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Abstract

Background: The processes by which eggs develop in the insect ovary are well characterized. Despite a large number
of Drosophila mutants that cannot lay eggs, the way that the egg is moved along the reproductive tract from ovary to
uterus is less well understood. We remedy this with an integrative study on the reproductive tract muscles (anatomy,
innervation, contractions, aminergic modulation) in female flies.

Results: Each ovary, consisting of 15-20 ovarioles, is surrounded by a contractile meshwork, the peritoneal sheath.
Individual ovarioles are contained within a contractile epithelial sheath. Both sheaths contain striated muscle fibres. The
oviduct and uterine walls contain a circular striated muscle layer. No longitudinal muscle fibres are seen.

Neurons that innervate the peritoneal sheath and lateral oviduct have many varicosities and terminate in swellings just
outside the muscles of the peritoneal sheath. They all express tyrosine decarboxylase (required for tyramine and
octopamine synthesis) and Drosophila vesicular monoamine transporter (DVMAT). No fibres innervate the ovarioles. The
common oviduct and uterus are innervated by two classes of neurons, one with similar morphology to those of the
peritoneal sheath and another with repeated branches and axon endings similar to type | neuromuscular junctions.

In isolated genital tracts from 3- and 7-day old flies, each ovariole contracts irregularly (12.5 + 6.4 contractions/minute;
mean * 95% confidence interval). Peritoneal sheath contractions (5.7 + 1.6 contractions/minute) move over the ovary,
from tip to base or vice versa, propagating down the oviduct. Rhythmical spermathecal rotations (1.5 £ 0.29 contractions/
minute) also occur. Each genital tract organ exhibits its own endogenous myogenic rhythm.

The amplitude of contractions of the peritoneal sheath increase in octopamine (100 nM, 81% P < 0.02) but | pM tyramine
has no effect. Neither affects the frequency of peritoneal sheath contractions.

Conclusion: The muscle fibres of the reproductive tract are circular and have complex bursting myogenic rhythms
under octopaminergic neuromodulation. We propose a new model of tissue-specific actions of octopamine, in which
strengthening of peritoneal sheath contractions, coupled with relaxation of the oviduct, eases ovulation. This model
accounts for reduced ovulation in flies with mutations in the octopaminergic system.
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Overview of the female reproductive tract. The innervation
is outlined (magenta) from our anti-HRP staining, the muscles
redrawn after [49], with only a representative set of the
external uterine muscles included. The two pairs of nerves,
AbNvVOV (abdominal nerve to the ovary) and AbNvUt
(abdominal nerve to the uterus) branch from the 5t pair of
nerves emerging from the abdominal region of the CNS [13].
Scalebar: 250 um approximately.

Background

The amines octopamine and tyramine are apparently
ubiquitous in arthropods, with neuromodulatory roles in
a wide range of behaviours including jumping, flight,
courtship and even social interactions (see [1,2] for
reviews). Although cellular actions of these neuromodula-
tors have been described, in both the CNS and PNS, their
exact roles in behaviour have resisted pharmacological
approaches largely because of cross-talk between mem-
bers of the amine receptor family.

Recently, the sequenced Drosophila genome, together with
genetic knockouts of synthetic enzymes or receptors, have
provided new tools to address the roles of these neuro-
modulators. These include two fly mutants in which the
neurogenic amines octopamine or tyramine are not syn-
thesized [3,4] and others in which one class of
octopamine or tyramine receptors is deficient [5,6]. Sur-
prisingly, these knockouts survive and appeared to behave
"normally", but when fly behaviour was examined in
detail, jumping ability was reduced by one-third [7] and
egg-laying performance was dramatically reduced, if not
abolished, suggesting that a detailed understanding of the
neuromuscular basis of egg-laying would provide an
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excellent system for gaining an understanding of amine
action.

The neuromuscular organization of egg-laying in Dro-
sophila and its neuro-hormonal regulation remain poorly
understood. This is surprising since many mutant lines are
known in which egg-laying is reduced. Further, it is clear
that the female fly controls oviposition to ensure the eggs
are laid on a suitable substrate [8]. We are now able to
advance this as we show below that the isolated Drosophila
female reproductive tract maintains activity in vitro. This
allows us to separate out aminergic modulation on the
reproductive tract musculature from aminergic effects on
the CNS, in ways not previously possible.

The Drosophila female reproductive tract is shown in Fig.
1. The eggs are formed by the ovarioles, which compose
the ovary. At the tip of each ovariole is a germarium: this
divides repeatedly to give a series of egg chambers, con-
taining 15 nurse cells, an oocyte and follicle cells. As the
egg chambers progress down the ovariole, they enlarge. In
the final stages the nurse cell contents are transferred to
the developing oocyte, the nurse cells die and the chorion
is laid down, leaving a mature oocyte. Development of the
oocyte is then paused until it is released from the ovary
into the lateral oviduct (ovulation). It then moves into the
common oviduct and into the uterus. Here, if the female
has mated, the egg will be fertilised. Finally, it is ovipos-
ited on to the substrate.

We have used an integrative approach to examine the neu-
romuscular organisation of the female genital tract,
describing each muscle layer and their patterns of contrac-
tion. We show that the peritoneal sheath around the ovary
and upper reaches of the oviduct are innervated by mod-
ulatory neurons, with more conventional synapses occur-
ring in the common oviduct and uterus, but the epithelial
sheaths of the individual ovarioles are not. We have devel-
oped a novel technique to record ovariograms (Fig. 2),
and use this to show that each organ in the genital tract
appears to have its own endogenous myogenic rhythm,
with the amplitude of ovarian contractions increased by
octopamine.

