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Abstract

Background: The cockroach salivary gland consists of secretory acini with peripheral ion-
transporting cells and central protein-producing cells, an extensive duct system, and a pair of
reservoirs. Salivation is controled by serotonergic and dopaminergic innervation. Serotonin
stimulates the secretion of a protein-rich saliva, dopamine causes the production of a saliva without
proteins. These findings suggest a model in which serotonin acts on the central cells and possibly
other cell types, and dopamine acts selectively on the ion-transporting cells. To examine this model,
we have analyzed the spatial relationship of dopaminergic and serotonergic nerve fibers to the
various cell types.

Results: The acinar tissue is entangled in a meshwork of serotonergic and dopaminergic varicose
fibers. Dopaminergic fibers reside only at the surface of the acini next to the peripheral cells.
Serotonergic fibers invade the acini and form a dense network between central cells. Salivary duct
segments close to the acini are locally associated with dopaminergic and serotonergic fibers,
whereas duct segments further downstream have only dopaminergic fibers on their surface and
within the epithelium. In addition, the reservoirs have both a dopaminergic and a serotonergic
innervation.

Conclusion: Our results suggest that dopamine is released on the acinar surface, close to
peripheral cells, and along the entire duct system. Serotonin is probably released close to
peripheral and central cells, and at initial segments of the duct system. Moreover, the presence of
serotonergic and dopaminergic fiber terminals on the reservoir indicates that the functions of this
structure are also regulated by dopamine and serotonin.

Background ducts, and an extrinsic muscle associated with the orifice
Cockroaches have acinar salivary glands that consist of se-  of each reservoir [3].

cretory acini and an extensive duct system [1,2](see Fig.

1a). In addition to the salivary glands proper, the salivary =~ The physiology of the salivary gland complex and the neu-
gland complex includes a pair of reservoirs with their  ronal and cellular control of salivation are poorly under-
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Morphology of the salivary glands in the cockroach
Periplaneta americana a: Low-power micrograph of the
salivary gland complex. The salivary glands are paired and
consist of several lobes of secretory acini. The ducts (arrow-
heads) of each gland unite to a single efferent salivary duct
(long arrows) that then fuses with the opposite duct to form
the main salivary duct. Two reservoirs (asterisks) are associ-
ated with the secretory tissue. The reservoirs open into res-
ervoir ducts (broad arrows) that accompany the efferent
salivary ducts. b: Schematic representation of the structural
organization of secretory acini. Each acinus consists of two
peripheral cells with long microvilli and several central cells
with numerous secretory granules. The apical surface of the
central cells is covered by a sheath of flattened fenestrated
centroacinar cells and by a thin discontinuous layer of cuti-
cule. The central cells are stimulated only by serotonin,
whereas the peripharal cells respond to dopamine and prob-
ably also to serotonin. The duct cells have basal and apical
infoldings and are only responsive to dopamine. Scale bar = 2
mm
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stood. The following picture emerges from currently
available evidence. The salivary glands secrete saliva of
two different qualities, either with or without proteins [4].
Salivation appears to be mainly controled by direct sero-
tonergic and dopaminergic innervation from the
subesophageal ganglion and the stomatogastric nervous
system [5-8]. A pair of large dopaminergic neurons locat-
ed within the subesophageal ganglion and termed SN1
(salivary neuron 1) send their axons via nerves extending
along the salivary ducts toward the salivary glands where
they ramify extensively [6,8]. This appears to be the only
source of dopaminergic innervation of the salivary glands.
Serotonergic innervation is achieved via several small ax-
ons within the salivary nerves and the esophageal nerve.
The latter branches into several thin nerves that form a
network over the acinar tissue [8,9]. Despite this general
picture, the exact topography of the dopaminergic and se-
rotonergic nerve fibers, their varicosities, and/or their ter-
minals with respect to the various structures and cell types
engaged in saliva production and modification is still in-
sufficient for a stringent correlation of innervation and
gland physiology.

The acini of cockroach salivary glands are grape-like struc-
tures and composed mainly of peripheral cells and central
cells [2] (see Fig. 1b). Peripheral cells reside in pairs at the
distal end of each acinus, possess long apical microvilli
equipped with Na+,K*-ATPase, and are specialized for wa-
ter and electrolyte transport [10]. Central cells are densely
packed with secretory granules and produce the proteina-
ceous components of the saliva [2,4]. The saliva secreted
within the acinar portions of the glands then passes
through the salivary ducts composed of a simple epitheli-
al layer. The duct cells have an extensive basal labyrinth
carrying Na*,K*-ATPase molecules and apical infoldings
studded with vacuolar H*-ATPase molecules [10], suggest-
ing that this cell type modifies the ionic composition and/
or the volume of the primary saliva.

Both serotonin and dopamine have been shown to stim-
ulate salivation in isolated salivary glands; however, the
quality of the saliva differs upon exposure to these sub-
stances [4]. Superfusion of salivary glands with serotonin
leads to the exocytosis of secretory granules and the pro-
duction of a protein-rich saliva, suggesting that at least the
central cells are responsive to serotonin. Saliva produced
upon dopamine application, in contrast, is completely
free of proteins, indicating that this neurotransmitter acts
selectively on the ion-transporting cells, viz., the peripher-
al cells and/or the duct cells. Electrophysiological studies
on salivary duct cells have further shown that dopamine
induces a slow depolarization, evokes an increase in the
intracellular Ca2+ concentration, and elicits an intracellu-
lar Na+* elevation and K+ reduction in these cells [11,12].
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Figure 2

Specificity of anti-serotonin and anti-dopamine labeling

a-d: Fluorescence confocal images, representing the summarized view of 9-um-thick image stacks. e-h: Nomarski contrast
images of the same areas. a,b: Cryostat sections of salivary glands incubated with anti-serotonin in the absence or in the pres-
ence of | mg/ml serotonin. ¢,d: Sections reacted with anti-dopamine in the absence or in the presence of | mg/ml dopamine.

