7-12:Ac emission rate as explained in Approach Validation I. The top row of the
table should be read from left to right for expected behavioral results from female emission rates. The two bottom rows should be read from right
to left for expected emission rates from bioassays

Measured emission rate (ng/min)a Expected tunnel concentration (M) Expected behavioral response rangeb

Plume acq. Close Contact Copulation

2–20 (2–20)×10211 36–63 28–60 25–62 21–50

Estimated emission rate (ng/min) Expected tunnel concentration (M) Measured behavioral response to one excised female glandc

Plume acq. Close Contact Copulation

44 4.9×10210 87 89 85 65

Estimated emission rate (ng/min) Expected system concentration (M) Measured HS(a) response to excised female gland (spikes/s)d

6 1.9×10211 31.5

a Sower et al. (1971); Baker et al. (1981); Bjostad et al. (1984); Landolt and Heath (1987); Haynes and Hunt (1990).
b Based on behavioral response data from Table 1 of this report.
c Mayer and McLaughlin (1991).
d Mayer (1993) (Equation from Fig. 2).

Fig. 2. EAG responses at the lowest six airborne concentrations of
Z7-12:Ac shown in Fig. 1. The vertical line signifies 1 mV, the hori-
zontal line is 1 s. The magnitude of the response to 10.0µg was
“clipped” because it exceeded the range of the data logger used to
record the responses. There is no measurable emission of Z7-12:Ac
from the dispenser at the 0.01µg dose.
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Fig. 3. Concentration–response characteristics of two HS(a) special-
ist neurons to seven dosages of Z7-12:Ac. The horizontal mark indi-
cates the 1 s stimulus interval. Note the decrementation and changes
in the shape of the spikes at the highest dose. There is no measurable
emission of Z7-12:Ac from the dispenser at the 0.01µg dose.

behavioral responses. The commonality of these three
gauges of response cannot be shown if the stimulus
strength on the abscissa is that of a weight applied to a
substrate (dose) because the true stimulus strength
derives from its emission from the substrate. The key
to unifying these measures was expressing the stimulus
strength in molar units (Fig. 1).

4.1. Association of spike output and behavior

There is a remaining challenge stemming from the use
of logarithms to linearize the dose–response relationship.
In this report the logarithm of the airborne concentration
was plotted against the logarithm of the response
because the result is a straight line relationship and the
data also have the additional statistical value of homo-
geneous variances. Unfortunately, logarithms make it
harder to comprehend the results. Consider that the log–
log stimulus response relationship for spikes against per-
centage behavior is equivalent to the equation,

Y5aXb. (1)

If the intercept loga=0, thena=1, and Eq. (1) becomes

Y5Xb (2)

which is a power curve. If the slope,b, is equal to 1,
then Eq. (2) reduces further to

Y5X. (3)

which is a simple straight-line relationship with unit
slope and zero intercept.

To decide whether or not Eq. (3) applies to the stimu-
lus–response data of Fig. 1 and Table 1, the percentage
behavioral response was plotted against the calculated

numbers of spikes/s from the regression equations in
Table 2 at the same concentrations that were used for
the wind tunnel assays (Fig. 4). None of the intercepts
was significantly different from zero based on the
regression analysis. This seems logical because if there
is no activity from the receptor cells, there will be little
or no behavior.

To further examine the relationship between the pro-
portion of elicited behavioral responses and the numbers
of elicited spikes, the slopes of the lines were re-ana-
lyzed by regression analysis forcing the intercepts
through zero. At-test of the slopes for plume tracking
and close approach showed that the proportions of these
two behaviors did not significantly deviate from one
while the slopes of the lines for source contact and copu-
lation deviated significantly from one (Fig. 4). These
data support a hypothesis that the cabbage looper brain
might integrate input receptor cell information differ-
ently for some of the different behavioral stages.