Results

Muscle structure

The histology and ultrastructure of the major components
of the female reproductive tract in Drosophila (the ovaries,
ovarioles, lateral and common oviducts and the uterus)
have been outlined previously [9,10] and here we provide
particulars of the musculature. Throughout the tract, the
muscle fibres are striated (see Figs. 3, 4) with a clearly
defined sarcomeric structure, typical of visceral muscles in
insects [11]. There is no evidence to support a claim [9]
that the epithelial and peritoneal sheath fibres are
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Figure 2

Ovariogram methodology. A. Ovariograms were con-
structed from the video micrographs as follows: a line was
overlaid on the video image to cross the light/dark interface,
in this case across the edge of the ovary. B. A plot of the
change in position of the light dark boundary from frame to
frame plotted (upper trace, | pixel is 1.7 um) and of the
mean square difference in intensity at each point along the
line for successive pairs of frames (lower trace). The second
method, recording the mean square difference in intensity
provides a much greater sensitivity and also better discrimi-
nation of movement, as it takes into consideration the
change in every pixel along the line, rather than just the posi-
tion of the light/dark interface. Scalebar: 500 pm.

'smooth' (presumably by analogy to vertebrate smooth
muscle).

Each ovariole is surrounded by an epithelial sheath (Fig.
3A,B, first described in Drosophila [9], that contains bands
of circular muscles that run around the ovarioles. There
are no muscle fibres running parallel to the long axis of
the ovarioles.

In Drosophila, the ovarioles are held together to form two
ovaries by an enveloping peritoneal sheath that is a net-
work of muscle fibres (Fig. 3A,B) forming an open mesh
around the ovary. Scanning electron micrographs [10]
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show the presence of large gaps (evident in Fig. 3A) in the
peritoneal sheath below which the epithelial sheaths of
the ovarioles can be seen.

EM sections cut longitudinally to myofibres of the perito-
neal sheath (Fig. 3C) or of the two neighbouring epithe-
lial sheaths (Fig. 3D) show the rather irregular
interdigitation of the thick and thin filaments and the
presence of perforated Z-discs. These are both characteris-
tic of muscles that are supercontractile (i.e. they contract
to less than 50% of their resting length when the thick fil-
aments go through the Z-discs [11]). Supercontractile
muscles occur in the insect viscera and in the larval body
wall musculature [11]. This is the first indication that
these peritoneal sheath muscle fibres may be supercon-
tractile, but this is not surprising given the large volume
changes that occur during post-eclosional maturation of
the ovary and oogenesis.

The muscles in the walls of the common (Fig. 4A-C) and
lateral oviducts (not shown) are indistinguishable. Con-
focal fluorescence microscopy (Fig. 4C) shows that they
are striated muscles consisting of an ordered array of cir-
cular myofibres forming an almost continuous sheet
around their respective lumens. Occasional twists and
splits are seen in the pattern, especially around the dark
"holes" that may contain the nuclei. Ultrastructurally (Fig.
4A,B) the oviduct myofibrils are significantly thicker in
cross section than those in the peritoneal and epithelial
sheaths around the ovariole, but are structurally identical
(Fig. 3). The perforated Z-discs are very clear (Fig. 4B).
Infrequently isolated areas are seen in which thick and
thin filaments (myofilaments) are cut in cross-section.
This may reflect the observation that not all the myofibrils
within a fibre show exactly the same orientation (Fig. 4C).
Although myofilaments may occasionally deviate from
the fibre's long axis, the overall structure shown by confo-
cal fluorescence microscopy did not reveal any fibres or
myofibrils running longitudinally in the wall of the ovi-
duct. The oviduct lumen (Fig. 4A) is lined by an epithelial
layer (EL) that shows convoluted intracellular membra-
nous structures and extensive microvilli on the apical sur-
face. It seems likely that these are involved in the transport
of ions and various molecules [12] to produce oviduct
secretions that facilitate egg movement. The epithelial
layer has separated from the muscle layer in this sample,
which may indicate that the two layers are not strongly
adherent in vivo. The circular myofibrils and muscle layer
of the uterus (Fig 4D,E) are much more substantial than
those of the oviducts and there is no evidence of longitu-
dinal myofibres. Within a single myofibre, neighbouring
myofibrils often appear to be in approximate register (Fig.
4F) and the myofibres seem to have tapered ends. It is not
known whether these represent attachment sites through
which the muscle forces are applied to the uterus or
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Figure 3

Muscle fibres of the ovary. A,B. Confocal fluorescent micros-
copy showing the muscle fibres of the ovariolar epithelial
sheath, ES, and the ovarian peritoneal sheath, PS. The perito-
neal sheath fibres overlie those of the epithelial sheath. In A,
myosin (green) is Mhc-weeP26-GFP. In B, FITC-labelled anti-
myosin antibody is green, with F-actin (magenta) detected
with rhodamine-labelled phalloidin. Note that the ovariolar
muscle fibres all circle the ovariole, whereas the peritoneal
sheath muscle fibres form a meshwork across the ovarial
surface. C, D. Electron micrographs of the peritoneal sheath
(PS) and epithelial sheath (ES) respectively, showing longitu-
dinal sections of sarcomeres with interdigitating thick and
thin filaments (white arrow) and perforated Z-discs (black
arrow). EC: egg chamber. Scalebars: A: 50 um; B: 10 um,
C:200 nm, D:500 nm.

whether this occurs along the length of the myofibres.
Ultrastructural studies show (Fig 4D) the sarcomeric struc-
ture of the myofibrils, again with perforated Z-discs. The
muscle layer is exterior to the epithelial lining of the uter-
ine lumen. The cells in the uterine epithelium, like those
of the oviduct (Fig 4A), show a considerable amount of
convoluted membranous structures consistent with secre-
tory activity.