Immunoreactivity of the tissue is highly reduced in the presence of the corresponding antigen. Scale bars = 100 um

Serotonin, in contrast, appears to have no effect on sali-
vary duct cells [11].

The above results lead to a model in which salivary duct
cells are stimulated exclusively by dopamine and central
cells exclusively by serotonin. Peripheral cells may be re-
sponsive only to dopamine or to both neurotransmitter
substances. In order to examine this model further, we
have analyzed the exact spatial relationship of dopamin-
ergic and serotonergic nerve fibers to these cells types by
studying anti-dopamine and anti-serotonin immunofluo-
rescence on whole-mount preparations of salivary glands
in conjunction with high-resolution confocal microscopy.
Close apposition of fiber terminals and/or varicosities to
a distinct cell type provides evidence for a selective inner-
vation of the respective cell type. We demonstrate that the
innervation pattern is more complex than expected from
the above model, but that it essentially supports this
working hypothesis. In addition, we have examined the
serotonergic and dopaminergic innervation of other struc-
tures associated with the salivary glands (see Fig. 1a), viz.,

the reservoirs, the reservoir ducts, and the muscles at-
tached to the reservoir orifices.

Results

Specificity of antibody labeling

On cryostat sections of cockroach salivary glands, both
anti-serotonin and anti-dopamine intensely stained fiber-
like structures and individual punctae, the latter probably
representing cross-sectioned fibers (Fig. 2a,2c). Specificity
of labeling was tested by preabsorption of the primary an-
tibodies with the corresponding antigens, serotonin or
dopamine, respectively. Under these conditions, immu-
noreactivity was highly reduced or absent (Fig. 2b,2d),
suggesting that these antibodies identify their appropriate
antigens within cockroach salivary glands.

Further support for the specificity of anti-dopamine im-
munoreactivity was provided by colabeling experiments
with affinity-purified antibody against tyrosine hydroxy-
lase (TH), a common probe for dopaminergic neurons in
insects [6,8]. TH is the first and rate-limiting enzyme in

Page 3 of 15

(page number not for citation purposes)



BMC Physiology 2002, 2 http://www.biomedcentral.com/1472-6793/2/9

anti-TH

anti-dopamine

anti-dopamine / anti-TH
& F-actin

Figure 3

ngistribution of anti-dopamine and anti-TH immunolabeling Whole-mounts of salivary glands were triple-labeled
with anti-dopamine (green), anti-TH (red) and BODIPY FL phallacidin (blue), and imaged by confocal microscopy. The image
shows a lobule of acinar tissue; the peripheral cells are arranged in pairs and their apical arrays of phallotoxin-stained microvilli
appear as "bow ties". A sparse network of fibers resides on the tissue and is labeled by both anti-dopamine and anti-TH. Scale

bar = 100 pm

the synthesis of the catecholamines dopamine, norepine-
phrine and epinephrine, of which dopamine is the major
amine found in insects [13]. When the anti-TH antibody
was applied to whole-mounts of salivary glands, it pro-
duced a labeling pattern that precisely corresponded to
the anti-dopamine-immunoreactive structures (Fig. 3).

It should be noted that colabeling experiments with anti-
dopamine and anti-serotonin were not successful as these
antibodies required different protocols for tissue fixation.
The anti-dopamine provided specific labeling only in
specimens fixed in the presence of at least 0.5% glutaral-
dehyde. The anti-serotonin, however, only exhibited spe-
cific immunoreactivity in tissue fixed without
glutaraldehyde.

Distribution of serotonergic and dopaminergic nerve fibers
over the secretory acini

The distribution of serotonergic and dopaminergic fibers
within the salivary gland complex was probed by confocal
fluorescence microscopy of whole-mount preparations
stained with anti-serotonin or anti-dopamine. In order to
locate the various acinar cells and to provide a spatial ref-
erence for the position of the immunoreactive fibers with-
in the tissue, specimens were co-labeled with
fluorochrome-tagged phallacidin, a probe for actin fila-
ments [2]. Peripheral cells with their densely packed, long
microvilli are arranged in pairs that are visualized as
brightly fluorescent "bow ties" in phallotoxin-stained

preparations (Figs. 3¢, 4, 7, 8). The acinar lumen sur-
rounded by central cells with their short microvilli is de-
limited by weak labeling with phallotoxin (Figs. 4d,4e,4f,
7d,7e,7f, 8a,8d).

Serotonergic fibers formed a dense network on the surface
of the acinar lobules (Fig. 4a). Fibers branched on the lob-
ule surface and displayed either uniform staining over ex-
tended stretches or had an irregular beaded appearance.
The former fibers appeared thicker in diameter than the
varicose fibers and united into bundles that interlinked
adjacent lobules (Fig. 5). Moreover, some of these fiber
bundles extended away fom the acinar tissue (data not
shown); these may represent branches of the esophageal
nerve that innervate the acinar tissue and that may have
been ruptured during dissection of the salivary gland
complex. Other fiber bundles linked the serotonergic net-
work on the acinar tissue to the salivary nerve, supporting
the view that both the stomatogastric nervous system and
the subesophageal ganglion contribute to the serotonergic
innervation of the glandular tissue [8]. Serial confocal sec-
tions (Fig. 4a,4b,4c,4d,4e,4f) or cryostat sections (Fig. 2a)
through the acinar lobules demonstrated further that ser-
otonergic fibers were not confined to the tissue surface but
extended throughout the acini, forming a dense three-di-
mensional meshwork. These invading fibers were mostly
varicose in appearance and resided either below the pe-
ripheral cells, suggesting a location between peripheral
and central cells, or were localized far deeper than the pe-
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Figure 4
Digstribution of serotonergic nerve fibers on the salivary gland acini Whole-mounts of salivary glands were double-
labeled with anti-serotonin (red) and BODIPY FL phallacidin (blue), and imaged by confocal microscopy. Each image shows the
sum of 8 consecutive optical sections (inter-section distance 0.35 pum), representing a total thickness of 2.8 um. Serotonergic
fibers and fiber endings (white arrowhead) form a network on the acinar surface (a) over the peripheral cells (asterisks). The
fibers extend deep into the acini (yellow arrowheads) between the central cells that are identified by short, phallotoxin-labeled
microvilli (arrows) on their luminal surface. Scale bar = 50 pm

ripheral cells, suggesting a position among the central
cells.

