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Abstract The Drosophila heart is composed of two cell
types: cardioblasts (CB) and pericardial cells (PC). Whereas
CBs act to maintain rhythmic contractions, the functions of
accessory PCs are not clear. The close association between
these two cell types has led to speculation of a cardio-
regulatory role for PCs. However, we find that viability and
cardiac function are normal in larvae following post-embry-
onic ablation of PCs by induced cell death. Removal of PCs
during the larval instars or before metamorphosis results in
viable and fertile adults. Interestingly, such animals have a
reduced lifespan and increased sensitivity to toxic chemicals.
Thus, although PCs may have an embryonic role in cardio-
genesis, they do not appear to play a part later in cardiac
function as suggested. However, the role of PCs in the uptake
and sequestering of toxins, their sensitivity to toxic stress and
the decreased lifespan of animals without PCs indicate the
importance of PCs in organismal homeostasis.
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Introduction

The Drosophila heart (or dorsal vessel) is a linear un-
branched structure consisting of a contractile tube of
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cardioblasts (CBs) flanked by accessory pericardial cells
(PCs). Studies on heart development have identified
molecular players and regulatory networks that later have
proved to be essential, even for vertebrate cardiogenesis.
Hence, the Drosophila heart has been a model of choice for
investigating molecular regulation of early cardiac devel-
opment (Cripps and Olson 2002). This simple structure
with few cellular subtypes has also proved to be a highly
informative model for human cardiac diseases such as
myopathies, channelopathies and age-related cardiac dys-
function (Bier and Bodmer 2004). Among the two dorsal
vessel cell types, the direct role of the CBs in rhythmic
contraction is well established and studied (Monier et al.
2005). However, PC function is less clearly understood.
Because of their close association with CBs, PCs have long
been implicated in cardiac regulation. This appears to be
true, at least during embryonic development, since embryos
with altered PC number and/or PC-CB association fail to
complete cardiogenesis (Alvarez et al. 2003; Chartier et al.
2002; Yi et al. 2006). Nevertheless, the requirement of PCs,
if any, for cardiac function has not been thoroughly
investigated.

Two recent studies involving alteration to the PC number
at the embryonic stage and scrutiny of subsequent post-
embryonic cardiac function suggest an association between
PC number and post-embryonic cardiac function (Fujioka
et al. 2005; Johnson et al. 2007). Since PCs are known to
be required for normal cardiogenesis, this raises an
important concern about the contribution of developmental
defects to the observed cardiac malfunction. This view is
supported by the hypothesis put forward by Johnson et al.
(2007) to explain the effect of increased PC numbers on
post-embryonic cardiac output: excessive deposition of the
extracellular matrix protein Pericardin (Prc) around the
cardiac tube during cardiogenesis limits the diastole volume
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thereby reducing cardiac output. Thus, unperturbed dorsal
vessel development becomes a prerequisite for any attempt
to clarify the cardio-regulatory role, if any, of PCs. We have
used apoptosis-mediated ablation of PCs as a method to
investigate their post-embryonic role. Using the TARGET
(McGauire et al. 2003) system for tight spatial and temporal
control, we have ablated PCs after the completion of dorsal
vessel development. This strategy has allowed us to correlate
the phenotypes observed with PC function without raising
concerns about developmental defects. We report that
ablation of all PCs post-embryogenesis does not affect adult
development or fertility. Complete absence of post-embry-
onic PCs has no effect on heart rate but flies lacking PCs
have a significantly shorter lifespan under laboratory
conditions. The lifespan is reduced further under toxic stress.

Materials and methods

Ablation of PCs post-embryogenesis srpHemo-GAL4 UAS-
EGFP (II) #1643 B flies were crossed to UAS-hid/CyO
GFP; gal80” flies at 18°C. The embryos were collected and
allowed to hatch. Mid-second-instar larvae (mid-L2) were
sorted based on ubiquitous and strong green fluorescent
protein (GFP) expression resulting from a single copy of
CyO GFP. No detectable GFP fluorescence in PCs is seen
in the presence of a single copy of srpHemo-GAL4 UAS-
EGFP. Hence, all GFP-expressing larvae were considered
to be of the control PC+ genotype [srpHemo-GAL4 UAS-
EGFP/CyO GFP; tub-gal80”/+]. Both GFP (srpHemo-
GAL4 UAS-EGFP/CyO GFP; tubgal80"/+) and non-GFP
(srpHemo-GAL4 UAS-EGFP/UAS-hid; tub-gal80°/+) larvae
(100 in each group) were subsequently maintained at 25°C.

