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Summary. 1. Responses of Trichoplusia ni HS(A) recep-
tor neurons were measured to determine the minimum
detectable concentration (absolute threshold) and the
minimum detectable increment (difference threshold) for
the major sex pheromone component (Z)-7-dodecen-1-ol
acetate (Z7-12:Ac). The absolute threshold was 1000-
fold below the ~107'! M level of Z7-12: Ac at a calling
female. The Weber fraction, i.e., the ratio of the difference
threshold to the stimulus concentration, declined from
~0.8 to ~0.06 as the concentration rose from threshold
to high intensities. Relatively smaller fluctuations were
detected as the stimulus increased.

2. The HS(A) responses were interpreted in relation
to behavior by considering an ideal observer as approxi-
mating the central nervous system (CNS). The ideal
thresholds were 3-9-fold lower than the HS(A) thresh-
olds.

3. The ideal absolute threshold of the T. ni CNS is
comparable to observed behavioral thresholds for wing-
flutter and taking flight. However, only a low percentage
response occurs at threshold. Most males take flight at
higher concentrations. Also, the ideal Weber fraction is
lower than in most flight-tunnel bioassays. Yet, males
respond to small fluctuations in orienting to pheromone
plumes. These differences between moths and ideal ob-
servers may reflect inhibition at points in the CNS that
control the flow of olfactory input.
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Introduction

Male moth sexual behavior is triggered primarily by
pheromone-sensitive receptor neuron input to the central

Abbreviations: C concentration; CNS central nervous system; DT
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nervous system (CNS) (e.g., Light 1986; Getz and Chap-
man 1987; Christensen and Hildebrand 1987; Visser and
De Jong 1988). This report examines the absolute and
difference thresholds of Type HS(A) receptor neurons
in Trichoplusia ni (Hiibner). The HS(A) neurons detect
the major sex pheromone component, (Z)-7-dodecen-1-
ol acetate (Z7-12:Ac) (O’Connell et al. 1983; Grant and
O’Connell 1986; Mayer and Mankin 1987; Mankin et al.
1987). Our objective was to interpret these thresholds
relative to male T. ni behavioral responses in the litera-
ture.

A threshold is a minimum detectable absolute con-
centration or a minimum detectable concentration incre-
ment (Gesheider 1976; Dethier and Bowden 1984;
Krueger 1989). The absolute threshold of a pheromone
receptor neuron is the minimum concentration that
evokes a mean frequency of action potentials (spikes)
statistically different from the mean spontaneous activity.
The neural difference threshold (DT), depicted in Fig. 1,
is a minimum detectable change in concentration (C).
The difference threshold is proportional to stimulus in-
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Fig. 1. Difference threshold (DT) as defined in statistical decision
theory. Definitions: I, I;=initial and incremented stimulus intensi-
ties, respectively; R, R;=corresponding initial and incremented re-
sponses, respectively; P, the probability that R;>R (Criterion for
DT is P=0.75); 6 =standard deviation of response
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tensity (Johnson 1980a, b). The Weber fraction is the
relative sensitivity to intensity differences, W=DT/C.
The Weber fraction decreases with increasing stimulus
intensity (Johnson 1980). It is approximately constant
near the middle of the response range (Gesheider 1976;
Dethier and Bowdan 1984).

To interpret the neural thresholds in relation to be-
havior, we applied statistical decision theory to predict
the response of an ideal observer (Johnson 1980a, b;
Mankin and Mayer 1983 a, b; Maes 1984). An ideal ob-
server simultaneously combines all input from peripheral
detectors. It makes decisions based on the minimum
stimulus level discriminable from random noise. Com-
parisons between actual behavior and an ideal observer
provide insight into CNS processes controlling behavior.

Materials and methods

Male and female T. ni pupae reared as in Guy et al. (1985) were
segregated and held in 70-80% RH, 24-27°C, on a 14:10 L:D
cycle. Males were tested 2-3 days after eclosion. Except for phero-
mone glands, the stimuli were prepared from serial dilutions of
Z7-12:Ac (>99% purity) in hexane. The glands were excised imme-
diately before use from females 2-5 days after eclosion.

Action potentials were recorded extracellularly with tungsten
electrodes. The recording electrode was inserted at the base of a
sensillum, usually near the medio-distal margin of a subsegment.
The reference electrode went into the lumen of a distal subsegment.
A Grass P15® high-impedance preamplifier increased the signal
1000 x. A Keithley Model 840® amplifier further increased the
signal 10 x. The amplified signal was ported to a 10-kHz A/D
board on a PDP-11/23® microcomputer. User-written software
stored the potentials on disk and classified the spikes elicited from
each neuron in the sensillum (Mankin et al. 1987). A keystroke
initiated a 10-s recording period comprising pre-stimulus, stimulus,
and post-stimulus intervals of 2, 3, and 4 s, respectively.

The pheromone evaporated from the surface of a glass dispenser
assembly (Mayer et al. 1987) which led into a delivery device similar
to the one described by Grant et al. (1989). Until stimulus onset,
the antenna rested in a stream of clean carrier air (either 1000 ml/
min or 1200 ml/min). At stimulus onset, a computer-actuated valve
switched a 200-ml/min pheromone stream into a chamber where
it mixed with carrier air and exited to the antenna.

The Z7-12: Ac concentration passing over the antenna was cal-
culated in units of moles/l (M) by dividing the dispenser emission
rate (from Mayer et al. 1987) by the total mixture volume. Due
to the shape of the dose-emission rate curve, a dosage increment
had a proportionally greater effect on emission rate between 0.01
and 1 pg than between 1 and 10 pg doses.