In addition to serotonergic fibers, the nerves interlinking
the acinar lobules contained dopaminergic fibers with
varicosities and fiber terminals (Fig. 6). In some regions of
these nerves, the dopaminergic fibers ramified extensively
and had numerous varicosities (Fig. 6b), suggesting that
these structures represent neurohemal organs. Individual
dopaminergic fibers of these nerves approached acinar
lobules and formed a widely spaced network on the lob-
ule surface (Fig. 7). These acinar-tissue-associated
dopaminergic fibers had few varicosities irregularly dis-
tributed over their length and sidebranches with terminals
on the tissue surface (Fig. 7a). Serial confocal sections
through acinar lobules demonstrated that, in contrast to
serotonergic fibers, dopaminergic fibers did not invade

the acinar tissue but were confined to the surface (Fig.
73,7b,7¢,7d,7e,7f). However, extensive cross-linking by
the use of glutaraldehyde as a fixative may have prevented
penetration of the antibodies into the tissue, and thus the
lack of anti-dopamine-immunoreactive structures within
the acinar lobules might have been an artefact. Several
lines of evidence indicated that this was not the case. First,
immunoreactivity was also confined to the surface of the
acinar lobules when anti-dopamine was applied to cryo-
stat sections (Fig. 2c). Second, an identical staining pat-
tern was obtained with anti-dopamine on whole-mounts
fixed with a low concentration of glutaraldehyde (0.5%;
data not shown), and with anti-TH on whole-mounts pre-
pared by the same glutaraldehyde-free fixation protocol as
that used for labeling with anti-serotonin (data not
shown). Finally, anti-dopamine-positive fibers could be
detected not only on the surface, but also within the tissue
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Figure 5

Serotonergic nerve fibers in nerves that interlink
adjacent acini Whole-mounts of salivary glands were dou-
ble-labeled with anti-serotonin (red) and BODIPY FL phalla-
cidin (blue), and imaged by confocal microscopy. Nerves of
large (broad arrows) or small (long arrows) diameter inter-
link the acinar lobules (asterisks) and contain serotonergic
fibers. Scale bar = 50 pm

of other structures of the salivary gland complex (see be-
low).

In conclusion, serotonergic and dopaminergic fibers had
a dissimilar distribution over the acinar tissue. These dif-
ferences between serotonergic and the dopaminergic in-
nervation can be directly visualized in Figure 8, presenting
three-dimensional views of the two fiber types associated
with the acinar lobules. A striking feature of the seroton-
ergic innervation was its richness not only at the lobule
surface, but throughout the entire acini. Dopaminergic
fibers, in contrast, were sparse and resided only on the sur-
face of the lobules. Moreover, dopaminergic fibers ap-
peared to form neurohemal organs between acinar
lobules.

Serotonergic and dopaminergic nerve fibers along the ef-
ferent salivary ducts and the reservoir ducts

Each of the paired reservoir ducts was accompanied by a
large salivary nerve with a 5-pm-thick dopaminergic axon
residing at its center (Fig. 9g). The dopaminergic axon ex-
tended all the way toward the acinar tissue, supporting the
conclusion that it provides the only source of dopaminer-
gic innervation of the salivary gland complex [6,8]. Along

http://www.biomedcentral.com/1472-6793/2/9

the salivary nerves, thin dopaminergic fibers branched off
the central axon. These varicose fibers either remained in
a superficial position within the nerves, or they left the
nerves and spread, either individually or in small bundles,
over the outer surface of the reservoir duct (Fig. 9h). Some
of these dopaminergic fibers extended from the salivary
nerve toward the adjacent efferent salivary duct. Here, var-
icose fibers and fiber terminals formed a widely spaced
network on the outer duct surface (Fig. 9e,9f) and also in-
vaded the epithelium, as demonstrated by vertical optical
sections through the ducts (Fig. 9f, inset). It must be noted
that, although this dopaminergic innervation was found
along almost the entire efferent salivary duct, only a mi-
nority of the epithelial cells had intimate contact to
dopaminergic fibers.

In addition to the large dopaminergic axon, the salivary
nerves contained several thin serotonergic fibers in a su-
perficial position and with numerous varicosities (Fig.
10g, inset). Moreover, individual serotonergic fibers left
the nerves, spread toward the reservoir ducts and termi-
nated on the duct surface (Fig. 10g). In rare cases, seroton-
ergic fibers could be traced to an efferent salivary duct and
appeared to end on this structure (data not shown). The
majority of efferent salivary ducts, however, was without
serotonergic innervation (Fig. 10f).

