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Abstract A morpho-functional investigation of the sex
pheromone-producing area was correlated with the phero-
mone release mechanism in the female gypsy moth Lyman-
tria dispar. As assessed by male electroantennograms
(EAG) and morphological observations, the pheromone
gland consists of a single-layered epithelium both in the
dorsal and ventral halves of the intersegmental membrane
between the 8th and 9th abdominal segments. By using the
male EAG as a biosensor of real-time release of sex phero-
mone from whole calling females, we found this process
time coupled with extension movements of the ovipositor.
Nevertheless, in females in which normal calling behavior
was prevented, pheromone release was detected neither in
absence nor in presence of electrical stimulation of the ven-
tral nerve cord/terminal abdominal ganglion (TAG) com-
plex. Tetramethylrhodamine-conjugated dextran amine
stainings also conWrm the lack of any innervation of the
gland from nerves IV to VI emerging from the TAG. These

Wndings indicate that the release of sex pheromone from the
glands in female gypsy moths is independent of any neural
control exerted by the TAG on the glands, at least by way
of its three most caudally located pairs of nerves, and
appears as a consequence of a squeezing mechanism in the
pheromone-producing area.

Keywords Electroantennogram · Pheromone release · 
Morphology · Gypsy moth · Lymantria dispar

Abbreviations
EAG Electroantennogram
LSCM Laser scanning confocal microscopy
S7 The 7th abdominal segment
S8-IM The 8th abdominal segment (including the

intersegmental membrane)
S8-IMd Dorsal half of the 8th abdominal segment
S8-IMv Ventral half of the 8th abdominal segment
S9 The 9th abdominal segment (ovipositor)
TAG Terminal abdominal ganglion
TMR-DA Tetramethylrhodamine-conjugated 

dextran amine
VNC Ventral nerve cord

Introduction

The nervous system of moths consists of a brain and a
nerve cord comprising a series of intersegmental ganglia.
Some of these, mainly involved in locomotion and Xight
control, are located in the thorax, while the abdominal ones
are implicated in several other functions such as digestion,
excretion and reproduction.

In particular, the caudalmost terminal abdominal gan-
glion (TAG) is thought to play a major role in “calling

P. Solari · R. Crnjar · G. Sollai · C. Masala · A. Liscia (&)
Department of Experimental Biology, 
Section of General Physiology, 
University of Cagliari, 
Cittadella Universitaria, SS 554 km 4.5, 
09042 Monserrato (CA), Italy
e-mail: liscia@unica.it

S. Spiga
Department of Animal Biology and Ecology, 
University of Cagliari, V.le Poetto 1, 
09126 Cagliari, Italy

F. Loy
Department of Cytomorphology, 
University of Cagliari, 
Cittadella Universitaria, SS 554 km 4.5, 
09042 Monserrato (CA), Italy
123



776 J Comp Physiol A (2007) 193:775–785
behavior” and the production and/or release of species-spe-
ciWc sex pheromones from specialized gland cells (Crnjar
et al. 1988; Itagaki and Conner 1987, 1988; Christensen
et al. 1991, 1994; Thyagaraja and Raina 1994; Christensen
and Hildebrand 1995). For instance, in the Arctiid female
Utetheisa ornatrix a neural control exerted by the TAG
appears to exist in the rhythmic exposure of the sex phero-
mone glands during calling (Itagaki and Conner 1987).
Similarly, in the gypsy moth Lymantria dispar, alternate
cyclic movements of extension and retraction of the ovipos-
itor observed during calling are under the control of the
TAG, at least by way of its three most caudally located
nerve pairs (IV, V and VI) (Crnjar et al. 1988). Moreover,
Tang et al. (1987) indicate that calling is disrupted in L. dis-
par with transected ventral nerve cord (VNC) and Crnjar
et al. (1988) suggest that the TAG has a high degree of
autonomy in controlling calling behavior. However, the
direct involvement of the TAG in pheromone biosynthesis
and/or release is not unequivocally demonstrated in Lepid-
opterans, where more than one mechanism–hormonal, neu-
ral or a combination of both—may modulate pheromone
gland activity, even in the same species. Moreover, these
mechanisms may be diVerentially activated at diVerent
times during the life of the insect (Raina 1993; for a review
see Christensen and Hildebrand 1995).