In the initial part of the study we measured responses from
18 different sensilla of 10 different males to a hexane control and
5 doses of Z7-12: Ac. The doses increased in 0.5-log-unit steps from
0.01 pug to 1.0 pg. Stimuli were spaced about 5 min apart to reduce
the effects of adaptation and contamination. Two or more replicates
were done at all but the 1-pg dose. Testing ended after one stimula-
tion at 1pg if the post-stimulus response failed to return to the
pre-stimulus levels within 5 min.

A second test series examined the responses to 0.1 and 10-pg
dosages of Z7-12:Ac and 1 or 3 female sex pheromone glands,
1FSPG or 3FSPG, respectively. The post-stimulus response re-
mained elevated at 10 pg. This dosage was presented only once
to 6 sensilla on different antennae. Five sensilla on separate anten-
nae received the 1FSPG stimulus (9 replications). Two sensilla on
separate antennae had the 3FSPG stimulus (6 replications).

The spike records were analyzed separately by two different
procedures. Initially, we averaged the responses from each neuron
over the total 3-s stimulus period (time-averaged). Differences
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among means at different doses were evaluated by Duncan’s Test
(SAS Institute Inc. 1985).

In the second procedure (neuron-averaged analysis), we con-
structed peri-stimulus-time histograms (e.g., Gerstein et al. 1989;
Rumbo 1981). Responses were averaged across all neurons tested
at a given dose and time after the initiation of recording. Each
10-s record subdivided into one hundred 0.1-s bins. The number
of spikes from all records obtained at a given dose were summed
for each bin (Mankin et al. 1987). The number of spikes/bin divided
by the number of records determined the mean counts/0.1s.

Results

The receptor neuron responses depended on the Z7-
12:Ac dosage, the time after stimulus initiation, and the
neuron being tested. By contrast, the absolute and differ-
ence thresholds are defined as fixed concentrations inde-
pendent of time or sampling procedure. We considered
these effects by performing two analyses which dealt dif-
ferently with time and sampling effects.

Analysis of responses in 3-s intervals (time averaged)

The initial analysis was performed on responses aver-
aged over the 3-s stimulus interval (Table 1). This meth-
od neglects the temporal pattern of response which may
be of considerable importance in CNS processing (Grant
et al. 1989). If the CNS extracts information from the
temporal pattern, a time-averaged threshold calculation

Table 1a) Analysis of variance of the mean spike frequency elicited
during 3-s stimulus periods. Mean frequencies followed by the same
letter are not significantly different at the P=0.05 level by Duncan’s
test. b) Variance of spike frequency partitioned among effects of
dose, neuron, and neuron * dose interaction (10-pg dose excluded).

Definitions: Conc, concentration of Z7-12:Ac in the stimulus
plume; Dose, dispenser dosage of Z7-12:Ac in pg, except for the
stimuli produced by 3 and 1 glands, 3FSPG and 1FSPG, respective-
ly; Mean Freq (Sp/s), mean number of spikes elicited during the
3-s stimulus interval; N, number of replications at each dose

a)

Dose Log Conc N Mean Freq
(ng) M) (Sp/s)
3FSPG - 6 66.4a

1.0 —10.6 12 30.3b
1FSPG - 9 24.1¢

0.316 —11.6 44 14.1d

0.10 —12.7 49 7.0e
0.0316 —13.7 42 2.0f

0.01 —14.7 40 1.1f
Hexane - 46 0.7f

b)

Source DF F Pr>F

Value

Dose 7 179.7 0.0001
Neuron 25 114 0.0001
Neuron * Dose 80 4.0 0.0001
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Fig. 2. Regression of mean spike frequency on Log(Z7-12:Ac con-

centration). Observations are designated by + (some observations
overlap), and standard errors by open bars
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Fig. 3. Regression of mean Log(spike frequency) on Log(Z7-12:Ac

concentration). Observations are designated by + (some observa-

tions overlap), and standard errors by open bars. Mean responses

to 1 and 3 female glands are plotted where they lie on the concentra-
tion axis

probably overestimates the actual value. The analyses
below suggest the time-averaged method overestimates
the actual threshold at least 10-fold. In Table 1, the 0.1-
pg dose elicited the lowest 3-s mean response that differs
significantly from the hexane control. The 0.1-pg dose
corresponds to a threshold concentration of 2-10713 M,
based on the Mayer et al. (1987) dispenser calibration.

A regression of mean response on log-concentration
is shown in Fig. 2. The standard errors were proportion-
al to stimulus intensity. A power function transformation
(Mankin and Mayer 1983a, b; Mayer et al. 1987; Laffort
and Hoehn 1987) eliminated the dependence of the vari-
ance on concentration (Fig. 3). The power function
(Eq. II, Table 2) produces a linear relationship between
the logarithm of spike frequency and the logarithm of
stimulus concentration:

Log(Freq)= A + B Log(Concentration), (1)

where A=6.29 and B=045 are regression constants.
The slope, B, is of interest in the calculation of the differ-
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Table 2. Summary of regression analyses performed on stimulus-
response equations in text

Eqn. # Equation Eqn. #
in Table in Text
I Freq=A+ B Log(Concentration) -
I Log(Freq)= A + B Log(Concentration) (1)
I Log(DT/Concentration)= Log(K) 8)

— B Log(Concentration)

Definitions: A, B, K, and f, regression constants; DT, difference
threshold; r?, coefficient of determination, Root MSE, square root
of mean square error (o,,=o0, in Egs. 3 and 5)

Eqn. Regression Estimate Standard F r? Root
Constant Error MSE

I A 131.64 9.353 169.6 047 14.184
B 9.45 0.725

II A 6.29 0.309 353.58 065 0.468
B 0.45 0.024

111 Log(K) —3.08 0.40 40.5 090 0.151
B 0.21 0.033

ence threshold. Regressions on concentration also were
calculated for mean responses in the first 0.5-s, first 1-s,
and first 2-s of stimulation. The slope was independent
of sampling duration, so those results are not presented.