In all the regions of the female reproductive tract exam-
ined, we found no evidence for longitudinal muscle
fibres, though occasional twisting, oblique or longitudi-
nal myo fibrils were seen in the oviduct. Our confocal and
ultrastructural observations show that the fibres are stri-
ated and their myofibrils have perforated Z-discs indicat-
ing that all the muscles are supercontractile [11].

Innervation
The female genital tract is bilaterally innervated by two
pairs of nerves that branch separately from the abdominal
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median nerve trunk (AbNvTr) [13]. One nerve projects to
the junction of the ovaries and lateral oviduct (AbNvOv,
Fig. 1), where it branches repeatedly. From here the nerves
radiate anteriorly across the surface of the peritoneal
sheath [4]. Fig. 5 shows the nerve fibres have a wandering
appearance as they follow the peritoneal sheath muscle
fibres. They terminate on the peritoneal sheath, mostly in
the posterior two-thirds of the ovary. Confocal Z-stacks
show the nerves remain outside the peritoneal sheath
muscle layer; they do not dive into the gaps in the perito-
neal sheath or contact the ovariolar epithelial sheath. Var-
icosities are observed at the ends of the nerves, and
frequently also along their branches (Fig. 5B). These were
often oval and did not look like the "strings of pearls" typ-
ical of type I neuromuscular junctions seen on larval or
adult body wall muscles [14,15], and no glutamate recep-
tor immunoreactivity was seen. The Shaker gene product
(a post-synaptic potassium channel) was not detected on
the surface of the peritoneal sheath or the ovarioles (Fig.
5C), although myosin was expressed in both. As the
Shaker-GFP signal was driven with a Mhc driver, this sug-
gests that the nerves do not construct Type I boutons. All
the nerves on the surface of the peritoneal sheath show
GFP fluorescence driven by the dTdc2 driver (Fig. 5D). The
dTdc2 gene normally expresses the neuron-specific tyro-
sine decarboxylase. We did not find any HRP immunore-
active fibres without also detecting dTdc2 driven GFP
fluorescence. The nerve endings and varicosities all stain
brightly with antisera to the Drosophila vesicular monoam-
ine transporter (DVMAT) with some staining visible
between varicosities (Fig. 5E). The AbNvOv also inner-
vates the lateral oviduct and the upper portion of the com-
mon oviduct. The lateral oviduct has the same type of
innervation as the ovary, with fibres showing a similar
pattern of varicosities and large endings with the same
cytochemistry.

On the common oviduct, a dual pattern of innervation is
present. Wandering fibres (Fig. 6A,B) similar to those on
the peritoneal sheath and lateral oviduct are present and
they co-localise with the dTdc2 gene marker (Fig. 6C), but
show no glutamate receptor staining (Fig. 6D). The sec-
ond type of fibre often runs along the common oviduct
(Fig. 6A), and has branches running circularly parallel to
the myofibres (Fig. 6A, marked c), (though it is possible
that some of the finer parts result from immunoreaction
with the muscle cell surface). These neurons do not show
dTdc2 driven GFP fluorescence or anti-DVMAT immunos-
taining, or have the oval varicosities, but rather are associ-
ated with round blebs (Fig. 6B). Many of these blebs are
correlated with GFP-label from the Shaker potassium
channel construct, though this fluorescence is in a focal
plane closer to the muscle layer. These blebs are also asso-
ciated with glutamate receptor immunoreactivity (Fig.
6D).
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Figure 4

Muscles of the oviduct and uterus. A. Electron micrograph of
a cross section of the common oviduct to show the outer
muscular layer (M), surrounding the epithelial lining (EL) and
the oviduct lumen (L). The epithelial lining has an apical sur-
face rich in convoluted multimembrane structures. B. Detail
of the muscle layer shows a myofibril with interdigitated
thick and thin filaments (white arrow) and perforated Z-discs
(black arrow). Occasionally some thick-thin filament lattice
(asterisk) is seen cut transversely suggesting that not all the
myofilaments run in parallel with the circular muscle layer,
though these exceptions may be tangentially cut. C. A confo-
cal image of a region of common oviduct with F-actin fila-
ments stained (magenta) with rhodamine-phalloidin. This
shows that the common oviduct is covered by circular mus-
cle fibres (also seen in lateral oviducts, not shown); there is
no evidence of longitudinal muscle fibres. Note that some of
the phalloidin bands twist and a few split, and this may
account for the transversely cut filaments seen in B. D. Elec-
tron micrograph of a uterus cross-section shows the muscle
(M) and epithelial layers (EL). The muscle layer is considera-
bly thicker than that of the oviduct and again exhibits perfo-
rated Z-discs. E. Confocal fluorescence image of uterine
muscle, immunostained with myosin FITC-labelled antibody
(green) and F-actin labelled with rhodamine-phalloidin
(magenta) shows that the myofibrils within these cells seem
to form side-by-side associations, often in partial register.
The fibres have tapered ends. All the myofibres encircle the
uterus; no longitudinal myofibres were seen. Scalebars: A: 2
pm, B: 0.5 um, C: 20 um, D: 2 um, E: 10 um.

The extrinsic and intrinsic muscles of the uterus are inner-
vated by a second pair of nerves, branching from the
abdominal median nerve trunk. This pair of nerves (AbN-
vUt, Fig. 1) innervates both the extrinsic muscles and the
circular myofibres (data not shown). These nerves have
small boutons, closely apposed to larger, round blebs of
Shaker-fluorescence, suggesting type I-like terminals. One
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branch projects to the inner layers of the uterus and shows
our dTdc2 marker.