Studies carried on the Noctuiid moths Helicoverpa zea
and Heliothis virescens and on the sphinx moth Manduca
sexta show that pheromone glands receive neural connec-
tions from the TAG, and that electrical stimulation of the
terminal nerves elicits an increase in both pheromone bio-
synthesis and release (Christensen et al. 1991, 1994). Since
these responses are abolished by transection of the terminal
nerves, innervation appears to provide an alternate pathway
for gland activation for which blood-borne factors are not
necessary. In the gypsy moth instead, pheromone produc-
tion appears to be primarily regulated by pheromone bio-
synthesis-activating neuropeptides (PBANs) (Thyagaraja
and Raina 1994; Golubeva et al. 1997), although transec-
tion of the VNC anterior to the TAG or removal of the gan-
glion strongly depresses pheromone production (Hollander
and Yin 1982; Tang et al. 1987; Thyagaraja and Raina
1994). In this, the possibility that pheromonotropic hor-
mones may be released from neurosecretory cells located in
the abdominal ganglia has been proposed (Golubeva et al.
1997). However, the release mechanism of pheromone in
the gypsy moth has up to now been elusive.

Based on these observations, in the present study we inves-
tigated, using both electrophysiological and morphological
approaches, whether or not sex pheromone release is con-
trolled by the TAG by way of nerve pairs IV to VI, generally
regarded as the neural pathways primarily involved in the
control of reproductive functions as well as calling behavior in
the female gypsy moth L. dispar (Crnjar et al. 1988).

To this end, we Wrst acquired morpho-functional data on
the abdominal portions accounting for pheromone produc-
tion and release, i.e., the pheromone glands. To ascertain
any functional interconnection between glands and the
TAG we then stained the projections of nerves IV to VI
toward the caudalmost abdominal districts such as the ovi-
positor and glands and veriWed whether electrical stimula-
tion of the TAG/VNC complex was related to pheromone
release.

Materials and methods

Insects

All experiments were performed on 2- or 3-day-old gypsy
moths (day 1 being the day of emergence), obtained as
pupae from the Gypsy Moth Rearing Unit at the Otis Pest
Survey Detection and Exclusion Laboratory (U.S. Depart-
ment of Agriculture, Otis ANGB, MA, USA). They were
kept in an environmental growth incubator (24-25°C, 70%
R.H., 16 h light/8 h dark photoperiodic regime) and
checked daily until adult emergence. Males and females
were kept separate to avoid any exposure of males to
female sex pheromone.

Electrophysiology

EAG recording technique

A standard male electroantennogram (EAG) bioassay was
used to evaluate either the pheromone content of dissected
abdominal segments accounting for pheromone production
or the real-time course of pheromone release from whole
calling females.

Recordings were performed on isolated antennae from
male moths, one per moth, positioned in such a way as to
expose the largest surface to stimulation, that is, with the
ventral side of the antenna facing upwind. The recording
electrode, a glass micropipette (20 �m in average tip diam-
eter) Wlled with physiological saline solution (potassium
phosphate buVer 20 mM, NaCl 12 mM, KCl 6.4 mM,
MgCl2 12 mM, CaCl2 1 mM, glucose 354 mM, KOH
9.6 mM, Wnal pH 6.60; Kaissling 1995), containing an Ag/
AgCl wire, was gently pressed against the cut tip of the
antenna. A similar Ag/AgCl wire, inserted into the base of
the antennal shaft, acted as the reference electrode. EAGs
were recorded with a high input impedance electrometer
(WPI M707), digitized by means of the Axon Digidata
1200B A/D converter (10,000 Hz) and stored in a computer
for further analyses (Axoscope 8.1 software). Student’s “t”
test with a 95% conWdence level (P · 0.05) was used for
statistical analyses.
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Odor delivery system

An air stimulus controller (model CS-55, Syntech) was
used for air and odor delivery with a constant Xow (500 ml/
min) of charcoal-Wltered and humidiWed air passing over
the antennal preparation through the open end of a steel
tube (15 mm diameter, 15 cm in length), positioned 15 mm
from the antenna. During odor stimulation, 100 ml/min of
air was switched for 2 s through a Pasteur pipette (15 cm in
length) containing the stimulus, inserted by about 3 mm
into a small hole in the side of the steel tube. The air con-
taining the stimulus was removed from the experimental
arena by means of a suction pump operating at a Xow rate
slightly higher than the rate of stimulation. When not in
use, stimuli were stored at ¡20°C.