The responses to 1 and 3 pheromone glands (1IFSPG
and 3FSPG, respectively) were plotted in Fig. 3 where
their log-means fell on the regression line. The mean
3FSPG response occurs at a concentration of
1.6-107'°M, or 0.53-107'°M per gland. The mean
1FSPG response occurs at 0.13-107'° M. The location
of the 1FSPG and 3FSPG responses near —10.9 and
—9.8 on the regression line is in good agreement with
previously published T.ni pheromone gland emission
rates. The emission rates in Sower et al. (1971), Bjostad
et al. (1980), and Baker et al. (1981): 3.1-10~° umol/min,
5.3-1075-9.7-10" % umol/min, and 1.06-10~ 5 pmol/min,
respectively, divided by the delivery device flow of
1400 ml/min, yield concentrations between 0.076-
107 1M and 0.69-107'° M. These points lie at —11.1
and —10.2 on the regression line.

Analysis of responses in 0.1-s intervals (neuron-averaged )

Peri-stimulus-time histograms (Fig. 4) were computed for
responses averaged over all neurons tested at a given
dose. The pattern in Fig. 4 is what an ideal observer
obtains by summing contributions from all detectors si-
multaneously. A similar pattern pertains if the HS(A)
neurons converge in the deutocerebrum, as has been
found for other insects (e.g., Boeckh and Boeckh 1979;
Christensen and Hildebrand 1987).

Analysis of variance (Table 3) indicates the lowest
statistically significant response occurs at 0.0316 pg. The
Z7-12:Ac concentration at this dosage (Mayer et al.
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Table 3. Analysis of HS(A) responses integrated in 0.1-s intervals
(bins) (see Methods and Fig. 4). Mean frequency and standard de-
viation, a,,, (Cols. 3—4) were calculated from counts/s (=10 counts/
0.1s) in the 5 bins beginning at t=4.0s. Log mean frequency and
log standard deviation, ¢,,, (Cols. 5-6) were calculated from
Log(counts/s) (arithmetic and geometric [log] means are not neces-
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sarily equal). Means in Cols. 3 and 5 followed by the same letter
are not significantly different at P=0.05 by Duncan’s Test. The
difference threshold (DT) in Column 7 was computed from Egs. 5-7
using o), in Col. 6 and the concentrations in Col. 2. The Weber
fraction is DT/C (Col. 7/Col. 2)

1 2 3 4 5 6 7 8
Dose Conc. Mean Freq Om Mean Log Oim Diff Thrsh Weber
(ng) ©) (Counts/s) Freq (DT) Fraction
(10712 M) (10712 M) (DT/C)
10.0 794.0 1124a 3.05 2.05a 0.012 477 0.06
1.0 25.1 33.0b 1.87 1.52b 0.025 325 0.13
0.316 2.51 16.6¢ 2.51 1.22¢ 0.067 0.967 0.39
0.1 0.199 7.2d 0.84 0.85d 0.052 010574 0.29
0.0316 0.0199 3.2e 0.84 0.49¢ 0.124 0.0165 0.83
0.01 0.00199 0.8f 0.45 —0.06f 0.134 0.00165 0.83
Hexane - 0.6f 0.55 —0.12f 0.164 - -

HS (A) RESPONSE TO DOSES OF Z7-12:AC
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Fig. 4. Mean HS(A) responses integrated over 0.1-s intervals. The
3-s stimulus period is indicated by the solid bar

1987) is approximately 2-107'* M, 10-fold below the
time-averaged estimate of 2-10~!3 M. The true thresh-
old, however, may lie even below 10~ '* M. The differ-
ence threshold analysis below suggests the absolute neu-
ral threshold is nearer 10~ 15 M. Even so, the HS(A) ab-
solute threshold probably lies above the levels of
107" M—10~ '8 M reported for other neurons in Kaiss-
ling (1987), Mayer and Mankin (1990), and Mankin
(1991).

Difference threshold
The difference threshold is relatively simpler to interpret

for the neural response than for behavior. In Fig. 1, the
neural threshold is the minimum stimulus increment,

DT=C,—C, (2a)

satisfying a criterion that the response, R;, to the incre-
mented stimulus, C;, has a 75% probability of exceeding

the response, R, to the initial stimulus, C. The probability
level of P=0.75 is achieved when
R;—R=0950, (2b)
where o is the standard deviation (Johnson 1980b). Com-
parisons among thresholds usually are expressed in
terms of the Weber fraction,
W=DT/C. (2¢)

The problem in defining a behavioral correlate of
Egs. 2a—c is that initial detection often is more behavior-
ally relevant than a simple change in the stimulus level.
Bioassays must be designed carefully to give behavioral
relevance to small changes in stimulus intensity. Other-
wise, the insect may detect but not respond overtly to
stimulus differences.