Distribution of serotonergic and dopaminergic nerve fibers
over small salivary ducts

Most of the salivary duct system upstream of the paired ef-
ferent salivary ducts was exclusively, but only locally, in-
nervated by dopaminergic fibers (Figs. 9a,9b,9¢,9d). The
varicose fibers and fiber terminals formed a loose network
on the outer duct surface and often invaded the epitheli-
um (Fig. 9d, inset). On duct segments next to the acinar
tissue, however, both dopaminergic and serotonergic var-
icose fibers extended from the acinar lobules to the duct
surface and deep into the epithelium (Fig. 10c,10d,10e).
Again, the innervation of these most proximal segments
of the duct system was only local, and on the majority of
these small salivary ducts close to the acinar tissue, no se-
rotonergic or dopaminergic fibers could be detected at all
(Figs. 93,9b, 10a,10b).

Association of serotonergic and dopaminergic nerve fibers
with the reservoir system

The paired reservoirs reside amidst the acinar tissue (Fig.
1a). Nerve fibers that entangled the acinar tissue extended
toward the reservoirs, and both serotonergic and, as re-
ported previously [6], dopaminergic fibers were detected
on the surface of the reservoirs. However, we noticed dif-
ferences in the distribution of serotonergic and dopamin-
ergic fibers over this structure. Dopaminergic fibers
branched and formed a loose network over the entire res-
ervoir. These fibers had a varicose morphology and termi-
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Figure 6

Dopaminergic nerve fibers within nerves that extend
between acini Whole mounts of salivary glands were dou-
ble-labeled with anti-dopamine (red) and BODIPY FL phalla-
cidin (blue), and imaged by confocal microscopy. Acinar
lobules (asterisks) are connected by nerves of large (broad
arrows) and small (long arrows) diameter, containing
dopaminergic fibers. In some of theses nerves, the dopamin-
ergic fibers branch extensively and have numerous varicosi-
ties (b), suggesting that these sites represent neurohemal
organs. Scale bar = 50 um

nated on the reservoir (Fig. 9i). The serotonergic
innervation pattern, in contrast, varied along the reser-
voir. On the distal half of the reservoir, serotonergic fibers
appeared to be absent (data not shown). Its middle sec-
tion had a loose network of varicose serotonergic fibers on
the outer surface (Fig. 10h); these fibers were linked to ac-
inar-tissue-associated serotonergic fibers via small nerves,
indicating that they originated in the stomatogastric nerv-
ous system and/or the subesophageal ganglion. Finally,
the basal part of the reservoir next to the orifice into the
reservoir duct had a relatively dense network of varicose
serotonergic fibers and fiber terminals on its surface (Fig.
10i). These serotonergic fibers could be traced back direct-
ly to the salivary nerve accompanying the reservoir duct,
suggesting that they originated in the subesophageal gan-
glion.

The reservoir muscle is attached near the orifice of each
reservoir [3]. Both serotonergic and dopaminergic fibers
were detected within this muscle (Figs. 9j, 10j). The fibers

http://www.biomedcentral.com/1472-6793/2/9

branched extensively and had numerous varicosities and
nerve terminals.

Discussion

In the present study, serotonergic and dopaminergic nerve
fibers were identified by immunolabeling of the cock-
roach salivary gland complex with anti-serotonin/anti-
dopamine antibodies and confocal fluorescence imaging.
The results of these analyses are summarized in a schemat-
ic manner in Figure 11 and demonstrate that:

1. Serotonergic varicose fibers are associated with the lob-
ule surface and invade each acinus to form a dense net-
work over and within the entire acinar lobule. Thus,
serotonergic varicosities and fiber terminals are found
next to peripheral cells and central cells.

2. Dopaminergic varicose fibers form a loose network
only on the surface of the acinar tissue, being closely po-
sitioned to peripheral cells.

3. In nerves interlinking adjacent acinar lobules,
dopaminergic fibers ramify extensively and have numer-
ous varicosities (Fig. 11, #3), suggesting that these struc-
tures represent sites for the neurohemal release of
dopamine.

4. Segments of the salivary duct system immediately adja-
cent to the acini are sparsely innervated by both seroton-
ergic and dopaminergic fibers. Segments of the duct
system further downstream are exclusively associated with
dopaminergic fibers. These fibers reside on the outer sur-
face of the ducts and invade the epithelium where they ter-
minate between the duct cells.

5. The entire reservoir system, composed of the reservoir,
the reservoir duct, and the reservoir muscle, is innervated
by dopaminergic and serotonergic fibers. Within the sali-
vary nerve along the reservoir duct, these serotonergic fib-
ers branch and form varicosities (Fig. 11, #1), suggesting
that this portion of the nerve serves the neurohemal re-
lease of serotonin.

Innervation of the acinar tissue

The innervation of the cockroach salivary gland has been
investigated previously by light microscopy of methylene-
blue stained preparations and by electron microscopical
techniques [5,7]. These studies have established that the
salivary gland receives innervation via the salivary nerves
emerging form the subesophageal ganglion and via the es-
ophageal nerves of the stomatogastric nervous system. By
labeling with anti-serotonin and anti-TH, evidence has
been provided that each of the paired salivary nerves con-
tains a single dopaminergic axon and several thin seroton-
ergic axons, whereas the stomatogastric nervous system
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Figure 7
Digstribution of dopaminergic nerve fibers on the salivary gland acini Whole mounts of salivary glands were double-
labeled with anti-dopamine (red) and BODIPY FL phallacidin (blue), and imaged by confocal microscopy. Parameters of image
acquisition and data presentation are identical to those of Fig. 4. Dopaminergic fibers and their endings (arrowheads) reside on
the acinar surface over and between the peripheral cells (asterisks). The inner part of the acinar lobule with the central cells
and the acinar lumen (arrows in f) lacks dopaminergic fibers. Scale bar = 50 pum

provides only serotonergic innervation of the salivary
gland [6,8,9]. Although the focus of the present study has
not been on the origin of the innervation, our results are
generally in agreement with the conclusions of the afore-
mentioned studies. The acinar tissue thus appears to have
a dual innervation by serotonergic fibers, whereas
dopaminergic innervation is provided by the salivary
nerve only. This situation raises the question as to whether
serotonergic fibers of stomatogastric and of subesopha-
geal origin have a different distribution over the acinar tis-
sue, or in other words, whether they innervate different
cell types. However, because of the density and complexi-
ty of the serotonergic fiber network associated with the ac-
inar tissue, individual fibers could not be traced back to
their source, and therefore this question has to remain un-
answered for now.