Stimuli

To ascertain which parts of the female abdomen mainly
account for pheromone production and/or release, male
antennae were stimulated with the three caudalmost
abdominal segments—the 7th, the 8th [including the inter-
segmental membrane (IM) between the 8th and the 9th],
and the 9th (ovipositor)—obtained from ten females.
Hereafter they will be referred to as S7, S8-IM and S9
respectively (Fig. 1).

The abdomens were forcibly extruded and quickly
frozen for precise slicing of the diVerent segments (at rest,
S8-IM and S9 are retracted within S7). Then, after thawing,
they were immediately placed within Pasteur pipettes and
then puVed onto the preparation with the odor delivery sys-
tem described above. In a subsequent batch of experiments,
S8-IM was further divided into the dorsal and ventral
halves (S8-IMd and S8-IMv). Stimuli were presented in a

randomized sequence, separated by intervals between stim-
uli of at least 2 min. If possible, each stimulus was tested
more than once to verify the reproducibility of responses.

In a second group of experiments, antennae were stimu-
lated with whole calling females in accordance with the
experimental procedure reported by Christensen et al.
(1994) to see if pheromone release was TAG-controlled.
BrieXy, the insect was pinned, ventral side up, to a wax
platform and a patch of cuticle along the midline of seg-
ment S7 was cut out to expose the TAG, the emergence of
its six nerve pairs and the VNC. The preparation was then
placed at approximately 5 mm from the antenna under a
continuous air stream generated by the odor delivery sys-
tem described above. The TAG was continuously perfused
with saline to prevent drying.

The EAG of each antenna was continuously monitored
with the following sequence of stimuli: clean air, (+)-dis-
parlure, free calling females, females with pinned oviposi-
tors, VNC stimulation in unpinned females before and after
progressive resection of nerve pairs IV, V and VI, and
Wnally (+)-disparlure and clean air again. Thus each male
antenna was tested at the beginning and the end of each
experiment, with clean air and (+)-disparlure, which were
our controls of choice. Concurrent with the EAG record-
ings, ovipositor movements of extension and retraction
were visually monitored and recorded as real time com-
ments on Axoscope 8.1 or voice tags.

The length of ovipositor extension and retraction, as well
as their relative EAG values, were calculated on a maxi-
mum of Wve complete cycles (one cycle comprises one
ovipositor extension and the following retraction) evoked
by each of the ten calling females tested in this group of
experiments.

Electrical stimulation of the VNC anterior to the TAG
was performed in accordance with Christensen et al.
(1994), with a pair of Wne silver-wire bipolar electrodes.
Trains of 2-25 electric pulses were delivered by means of
an electronic stimulator at a frequency of 20 Hz and the
voltage amplitude was adjusted until slight contractions of
abdominal muscles could be detected, typically 1–5 V.

Male antennae, female abdominal segments and whole
calling females were tested between 7 and 10 h after photo-
phase onset to reduce discrepancies due to diel periodicity
either in male antennal sensitivity or in female pheromone
release (Giebultowicz et al. 1992; Tang et al. 1992; Thy-
agaraja and Raina 1994).

A 5 �g (non-saturating) amount of (+)-disparlure (Sigma-
Aldrich, code 510769, 95% pure) was dissolved in 25 �l par-
aYn oil, applied to a pleated Wlter paper strip (80 mm £
5 mm), and used in all EAG experiments as a control. In each
experiment, before each stimulation the response to air was
tested and its value subtracted from the EAG value obtained
in response to the test stimulation that ensued.

Fig. 1 Micrograph of the ventro-lateral surface of the extended three
caudalmost abdominal segments of a female gypsy moth L. dispar, S7
(the 7th segment), S8-IM (the 8th segment including the intersegmental
membrane) and S9 (the 9th segment, the ovipositor). Scale bar = 1 mm
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Morphology

Histology of pheromone gland

Fully extruded abdominal segments S7–S9 from calling
females were Wxed in alcoholic Bouin Wxative (Humason
1967), dehydrated, embedded in paraYn and serially sec-
tioned. Cross-sections, 6 �m thick, were stained with the
hematoxylin-eosin staining procedure (Humason 1967).