The association of assayed stimulus strength with the
signal strengths encountered by the moth in nature is
important. To make this association, a measure of the
response of receptor neurons was made in the immediate
downwind vicinity of a calling female. At this location
the airborne concentration of Z7-12:Ac is expected to be
within a range centering on 2×10211 M (Mayer, 1993).
According to the regression data, this concentration is
expected to elicit about 27 HS(a) spikes/s, which is, for

Fig. 4. Consolidated plots demonstrating the linear relationship
between four criterion behavioral responses and HS(a) receptor cell
response at the same airborne stimulus concentration. The airborne
stimulus concentrations obtained in the wind tunnel for the behavioral
responses were slightly different from those used to measure the HS(a)
spike frequencies. The regression equation relating HS(a) response to
concentration (see HS(a) results section) was used to calculate the
expected spike frequency at the wind tunnel stimulus concentrations.
The airborne concentrations (M) in the wind tunnel were 6.7×10214,
6.6×10213, 7.0×10212, 7.4×10211, and 7.9×10210, and the calculated
spike frequencies (spikes/s) were 4.3, 9.5, 21.7, 49.5 and 113.3,
respectively.
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practical purposes, the same as the 31.5 spikes/s that was
recorded from a freshly excised gland.

As far as is known, evolution has exerted no pressure
on specialist receptor cells to encode or respond to sex
pheromone concentrations that are much greater than
levels that can be found in the immediate vicinity down-
wind from a conspecific female. Thus, stimulus strengths
that may be found in the near vicinity of a calling female
should constitute an upper bound on experimental signal
strengths. On the other hand, responses to experimental
stimulus strengths that are much lower than the receptor
cell threshold should also be a “flag” suggesting scrutiny
of experimental procedures. Two such examples are
shown in Approach Validation I, Fig. 5, which flags the
stimulus strengths of electrophysiological responses
reported by Todd et al. (1992) and behavioral responses
reported by Linn et al. (1992), which significantly
diverge above and below the benchmark, respectively.

Parenthetically, consider that a similar benchmark of
naturally emitted signal strengths also applies to detec-
tion of host plant emissions (Brockerhoff and Grant,
1999). First, parasitic insects respond to compounds like
(Z)-3-hexenyl acetate that are found in concentrations of
up to 8×10210 M downwind from injured corn leaves
(Turlings et al., 1991). Second, a locust receptor cell
responds to 3.3×1029 M 4-methylhexanoic acid (2×1012

molecules/cm3 ) (Kafka et al., 1973). From just these
two measures, it appears safe to say that parasitic insects
detect host plant emissions at the elevated concentrations

Fig. 5. Approach Validation I. Plot of nine measures of percentage
upwind flight/copulation by male cabbage loopers where different dos-
ages of Z7-12:Ac on different substrates were converted into airborne
concentrations by methods described in this report. The three measures
of the amount of spiking activity that was elicited from HS(a) neurons
at different airborne concentrations were plotted as spikes/s on the
appropriate numerals of the ordinate. The point represented by the “+
and ↑” at the upper right of the graph is the lowest point of five off-
scale measures of HS(a) response (Todd et al., 1992). The female sym-
bol set within the vertical lines represents airborne concentrations cal-
culated from the maximum and minimum measures of female Z7-
12:Ac emission by Bjostad et al. (1984) (see Approach Validation I).
Inset: regression line and confidence interval for combined responses
to Z7-12:Ac alone.

that may be found downwind from damaged plants.
However, there is little supporting evidence that other
insects either detect or respond to the much lower levels,
perhaps 1000 times less, of these same compounds that
are emitted from undamaged plants. Consequently, a
benchmark consisting of a range encompassing natural
levels of host-plant emission concentrations is also vital
to establishing the relevance of insect behavioral and
electrophysiological studies.