An estimate for DT is determined from the neural
records through Eq. 1. The responses, R; and R, are ex-
pressed as logarithms of spike frequency. Thus, Eq. 2b
can be expressed as

Log(Freq;)— Log(Freq)=0.95g,, (3)

where Freq; and Freq are the spike frequencies stimu-
lated by I; and I, respectively, and g, is the standard
deviation of Log(Freq). We define also a logarithmic
difference threshold (LDT) similar to Eq. 2a:

LDT = Log(C;)—Log(C). 4)

The antilog of the LDT is C;/C, the minimum discrimin-
able ratio. The relationship between DT and LDT fol-
lows from Eq. 2a:

DT=C;—C=C-(C;/C—1)=C-(10*PT—1), (5
From Egs. 1 and 3:

LDT=0.950,B, (6)
so that

DTzc_(100.9Sal/B_1) (7)
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Table 4. Behavioral difference thresholds to sex pheromone (DT). The thresholds are expressed as the upper limit of the Weber fraction,

DT/C. In most cases, smaller intensity differences were not tested

Insect Chemical Reference Upper Limit
W=DT/C
T. ni Z7-12:Ac Sharma et al. (1971) 2.0
Mayer (1973) 4.0
B. mori ZE-10, 12-16:OH Kramer (1975) 0.7
G. molesta 78-12:Ac+E8-12:Ac+Z8-12:OH Kuenen and Baker (1982) 20
C. fumiferana E11-14:Al+Z11-14: Al Sanders (1982) 9.0
P. interpunctella ZE-9,12-14:Ac+ ZE-9,12-14:OH Mankin et al. (1983) 1.9
L. dispar (+)-cis-7,8-epoxy-2-methyl- Hagaman and Cardé (1984) 9.0
octadecane
D. brevicomis exo-brevicomin + frontalin Byers (1988) 9.0
IL. paraconfusus ipsenol + ipsdienol + cis-verbenol Akers (1989) 0.3

where B is the regression slope in Eq. 1 (=0.45 in Ta-
ble 2).

The estimate for the HS(A) difference threshold in
Egs. 7 depends on the method used to calculate g,. The
root mean square error of Eq. II (Table 2), 0,,=0.468,
provides a pooled estimate for the standard deviation,
from which LDT =0.988 in Eq. 6. The antilog is the dif-
ference ratio, C;/C=9.73, so that W=8.73 in Eq. 2¢. This
is unrealistically high from a behavioral perspective.
Considerably lower Weber fractions appear in the litera-
ture (Table 4, Gesheider 1976; Kramer 1976; Bell and
Tobin 1982). Also, this method provides only a single
estimate of DT, which varies with stimulus concentration
(Johnson 1980a, b; Dethier and Bowdan 1984; Krueger
1989).

To estimate a difference threshold that incorporates
effects of concentration, we calculated a standard devia-
tion from the bin-count variance in Fig. 4. Table 3 lists
values for the standard deviation of Frequency (o, in
Col. 4) and Log Frequency (o, in Col. 6) at each dis-
penser dosage. In Fig. 5, the difference thresholds calcu-

WEBER FRACTIONS AT DIFFERENT STIMULUS LEVELS
1.251

1.00
0.751
0.50]

0.28

WEBER FRACTION

° M oo Ll T L T v s
-15 -14 -13 -12 -11 -10 -9
LOG (Z7-12: AC CONC) (M)
Fig. 5. Regression of Weber fraction (DT/C) on Log Z7-12: Ac con-

centration (Eq. III in Table 2). The closed circles are Weber frac-
tions computed from Table 3

lated from the standard deviation of Log Frequency (DT
in Col. 7) are expressed as Weber fractions and plotted
against Log C. The Weber fraction decreases with in-
creasing Z7-12:Ac intensity from 0.83 at 2-10"'* M to
0.06 at 7.9-10~° M. The decrease is predicted by signal
detection theory (Johnson 1980b):

W=KC™4 (8)

where logK = —3.08 (K=28.32x1073) and $=0.21 are
regression constants (Eq. IIT in Table 2). Theoretically,
f=B/2 (Johnson 1980b), a result which holds in Table 2.
In Fig. 6, we compared the two analyses by plotting
the thresholds as steps on the HS(A) regression line.
Each step was 0.988log units for the time-averaged,
o,-based (dashed) line. Steps based on the neuron-aver-
aged, g;,-based (solid) line were calculated from Eq. III,
Table 2. The former represents a minimum of stimulus
level information the CNS can extract from these neu-
rons, and the latter, what an ideal observer extracts.

DIFFERENCE THRESHOLD COMPARISONS

LOG (Spikes/S)

—0.5 Al v A L] v Ll
-15 -14 -13 -12 -11 -10 -9
LOG (27-12: AC CONC) (M)

Fig. 6. Comparisons of difference thresholds computed from vari-
ance of 3-s mean responses (dashed line), and 0.1-s mean responses
(solid line). Five concentration levels can be distinguished based
on the former estimate, and 134 levels based on the latter estimate
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In Fig. 6, the threshold differences extend several steps
past the absolute threshold. The presence of these steps
suggests there is a discrepancy between the absolute and
difference threshold analyses. If the difference analysis
is correct, a statistically significant difference exists for
responses to the control, 10~ 147 M and 10~ 37 M. Part
of this discrepancy is due to the difference in the signifi-
cance level (P=0.95 for the absolute threshold; P=0.75
for the difference threshold). Also, the difference analysis
may have a greater resolving power than the absolute
analysis. If so, the true absolute threshold probably is
somewhat lower than the 107 !3-7 M estimate.