Ovariograms

Ovariograms were made by digital video microscopy of
the isolated reproductive tract placed on a microscope
slide. Data were analysed by overlaying lines on the com-
puter image, and the movement of the light/dark interface
along the line was determined (Fig. 2). Fig. 7 shows the
analysis of contractions of 4 ovarioles, the peritoneal
sheath (PS), oviduct and a spermatheca. The ovariograms
consistently show that the isolated genital tract is sponta-
neously active. The ovarioles, peritoneal sheath, oviduct
and spermathecae contract rhythmically and for the most
part independently. Oviduct contractions are often associ-
ated with those of the peritoneal sheath; they last 1-2 sec-
onds and have a rapid rise and fall. However, oviduct
movements, rather than contractions, are also correlated
with that of the spermatheca, owing to their strong
mechanical coupling. These are much more gradual and
last for 10-15 seconds.

Each ovariole moves independently within the peritoneal
sheath, with the mean rate being 12.5 + 6.4 contractions/
minute (mean + 95% confidence interval; mode 10 con-
tractions/minute; 17 ovarioles measured in 6 prepara-
tions). There is a very diverse pattern of contractions:
some move almost continuously, with up to 53 contrac-
tions/minute (Fig. 7A pink trace), others with regular
bouts of activity and others remaining largely quiescent
(light blue trace, 5 of the 17 ovarioles showed less than 2
contractions/minute). As shown by the traces in Fig.
7(A,B), different ovarioles with a single ovary behave
quite differently

The largest recorded movements are those of the sper-
mathecae. These are on the termini of a long thin duct,
which contracts or rotates the spermatheca, so that its
movements are always very large. In 7-day-old flies these
show regular contractions (1.5 + 0.29/minute, N = 6) with
individual contractions lasting 5-6s.

Contractions of the peritoneal sheath are largest at the
base of the ovary and so most easily recorded here. In 7-
day-old flies the mean frequency of contractions was 5.7
+ 1.6/minute (in preparations in which the spermatheca
and seminal receptacle and uterus had been removed to
avoid mechanical coupling). In a few flies, we observed
eggs leaving the ovary; the progress of the egg was corre-
lated with bursts of contraction. The signal/noise ratio for
the peritoneal sheath contractions is quite low in 7-day-
old flies, when measuring the position of the light/dark
boundary. Using the mean square intensity method gives
good clear recordings of the peritoneal sheath waveform
(Fig. 2), while in 3-day-old flies, the amplitude of contrac-
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tions is bigger than in 7-day-old flies because the eggs are
less developed and so the sheath is less taut. Consequently
the signal/noise ratio is better and the waves are clear to
see (Fig. 8). We isolated ovaries from 3-day-old flies and
used their ovariograms (Fig. 8) to investigate the regular-
ity of the peritoneal sheath contractions. In at least half
the preparations, wavepaths across the peritoneal sheath
vary, with some waves having a single contraction peak
and others multiple peaks (Fig. 8 Aii). By overlaying each
wave, aligning the peaks for the tip, we found that some
waves occurred at the tip before the base, while other
moved from base to tip, and others had a complex bipha-
sic wavepath (Fig. 8iii). In other preparations, we
observed a consistent pattern, for example in Fig. 8B,
where the wave of contraction consistently moved from
the tip to the base.

Individual ovarioles teased from ovaries still contract
spontaneously. Each has its own pattern of bursts, with
waves moving both backwards or forwards along the
ovariolar epithelial sheath (Fig. 9). This is unlike the
observations reported from Drosophila hydei where waves
always moved from the base (pedicel) to the tip of the
ovariole [16]. The mean contraction frequency of isolated
ovarioles, 2.9 + 1.0 contractions/minute is about one
third of their activity within the intact ovary.

The Fast Fourier Transform (FFT, Fig. 7B) reveals that the
spermathecae have the greatest power density at 2.8 con-
tractions/minute, owing to their freedom to move with
large amplitude as their ducts contract and rotate. The
spermatheca FFT has prominent sidebands, as would be
expected from their tendency to remain contracted for 5-
6s. The oviduct (and the peritoneal sheath) share many
peaks with the spermatheca, as they are tightly mechani-
cally coupled in this isolated preparation. The peritoneal
sheath contractions show a series of small peaks in the
spectrum from 10 to 40 contractions/minute, reflecting
endogenous peritoneal sheath contractions, some shared
with the oviduct. The ovarioles have a different peak
power density, in the range 3 to 16 contractions/minute.

Pharmacology

We have begun our pharmacological analysis by examin-
ing the response of the peritoneal sheath to octopamine
and tyramine because the contractions of the peritoneal
sheath are an essential first step in the movement of the
egg along the reproductive tract. We used the ovary and
oviduct preparation to avoid contamination of the traces
by spermathecal or uterine contractions. The mean dura-
tion of the samples was 145 + 8 s.

Our ovariograms from 7-day-old flies show that the
amplitude of the peritoneal sheath contractions at the
base of the ovary increases with 100 nM octopamine
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(81% increase, P < 0.02, N = 6) (Fig. 10). In contrast,
tyramine application at doses up to 1 uM has no signifi-
cant effect on the amplitude (P = 0.77, N = 12). After
application of the neuromodulator, preparations were
washed and the contraction amplitudes measured to be
83% of the control value (P = 0.3, N = 31).

The mean frequency of peritoneal sheath contractions
from 7-day-old flies (5.7 + 1.6 contractions/min) did not
change significantly following application of octopamine
or tyramine, either by comparison of all preparations or
by paired comparison of individual preparations (Fig.
11A). Contractions typically occur in bouts, which occur
every 0.3-2.5 minutes. We used a minimum interburst
interval of 0.2 minutes and determined the mean fre-
quency of bouts to be 1.1 + 0.28 bouts/minute. The occur-
rence of bouts was also not affected by either of these
drugs (Fig. 11B).

