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Abstract
Severe hypoxia can lead to injury and mortality in vertebrate or invertebrate organisms. Our
research is focused on understanding the molecular mechanisms that lead to injury or adaptation to
hypoxic stress using Drosophila as a model system. In this current study, we employed the UAS–
Gal4 system to dissect the protective role of Hsp70 in specific tissues in vivo under severe
hypoxia. In contrast to an over-expression in tissues like muscles, heart and brain, we found that
over-expression of Hsp70 in hemocytes of flies provides a remarkable survival benefit to flies
exposed to severe hypoxia for days. Furthermore, these flies were not only tolerant to severe
hypoxia but also to other stresses such as oxidant stress (e.g., paraquat feeding or hyperoxia).
Interestingly we observed that the better survival with Hsp70 over-expression in hemocytes under
hypoxia or oxidant stress is causally linked to reactive oxygen species (ROS) reduction in whole
flies. We also show that hemocytes are a major source of ROS generation, leading to injury during
hypoxia and their elimination results in a better survival under hypoxia. Hence, our study
identified a protective role of Hsp70 in Drosophila hemocytes which is linked to ROS reduction in
the whole flies and thus helps in their remarkable survival during oxidant or hypoxic stress.
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Introduction
Whether hypoxia is present during normal conditions (high altitude) or during pathologic
states (e.g., obstructive sleep apnea, and sickle cell anemia), it challenges vertebrate as well
as invertebrate organisms. Various studies in animal models have examined experimentally
the effects of hypoxia (intermittent, IH, or constant, CH) on specific tissues such as heart,
brain, and kidneys [1-5]. These studies have demonstrated that the response to low O2 is not
only dependent on intensity and duration of the stimulus but also on the paradigm used. For
example, CH and IH are very different in their effect on growth, proliferation, and neuronal
injury [6, 7]. In our recent study, we focused on gene expression changes associated with
severe and short term constant or intermittent hypoxia using Drosophila as a model system
[8]. Our microarray analysis has identified distinct responses to IH and CH in terms of gene
expression. Multiple gene families were up- or down-regulated in response to these stresses.
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During IH, biological processes primarily involved in multi-drug resistance and defense
responses were over-represented [8]. In contrast, there were several gene families that were
over-represented in CH treated flies, such as those involved in the response to unfolded
proteins, chitin, lipid, carboxylic acid, amino acid-metabolic processes, and immunity [8].
Indeed, the heat shock protein family was the most up-regulated group in CH and this was
exclusive to this treatment.

The protective role of stress-inducible-proteins such as Hsp70 during low oxygen conditions
such as ischemia or hypoxia, have been studied extensively in vivo as well as in vitro models
[9-27]. A number of in vitro studies have shown increased survival in cardiac myocytes and
astrocytes under hypoxic conditions after heat pre-conditioning [10, 11, 14, 22]. Although,
the exact mechanism(s) of protection is not totally clear, Hsp70 has been known to involve
anti-apoptotic, anti-necrotic or chaperonic function [9, 28]. Recently there is accumulating
evidence that suggests that the cytoprotective effect of Hsp70 is related to the modulation of
cellular redox status and reduction of intracellular ROS [15, 29-31]. Besides its intracellular
protective functions, heat shock proteins participate in immunoregulatory mechanisms
[32-34]. Extracellular or membrane bound HSP can elicit an immune response thereby
linking innate and adaptive immune systems[32].