Discussion

Although the HS(A) thresholds are of interest from a
neurophysiological perspective, our main concern is their
effect on male T. ni behavior. To explore this relation-
ship, we began by examining the difference between the
HS(A) neural thresholds and T. ni behavioral thresholds
to Z7-12: Ac. There were some differences in both cases.
However, we found better agreement between the abso-
lute thresholds than between the difference thresholds.
The reasons for a relatively close agreement in one case
and a large discrepancy in the other are the major focus
of this discussion.

Behavioral responses and the HS (A ) absolute threshold

First we compared the HS(A) absolute threshold with
the previously published T. ni thresholds. Sower et al.
(1971) measured the threshold for wing-flutter to Z7-
12:Ac as 107!7 M. Mayer (1973) (see also Mayer et al.
1987) measured the threshold for taking flight as
107! M. Both measurements lie somewhat above the
absolute detection threshold in the CNS, considering the
central processing necessary to elicit wing flutter and
flight. However, even a conservative estimate of 1015 M
lies well below the threshold of 2-10~'* M determined
for the HS(A) neurons in this report.

We interpret the differences between these thresholds
to be due, at least in part, to a reduction in the variance
of the signal transmitted to the CNS. The expected re-
duction in variance is estimated from the variance for
an ideal observer that receives the same input as the
insect CNS (Johnson 1980a, b; Mankin 1983a, b). The
ideal observer responds whenever the signal intensity
rises significantly above the detector noise level. When
a signal comes from multiple detectors, the combined
signal has a smaller variance than the signal from a single
detector. The reduction in variance, R, is proportional
to the square root of the degrees of freedom [number
of detectors — 1] (Mankin and Mayer 1983 a, b and refer-
ences therein; Meng et al. 1989). A reduction in variance
also occurs in multiple sampling of one detector (Ger-
stein et al. 1989). The response variance in the approxi-
mately 40 recordings per dose in Fig. 4, for example,
is less than from two records by a factor of R,~39°
=6.24.
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The magnitude of R, in the T. ni CNS is uncertain
because neither the number of converging neurons, nor
the number of loci onto which they converge are known
precisely. We estimate the fraction of the 5400 Type I
sensilla (Mayer et al. 1981) which contain HS(A) neurons
is about 60%, or 3000 HS(A) neurons per male antenna.
Based on morphological studies (Homberg et al. 1988)
and recordings from the CNS of other insects (Boeckh
and Boeckh 1979; Olberg 1983), these neurons converge
onto at least one and probably no more than 30 loci.

The greatest reduction in variance occurs for an ideal
observer that sums input from all detectors simulta-
neously. This is the case where all HS(A) receptor neu-
rons converge at a single locus, or R,~2999°5/6.24
=8.8~9. (We divided by 6.24 because the variance al-
ready was reduced by this factor in averaging across
~40 samples.) If only 1/10th, or 300 HS(A) neurons con-
verge at a single locus, then R, ~299°5/6.24 ~ 3.

Using these estimates, the absolute threshold at a
point of convergence lies between 2-107!'4*M and
2-107'° M, perhaps near 7-10~ !5 M. This estimate still
lies above the wing-flutter threshold estimate by Sower
et al. (1971), but it is close to the 107> M threshold
for taking flight obtained by Mayer (1973). Male T. ni
that respond at either level thus approximate ideal ob-
servers.

Pheromone threshold studies usually focus on the sen-
sitive ideal observer males. However, the percentage of
male T ni taking flight typically is low until the phero-
mone concentration exceeds threshold levels by ~2
orders of magnitude (e.g., Mayer 1973; Landolt and
Heath 1987). The majority of males thus do not respond
as ideal observers. The failure to take flight at
10713-107!2 M probably is not due to lack of sensitivity.
The neural responses in Figs. 2-3 indicate that virtually
all males can detect Z7-12:Ac easily at these levels. A
similar discrepancy between real insects and ideal ob-
servers appears below when we consider the behavioral
effects of small changes in stimulus intensity.

Behavioral responses and the HS (A ) Weber fraction

Few assays of pheromone-elicited behavior have mea-
sured a behavioral difference threshold directly. How-
ever, there are several reports where percentage re-
sponses in a bioassay were compared at different phero-
mone intensities. Weber fractions estimated from these
reports are presented in Table 4. The estimates are based
on the smallest increments in intensity that elicited signif-
icant changes in behavioral response. Also, none of these
bioassays tests the possibility that behavioral discrimina-
tion of stimulus intensity improves as the stimulus level
increases.

All of the Weber fractions in Table 4 lie above those
expected from the neural difference thresholds in Table 3.
In most cases, the values in Table 4 were upper limits
for the true Weber fractions because the bioassays were
done with large increments in concentration. Even tak-
ing this into account, the discrepancy is considerable.
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The discrepancy in the Weber fractions is even greater
for an ideal observer. The difference threshold for an
ideal observer is 9-fold lower than the HS(A) neural
threshold. Similarly, the difference threshold at a point
of convergence in the CNS is expected to be 3-fold to
9-fold lower than the HS(A) threshold. If a male T. ni
behaves as an ideal observer, it can distinguish fractional
changes in Z7-12: Ac concentration (Weber fractions) of
~0.06/9=0.007 to ~0.06/3=0.02 at concentrations 100-
fold above those emitted by a female (10-ug dose at
107°! M in Figs. 3 and 6). It is more difficult to distin-
guish changes in stimulus intensity near the absolute
HS(A) threshold. However, the male still should be able
to distinguish fractional changes of ~0.8/9~0.09 to
~0.8/3~0.28.