Electron microscopy

Samples were obtained from the pheromone gland area,
located on the dorsal and ventral sides of the ovipositor.
Specimens were Wxed with 1.25% glutaraldehyde and 1%
paraformaldehyde in 0.1 M cacodylate buVer, pH 7.2,
embedded in epoxy resin for transmission electron micros-
copy (TEM) and stained with bismuth subnitrate as
reported by Riva (1974). Observations of ultrathin sections,
90 nm thick, were made with a JEOL 100S TEM.

Axonal Wlls and laser scanning confocal microscopy

To identify and localize the projection neurons of the nerve
pairs IV–VI toward the caudalmost peripheral districts
(pheromone glands and ovipositor), axonal Wlls with a
tetramethylrhodamine-conjugated dextran amine (TMR-
DA) combined with laser scanning confocal microscopy
(LSCM) were performed in several specimens (seven for
nerves of pair IV, six of pair V and six of pair VI) on nerve
stumps projecting distally. The staining procedure was
directly performed on the whole abdomen. Insects were
Wrst anaesthetized on ice and, after removing head and tho-
rax, the abdominal segments were dissected along the ven-
tral midline and pinned down on a Sylgard-coated Petri
dish in saline. The stump of the selected cut nerve emerging
from the TAG was isolated from the surrounding saline in a
small depression made in petroleum jelly and Wlled with
distilled water. The nerve was then cut again to a shorter
stump in this hypotonic bath to allow infusion of a 1% (w/
v) aqueous solution of TMR-DA (Molecular Probes,
D3308, MW 3,000). After dye infusion for a maximum of 2
days at 4°C, the preparations were Wxed overnight at 4°C in
4% (w/v) paraformaldehyde in sodium phosphate buVer
(0.1 M, pH 7.4), subsequently dehydrated in 10 min steps
with graded ethanol of ascending concentrations, and
cleared in methyl salicylate.

Laser scanning confocal microscopy analysis was per-
formed 24–36 h after staining using a Leica 4D LSCM with
an Argon-Krypton laser. Confocal images were generated
using 10£, 40£ oil and 100£ oil objectives in Xuorescence
mode (568 nm of excitation wavelength). Each frame (512
lines and 512 columns) was acquired eight times and then

averaged to obtain noise-free images. Confocal images
(Tredici et al. 1993) were obtained from the maximum
number of scans allowed by specimen thickness. Optical
sections, usually at consecutive intervals of 0.5–1 �m, were
imaged through the depth of the labeled neurons and saved
as image stacks. All confocal images were white-labeled on
a black background, in a gray scale ranging from 0 (black)
to 255 (white) and processed in gray scale value with Leica
Scanware 4.2a. Total or partial three-dimensional (3D)
reconstructions were performed by means of Confocal
Assistant 4.00 software and processed with Paint Shop Pro
7.0 and Power Point programs; where needed, the digitized
images were modiWed only to enhance contrast and to add
false colors.

Results

Male EAG responses to odor from female three caudalmost 
abdominal segments

As shown by samples of EAG recordings in Fig. 2a, stimu-
lation of the male antennal chemoreceptors with the S7, S8-
IM and S9 female abdominal segments produced diVerent
EAG responses. In detail, mean EAG values obtained from
S8-IM, S9 and S7 were stimulatory in decreasing order,
with 1.48 § 0.15 mV, 0.94 § 0.11 mV and 0.27 §
0.05 mV respectively (Fig. 2b). EAG values from female
abdominal segments were in any case signiWcantly lower
than those elicited by (+)-disparlure used as a control.

Since S8-IM appeared to be the most eVective region in
eliciting the male antennal response, further analyses were
restricted to its dorsal (S8-IMd) and ventral (S8-IMv) sides;
however, no diVerences were found between EAG values
elicited by dorsal (0.78 § 0.12 mV) or ventral sides
(0.83 § 0.13 mV) (Fig. 2c). Based on these results, the
pheromone gland in the gypsy moth L. dispar is mainly
located in segment S8-IM and occupies both the dorsal and
ventral regions.