Over and within the acinar lobules, serotonergic fibers
form a dense three-dimensional plexus with numerous
varicosities. On the acinar surface, each peripheral cell ap-
pears to have a neighboring serotonergic fiber. Likewise,
although we have no marker at hand that permits the
identification of individual central cells, the density of the
serotonergic fiber network within the acinar tissue sug-
gests that every central cell has immediate contact to a se-
rotonergic fiber. The bouton-like structures along these
fibers possibly represent sites of neurotransmitter release,
similar to the situation at the Drosophila neuromuscular
junction [14]. Moreover, by transmission electron micro-
scopy of cockroach acinar tissue, axonal profiles with nu-
merous synaptic vesicles have been observed not only on
the acinar surface but also embedded between central cells
[5,15]. At these sites, the axonal profiles are without glial
wrappings and occasionally have an electron-dense
plaque on the axonal membrane, indicating an active
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Figure 8

Three-dimensional (red-green) views of serotonergic and dopaminergic fibers associated with acinar lobules
Salivary glands were double-labeled with BODIPY FL phallacidin (a,d) and anti-serotonin (b) or anti-dopamine (e). Stacks of
confocal images were recorded, and three-dimensional reconstructions were made by using Carl Zeiss LSM510 software. c,f:
The corresponding images of staining with phallotoxin and with antibody were added (a+b or d+e; the phallotoxin image was
multiplied with the factor 0.7 to reduce its intensity) in order to present both staining patterns together. The rectangle in a
indicates the area that is presented at higher magnification in c. b,c: A dense network of serotonergic fibers extends through-
out the entire acinar tissue. e,f: Dopaminergic fibers, in contrast, form a loose network only on the acinar surface. Scale bar =

50 pm

zone. Finally, preliminary data suggest that the serotonin-
positive varicosities as well as the dopamine-positive var-
icosities associated with the acinar tissue colocalize with a
marker for synapses (O. Baumann, D. Kithnel, P. Dames
and B. Walz, in preparation). It may be concluded that se-
rotonin is liberated both on the surface of the acini, next
to each peripheral cell, and deep within the acini, next to
each central cell.

Physiological studies have demonstrated that central cells
are responsive to serotonin, and that serotonin applica-
tion stimulates the exocytosis of secretory granules [4].
For peripheral cells, in contrast, direct evidence for a phys-
iological response to serotonin is lacking. The close spatial
relationship of serotonergic varicosities to peripheral cells

however indicates that serotonin also acts on this cell
type. We suggest that serotonin stimulates electrolyte and
water transport across peripheral cells in order to flush the
secretory products of the central cells out of the acini.

Dopaminergic fibers are confined to the surface of the aci-
ni and form a relatively loose network. Thus, not every
pair of peripheral cells has a dopaminergic varicose fiber
in its immediate vicinity. Moreover, within the nerves in-
terlinking adjacent acinar lobules, dopaminergic fibers
ramify extensively and have numerous swellings, indicat-
ing that these structures serve the neurohemal release of
dopamine. This confinement of dopaminergic fibers to
the periphery of the acinar lobules is in agreement with
the suggestion that only the peripheral cells are sensitive
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Figure 9

Digstribution of dopaminergic fibers on salivary ducts, the reservoir, and the reservoir muscle Summarized views
of confocal image stacks through whole-mounts double-labeled with anti-dopamine (red) and BODIPY FL phallacidin (blue).
The upper left inset presents a scheme of the various structures examined and outlines the areas shown in a-j. Asterisks in
a,c,d,i indicate acinar tissue. a: Small salivary ducts (broad arrows) are mostly without dopaminergic fibers (long arrow). b: A
small salivary duct without dopaminergic innervation at higher magnification. c: A dopaminergic fiber approaches a small sali-
vary duct and terminates on the duct surface (arrowhead). d: A dopaminergic fiber (arrow) invades the epithelium of a small
duct. A vertical section (inset) through the duct at the position indicated by the line in d demonstrates that the dopaminergic
fiber (arrow) resides below the duct surface (broken line). e,f: Dopaminergic fibers (arrows) form a loose network on a large
salivary duct and terminate on this structure (arrowheads). The inset in f shows a horizontal confocal section through the
duct and visualizes a dopaminergic fiber within the duct epithelium, below the duct surface (broken line). g: The salivary nerve
coming from the subesophageal ganglion and extending along the reservoir/salivary duct complex contains a single thick
dopaminergic axon. h: On the reservoir duct, small dopaminergic varicose fibers reside superficially within the salivary nerve
(arrows) or leave the nerve and extend over the duct surface. i: A loose network of dopaminergic fibers with fiber terminals
(arrowheads) covers the reservoir. j: Dopaminergic fibers and terminals (arrowheads) within the reservoir muscle. White
scale bars = 100 pum; yellow scale bars = 25 pm
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Figure 10
Distribution of serotonergic fibers on salivary ducts, the reservoir, and the reservoir muscle The upper left inset