In this case, part of the discrepancy between predicted
and observed difference thresholds is due to the type
of bioassay rather than to lack of behavioral capability.
A learning or choice bioassay designed specifically to
test discrimination ability probably would yield Weber
fractions much closer to those of an ideal observer (e.g.,
Kramer 1976; Shimada et al. 1987). Certainly, there are
occasions when discrimination of small changes in inten-
sity is important, such as orientation in a pheromone
plume (e.g., Kuenen and Baker 1982; Akers 1989).

Some evidence that moths have a high sensitivity to
small differences comes from studies of pheromone blend
ratio. When each component of a pheromone blend is
detected by a separate type of receptor neuron, the dis-
crimination of blend ratio is similar to the discrimination
of blend intensity (Getz and Chapman 1987; Den Otter
1977; Visser and De Jong 1988). Both situations involve
comparisons between two signals, each of which is sub-
ject to random fluctuations. The 0.007-0.28 Weber frac-
tions estimated above are similar to the minimum detect-
able differences in pheromone blend ratio reported in
pheromone trapping studies (e.g., Baker etal. 1976;
Baker and Cardé 1979; Landolt et al. 1986) and in labo-
ratory bioassays (e.g., Linn and Roelofs 1983). Thus,
both neural and behavioral data suggest that male T. ni
can detect smaller differences in Z7-12: Ac intensity than
reported in bioassays of percentage wing flutter or taking
flight.

Interplay between excitatory
and inhibitory central processes

The preceding comparisons of neural and behavioral
thresholds indicate that male T. ni usually are less re-
sponsive to Z7-12: Ac than an ideal observer. A possible
explanation for this lack of responsiveness is inhibition
at loci in the CNS that control the flow of olfactory
input.

In support of such a hypothesis, we note that other
factors besides the concentration of Z7-12:Ac also can
affect the percentage of males taking flight. These factors
include the presence or absence of other pheromone
blend components (Linn et al. 1987), light intensity
(Shorey 1966), time of day (Shorey and Gaston 1964),
temperature (Cardé and Charlton 1984; Linn et al. 1988),
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and high-frequency acoustical stimulation (Baker and
Cardé 1978). With extremely inhibitory conditions such
as daylight, male T. ni fail to take flight even at high
concentrations of Z7-12: Ac.

Under such a hypothesis, bioassays of pheromone-
elicited behavior measure the effects of an interplay be-
tween excitatory and inhibitory CNS processes. If the
bioassay conditions are ideal and central inhibition is
low, males will take flight at pheromone concentrations
approaching the HS(A) absolute threshold. Otherwise,
the concentration must rise 2-3 orders of magnitude
above the absolute neural threshold to overcome central
inhibition.

A similar argument holds for the Weber fraction in
a bioassay of pheromone-elicited behavior. If central in-
hibition is low, almost all males take flight near the abso-
lute threshold. The Weber fraction for behavior ap-
proaches that of an ideal observer. Otherwise, the con-
centration must rise to overcome both random neural
noise and central inhibition. This results in a higher dif-
ference threshold than predicted for an ideal observer
which must overcome only random neural noise. High
levels of central inhibition also can mask the reduction
that occurs in the HS(A) Weber fraction when the phero-
mone intensity increases above threshold (Fig. 6). Conse-
quently, there may be no observable correlate of Eq. 8
in the behavioral response.

Although it reduces behavioral responsiveness, strict
central inhibitory control over pheromone-elicited sex-
ual behavior appears to be evolutionarily advantageous.
When species share components of a pheromone blend,
central inhibition of responses to inappropriate blends
can evolve to improve species isolation. Yet, the ability
to detect small fluctuations can facilitate orientation up
the pheromone plume once mate-seeking behavior is ini-
tiated. Other central inhibitory processes can restrict the
expression of sexual behavior to appropriate photoperi-
od and environmental conditions.

Acknowledgments. We thank R.R. Heath for analysis of the purity
of the synthetic Z7-12: Ac, and J. Sharp and P. Wilkening for techni-
cal assistance. We thank Drs. V. Dethier, R. Cardé, B. Mitchell,
D. Light, C. Linn, T. Baker, P. Akers, T. Tobin, and T. Christensen
for their comments on aspects of the study.

References

Akers RP (1989) Counterturns initiated by decrease in rate of in-
crease in concentration: Possible mechanism of chemotaxis by
walking female Ips paraconfusus bark beetles. J Chem Ecol
15:183-208

Baker TC, Cardé RT (1978) Disruption of gypsy moth male sex
pheromone behavior by high frequency sound. Environ Ento-
mol 7:45-52

Baker TC, Cardé RT (1979) Analysis of pheromone-mediated be-
haviors in male Grapholitha molesta, the oriental fruit moth
(Lepidoptera: Tortricidae). Environ Entomol 8:956-968

Baker TC, Cardé¢ RT, Roelofs WL (1976) Behavioral responses
of male Argyrotaenia velutinana (Lepidoptera: Tortricidae) to
components of its sex pheromone. J Chem Ecol 2:333-352

Baker TC, Gaston LK, Pope MM, Kuenen LPS, Vetter RS (1981)
A high efficiency collection device for quantifying sex phero-