4.2. Approach Validation I: unification of behavioral
response measures and the benchmark

There is consensus and divergence among the data
sets that deploy Z7-12:Ac on filter paper and on rubber
septa but there is more agreement than disagreement.
The comparisons include curves based on responses to
Z7-12:Ac alone and in admixture with the other putative
sex pheromone components. The emission rates of Z7-
12:Ac used to estimate the airborne concentration from
the rubber septa and the polyethylene polycap substrates
that were used in the above behavioral assays compari-
sons were obtained in the following manner. The emis-
sion rates of a variety of sex pheromones from rubber
septa have been measured by chemical techniques
(Butler and McDonough, 1979; McDonough and Butler,
1983; McDonough et al., 1989; McDonough, 1991).
Heath et al. (1986) confirmed these measures and mod-
eled the emission of mixtures. The half-life of 15.5 days
at 25°C (McDonough et al., 1989) was used throughout.
The emission half-life of Z7-12:Ac from polyethylene
polycaps used by Linn et al. (1984, 1986) was estimated
to be about 38 days based on a scaling from Fig. 2 of
Kuhr et al. (1972).

Six behavioral–response assays of Z7-12:Ac alone
using paper, glass, and rubber septum substrates have
been reported (filled points in Approach Validation I,
Fig. 5). The first of these was obtained by Linn et al.
(1984) from the rubber septa curve of their Fig. 1, filled
circles (I). Linn et al. (1984) also reported a dose
response of Z7-12:Ac alone from filter paper (G).
Another assay of the cabbage looper deploying Z7-
12:Ac from rubber septa was that of Dunkelblum and
Mazor (1993) (filled hexagon). A third line is that of
Linn et al. (1992) (r). A polyethylene polycap filled
with Z7-12:Ac alone was also assayed by Linn et al.
(1984) (H). The dose–response line of the data reported
here of Z7-12:Ac emitted from glass is also plotted (j).
These six measures are all congruent, closely approxi-
mating one another on the graph.

There are three dose–response curves obtained from
mixtures of all of the putative sex pheromone compo-
nents. Two of these curves, those reported by Linn et al.
(1992, 1996), are shifted to the left of the main data
cluster by 2 to 3 orders of magnitude (and %,
respectively). These two curves significantly diverge
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both from the others and themselves and the authors con-
sider that the inclusion of the other compounds was
responsible for the shift. However, a dose–response
curve reported by Landolt and Heath (1987) from the
release of the same six compounds was shifted just a
little to the left of the main data cluster of data based
on responses to Z7-12:Ac alone ().

Although they have no ordinal axis correspondence
with the behavioral dose–response curves, two curves of
HS(a) receptor cell responses also are plotted in Fig. 5.
The first is the number of HS(a) spikes/s obtained by
Grant et al. (1997) (e) and the second is the curve of
this report (s). The number of spikes/s are plotted on
the ordinate of the figure against their respective concen-
trations. Both of these curves are congruent with one
another.

4.3. Benchmark: chemical measures

The benchmark for comparison among different elec-
trophysiological and behavioral responses is the airborne
concentration of Z7-12:Ac that can be found in the
immediate downwind vicinity of a female. Previous
measures of the emission rate range from about 2 ng/min
to a little more than 20 ng/min (Sower et al., 1971; Baker
et al., 1981; Bjostad et al., 1984; Landolt and Heath,
1987; Haynes and Hunt, 1990). If pheromone emission
is pulsatile the rate may be higher yet (Bjostad et al.,
1980). It seems likely that a female cabbage looper can
emit Z7-12:Ac in a range of about 2 to 31 ng/s. It is
unlikely that a female can achieve an emission rate of
Z7-12:Ac much higher than the maximum measured by
Bjostad et al. (1980).

4.4. Benchmark: electrophysiological estimate

The emission rate of Z7-12:Ac from females can be
obtained from electrophysiological responses of HS(a)
neurons to freshly excised sex pheromone glands
(Mayer, 1993) (Table 3, bottom row). The emission from
one freshly excised sex pheromone gland elicits an aver-
age of 31.5 spikes/s from HS(a) specialist cells. The
emission rate of Z7-12:Ac from a “freshly excised”
gland is assumed to be about equal to that of live
females; “freshly excised” is defined as within 1–15 min
of excision. Inserting this average response into the con-
centration–response regression equation of Mayer (1993,
Fig. 2) and solving for the expected airborne Z7-12:Ac
concentration yields an estimate of 1.9×10211 M. As
before, calculating the emission rate based on dilution
by 1400 cm3 of air used in the electrophysiology system
projects an emission rate of Z7-12:Ac from freshly
excised gland of 6 ng/min.