Heart-rate measurements Heart-rate measurements were
performed at 25°C on white pre-pupae by viewing them
through an inverted compound microscope (Olympus
1X70) to visualize the heart through the cuticle. All animals
were allowed to acclimatize for 20 min before being
counted. Heartbeats were counted for intervals of 15 s.
Individual values are given as the average of 12 continuous
counts expressed in beats per second. At least 30 animals
were counted for each genotype.

Results and discussion
Drosophila adults can develop without PCs
Ablating a structure often gives useful insights into its

function in the physiological context. We used this strategy
by employing the GAL4-UAS system (Brand and Perrimon
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1993) to analyse the way that loss of PCs might affect
Drosophila melanogaster. We ablated PCs by mis-express-
ing the pro-apoptotic gene head involution defective (hid)
by using UAS-hid. To express UAS-hid only in post-
embryonic PCs, we required a GAL4 driver that expressed
specifically in PC post-embryogenesis. We therefore exam-
ined the expression pattern of candidate genes and found
that Serpent (Srp), a GATA factor well-studied for its role in
haematopoiesis, was expressed in post-embryonic PCs and
in haemocytes and fat bodies (Brodu et al. 1999; Mandal et
al. 2004). Bruckner et al. (2004) have generated a
srpHemo-GAL4 driver for analysing function in embryonic
haemocytes. We characterized the post-embryonic expres-
sion pattern of this driver by using a UAS-GFP reporter
construct. GFP expression was seen in PCs from second
larval instar onwards (Fig. 1), throughout pupal develop-
ment, and in adults (not shown). We therefore used the
srpHemo-GAL4 driver to restrict Hid expression to post-
embryonic stages and a temperature-sensitive tub-Gal80"
construct (a suppressor of GAL4 function) to achieve
temporal control of Hid expression. Both control (wild-
type) and experimental (Hid misexpressing) larvae were
given continuous heat shock (25°C) from mid-L2 onwards
(see above). Forty each of experimental and control white
pre-pupae were dissected and stained with neutral red
(Fujioka et al. 2005) to detect PCs (see above). All 40
experimental animals (PC—) were completely devoid of PCs
(Fig. 2d), whereas the control animals (PC+) had the
normal range of 20-22 pairs of PCs (Fig. 2c). The
remaining 60 animals of each group were allowed to
develop into adults. Animals of both groups eclosed at
similar times and were morphologically indistinguishable
(except for the CyO wing phenotype in PC+). Ten adults of
each group were dissected within 12 h of eclosion and
stained with neutral red. None of the animals of the PC-
group had any PCs (Fig. 2j). The PC+ group of adults
showed the expected reduction in PC number after
metamorphosis (Fig. 2g) as that reported for wild-types
(Sellin et al. 2006). These results clearly demonstrate that
an absence of post-embryonic PCs does not affect the
viability of Drosophila adult flies under laboratory con-
ditions.

Absence of pericardial cells does not affect cardiac
remodelling during metamorphosis

The adult dorsal vessel (Fig. 2b) develops from the larval
counterpart (Fig. 2a) following remodelling during pupa-
tion (Molina and Cripps 2001). The cardiac tube can be
examined for defects in remodelling by staining for actin
polymerization (by using Phalloidin) and by analysis of CB
markers (Monier et al. 2005). To examine whether PCs are
important for cardiac tube remodelling, we compared the
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Fig. 1 The srpHemo-GAL4
driver is active in PCs from
second larval srpHemo-GAL4
UAS-EGFP instars as shown by
GFP expression (brackets ante-
rior and posterior limits of
dorsal vessel, AEL after egg
laying). a First larval instar
immunostained for Pericardin
(Pre, red). b Second larval instar
showing GFP expression
(green). ¢ Third larval instar
(green GFP expression,
asterisks lymph gland lobes,
arrowheads haemocytes, white
boundary outline of lymph
glands and cardiac tube). Dorsal
view with anterior to left. Bar
100 pm