746

mone volatilized from female glands and synthetic sources. J
Chem Ecol 7:961-968

Bell WJ, Tobin TR (1982) Chemo-orientation. Biol Rev 57:219-260

Bjostad LB, Gaston LK, Shorey HH (1980) Temporal pattern of
sex pheromone release by female Trichoplusia ni. J Insect Physiol
26:493-498

Boeckh J, Boeckh V (1979) Threshold and odor specificity of phero-
mone-sensitive neurons in the deutocerebrum of Antheraea per-
nyi and A. polyphemus. J Comp Physiol 132:235-242

Byers JA (1988) Novel diffusion-dilution method for release of
semiochemicals: testing pheromone component ratios on west-
ern pine beetle. J Chem Ecol 14:199-211

Cardé RT, Charlton RE (1984) Olfactory sexual communication
in Lepidoptera: strategy, sensitivity, and selectivity. In: Lewis
T (ed) Insect communication. Academic Press, London, pp 241—
265

Christensen TA, Hildebrand JG (1987) Male-specific, sex phero-
mone-selective projection neurons in the antennal lobes of the
moth Manduca sexta. J Comp Physiol A 160:553-569

Den Otter CJ (1977) Single sensillum responses in the male moth
Adoxophyes orana (F.v.R.) to female sex pheromone compo-
nents and their geometrical isomers. J Comp Physiol 121:205-
323

Dethier VG, Bowdan E (1984) Relations between differential
threshold and sugar receptor mechanisms in the blowfly. Behav
Neurosci 5:791-803

Gerstein GL, Bedenbaugh P, Aertsen Ad MHJ (1989) Neuronal
assemblies. IEEE Trans Biomed Eng 36:4-14

Gesheider GA (1976) Psychophysics: method and theory. Lawrence
Erlbaum Assoc., Hillsdale, NJ

Getz WM, Chapman RF (1987) An odor discrimination model
with application to kin recognition in social insects. Int J Neu-
rosci 32:963-978

Grant AJ, O’Connell RJ (1986) Neurophysiological and morpho-
logical investigations of pheromone-sensitive sensilla on the an-
tenna of Trichoplusia ni. J Insect Physiol 32:503-515

Grant AJ, O’Connell RJ, Hammond AM Jr (1988) A comparative
study of pheromone perception in two species of noctuid moths.
J Insect Behavior 1:75-96

Grant AJ, Mankin RW, Mayer MS (1989) Neurophysiological re-
sponses of pheromone-sensitive receptor neurons on the anten-
na of Trichoplusia ni (Hiibner) to pulsed and continuous stimu-
lation regimens. Chem Senses 14:449-462

Guy RH, Leppla NC, Rye JR, Green CW, Barrette SL, Hollien
KA (1985) Trichoplusia ni. In: Singh P, Moore RF (eds) Hand-
book of insect rearing II. Elsevier, Amsterdam, pp 487-494

Hagaman TE, Cardé RT (1984) Effect of pheromone concentration
on organization of preflight behaviors of the male gypsy moth,
Lymantria dispar (L.). ] Chem Ecol 10:17-23

Homberg U, Montague RA, Hildebrand JG (1988) Anatomy of
antenno-cerebral pathways in the brain of the sphinx moth
Manduca sexta. Cell Tissue Res 254:255-281

Johnson KO (1980a) Sensory discrimination: Decision process. J
Neurophysiol 43:1771-1792

Johnson KO (1980b) Sensory discrimination: neural processes pre-
ceding discrimination decision. J Neurophysiol 43:1793-1815

Kaissling KE (1987) In: Colbow K (ed) R.H. Wright lectures on
insect olfaction. Simon Frazier University, Burnaby B.C., Cana-
da

Kramer E (1975) Orientation of the male silkworm moth to the
sex attractant bombykol. In: Denton DA, Coghlan JP (eds)
Olfaction and taste V. Academic Press, New York, pp 329-335

Kramer E (1976) The orientation of walking honeybees in odour
fields with small concentration gradients. Physiol Entomol
1:27-37

Krueger LE (1989) Reconciling Fechner and Stevens: toward a
unified psychophysical law. Behav Brain Sci 12:251-320

Kuenen LPS, Baker TC (1982) The effects of pheromone concentra-
tion on the flight behavior of the oriental fruit moth Grapholitha
molesta. Physiol Entomol 7:423-434

Laffort P, Hoehn RC (1987) Physiological mechanisms involved

R.W. Mankin et al.: Sensitivity of pheromone receptor neurons

in olfaction, taste, and other oral sensitivities. In: Mallevialle
J, Suffet IH (eds) Identification and treatment of tastes and
odors in drinking water. American Water Works Association
Research Foundation, Lyonnaise des Eaux, pp 15-33

Landolt PJ, Heath RR, Leppla NC (1986) (Z,Z,Z)-3,6,9-Heneicosa-
triene as sex pheromone components of a grass looper, Mocis
disseverans (Lepidoptera: Noctuidae). Environ Entomol
15:1272-1274 :

Landolt PJ, Heath RR (1987) Role of female-produced sex phero-
mone in behavioral reproductive isolation between Trichoplu-
sia ni (Hiibner) and Pseudoplusia includens (Walker) (Lepidop-
tera: Noctuidae, Plusiinae). J Chem Ecol 13:1005-1018

Light DM (1986) Central integration of sensory signals: an explora-
tion of processing of pheromonal and multimodal information
in lepidopteran brains. In: Payne TL, Birch MC, Kennedy CEJ
(eds) Mechanisms of insect olfaction. Oxford Univ Press, Ox-
ford, pp 287-301