Discussion

Muscle movements of the genital tract

The female reproductive tract is a muscular system, in
which contractions are linked to movement of the eggs
down the tract from ovarioles via the oviducts to the
uterus and finally oviposition of the fertilised eggs. We
have described circular fibres in the muscle layers of tubu-
lar tissues of the Drosophila reproductive tract (ovarioles,
oviduct and uterus). In the walls of the larval and adult
gut and in some other insect duct systems, the layers of cir-
cular muscles are frequently opposed by longitudinal
muscles [11]. Longitudinal fibres were apparently
detected during development of the Drosophila ovary [9],
and have been found, along with circular myofibres, in
the ovaries of a number of Lepidoptera including the silk
moth Hyalophora cecropia [17], the flour moth Ephestia
kiihniella [18], the sugar cane borer Diatraea saccharalis
[19] and the butterfly Calpodes ethlius [20]. However, we
have found no evidence for the presence of longitudinal
fibres in the female Drosophila genital tract using electron
microscopy, immunocytochemistry or directed GFP
expression. This is consistent with the movements meas-
ured in our ovariograms, where peristaltic waves, but not
shortening, were observed. The Drosophila ovary is covered
by a peritoneal sheath, which as noted by others [9,10]
contains a network of muscle fibres. Similar sheaths have
been reported from other Diptera [21] and may perform a
similar function to that of the longitudinal fibres
described in other insects; the Lepidopteran ovaries lack
peritoneal sheaths. The neural co-ordination of muscle
contractions in the Drosophila peritoneal sheath and vari-
ous tubular muscles are likely to be important for egg
development and oviposition. These contractions may
also be important for moving the haemolymph around
the reproductive tract, especially within the ovary during
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Figure 5

Innervation of the ovary by a single type of aminergic fibre. A.
Merged confocal images from a Wee-P26 fly of nerves immu-
nostained with anti-HRP (magenta) and of muscle expressing
MHC-GFP (green) show that the nerves run along the mus-
cle fibres of the peritoneal sheath with varicosities at irregu-
lar intervals and at their ends. The thinner muscle fibres
running vertically are part of the epithelial sheath around an
ovariole. B. A similar image showing a single neural varicosity
at higher magnification. C. Merged confocal images showing
nerves (magenta) immunostained as above in a fly expressing
CD8-GFP-Shaker (green). The absence of detectable green
fluorescence indicates a lack of Type | neuromuscular junc-
tions. D. Individual and merged confocal images showing that
the expression of dTdc2-GAL4 as reported by UAS-n-syb-spH
(green) co-localising (white) with nerve fibres immunostained
as above (magenta). E. Individual and merged confocal images
of a specimen double-labelled with anti-HRP (magenta) and
an antibody to the Drosophila vesicular monoamine trans-
porter (DVMAT, green), shows that the DVMAT staining is
co-incident with neural varicosities and nerve endings with
occasional smaller hot-spots along the length of the nerves.
No DVMAT signal was detected in the muscle fibres. Scale-
bars: All 20 um.

the energetically and nutritionally demanding process of
oogenesis.

Our anti-HRP immunostaining showed that the nerves to
the ovary run along the peritoneal sheath network, out-
side the muscle layer rather than among its myofibrils. We
have detected no direct innervation of the myofibres of
the ovariolar epithelial sheath. Thus it seems likely that
the contractions of the ovariole sheath are controlled by a
(local) hormonal mechanism. This would fit with the per-
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sistence of spontaneous myogenic contractile activity in
the isolated ovariole.

The peritoneal sheath and lateral oviduct have a common
pattern of innervation, in which the nerve fibres make
oval varicosities, both along their length and at their end-
ings. This is much closer to the type II neuromuscular
junction boutons described in adult thoracic muscles [15]
than to the type I. We propose that they are modulatory
terminals: a suggestion supported by the lack of the
Shaker channels, which are usually seen opposite type I
terminals [22], as is glutamate receptor immunostaining.
The lack of Shaker and glutamate fluorescence was not
due to poor staining as the common oviduct and uterus of
the same specimens consistently showed them at similar
confocal settings. We have direct evidence that these
nerves are all aminergic using two markers for tyramine
and octopamine synthesising neurons. First, we used a
brighter GFP to extend previous data [4], showing the
presence of dTdc2 GFP marker on the peritoneal sheath
[4] by demonstrating that this marker highlights not just
some but all the nerves running over the surface of the
peritoneal sheath. As tyrosine decarboxylase (TDC) is
essential for the production of both tyramine and
octopamine the implication is that these are all tyramine
and/or octopamine releasing neurons. Secondly, we find
that all the terminals are immunostained with the Dro-
sophila vesicular monoamine transporter (DVMAT) antise-
rum [23]. There is a difference in intracellular location of
dTdc2 GFP and DVMAT staining: the dTdc2 GFP co-local-
ises with HRP marker along the length of the neurons,
while the DVMAT is only seen at and between varicosities.
The ovarial innervation was detected with an antiserum to
tyramine P-hydroxylase, the enzyme that converts
tyramine to octopamine [24]. An antiserum to the OAMB
octopamine receptor shows staining in the lateral and
common oviducts, in the peritoneal sheath and possibly
in the ovarioles [6]. Taken together these observations fur-
ther support the contention that these neurons release
octopamine and or tyramine at the peritoneal sheath and
our ovariograms confirm that octopamine increases peri-
toneal sheath contractions. Although the fibres seen by
these approaches are the same as we find by anti-HRP
staining, it remains possible that not all the neurons use
tyramine/octopamine, and that a proportion of the neu-
rons use other transmitters or use a co-transmitter (e.g. a
peptide) to modulate the activity of the ovary. Anatomi-
cally similar endings have been described on the hindgut
and shown to be proctolin-immunoreactive [25].