gene expression and morphology of the dorsal vessel of
white pre-pupa and adult flies in animals with and without
PCs. To retain tissues in their original context, we stained
semi-dissected preparations in which the dorsal vessel was
still attached to the abdomen. We observed that the
expression of Tinman (Tin), a well-characterized marker
for CBs (Cripps and Olson 2002) is not affected by loss of
PCs (compare Fig. 2f, 1 with Fig. 2e, k, respectively).
Comparable numbers of Tin-expressing cells were observed
for both PC+ and PC— animals. Prc, an extracellular matrix
protein that surrounds CBs and PCs, serves as a marker for
the dorsal vessel. Whereas PCs, oenocytes and a subset of
CBs express Prc in the embryo (Chartier et al. 2002), the
source of post-embryonic Prc is not known. We observed
Prc expression, even in the absence of PCs (compare
Fig. 2h, n with Fig. 2g, m), which suggests that it may be
persisting embryonic/early larval Prc and/or that other adult
cells can also produce Prc in PC— animals. Staining for
polymerized F-actin suggested that the overall morphology
of the cardiac tube was similar between PC+ (Fig. 20) and
PC— (Fig. 2p) animals at this resolution. Since these
animals had lost all PCs by the white pre-pupa stage, our
result indicates that loss of PCs does not result in any gross
aberration in cardiac remodelling during metamorphosis.
Although this does not rule out the possibility of finer
abnormalities being present, any such defect, if present,
clearly does not affect the heartbeat rate of the animals (see
below). All PC— white pre-pupae had one pair of primary
and two to three secondary lymph gland lobes similar to
that seen in PC+ and wild-type animals (Jung et al. 2005).

Loss of all pericardial cells does not affect heartbeat rate

Fujioka et al. (2005) report that a decrease in PC number
through the loss of Eve expression in embryonic mesoderm
reduces heart rate. To investigate whether ablation of post-
embryonic PCs affects cardiac function, we counted the
heartbeat rate of all PC— and PC+ white pre-pupae prior to
dissection (see above). No significant difference (P=0.8)
was found between the heart rate of animals with or without
PCs (Fig. 3a). This suggests that PC function is not required
for maintaining normal cardiac rate under routine laborato-
ry conditions. Thus, a decrease in the number of PCs
cannot in itself explain the cardiac defects of eve meso
animals observed by Fujioka et al. (2005). Certain aspects
of dorsal vessel development might require the embryonic
function of Eve in the mesoderm. Thus, a lack of
mesodermal eve expression during embryogenesis could
potentially affect cardiogenesis and cause phenotypes
observed in the eve meso animals. Our experimental
strategy does not affect embryonic heart development and
hence does not affect cardiac function.

Absence of pericardial cells affects longevity

PCs are a class of nephrocyte (Ward and Coulter 2000) that
function to remove macromolecular waste from the haemo-
lymph (Crossley 1985). Hence, their absence would lead to
an accumulation of harmful molecules, thereby affecting
homeostasis. However, our data suggest that this effect on
homeostasis does not affect normal development. We
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Fig. 2 Drosophila adults devel-
op without PCs (brackets ante-
rior and posterior limits of
dorsal vessel). Representations
of white pre-pupal (a) and adult
(b) dorsal vessel showing cardi-
ac tube with cardiac nuclei
(green) and PCs (brown). The
abdominal segments (47-48)
and thoracic segment (73) are
indicated. Hemi-dissected white
pre-pupa (c-h) or adult (i-p)
PC+ or PC— animals

(as indicated) stained with
neutral red (¢, d, i, j) or immu-
nostained for Tinman

(Tin; e, £, Kk, 1; green) marking
cardiac nuclei or for Prc

(g, h, m, n; red) marking the
extracellular matrix of the dorsal
vessel or stained with phalloidin
(0, p; red) marking polymerized
F-actin in the cardiac tube
(arrowheads, hatch marks non-
specific staining in fat and
muscle, solid white lines in e, f,
k, 1 limits of cardiac tube).
Lymph gland boundaries are
also marked with white dotted
lines in e, f and indicated by
asterisks. Note the cardiac tube
midline (dotted line in g, h,
m-p). Dorsal view with anterior
to left. Bar 100 um (a-j, m-p),
50 um (k, 1)
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Fig. 3 Drosophila adults without PCs have reduced lifespan. a Graph
of average heartbeat (beats/s) of white pre-pupae of indicated groups
(n=40; error bars standard deviation). b, ¢ Graphs of lifespan