4.5. Benchmark: behavior-based estimate

The behavior-based estimate of the emission rate of
Z7-12:Ac from freshly excised sex pheromone glands is
greater than the estimates based on electrophysiology.
At least 85% of the males contacted the source in assays
reported by Mayer and McLaughlin (1991, Table 2). If
this percentage is inserted into the same regression equa-
tions that were used in the top row of Table 3, the aver-
age estimated airborne concentration would be
5.5×10210 M. Working backward to estimate the emis-
sion rate results in a measure of 44 ng/min of Z7-12:Ac
from freshly excised female sex pheromone glands (cf.
Bjostad et al., 1980). All these measures are congruent
to within half an order of magnitude.

A curve that deviates conspicuously from the
behavioral and electrophysiologically cluster is that of
the electrophysiological dose–response curve elicited by
the extraordinarily high airborne concentrations reported
by Todd et al. (1992) (↑), Approach Validation I, Fig.
5). Except for their lowest level, the point plotted at
1×1028 M (+), the remainder of their line is off the scale
of the figure. (Their GLC data and other information pro-
vide all the parameters for the calculation; Todd and
Baker, 1993.) It is notable that thelowest level of Z7-
12:Ac assayed by Todd et al. (1992) lies at least 2 orders
of magnitudehigher than a female can emit. It is further
notable that this response curve is over 6 orders of mag-
nitude removed from the dose–response curve of Linn
et al. (1992, 1996). At these levels the receptor neurons
lose their natural selectivity (Mayer, 1993). Furthermore,
the action potentials recorded at intense levels such as
1.5×1029 M may show features consistent with “over-
driven” responses (Fig. 3, cf. Todd et al., 1992). Nat-
urally, a loss of selectivity by the receptor cells at abnor-
mally high airborne stimulus concentrations would result
in artifactual responses within the CNS and adversely
bias any conclusions based on their use (Todd et al.,
1995).

4.6. Exemplification of airflow dilution at the
benchmark of one female gland

As an example of the notions developed above, con-
sider that single, freshly excised sex pheromone glands
elicited an average of 31.5 spikes/s in electrophysiolog-
ical assays (Mayer, 1993). Without correcting for the dif-
ferences between the air volume dilutions in the wind
tunnel and the electrophysiological measures, 31.5
spikes/s predicts 25% source contact based on the equa-
tions of Table 2. However, Mayer and McLaughlin
(1991) obtained 85% source contacts in wind tunnel
assays of freshly excised sex pheromone glands. Part of
this difference can be explained by the difference in the
air volume dilution of the stimulus within the two stimu-
lus delivery systems: 1400 cm3/min in the electrophysi-
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ological assay and 400 cm3/min at the nozzles of the
respective delivery systems. When the range of the stan-
dard error about the intercept is factored into the calcu-
lations, the predicted percentage source contact ranges
from 33 to 68. In summary, the HS(a) response predicts
with reasonable fidelity the observed percentage source
contact, which was 85%.

4.7. Research Approach II: “backward” estimation of
emission rate of Z7-12:Ac from rubber septa,
polyethylene caps, and paper substrates

Another demonstration of the validity of expressing
the stimulus in molar units is the ability to use it to back-
ward estimate the emission rate of Z7-12:Ac from filter
paper from behavioral and electrophysiological data. The
only chemical measure of the emission rate or half-life
of Z7-12:Ac from filter paper is that of Todd and Baker
(1993) who measured the release from 10 to 1000µg
doses.