The common oviduct and uterus show a second pattern of
innervation, where nerves, ending as round boutons, on
the muscle fibre layers were common. Nerve and muscle
are arranged systematically, with nerve branches running
parallel to the circular muscle fibres. Here we found gluta-
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Figure 6

Innervation of the oviduct by two types of fibre. Ai. Confocal
image from a Wee-P26 fly of nerves immunostained with
anti-HRP (magenta) showing nerves running over the surface
of the oviduct. Some nerve fibres run longitudinally (L) giving
off circumferential branches (c) while others have a more
random wandering path (w). Aii. The previous image merged
with one of muscle expressing MHC-GFP shows that the cir-
cumferential branches run between the circular myofibrils. B.
Merged confocal images of the oviduct from the same prepa-
ration as Figure 5C. The nerves (magenta) are immunos-
tained as above in a fly expressing CD8-GFP-Shaker (green).
Patches of CD8-Shaker fluorescence co-localise (white) with
neural boutons (arrows) on the circumferential nerve fibres
but are absent from the varicosities on the wandering fibres
(w). C. Individual and merged confocal images showing that
the expression of dTdc2-GAL4 as reported by UAS-n-syb-spH
(green) colocalises (white) with the anti-HRP labelling
(magenta) of some nerves but is absent from others. D. Indi-
vidual and merged confocal images of anti-HRP labelling
(magenta) and anti glutamate receptor (GLUR, green). Note
that the round patches of GLUR signal are associated with
the straight fibres rather than the wandering fibres. Scalebars:
All 20 um.

mate receptors (GluRA; though other subtypes may be
present). Our detection of these receptors and of the post-
synaptic Shaker channel under the blebs, both typical of
adult type I neuromuscular junctions [15], coupled with
synaptotagmin immunostaining of the fine endings in the
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muscle layer [26], suggests conventional neuromuscular
junctions rather than those associated with neurohormo-
nal release. In the oviduct, we also observed modulatory
endings very similar to those found on the peritoneal
sheath, in agreement with the dTdc2 or tyramine pB-
hydroxylase staining [4,24]. Modulatory endings in the
luminal layers of the uterine muscle have not been
reported previously.

Ovariograms

Observations of movement in isolated ovaries has been
reported previously using casual observations or video-
tape [16,21]. Our technique to quantify the movement of
the Drosophila reproductive tract shows persistent, steady
recordings in HL-3 saline. Discrimination of movement of
different parts of the reproductive tract shows that the
ovarioles, the peritoneal sheath of the ovary, oviduct and
spermatheca all generate independent contractions. In
each organ, waves of contraction come in bursts, sepa-
rated by longer quiescent periods. These have all been
recorded in isolation from the CNS and so are myogenic
in origin. This is confirmed by the persistence of ovariolar
rhythms in the isolated ovariole, and by the continued
contraction of the peritoneal sheath in the isolated ovary.
Myogenic thythms have been recorded from a range of
insect visceral tissues, including the gut and reproductive
organs. In the gut, different regions display independent
rhythms, where bath-applied amines and peptides modu-
late large changes in the amplitude and frequency of con-
tractions [27,28].

Pharmacology

Our data indicate that octopamine significantly increases
the amplitude of the peritoneal sheath contractions. In
locusts (Locusta migratoria), octopamine reduces the spon-
taneous contractions of the oviduct [29,30]. It diminishes
both the frequency of the myogenic thythm and basal
tone. In addition, octopamine reduces the proctolin-
induced contractions of the oviduct, with 50% block
between 10¢ and 107 M. Similar data come from a dip-
teran, the stable fly (Stomoxys), in which octopamine also
causes a reduction in the spontaneous and proctolin-
induced contractions of the oviduct [31].

Our data have led us to a new model in which tissue-spe-
cific differences are important. Octopamine increases the
strength of contractions of the peritoneal sheath, which
will facilitate ovulation of the egg. At the same time, we
expect octopamine to relax the oviduct, so that the egg can
move into it more easily. Thus, one neuromodulator acts
on two neighbouring zones with opposing effects to
enhance reproductive success. This hypothesis is in accord
with the locust oviduct data, and also with Stomoxys,
where 10-100 nM octopamine increases the amplitude of
ovarian contractions but relaxes the oviduct [21,31].
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Figure 7