indicates the structures shown in a-j. a-c, f-j: Summarized views of confocal image stacks through whole-mounts, double-
labeled with anti-serotonin (red) and BODIPY FL phallacidin (blue). Asterisks in a,b,c indicate acinar tissue. a: A dense net-
work of serotonergic fibers is associated with the acini (asterisks), whereas small salivary ducts (broad arrows) are mostly
without serotonergic fibers. b: A small salivary duct without serotonergic innervation at higher magnification. c: A small sali-
vary duct with a network of serotonergic fibers (arrows). d,e: Vertical sections through the salivary duct shown in c (planes
indicated by white lines), demonstrating that the serotonergic fibers (arrows) reside below the duct surface (broken lines). f: A
large salivary duct (broad arrow) without serotonergic innervation. g: The reservoir duct is accompanied by a nerve (arrows
and inset) containing several serotonergic fibers. Fibers in a superficial position within the nerve have numerous varicosities
(inset). Individual fibers also extend over the reservoir duct and have terminals (arrowheads) associated with this structure. h:
A loose network of serotonergic fibers, with their terminals (arrowheads), covers the middle part of the reservoir. i: At the
orifice, the reservoir has a relatively dense network of serotonergic fibers on its surface. Note that i is enlarged twofold com-
pared with h. j: The reservoir muscle contains numerous serotonergic fiber terminals (arrowheads). White scale bars = 100
pm; yellow scale bars = 25 um
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Figure 11

Schematic presentation of the distribution of seroto-
neric and dopaminergic fibers over the salivary gland
complex The salivary gland is innervated by the salivary
nerve (1) and via branches of the esophageal nerve (2). The
salivary nerve accompanies the reservoir duct and contains
one thick dopaminergic axon. Moreover, several serotoner-
gic fibers ramify within the nerve and have numerous varicos-
ities. Nerves containing numerous dopaminergic varicose
fibers (3) link the acinar lobules and may function as neuro-
hemal organs.

to dopamine [4]. The sparsity of dopaminergic fibers in
association with the acinar tissue and the presence of pu-
tative sites of neurohemal release of dopamine suggest
further that dopamine acts not as a neurotransmitter, but
is released into the hemolyph to function as a paracrine
substance or neurohormone.

Dopaminergic neurohemal organs have not been de-
scribed in insects so far, whereas serotonergic, octopamin-
ergic, histaminergic and peptidergic neurohemal organs
seem to be quite common in the peripheral nervous sys-
tem [e.g., [9,16-18]]. It must be admitted, however, that
the presence of varicose fibers detected by light microsco-
py can only be taken as an indication of neurosecretion,
and thickened fiber sites could also result from an accu-
mulation of cell organelles, such as mitochondria. Une-
quivocal identification of these structures as neurohemal
organs requires confirmation by use of other techniques.
Therefore, a detailed analysis of the distribution of a syn-
apse-specific protein and of the ultrastructure of the fibers
associated with salivary gland complex is in progress (O.
Baumann, D. Kithnel, P. Dames and B. Walz, in prepara-
tion). Preliminary data suggest an enrichment of a syn-
apse-specific protein within these varicosites, providing
further support for the conclusion that these structures
serve as neurohemal organs.

http://www.biomedcentral.com/1472-6793/2/9

Innervation of the salivary duct system

Although the innervation of the cockroach salivary gland
has been studied previously by various techniques, an as-
sociation of nerve fibers with the salivary duct system has
not been reported so far, except for the paired efferent sal-
ivary ducts [5]. The reason for this may be that smaller
duct segments are embedded between the acinar lobules
and are thus not immediately accessible to conventional
light-microscopic techniques, and that nerve fibers are
sparse along the duct system and therefore detectable by
electon microscopy in serial sections only. By confocal flu-
orescence microscopy, however, it is possible to determine
the exact spatial relationship between fluorescently la-
beled fibers and the duct epithelium.

Dopaminergic fibers are present over the entire length of
the duct system but innervate only small areas. Thus, only
a small number of duct epithelial cells resides in close ap-
position to dopaminergic fibers. Surprisingly, rather than
remaining on the outer epithelial surface, varicose fibers
invade the epithelium, suggesting that dopamine is re-
leased deep within the epithelial layer.

Physiological studies have demonstrated that the duct ep-
ithelial cells are responsive to dopamine [11,12]. Howev-
er, how do all duct cells become stimulated when only a
fraction of them has intimate contact to dopaminergic var-
icosities? One possibility is that the putative neurohemal
structures at the acinar periphery represent the major
source of dopamine acting on the salivary duct cells. An al-
ternative, but not exclusive, possibility is that direct stim-
ulation of only a few epithelial cells is sufficient to activate
ion transport mechanisms in the entire epithelium, be-
cause the cells are extensively coupled by gap junctions
[19], and second messengers may diffuse through gap
junctions from the dopamine-activated cells to their
neighbors. This suggestion is directly supported by ratio-
metric imaging of dopamine-induced spatiotemporal in-
tracellular Ca2+ changes in the salivary duct epithelial cells
loaded with Fura-2. Dopamine stimulates a Ca2+ eleva-
tion in duct cells at several points along the ducts, and
from there, the increase in intracellular Ca2+ spreads over
the duct as a Ca2+ wave at a velocity of 3.7 pm s-1[11].

The presence of serotonergic varicose fibers on some duct
segments may seem to contradict the results of previous
physiological studies, showing that duct cells are unre-
sponsive to serotonin [11]. However, serotonergic inner-
vation is restricted to segments immediately adjacent to
the acini and to the efferent salivary duct. Our physiologi-
cal studies on the cockroach salivary duct, in contrast,
have been performed on areas in between these segments
[11] and, thus, on areas that are only associated with
dopaminergic fibers. The identification of serotonergic
varicose fibers only on distinct segments of the duct sys-
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tem indicates that the various segments differ in their
properties and functions. This hypothesis is in line with re-
sults on the morphological characteristics of the duct seg-
ments. Whereas secretory granules have been detected in
the duct cells next to the secretory acini, cells in the major
portion of the duct system lack granules but have an exten-
sive basal labyrinth and numerous mitochondria [1,20].