Male antennal detection of pheromone release from 
females under physiological conditions vs. electrically 
evoked calling behavior

Upon placing whole calling females near the antenna under
a constant air stream, Xuctuations in male EAG response
were in all cases detected as a consequence of a discontinu-
ous pheromone release and appeared to be synchronized
with the ovipositor movements of extension and retraction,
typically observed during “calling behavior”. Calling was at
Wrst irregular, probably due to the stress brought about by
manipulation prior to testing for females; EAG Xuctuations
greatly varied in shape, amplitude and time-course, but
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usually settled within two to three minutes from the begin-
ning of experiments. As summarized in Fig. 3a, d, the peaks
in EAG response (0.32 § 0.04 mV) were closely associated
with ovipositor extensions, which lasted on average
5.35 § 0.4 s. The EAG responses associated with the
ovipositor extensions are comparable in sign and time-
course to those evoked in the same specimens by stimulation

with (+)-disparlure, although to a lesser amplitude
(Fig. 4a, b). The ovipositor retraction lasting 1.71 § 0.11 s
corresponded instead to a repolarization. No EAG was
obtained after removing the female from the experimental
arena; placing it back again produced total recovery of the
response.

When the ovipositor was pinned in a fully extruded posi-
tion (Fig. 3b), the EAG response completely decayed
within a short time (5–10 s), this delay probably due to
residual pheromone molecules blown by the air stream
from the surface of the glands.

Similarly, when we electrically stimulated the VNC
anterior to the TAG in females with pinned extruded ovi-
positors, no EAG response was detected in any case
(Fig. 3c). This lack of pheromone release occurred both
when all nerves from the TAG were kept connected, and
when the nerves were selectively transected from the gan-
glion, leaving intact only the IV, V or VI pair respectively.

Histology of pheromone gland

According to electrophysiological observations, segment S8-
IM is the region of the female abdomen most eVective in elic-
iting the strongest stimulating eVect on male antennae. Thus an
in-depth morphological study of the same segment was per-
formed by means of the hematoxylin-eosin staining protocol.

As shown in the light micrographs of Fig. 5a–c, the
examination of cross-sections at diVerent magniWcations of
the extended dorsal IM conWrms the presence of a single
layer of a modiWed epithelium with glandular appearance,
directly beneath the cuticle. It appears best developed along
both the dorsal and the ventral regions of the cuticle, where
folds and extensive convolutions are present, and also
extends, although to a much lesser extent, to the lateral part
(results not shown). This epithelium consists of large
hypertrophic columnar- to cone-shaped cells, 30–40 �m in
height and 15–20 �m in width, with prominent nuclei. Dark
granules of secretory material are distributed in the cyto-
plasm, as well as in isolated cytoplasmic compartments
nearby, thus conWrming the glandular feature of this epithe-
lium. The cuticle covering this glandular region is thicker
than in other regions of the body, and appears divided into
two diVerent layers, an inner and thick hyaline zone of
endocuticle and a darker outer zone of thin epicuticle, with
a roughness due to button-like protrusions enhancing the
external surface. However, no cuticular pore channels or
connections of the glandular epithelium to the outside are
visible in the light microscopy.

Ultrastructure of pheromone gland

Transmission electron microscopy of ultrathin cross-sec-
tions of the glandular tissue in the ventral half of IM is

Fig. 2 Sample of EAG recordings (a) and mean amplitude
values § SE (b) elicited by male antennal preparations following stim-
ulation with segments S7, S8-IM and S9, as compared to clean air and
(+)-disparlure (5 �g stimulus load). The line under the EAG traces rep-
resents the duration of the stimulus. c Mean amplitude values § SE
elicited by male antennal preparations following stimulation with seg-
ment S8-IM divided into its dorsal (S8-IMd) and ventral (S8-IMv)
halves. The asterisk indicates signiWcant diVerences (P · 0.05).
Recordings from ten specimens
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shown in Fig. 6. The cuticle covering the glandular region
consists of a dense uniform outer epicuticle which overlies
the lamellated endocuticle. The cells are not attached to the

endocuticle with their apical side, because there is a narrow
hypocuticular space Wlled by numerous microvilli just
beneath the latter (Fig. 6a, b). A few electron-lucent small
vacuoles with some lamellar membrane proWles are visible
inside the cytoplasm; nuclei are enlarged with sparse zones
of dense chromatin (Fig. 6a). Sometimes, inside the 1st–4th
endocuticle lamellae, there are small dense black ovoidal
bodies which are located in the layer between the lamellae
(Fig. 6b); some of these bodies are also found in the
hypocuticular space.