therefore examined whether PC removal could affect life-
span. For this, we compared the survival and lifespan of PC—
and PC+ flies. For the first 20 days, no difference was seen
in the death rate between PC— and PC+ flies. Interestingly,
after 20 days, the death rate increased in PC— flies, making
the maximal life span significantly different (P<0.05, see
Supplementary Methods) between these two groups
(Fig. 3b). These data suggest that PCs are important for the
survival of adult flies. What cellular role might PCs perform
that requires their presence for a normal lifespan? Since PCs
function in the segregation and storage of wastes from the
haemolymph, their absence might result in an increased
accumulation of metabolic waste products possibly leading
to the early demise of PC— flies. The PC— flies that we have
generated additionally lack a fraction of haemocytes that are
still expressing Srp at the time of heat shock. Drosophila
haemocytes have two origins: the embryonic mesoderm
(embryonic haemocytes, EHs) and lymph gland (LGH). All
haemocytes present in the larval stages are EHs, whereas the
adult haemocyte population is composed predominantly of
LGH and a small fraction of EHs that persist through
metamorphosis (Holz et al. 2003). The srpHemo-GAL4
driver that we have used is active only in EHs but not in
lymph glands (Fig. 1c, asterisk). Hence, the majority of adult
haemocytes remain unaffected, even after the induction of
Hid expression. This is evident from the presence of multi-
lobed lymph glands in PC— animals (Fig. 2d, asterisk)
similar to those of PC+ animals (Fig. 2c, asterisk). The effect
of EHs on survival has not been studied and the significance
of the two separate populations of haemocytes remains
unknown. The contribution of the partial loss of haemocytes
to the survival/longevity phenotype seen upon ablation of
PCs could be resolved by exclusively ablating PCs.
However, as a PC—specific GAL4 driver is presently
unavailable, this cannot be achieved.

To analyse the possible effect of PC loss on survival, we
placed PC+ and PC— flies under a stress condition in which
PC function is absolutely essential. Since PCs also
sequester toxic molecules (Mills and King 1965), we
reasoned that their role would be more apparent in the
presence of such molecules. Silver nitrate is a potent toxin
(Bianchini et al. 2005), which, after ingestion, is released
from the gut into the haemolymph and sequestered by PCs

measurement of animals of indicated groups (#=50) represented as
percentage survival versus survival (in days). Animals were fed on
normal food (b) or food with silver nitrate (c)

(Crossley 1985). Therefore, we investigated the survival of
PC— and PC+ animals in the presence of silver nitrate. The
survival of flies lacking PCs was significantly reduced
(P<0.001, see Supplementary Methods) compared with that
of control flies (Fig. 3c) in the presence of silver nitrate.
This suggests that, since PCs can sequester toxic waste,
they have a role in maintaining homeostasis and hence
influence lifespan.

In spite of being the only cells accessory to the cardiac
tube throughout development, surprisingly little is known
about PC function. Using cell ablation, we show that PCs
are not essential for adult development. However, their role
in cardiac regulation is more complicated than that
suggested earlier. PCs are required for normal cardiogenesis
but have no effect on cardiac function post-embryogenesis.
However, one can readily conceive possibilities of the way
that developmental defects in the cardiac tube arising from
a perturbation of embryonic PCs would affect cardiac
function in post-embryonic stages. PCs are suggested to
secrete cardio-regulatory molecules (Crossley 1985). For
example, a serotonin-like indolylalkalamine identified in
Periplanata americana has pharmacological effects on the
heart (Crossley 1985). Our observation that animals without
PCs have a normal cardiac rate clearly demonstrates that
normal PC secretion does not have any cardio-regulatory
function under laboratory conditions. However, uptake and
sequestration by PCs are important for toxin clearance and
this function may indirectly affect cardiac function in some
situations.

Thus, our study has clarified unambiguously a number
of speculations associated with PC function and has
indicated a possible role of PCs in insect physiology, i.e.
in toxin clearance and in the maintenance of homeostasis.
In addition, the strategy that we describe here now provides
the opportunity to generate animals with variable number of
PCs at different developmental stages. This could be
instrumental in addressing many unanswered questions
regarding PC biology.
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