Independent movements in the female Drosophila reproduc-
tive tract. Ai. Simultaneous recording from 4 ovarioles, the
peritoneal sheath (PS), oviduct and spermatheca, plus a sta-
tionary control. In this preparation, the bases of the two ova-
ries and uterus lie on the microscope slide — the
spermatheca and oviducts are free to move within the saline,
while the ovarioles contract within the ovary. Video
recorded at |5 frames/second; only the position of the light/
dark boundary is shown. Aii. Part of the record is shown
expanded. Note that the spermatheca has the largest move-
ment, when its duct uncurls for 5-6 seconds at a time. The
movement in the spermatheca has a small, gradual pull on the
PS and oviduct, but small, higher frequency waves are also
seen in these organs. The oviduct trace shows that its con-
tractions occur at random with respect to those of the sper-
matheca, sometimes occurring before, at other times during
or after those of the spermatheca. Each of the ovarioles has
independent activity within the ovary, ranging from fast and
frequent to occasional and erratic. Note that, at the PS
recording site (see Fig. 7C), the PS can be seen as a lighter
colour fringe, while on the other ovary control recordings
were taken where the peritoneal sheath is stretched tautly
over the eggs and so no PS waves were apparent. B. Fast
Fourier transforms of the data shown in A, plotting the
power density from 2 to 300 contractions/minute. Although
the raw FFT output extended below 2 contractions/minute,
this corresponds to slow drift in the preparation rather than
biological activity. Virtually no energy occurs above 60 con-
tractions/minute (I Hz), so recording at 2 frames/second
captures the movement faithfully. Note that the ovarioles all
have peaks at different frequencies. For the spermatheca, the
nearly square waveform means that the main peak is accom-
panied by several side bands. C. The first frame of the video,
showing the position at which the recordings were taken.
The video is available at reduced sample rate in QuickTime
format [see Additional file I] or in other formats [50]. Scale-
bar: 250 um.
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This model resolves a paradox. Previous authors found it
hard to reconcile observations that flies lacking
octopamine (owing to the M18 null mutation in the
tyramine B-hydroxylase gene) or with a null mutation in
the Oamb type of octopamine receptor lay fewer eggs than
wild type [6,24] with the fact that octopamine reduces
reproductive tract contractions. Our observations provide
a simple explanation for the loss of egglaying in
octopamine-free flies: we suggest that octopamine is likely
to be released during egg-laying behaviour to enhance the
strength of ovarian contractions and to relax the oviduct
and so speed the egg along the reproductive tract.
Octopamine may also affect the spermatheca; in locusts
the spermathecal contractions were increased by
octopamine [32], and the oviduct relaxed [29].

Finally, we showed that tyramine had no effect on the
amplitude of the contractions. This is different from the
response of the locust oviduct, where tyramine had a very
similar inhibitory effect to octopamine on the contraction
frequency and basal tone [33]. In locust, the effect of
octopamine was mediated by cAMP, but the tyramine
response did not depend on a cAMP pathway except at
very high (104 M) concentrations. This suggests a differ-
ence in receptor activation.

In flies, several "octopamine" receptors have been
reported. One sensitive to both tyramine and octopamine
(TyrR = hono) [34,35] is unlikely to be the receptor on the
peritoneal sheath, which was only sensitive to
octopamine. At least four receptors (Oamb and the
DmOctp receptors [36-38]) are two orders of magnitude
more sensitive to octopamine than tyramine, in accord
with our pharmacology, and so may be present on the
peritoneal sheath. Although Oamb has been localised on
the oviduct [6], the receptor on the peritoneal sheath
awaits identification.

Conclusion

The reproductive tract of the female fly has only circular
muscles and no longitudinal muscles. They are supercon-
tractile, which is appropriate for a system that has to dis-
tend when the egg passes through. The muscles have
complex, bursting myogenic rhythms, with independent
oscillators in the ovarioles, in the peritoneal sheath
around the ovary and in the spermatheca. The ovary is
innervated solely by modulatory neurons, which are
tyraminergic and/or octopaminergic. The oviduct and
uterus are innervated both by similar aminergic fibres and
by glutamatergic neurons with endings similar to type I
neuromuscular junction. Octopamine, but not tyramine,
modulates the peritoneal sheath around the ovary,
increasing the strength of the contraction, and we propose
it also relaxes the oviduct. This double effect eases the ovu-
lation of the egg from the ovary to the oviduct.
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Figure 8

Irregular wavepaths for contractions of the isolated ovary. Ai. Replicate measures of the position of the light/dark interface
were made at three sites; the same colour is used for each site. For each site, three adjacent replicates were made and the sig-
nal averaged to reduce the noise. Aii. The resulting ovariogram shows that several kinds of contractions were observed, some
as a single peak, others biphasic and some triphasic. Aiii. Overlaying the recordings so that waves are aligned at the tip shows
that some waves move from tip to base, others from base to tip. This was observed in both the isolated ovary and the repro-
ductive tract complete. B. Similar recordings from another preparation, showing consistent waves of contraction moving from

tip to base and on into the oviduct. Scalebar: 250 um.
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An individual ovariole continues to contract in isolation. A. The first frame of the video, showing the location of the recording
site. B. Contractions are monitored by changes in the mean squared difference in intensity between successive frames. Data

recorded at 2 frames/second. Scalebar: 100 um.
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Figure 10

Octopamine, but not tyramine, increases the amplitude of
peritoneal sheath contractions. Data from preparations in
which the uterus and spermathecae were removed to avoid
mechanical coupling. Data recorded as mean square differ-
ence in intensity, with the average height of a peak calculated
for each preparation. Control: N = 41 peaks; wash N = 27; |
UM tyramine N = 10; 10 nM octopamine N = 7. Unpaired t-
tests were used to compare drug treatments, with * used to
indicate P < 0.05.

Flies

Flies were maintained at 25°C on standard yeast-sugar-
agar medium. Wild type was Canton-S. Some observations
used flies from the Wee-P26 stock [39], which carries a
green fluorescent protein (GFP) coding sequence inserted
into the myosin heavy chain gene, Mhc. We used a stock
in which the CD8-GFP-Shaker protein is driven by a Mhc
gene promoter [22]. This expresses Shaker-GFP in the
post-synaptic densities at the type I neuromuscular junc-
tions of the nerves ending on the muscles. To visualise the
synapses of neurons expressing tyrosine decarboxylase 2
(TDC2), we used the dTdc2-GAL4 construct [4] to drive
expression of UAS-n-syb-spH, an enhanced GFP fused to
neuronal synaptobrevin [40].

Immunocytochemistry and microscopy

Reproductive tracts from 7-day old females were fixed at
room temperature for 30 min in 4% paraformaldehyde in
phosphate buffered saline (PBS) or for 3 minutes in
Bouin's solution (Sigma-Aldrich, UK), washed twice with
PBS and incubated in two changes of 0.5% Triton-X100 in
PBS for 30 minutes. After further PBS washes, specimens
were treated with antibodies or phalloidin-TRITC. Some
treatments were applied sequentially to provide a double
label. Dilutions and washes were made in PBS.