TMR-DA Wlls from the TAG to the caudalmost abdominal 
segments

Tetramethylrhodamine-conjugated dextran amine stain-
ings of nerve V (Fig. 7a) distal stump resulted in label-
ing of somata and processes of bipolar neurons within

Fig. 3 Sample of EAG record-
ings from the same male antenna 
in response to sex pheromone re-
leased by females during normal 
“calling behavior” (a) or with 
the ovipositor pinned in the fully 
extruded position, before (b) and 
after (c) electrical stimulation of 
the VNC (frequency: 20 Hz). 
Numbers in c (lower trace) rep-
resent impulse counts of each 
electrical stimulation. Black 
bars and white bars in a denote 
extension and retraction of the 
ovipositor, respectively. d Mean 
time values (histograms) § SE 
from Wve ovipositor extensions 
and Wve retractions for each of 
the ten female gypsy moths test-
ed (n = 50) and EAG amplitude 
values § SE (inset) elicited 
from Wve EAG responses for 
each of the ten males tested 
(n = 50). The asterisk indicates 
signiWcant diVerences 
(P · 0.05)

Fig. 4 Sample of EAG recordings (a) and mean amplitude
values § SE (b) elicited from male antennal preparations following
stimulation with (+)-disparlure (5 �g stimulus load). Recordings from
ten specimens. The line under the EAG trace represents the duration of
the stimulus
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the ovipositor. In this, aVerences from mechano- or
chemoreceptors scattered over the ovipositor surface
travel via nerve V toward the TAG. The same procedure
also labels eVerent projections innervating the muscles
in the ovipositor (Fig. 7b). Likewise, a number of bipo-
lar cells were clearly detected on the ovipositor surface
when the same staining protocol was applied to the
nerve VI distal stump (arrows in the Fig. 7c, d). At least
30–40% of the bipolar neurons associated with the ovi-
positor sensilla were successfully stained in each of
seven to ten specimens (unstained sensilla can also be
seen in Fig. 7a, c).

No labeled innervations of the pheromone gland were
instead obtained by TMR-DA stainings through the IV–VI
nerve distal stumps (data not shown).

Discussion

Localization of the pheromone gland

The Wrst step in the present study was to better characterize
the abdominal portions accounting for pheromone produc-
tion and release, i.e., the pheromone glands, in the female
gypsy moth L. dispar.

Our electrophysiological observations showed that of the
caudalmost abdominal segments, S8-IM—the 8th one—
with the IM between the 8th and the 9th (S9, the oviposi-
tor)—clearly appears to be the most stimulating portion for
the male olfactory apparatus, with both the dorsal (S8-IMd)
and ventral (S8-IMv) halves equally eVective. These data
are in good agreement with those previously reported by

Fig. 5 Light micrographs 
showing cross-sections of the 
dorsal intersegmental membrane 
at diVerent magniWcations. N nu-
clei. Dashed areas indicate fol-
lowing enlargements. Scale 
bar = 300 �m (a), 60 �m (b) and 
20 �m (c)
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Hollander et al. (1982), who located the sex pheromone-
producing gland of the female gypsy moth at the IM level
by means of their behavioral trials based on a wing fanning
bioassay. Conversely, S9 and especially S7, the 7th seg-
ment, evoked some unexpected EAG activity, possibly due
to the fact that pheromone, once produced at the IM level,
may reach the other two segments tested by mechanical
spreading through the cyclic telescopic movements of
extensions and retractions of the ovipositor during calling
behavior occurring before electrophysiological tests started.

Our histological and ultrastructural analyses of the IM
support these Wndings, as it is lined with a single-layered
epithelium of glandular appearance mainly developed in
both the dorsal and the ventral region and, to a much lesser
extent, in the lateral areas (data not shown). IM also bears a
morphological resemblance to the glandular tissue shown
by Hollander et al. (1982), and possesses the general cyto-
logical features generally encountered in the sex phero-

mone-producing gland cells of other Lepidopterans (Percy-
Cunningham and MacDonald 1987; Raina et al. 2000; Ma
and Roelofs 2002; Raspotnig et al. 2003). These features
include the presence of vacuoles both in the cell and the
overlying cuticle, and also development of apical plasma
membrane folds. Such characteristics are either absent or
not well deWned in epidermal cells occurring elsewhere in
the IM and in other parts of the terminal abdominal
segments.