The reservoir complex — innervation and possible functions
The functions and the physiology of the reservoir system
are still enigmatic. It has been demonstrated that ligation
of the salivary ducts prevents the filling of the reservoirs
[3], suggesting that the acinar tissue is the source of at least
part of the reservoir content, and that the reservoirs may
become filled by back pressure of the secreted fluid when
the hypopharynx is closed. The contracted reservoir mus-
cle may serve as an occlusor of the reservoir orifice, and
when the muscle relaxes, pressure of the hemolymph on
the reservoir walls may cause emptying of the reservoirs
[3]. In this scenario, the reservoir would play a primarily
passive role and serve as a storage compartment for watery
saliva. The reservoir content may be released during inges-
tion in order to moisten and digest the food [3]. Moreo-
ver, the reservoir may have some osmoregulatory function
and satisfy the water requirements of the animal in times
of water shortage.

The present study demonstrates that both serotonergic
and dopaminergic varicose fibers are associated with the
reservoir wall and the reservoir duct, and that the pattern
of serotonergic innervation varies over the length of these
structures. These findings indicate that the reservoir and
the adjoining duct serve not only as a passive storage com-
partment or passageway, respectively, but have some ac-
tive functions that may be regulated by dopamine and
serotonin. For example, the epithelium of the reservoir
wall may modify the composition of the primary fluid
made within the glandular tissue. In agreement with this
hypothesis is the finding that creatinine and urea have
been detected in the contents of the reservoir but not in
homogenized glandular tissue, suggestive of an excretory
function for the reservoir [20]. Moreover, the epithelial
cells of the reservoir wall are intensely stained for Na+,K+-
ATPase, indicating that these cells are active in ion trans-
port across the reservoir wall (W. Blenau and O. Bau-
mann, unpublished results). Preliminary results suggest
further that not only the serotonergic innervation but also
the cellular architecture varies along the length of the res-
ervoir (W. Blenau and O. Baumann, unpublished results),
supporting the view that the various regions of the reser-
voir differ in their physiological properties.

Innervation of the salivary gland complex by other sources
Electron microscopy [5] and immunofluorescence stain-
ing with a neuron-specific marker (our unpublished data)

http://www.biomedcentral.com/1472-6793/2/9

visualized that the salivary nerve contains the axons of the
giant neurons SN1 and SN2, and several small axons. The
present study confirms that one of the large axons (SN1)
is dopaminergic, and that most, if not all, small axons are
serotonergic [6,8]. The second large axon (SN2) must thus
contain a different, yet unidentified neurotransmitter or
neurohormone, and serotonergic and dopaminergic neu-
rons do not provide the only innervation of the salivary
gland complex. Moreover, we should not dismiss the pos-
sibility that the salivary gland complex is innervated by
neurons that are located in other parts of the nervous sys-
tem than the subesophageal ganglion and that contain
neither dopamine nor serotonin. In locusts, evidence has
been presented that neuronal processes with FMRFamide-
related peptides extend from the prothoracic and mesot-
horacic ganglia via transverse nerves to the salivary glands
and ramify over the acinar tissue [8,21]. The physiological
roles of FMRFamide-related peptides in this system are
unknown; it has been proposed that these neurotransmit-
ters may modulate rather than activate salivation in locust
salivary glands [21]. In order to obtain a complete view on
the innervation pattern and the neuronal control of sali-
vation in the cockroach, several issues are yet to be solved:
(1) the neurotransmitter content of the SN2 neuron, (2)
the spatial relationship of the SN2 axon terminals to the
various cell types, (3) the functional role of SN2 in saliva-
tion, and (4) the possibility of innervation by other sourc-
es.

Conclusions

Earlier research in our laboratory established the impor-
tance of serotonin and dopamine in salivation by the
cockroach salivary gland. The present data extend these
findings by determining the exact spatial relationship of
the serotonergic and dopaminergic fiber endings and var-
icosities to the various structures and cell types composing
the salivary gland complex. Close apposition of fiber ter-
minals and/or varicosities to a distinct cell type provides
evidence for a selective innervation of the respective cell

type.

The distribution pattern of serotonergic and dopaminer-
gic varicose nerve fibers over and within the acinar tissue
supports the concept that central cells are stimulated by
serotonin only, whereas peripheral cells are responsive to
both serotonin and dopamine. The salivary duct system,
previously thought to be regulated by dopamine only,
may vary in functions along its length, as the initial acinar-
close segments have a dopaminergic and a serotonergic
innervation. Finally, the finding of a complex serotonergic
and dopaminergic innervation pattern of the reservoirs,
the adjoining reservoir ducts and the reservoir muscles
warrants further investigations of the physiology of these
structures.
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Materials and Methods

Animals and preparation

A colony of the American cockroach (Periplaneta america-
na) was maintained at 25°C under a 12-h light:12-h dark
regime and with free access to food and water. Young
male and female imagines were sacrificed, and the salivary
glands were dissected under physiological saline (160
mM NaCl, 10 mM KCl, 2 mM CaCl,, 2 mM MgCl,, 10
mM glucose, 10 mM TRIS, pH 7.4), as described previous-

ly [2].

Antibodies

Anti-serotonin was obtained from Sigma (Taufkirchen,
Germany; Product No. §5545); this antiserum was made
in rabbits against serotonin conjugated to bovine serum
albumin. Anti-dopamine, raised in goats against glutaral-
dehyde-conjugated dopamine, was provided by HW.M.
Steinbusch (Maastricht University, Maastricht, The Neth-
erlands). Affinity-purified rabbit antibody against rat TH
was purchased from Chemicon (Temecula, CA; Product
No. AB152). This antibody has been reported previously
to cross-react with TH of an invertebrate, Aplysia|22]. Sec-
ondary antibodies conjugated to Cy3 or Cy5 were ob-
tained from Rockland (Gilbertsville, PA) and Dianova
(Hamburg, Germany).