In order to study the functional role of heat shock proteins in hypoxia tolerance in our
previous study we tested a) the survival of P-element lines in which Hsp70 was upregulated
under hypoxia and b) the role of Hsp70 over-expression in specific tissues on survival under
hypoxia utilizing progenies of crosses with specific GAL4 drivers[8]. We found that the up
regulation of Hsp70 in P-elements remarkably increased survival under hypoxia and the
over-expression of Hsp70 in heart and hemocytes together (Hand-Gal4) as well as
mushroom bodies in brain provided a survival benefit to adult flies when exposed to longer
periods of hypoxia(days)[8]. In our current study we are focusing on the role of Hsp70 over-
expression in hemocytes under hypoxia. Hemocytes are the phagocytes of invertebrates and
found in the hemolymph of flies. In larvae, circulating hemocytes engulf bacteria and
apoptotic cells. During the larval stage, they also play an important role in adult and pupae
structural remodeling involving both their phagocytotic (apoptotic cells) as well as their
immune function[35]. A previous study by Charroux and Royet 2009, has shown that during
this developmental process, phagocytosis may not be as critical as immune-protection, since
normal developmental rates were observed when flies devoid of hemocytes were reared
under axenic conditions[36]. In Drosophila, hemocytes are only produced during two stages
of their life cycle, once during embryogenesis and again during the larval stage from lymph
glands [35]. Adult flies do not produce hemocytes but contain a mixture of embryonic and
lymph gland derived hemocytes[35]. They provide cellular defense in flies[37, 38] and their
function ranges from phagocytosis of biotic targets such bacteria or apoptotic bodies, to
rapid transient release of antimicrobial peptides, to clotting as well as activation of
phenoloxidase cascade[37, 39]. Previous studies have demonstrated several classes of
hemocytes in Drosophila: prohemocyte, plasmatocytes, podocytes, lamellocytes, crystal
cells and secretory cells [40]. On the basis of expression of blood cell antigens, Ando et al,
defined 4 cell types of hemocyte populations – plasmatocytes, crystal cells, lamellocytes and
precursor cells[40]. However, according to recent nomenclature, the major cell types of
hemocytes are plasmatocytes, lamellocytes and crystal cells [41-43]. The most abundant are
round-shaped plasmatocytes which comprise 95% of circulating hemocytes and resemble
macrophages primarily removing foreign material and apoptotic cells by phagocytosis.
Crystal cells are characterized by crystal-like inclusions in the cytoplasm and are involved in
melanin deposition in wounds and around foreign objects. The third type is a class of large
flat cells, the lamellocytes, which appear when the larvae are infected by parasitoid wasps.
These cells participate in the encapsulation of the parasites. Hemocytes are known to
generate reactive oxygen intermediates (ROI) and reactive nitrogen intermediates (RNI) as
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respiratory bursts when triggered by stimuli such as infection [44]. Our hypothesis is that
Hsp70 over-expression in hemocytes lowers ROS levels which, in turn, provide survival
advantage to flies exposed to hypoxia or other oxidative stresses.

Materials and methods
Drosophila stocks

Wild type Canton S (CS), yw, UAS-Hsp70, RNAi-Hsp70 and Gal4 driver stocks were
obtained from the Drosophila Stock center (Bloomington, Indiana, USA). UAS-hid and
reaper stocks were generous gifts from Dr. Tian Xu’s Lab (Yale University School of
Medicine, New Haven, CT). Flies were maintained on standard-cornmeal Drosophila
medium in an incubator at temperature of 25°C and 30-50% humidity. Based on the
previous study by Charroux and Royet 2009, the F1-Progeny of flies in which hemocytes
were eliminated by hid or rpr were reared on antibiotic food (ampicillin-500 μg/ml,
tetracycline-50 μg/ml, rifamycin-200 μg/ml)[36].

Feeding flies N-Acetylcysteine and Ascorbic acid
Fresh stock solution of (20mg/ml in H20) of N-acetyl-L-cysteine (Sigma) (Brack et al.
1997[45]) was prepared weekly and stored at 4°C and diluted before use. The dry food
(0.35g) was mixed with 1.5 ml of water in the vial (control food) or 1.5 ml of NAC dilution
(10mg/ml). The survival of NAC-fed wild type flies versus regular food fed wild type flies
was tested under hypoxia (1.5% O2) and hyperoxia (90% O2). In another set of experiments,
wild type flies were fed ascorbic acid (0.36mM) and tested under 20mM paraquat as
described in Bonilla et al., 2006[46]. Fresh stock solution of ascorbic acid was made and
mixed with dry food. Flies were fed with food containing ascorbic acid (Sigma) or regular
food for 5 days and then their survival was tested in vials containing 22-mm filter paper disk
soaked in 20mM paraquat in 5% sucrose solution for 24 hours.

Survival of flies under 1.5% O2 CH
In order to over-express Hsp70 in the hemocytes the UAS line for heat shock 70Bbb (yw;
P{y[+t7.7]=Mae-UAS.6.11}Hsp70Bbb[UY2168]) was crossed with Hemese-GAL4(He-
Gal4-Hemese is a hemocyte specific transmembrane protein). In order to knock-down
Hsp70 in the hemocytes, RNAi stock of Hsp70Bbb (y[1] v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.JF03215}attP2) was crossed with Hemese-GAL4. For elimination of
hemocytes UAS-hid and rpr stocks were crossed with He-Gal4 driver. The F1 progeny (3-4
day old) of these crosses were tested under 1.5 % O2 CH for over a period until the controls
flies were dead. Flies were exposed in specially designed computerized chambers which can
modulate the level of O2 using a combination of Oxygen (O2) and Nitrogen (N2) with
Oxycycler hydraulic system (Model A44x0, BioSpherix, Redfield, NY) and ANA-Win2
Software (Version 2.4.17, Watlow Anafaze, CA). For CH, the O2 level was maintained at
1.5% O2 continuously. Unpaired student t-tests were used to calculate significant differences
in the percentage survival of experimental (Hsp70 over-expression in hemocytes, hemocytes
depleted progeny) as compared to the controls (CS, yw) under each treatment.