Pheromone release is closely associated with ovipositor 
movements

Once characterized, we then investigated the possibility of
the gypsy moth pheromone gland being somewhat neurally
controlled, i.e., directly controlled by the TAG, as this gan-
glion is thought to play a role, to diVerent extents in diVer-
ent moth species, in the control of “calling behavior” and
pheromone production and/or release. In Lepidopterans,
gland activity has previously been described as a species-
dependent mechanism that may involve neural or hormonal
factors or both, possibly activated at diVerent times during
the life of the insect. Evidence from several species indi-
cates that blood-borne factors are not necessary in inducing
pheromone biosynthesis and release, since the pheromone
gland is innervated and regulated by neural activity arising
from the TAG, thus providing an alternate route for gland
activation. This is the case of the Noctuiid moths H. zea and
Heliothis virescens, where neural connections between the
TAG and pheromone gland exist and mediate gland activ-
ity, as well as in the sphinx moth M. sexta, where electrical
stimulation of terminal nerves evokes an increase in both
pheromone production and release (Christensen et al. 1991,
1994; see, for a review, Christensen and Hildebrand 1995
and cited literature). By contrast, our electrophysiological
observations obtained using a male EAG as a biosensor of
real-time female pheromone release revealed that in gypsy
moth calling females, puVs of pheromone occurred only
when cyclic movements of ovipositor extension and retrac-
tion typical of normal “calling behavior” were allowed.
Moreover, puVs were closely synchronized with the exten-
sion phase of the ovipositor, as demonstrated by the simul-
taneous depolarization of male antennal receptors, whereas
ovipositor retraction always led to the repolarization phase.
Conversely, when the ovipositor was experimentally pin-
ned in a fully extruded position, no EAG response was
detected in any case. This lack of pheromone release also
occurred following electrical stimulations of the VNC/TAG
complex—the same procedure used in M. sexta and Helio-
thine moths (Christensen et al. 1991, 1994), both when all
nerves emerging from the TAG were kept connected and
when the nerves were selectively transected from the gan-
glion, leaving intact only the IV, V or VI pair respectively.

Fig. 6 TEM micrographs of the pheromone glands at the ventral inter-
segmental membrane level. a Nuclei are enlarged (N) and small vacu-
oles (arrow) with membrane proWles are visible. A narrow
hypocuticular space Wlled by numerous microvilli (MV) is present be-
neath the endocuticle (Edc). b Small dense black ovoidal bodies
(arrowhead) are located both in the microvilli (MV)-containing hy-
pocuticular space (asterisk) and between the endocuticular lamellae
(Edc). Scale bar = 2 �m (a) and 0.5 �m (b)
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Therefore, in female gypsy moths, unlike what has been
observed in the aforementioned Lepidopteran species, the
release of pheromone appears primarily to be a conse-
quence of ovipositor movements associated with “calling
behavior”, rather than of any neural control directly exerted
by the TAG on the glands. At the same time, it appears
unlikely that upper projections arising from the VNC con-
trol reproductive districts topologically conWned in the
most caudal abdominal segments.

This hypothesis is also strengthened by morphological
observations obtained with TMR-DAs as bi-directional
tracers (Richmond et al. 1994; Kaneko et al. 1996), by
staining the projections of nerves IV–VI emerging from the
TAG, that is, those most reasonably involved in the control
of reproductive functions. In none of the specimens exam-
ined did we Wnd evidence of Wbers descending from these
nerves and contacting the pheromone gland cells, despite
the fact that the dye we used passed through the IM
containing the pheromone gland in order to reach a more
caudal district such as the ovipositor (Fig. 7).

Three-dimensional confocal image reconstructions
were made just to show a partial depth reconstruction of
the preparations. Cell bodies are distributed in many
diVerent planes and not all of them are visible in the

Wgures. Although only a portion of the bipolar neurons in
the ovipositor sensilla were successfully stained (30–
40%), this may be taken as an estimate of the backWlling
success for the whole innervation of the ovipositor region.
Under these circumstances, we conWde that any existing
gland innervation would have been found. The lack of
staining of gland cells is no proof of a lack of innervation,
but rather supports the idea that innervation may be
lacking.

All things considered, pheromone release appears to be
primarily due to ovipositor movements associated with
“calling behavior”. In this respect, the involvement of the
TAG in the control of calling behavior has been extensively
proved in a number of moth species as well as in the gypsy
moth, where alternate cyclic movements of extension and
retraction of the ovipositor observed during calling were
shown to be under the control of the TAG, at least by way
of the three most caudally located nerve pairs, IV, V and VI
(Crnjar et al. 1988). Moreover, Tang et al. (1987) indicated
that disruption of calling occurs in gypsy moths following
transection of the VNC. Also in the Arctiid female U. orna-
trix, a TAG-controlled mechanism was found to regulate
the rhythmic exposure of the sex pheromone glands during
calling (Itagaki and Conner 1987).