There are two dose–response bioassays that can be
used to estimate the emission rate of Z7-12:Ac from fil-
ter paper. The first is that of HS(a) responses elicited by
low dosages (Grant et al., 1997); the second is that of
percentage behavioral responses elicited at mid-range
dosages (Linn et al., 1984). The emission rate for each
dosage of Z7-12:Ac was estimated in the following way.
For the first curve, the number of spikes/s of Grant et
al. (1997) was inserted into the concentration–HS(a)
response regression equation of Mayer (1993, Fig. 2) to
inversely predict the airborne concentration of Z7-12:Ac.
Second, the percentage behavioral response of Linn et
al. (1984) was inserted into the concentration–behavioral
response regression equation of Fig. 1 of this report to
predict inversely the airborne concentration at paper dos-
ages that overlap the Grant et al. (1997) data set. When
the curves of Grant et al. (1997) and Linn et al. (1984)
are converted into molar concentrations, the emission
rate can easily be calculated from the reported air flow
dilutions. The resultant overlapping estimated dose–
emission rate lines are plotted in Approach Validation
II, Fig. 6.

There are some salient features to observe about these
two lines which lend confidence to this approach. First,
even though two of the three sets of responses have dif-
ferent ordinal axes, they all form a straight line. Second,
there is overlap between two of the measures. Third,
although the emission rate estimates for both of these
first two lines ultimately derive from the measured emis-
sion rate of Z7-12:Ac from glass (Approach Validation
II, Fig. 6, inset) by Mayer et al. (1987) and Mayer
(1993), the ordinal axis data are electrophysiological and
behavioral measures obtained from two different labora-
tories at different times. Fourth, the measured emission
rates reported by Todd and Baker (1993) from high dos-
ages also fall on the same line as the other measures.

Fig. 6. Approach Validation 2. Estimates of the emission rate of Z7-
12:Ac from filter paper that range over nine orders of magnitude com-
prising estimates from three sources. The inset designates the range of
the female emission rate. Electrophysiological data from Grant et al.
(1997) (s); behavioral responses from Linn et al. (1984) (I); and GLC
measures of actual emission rates from Todd and Baker (1993) (h).
Inset: range of emission from the glass dispenser used by Mayer (1993)
is superimposed on the present line for comparison (). Calculation
1: the number of spikes/s from the Grant et al. (1997) data set were
scaled from six dosages from their Fig. 1. The numbers of spikes/s
recorded from stimuli at the given dosages were substituted into the
appropriate concentration–response regression equation from Table 2
of this report, which was solved first to obtain the molar airborne con-
centration necessary to elicit that amount of response at each dose.
From the airborne concentration in moles, simple conversion provides
the concentration in terms ofµmol/cm3, which then was converted to
the emission rate by dividing by the experimental air flow of 60 cm3/s.
(The rate for this particular measure may be affected by the mineral
oil “keeper” used by Grant et al. (1997).) Calculation 2: the emission
rate of Z7-12:Ac for the behavioral data was obtained in a similar
manner as above. The percentage response at five dosages was scaled
from Fig. 1 of Linn et al. (1984) and was substituted in the appropriate
concentration–response regression from Table 2 of this report, which
was solved to obtain the molar airborne concentration necessary to
elicit that amount of upwind response. Again, the concentration was
converted toµmol/cm3, from which the emission rate was obtained by
dividing by the amount of air dilution which was estimated from the
size of the filter paper substrate (1×1 cm) and the reported 50 cm3/s
air speed. Calculation 3: the estimates of Todd et al. are based on their
GLC measures of the emission of Z7-12:Ac from 10, 30, 100, 300,
and 1000µg dosages to filter paper (Todd and Baker, 1993). Their
airflow dilution was 2 cm3 (Todd et al., 1992) for a stimulus duration
of 30 ms. The remainder of the calculation to obtain the emission rate
is the same as above.

The emission rate of Z7-12:Ac from a glass dispenser
reported by Mayer (1993) is superimposed on the paper
calibration curve in the inset of Approach Validation II,
Fig. 6, to show its output on the same scale as that of
the filter paper substrate. The upper end of the glass dis-
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penser emission range, the range that elicits unselective
receptor neuron responses (Mayer, 1993), approaches the
emission rate of the range of dosages deployed by Todd
et al. (1992, 1995).
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