Linn CE Jr, Roelofs WL (1983) Effect of varying proportions of
the alcohol component on sex pheromone blend discrimination
in male oriental fruit moths. Physiol Entomol 8:291-306

Linn CE Jr, Campbell MG, Roelofs WL (1987) Pheromone compo-
nents and active spaces: what do moths smell and where do
they smell it? Science 237:650-652

Linn CE, Campbell MG, Roelofs WL (1988) Temperature modula-
tion of behavioral thresholds controlling male moth sex phero-
mone response specificity. Physiol Entomol 13:59-67

Maes FW (1984) A neural coding model for sensory intensity dis-
crimination, to be applied to gustation. ] Comp Physiol A
155:263-270

Mankin RW (1991) Evolution of pheromonal specificity in chemo-
receptors of closely related species. In: Wysocki CJ, Kare ML
(eds) Chemical senses: Volume 3: Genetics of perception and
communication. Marcel Dekker, New York, pp 61-77

Mankin RW, Grant AJ, Mayer MS (1987) A microcomputer-con-
trolled response measurement and analysis system for insect
olfactory receptor neurons. J Neurosci Meth 20:307-322

Mankin RW, Mayer MS (1983a) A phenomenological model of
the perceived intensity of single odorants. J Theor Biol 100:123—
138

Mankin RW, Mayer MS (1983b) Stimulus-response relationships
of insect olfaction: correlations among neurophysiological and
behavioral measures of response. J Theor Biol 100:613-630

Mankin RW, Vick KW, Coffelt JA, Weaver BA (1983) Pheromone-
mediated flight by male Plodia interpunctella (Hiibner) (Lepi-
doptera: Pyralidae). Environ Entomol 12:1218-1222

Mayer MS (1973) Attraction studies of male Trichoplusia ni (Lepi-
doptera: Noctuidae) with new combination of olfactometer and
pheromone dispenser. Ann Entomol Soc Am 66:1191-1196

Mayer MS, Mankin RW (1985) Neurobiology of pheromone per-
ception. In: Kerkut GA, Gilbert LI (eds) Comprehensive insect
physiology, biochemistry, and pharmacology, IX. Pergamon
Press, Oxford, pp 95-144

Mayer MS, Mankin RW (1987) A linkage between coding of quan-
tity and quality of pheromone gland components by receptor
cells of Trichoplusia ni (Hiibner) antennae. Ann NY Acad Sci
510:483-484

Mayer MS, Mankin RW (1990) A new Trichoplusia ni antennal
receptor neuron that responds to attomolar concentrations of
a minor pheromone component. Experientia 46:257-259

Mayer MS, Mankin RW, Carlysle TC (1981) External antennal
morphometry of Trichoplusia ni (Hiibner). J Insect Morphol
Embryol 10:185-201

Mayer MS, Mankin RW, Grant AJ (1987) Quantitative comparison
of behavioral and neurophysiological responses of insects to
odorants: inferences about central nervous system processes.
J Chem Ecol 13:509-531

Meng LZ, Wu CH, Wicklein M, Kaissling KE, Bestmann HJ (1989)
Number and sensitivity of three types of pheromone receptor
cells in Antheraea pernyi and A. polyphemus. J Comp Physiol
A 165:139-146

O’Connell RJ, Grant AJ, Mayer MS, Mankin RW (1983) Morpho-



R.W. Mankin et al.: Sensitivity of pheromone receptor neurons

logical correlates of differences in pheromone sensitivity in in-
sect sensilla. Science 220:1408-1410

Olberg RM (1983) Interneurons sensitive to female pheromone in
the deutocerebrum of the male silkworm moth, Bombyx mori.
Physiol Entomol 8:419-428

Rumbo ER (1981) Study of single sensillum responses to phero-
mone in the light-brown apple moth, Epiphyas postvittana, using
an averaging technique. Physiol Entomol 6:87-98

Sanders CJ (1982) Disruption of male spruce budworm orientation
to calling females in a wind tunnel by synthetic pheromone.
J Chem Ecol 8:493-500

SAS Institute Inc. (1985) SAS/STAT™ guide for personal com-
puters, Version 6 Edition, pp 183-260

Sharma RK, Shorey HH, Gaston LK (1971) Sex pheromones of
Noctuid moths. XXIV. Evaluation of pheromone traps for
males of Trichoplusia ni. J Econ Entomol 64:361-364

747

Shimada I, Mitsuyuki N, Kawazoe Y (1987) Acute differential sensi-
tivity and role of the central nervous system in the feeding
behavior of Drosophila melanogaster. Chem Senses 12:481-490

Shorey HH (1966) The biology of Trichoplusia ni (Lepidoptera:
Noctuidae). IV. Environmental control of mating. Ann Entomol
Soc Am 59:502-505

Shorey HH, Gaston LK (1964) Sex pheromones of noctuid moths.
IIL. Inhibition of male responses to the sex pheromone in Tri-
choplusia ni (Lepidoptera: Noctuidae). Ann Entomol Soc Am
57:775-779

Sower LL, Gaston LK, Shorey HH (1971) Sex pheromones of noc-
tuid moths. XXVI. Female release rate, male response thresh-
old, and communication distance for Trichoplusia ni. Ann Ento-
mol Soc Am 64:1448-1456

Visser JH, De Jong R (1988) Olfactory coding in the perception
of semiochemicals. J Chem Ecol 14:2005-2018