Fixation protocols

For labeling with anti-serotonin, salivary glands were
fixed for 2 hours at room temperature with 2% parafor-
maldehyde, 0.075% lysine-HCl, 10 mM Na-periodate in
0.1 M phosphate buffer (PB), pH 7.0 [10,23]. Specimens
were washed for 10 minutes in PB and treated further as
described below.

For labeling with anti-dopamine, salivary glands were
fixed for 30 minutes on ice with 5% glutaraldehyde in PB
supplemented with 10 mM ascorbic acid (PB/AA). For co-
labeling with anti-dopamine and anti-TH, 0.5% glutaral-
dehyde, 3% paraformaldehyde in PB/AA was used as a
fixative. After fixation, specimens were washed for 10 min
on ice in PB/AA, treated for 30 min with 0.5% sodium
borohydride in PB/AA to reduce free aldehyde groups,
and washed again for 10 min in PB/AA.

Immunofluorescence labeling

Fixed salivary glands were either directly used for immu-
nolabeling or processed for cryostat sectioning. In the lat-
ter case, preparations were incubated with 10% sucrose in
PB or PB/AA for 30 minutes on ice, infiltrated with 25%
sucrose in PB or PB/AA overnight at 4°C, and then shock-
frozen in melting isopentane. Sections (8-10 pm thick)
were cut at -30°C in a cryostat, collected on poly-L-lysine-
coated coverslips, air-dried, and stored at 4°C until use.

http://www.biomedcentral.com/1472-6793/2/9

For labeling with anti-serotonin, salivary glands or cryo-
sections were permeabilized with 0.01% Tween 20 in PBS,
reacted with 50 mM NH,4CI in phosphate-buffered saline
(PBS), washed in PBS, and blocked with 1% normal goat
serum, 0.8% bovine serum albumin, 0.1% fish gelatine,
and 0.5% Triton X-100 in PBS. After being labeled over-
night at 4°C with anti-serotonin (diluted 1:10,000 in the
above blocking solution), specimens were washed in PBS
and reacted for 1 hour (cryostat sections) or 3 hours
(whole-mounts) with Cy3-conjugated goat anti-rabbit-
IgG. In case of whole-mount preparations, the F-actin
probe BODIPY FL phallacidin (Molecular Probes, Eugene,
OR) was added to the secondary antibody solution. After
a final extensive wash in PBS, specimens were mounted in
Mowiol 4.88 (Farbwerke Hoechst, Frankfurt, Germany),
containing 2% n-propyl-gallate as an anti-fading reagent.

For labeling with anti-dopamine, entire salivary glands or
cryosections were permeabilized and blocked with a solu-
tion consisting of 1% normal donkey serum, 0.8% bovine
serum albumin, 0.1% fish gelatine, and 0.5% Triton X-
100 in PBS supplemented with 10 mM ascorbic acid (PBS/
AA). Preparations were then labeled overnight at 4°C with
anti-dopamine (diluted 1:8,000 in blocking solution),
washed extensively with PBS/AA, and reacted with Cy3-
conjugated donkey anti-goat-IgG and (in the case of
whole-mounts) BODIPY FL phallacidin in PBS/AA. For
double-labeling of whole-mount preparations with anti-
dopamine and anti-TH, both primary antibodies were ap-
plied together (anti-TH diluted 1:200); the tissue was then
washed, incubated with Cy3-conjugated donkey anti-
goat-IgG, washed again, and reacted with Cy5-conjugated
goat anti-rabbit IgG and BODIPY FL phallacidin.

Confocal microscopy

Specimens were examined with a Zeiss LSM 510 confocal
laser-scanning microscope (Carl Zeiss, Jena, Germany)
equipped with a 488-nm Argon laser, a 543-nm Helium-
Neon laser, a 633-nm Helium-Neon laser, and differential
interference contrast optics. Low-magnification images
were recorded with a Fluar 10x/0.5, images at higher mag-
nification either with a Plan-Neofluar 40x/1.4 or with a C-
Apochromat 40x/1.2 W. In the case of double-labeled
specimens, BODIPY FL and Cy3 were excited sequentially
with the 488-nm and the 543-nm laser lines, by using the
multitracking function of the LSM 510 software, and de-
tected through 505-530-nm bandpass and 560-nm long-
pass filters. In the case of triple-labeled specimens,
BODIPY FL and Cy5 were excited simultaneously at 488
nm and 633 nm and detected through 505-550-nm
bandpass and 650-nm longpass filters; subsequently, Cy3
fluorescence was imaged through a 560-615-nm band-
pass filter by using the 543-nm laser line for illumination.
Specimens labeled with only one fluorochome and
viewed with the instrument settings as used for double- or
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triple-labeled preparations demonstrated that there was
no bleed-through between the detector channels under
these recording conditions.

Controls for labeling specificity

Specificity of antibody binding was checked by treating
cryostat sections in the described fashion except that pri-
mary antibodies were omitted from the procedure. No flu-
orescence was detected when these control specimens
were viewed under the same instrumental settings as used
for imaging sections that had been reacted with primary
antibody. As a further control, primary antibody solutions
were supplemented with 1 mg/ml dopamine or 1 mg/ml
serotonin, preincubated for 30 minutes, and then used for
immunofluorescence labeling of cryostat sections.

Abbreviations used
PB - phosphate buffer

PB/AA - phosphate buffer with ascorbic acid

PBS - phosphate-buffered saline

PBS/AA phosphate-buffered saline with ascorbic acid
SN1 - salivary neuron 1

SN2 - salivary neuron 2

TH - tyrosine hydroxylase
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