Actin was labelled by incubation in 50 nM TRITC-labelled
phalloidin (Sigma-Aldrich) for 2 h at room temperature.
Myosin was labelled by incubation in rabbit anti-myosin
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Figure 11

There is no statistically significant change in either (A) the
frequency of contraction or (B) the frequency of bursts of
contractions in the peritoneal sheath with octopamine or
tyramine. Same preparations and analysis as Fig. 10.

heavy chain antibody (1:1000) [41] overnight at 4°C, fol-
lowed, after washing, by a further 3 h incubation at room
temperature in FITC-conjugated goat anti-rabbit IgG anti-
body (1:250) (Sigma-Aldrich). Vesicular monoamine
transporter was labelled by incubation in rabbit anti-Dro-
sophila vesicular monoamine transporter antibody (anti-
DVMAT-A, 1:500; [23]) overnight at 4°C followed by
washing and incubation in FITC-conjugated goat-anti rab-
bit IgG antibody as described above. Glutamate receptors
were labelled as described [42] by incubation with mouse
anti-glutamate receptor (dGIuRIIA, 1:5) [43], overnight at
4°C, followed, after washing, by a further 3 h incubation
at room temperature in FITC-conjugated goat anti-mouse
IgG antibody (1:250) (Sigma-Aldrich). Nerve fibres were
labelled by incubation in Cy3-conjugated anti-horserad-
ish peroxidase antibody (anti-HRP, 1:1000, Jackson
ImmunoResearch, West Grove, PA, USA) for 2 h at room
temperature.

http://www.biomedcentral.com/1741-7007/4/17

After labelling, all specimens were washed in PBS and
mounted in Vectashield (Vector Laboratories, Burlin-
game, CA, USA). Confocal images were obtained with a
Zeiss LSM510 META mounted on a Zeiss Axioplan 2 M
microscope.

Electron microscopy
Samples of female reproductive tract were processed for
electron microscopy as described for flight muscle [44].

Ovariograms

Contractions of the isolated reproductive tract were
recorded using video-microscopy followed by computer
analysis of the movements from frame to frame. This
approach produces an ovariogram in which the contrac-
tions at several sites on the same preparation can be
recorded and compared.

Flies were transferred to vials within 24 hours of hatching
and used on day 3 or day 7. Each vial contained both
males and females, so our data are assumed to be from fer-
tilised females. Complete female genital tracts were dis-
sected into cold calcium-free HL-3 medium [45]. In most
experiments, the spermathecae and seminal receptacle
were removed to avoid the large mechanical coupling
between spermatheca and oviduct movements (Figs. 10,
11). In some experiments oviducts were also removed to
facilitate ovariogram recordings from isolated ovaries

(Fig. 8).

Preparations were mounted in fresh HL-3 saline (Ca con-
centration 1 mM) at 22°C on cavity microscope slides for
20 minutes before observations began. Data were
obtained using a Nikon Labophot microscope with a 4x
objective through a 5x photographic eyepiece with a Pan-
asonic WV-CL10 camera. The video recordings were cap-
tured directly to a 1 MHz PC equipped with a Hauppauge
Win-TV capture card (44805), using the VirtualDub 1.5.3
software package and the Huffyuv lossless compression
algorithm (Huffyuv Codec) [46]. Resolution was set at
640 x 480 pixels, capturing at 2 or 15 frames/second, aver-
age recording time 145 + 8 s.

Video was analysed using a custom program (avi_line,
[47]). In this, the mouse was used to overlay lines on the
video frames, so that each line crossed the light/dark
boundary between the preparation and the background.
For each frame, the distance of the light/dark interface
from the start of the line was determined, along with the
mean squared difference in intensity between successive
frames of the pixels along the line (Fig. 2). This records the
displacement in the plane of focus, but any movement in
the vertical direction is not measured. Data were saved in
a Microsoft Excel format and mean peak height and inter-
vals between peaks calculated. The Fast Fourier Trans-
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forms (FFT) were calculated by exporting the position of
the light/dark interface into the fft program from Physio-
net [48].

In a few experiments, ovarioles from a single ovary were
teased apart and video recorded as above but using a 10x
phase contrast objective (Fig. 9).

Pharmacology

After the initial 20 minute acclimatisation, the activity of
the isolated reproductive tract was recorded for 2-3 min-
utes. The solution was then changed for one containing
octopamine or tyramine and a further 2-3 minutes
recorded. The control HL-3 solution was then applied for
another 2-3 minutes recording. Because of disk space lim-
itations, we were unable to record for longer, and this may
affect the accuracy of our measurements of the frequency
of contraction. Amines and HL-3 saline components were
from Sigma-Aldrich, UK.

Statistics

For each preparation, the mean amplitude and interval
between contractions were calculated. Differences
between these means were tested in Minitab, using Mann-
Whitney and Student's t-tests. All data are reported as
mean + 95% confidence interval.
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Additional material

Additional File 1

Video micrograph of the reproductive tract of a 7 day old female fly, show-
ing one ovary, ovarioles, oviduct and spermatheca. During the video, note
the contractions of the peritoneal sheath, ovarioles and spermatheca. This
video shows 25 s of the data analysed in Fig. 7, resampled at 1.5 frames/
second. QuickTime format video (created with MS-Windows v6.50; other
formats of this video available online [50]).

Click here for file
|http://www.biomedcentral.com/content/supplementary/1741-
7007-4-17-S1.mov]|
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