Fig. 7 Partial depth reconstruc-
tions of three-dimensional con-
focal images showing 
tetramethylrhodamine-dextran 
amine axonal stainings of distal 
stumps of nerves V (a) and (b) 
and VI (c) and (d) toward the 
ovipositor. a Longitudinal sec-
tions (ventral up, posterior left) 
with somata and processes of 
bipolar neurons (arrows) scat-
tered over the ovipositor surface. 
Dashed area indicates the 
enlargement in (b). b The ovi-
positor shows a bipolar neuron 
(arrows) and nervous Wbers (nf) 
to muscular tissue (M). c and d 
Longitudinal sections of the ovi-
positor (ventral right, posterior 
up) showing a number of bipolar 
neurons (arrows). Dashed area 
in c indicates the enlargement in 
d. Scale bar = 100 �m (a) and 
(c), 25 �m (b) and (d)
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On this basis, and due to the fact that pheromone is
released only during the phase of ovipositor extension, we
hypothesize for the gypsy moth the same mechanism pro-
posed by Raina et al. (2000) in H. zea, by which the active
pheromone, once produced in the glandular cell of the IM,
is transferred through the cuticle onto its external side. This
mechanism is corroborated by the presence of numerous
small dense black ovoidal bodies located between the
endocuticular lamellae (Fig. 6). Although we cannot refer
to these as pheromonal material with certainty, the presence
of numerous microvilli projecting from the apical side of
gland cells into the hypocuticular space just beneath the
endocuticle, their presence in the same space and in the
innermost endocuticular lamellae indicate a secretion of
material—possibly pheromonal—from the inside to the
outside of the cuticle.

During calling the ovipositor is extruded and the area
bearing the pheromone molecules is exposed to air: the
presence of extensive convolutions and cuticular roughness
apparently increases the surface area to facilitate evapora-
tion of the pheromone. Once the sex attractant is dissipated,
the ovipositor is retracted and during this phase a new
aliquot of pheromone is squeezed onto the external surface
of the cuticle and exposed to air during the ensuing ovipos-
itor extension; this sequence is repeated over and over
throughout calling activity.

There exists the possibility that gland activity may be
aVected by a neuromodulatory rather than a neural control,
both for pheromone production and release. Previous reports
demonstrate that the neurotransmitter octopamine elicits a
photoperiodic- and age-dependent increase in pheromone
production in Heliothine moths (Christensen et al. 1991,
1992), although its exact role and site of action are unclear
(Rafaeli and Gileadi 1995; Ramaswamy et al. 1995). In the
gypsy moth the TAG displays a remarkable octopaminergic
activity through speciWc receptors positively coupled to a
Ca2+ ion-inhibitable adenylyl cyclase isoform by way of a
stimulatory G protein (Olianas et al. 2006). In the latter study
octopamine was shown to increase the spike activity of
emerging nerves IV, V and VI, thus suggesting a role in the
control of calling. In the present work, preliminary experi-
ments suggest that octopamine injections close to the TAG
elicit an appreciable increase in pheromone release only
when females are able to display normal calling behavior by
increasing the frequency of cyclic ovipositor movements
(personal observation). Although this aspect requires further
investigation, it appears to support our hypothesis concern-
ing pheromone release.

In conclusion, in the female gypsy moth L. dispar, sex
pheromone (+)-disparlure is biosynthesized in the Wnal
active molecule by the glandular tissue located in both the
dorsal and ventral epithelium of the IM between the 8th and
9th segments. Pheromone is then released by a “squeezing”

mechanism due to the TAG-controlled rhythmic activity of
calling, in order to reach the cuticular surface outside the IM
in discrete amounts during ovipositor retraction and be
alternatively exposed to free air during ovipositor extension.

This process appears to be independent of any neural
control exerted by the TAG on the glands, at least by way
of its three most caudally located pairs of nerves. However,
we cannot completely exclude a glandular modulation
exerted by neuromodulators or neural inputs arising from
upper nervous centers above the TAG.
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