Measuring ROS levels in flies
We used 2,7 dichlorofluorescein di-acetate method of ROS detection described by Lee et al
[47] to measure ROS levels at normoxia as well as after hypoxia or oxidative stress
treatments. Flies were homogenized with 500μl of PBST (PBS containing 0.1% Tween 20),
and then 100 μl of each supernatant was transferred into a 96-well plate. 2, 7
dichlorofluorescein (Invitrogen) was added to each sample with a final concentration of 50
μm. The fluorescent intensity was measured at excitation 485nm, emission 640nm and
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quantified using fluorescent microplate reader (Biotek, VT). Fluorescent intensities are
normalized by protein levels and initial control values. Each experiment was done with three
replicates of 30 flies each. The oxidation-insensitive counterpart of dichlorofluorescein dye
(C369, Invitrogen) was used as a control to ensure that the changes in the fluorescence seen
with oxidation-sensitive dye DCFH were solely due to changes in ROS production. In order
to compare the release of ROS from hemocytes between the controls and the Hsp70 over-
expression lines, we isolated hemocytes from larvae fed with either 20mM paraquat solution
or sucrose solution for 24 hours. Hemolymph was bled from the late wandering larvae
(larvae unexposed and exposed to 20mM paraquat, n=50) to isolate hemocytes following the
protocol by [48]in 100ul PBS in a 96-well microplate. 2, 7 dichlorofluorescein was added to
each sample with a final concentration of 50 μm. The percent relative ROS levels was
calculated as a ratio of ROS mean intensity of exposed cells: mean intensity of unexposed
cells [49].

Oxidative stress resistance test in flies
a) Paraquat treatment—To study the effect of oxidative stress, 3-5 day old adult flies
were exposed to 5mM paraquat (Sigma) for 12 days. The flies were kept in vials containing
22-mm filter paper disk soaked in 5mM paraquat in 5% sucrose solution. Flies were fed
daily with 100 μl of fresh paraquat with sucrose. Unpaired student t-tests were used to
calculate significant differences in the percentage survival of experimental (Hsp70 over-
expression in hemocytes) as compared to the controls (CS, yw) under each treatment.

b) Hyperoxia treatment—Adult flies (3-5 day old) were exposed to 90% O2 for 9 days
(until controls were dead). Unpaired student t-tests were used to calculate significant
differences in the percentage survival of experimental (Hsp70 over-expression in
hemocytes) as compared to the controls (CS, yw) under each treatment.

Immunofluorescent Analysis and hemocyte imaging
We used a Green Fluorescent Protein (GFP) labeled Hemese-Gal4 driver to observe
hemocytes in adult flies. Adults flies and larvae of F1-progeny in which Hsp70 is over-
expressed in hemocytes (UAS Hsp70/ UAS-GFP He-Gal4) and in which hemocytes were
eliminated by hid (UAS-hid/UAS-GFP He-Gal4) or reaper (UAS-rpr/UAS-GFPHe-Gal4)
were viewed under fluorescent microscopy (Carl Zeiss, Thornwood, NY). For hemolymph
analysis, larvae from each genotype were bled on a slide, and viewed under a microscope
(Carl Zeiss, Thornwood, NY).

Results
Over-expression of Hsp70 in hemocytes and heart provides survival advantage

Comparing gene expression after acute constant hypoxia to that after intermittent hypoxia in
flies, we have previously shown that Hsp70 was upregulated by several folds during
constant hypoxia (CH) [8] and P-element lines with Hsp70 over-expression had a
remarkable survival advantage during hypoxia. In order to further dissect the mechanisms of
protection of Hsp70, we first over-expressed it in various tissues utilizing the UAS-Gal4
system, and subjected the F1 progeny to severe hypoxia by exposing them to 1.5% O2 CH.
In our previous study, in order to examine the tissue-specificity of Hsp70 over-expression
we expressed it ubiquitously(da-Gal4) as well as in various cell types and tissues such as
neurons (elav-Gal4), glial cells (Eaat1-Gal4), brain(P{GawB}c739-Gal4), cardioblasts,
pericardial cells and lymph gland (hand-Gal4). We found that over-expression in brain
(c739-Gal4), cardioblasts, pericardial cells and lymph gland (hand-Gal4) provided survival
advantage to flies under hypoxia[8]. We are extending this study further to explore the effect
of Hsp70 over-expression specifically in hemocytes and heart under severe hypoxia. We
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found that over-expression of Hsp70 in hemocytes (using Hemese-Gal4 driver or He-Gal4,
Hemese is a hemocyte specific transmembrane protein [50]) provides a major survival
advantage during hypoxia. Indeed, after a 12-day exposure to 1.5% O2, the flies over-
expressing Hsp70 in hemocytes had a 80% survival, as compared to a 10% survival in
controls (unpaired t-test, P<0.001). Even, after 18 days of this severe hypoxia exposure,
these lines with Hsp70 over-expression had a survival of 75% when all the controls had
already died (Figure 1). Over-expression of Hsp70 in hemocyte specific driver lines (He-
Gal4, He-Gal4-UAS-GFP) had similar effects as shown in Figure 1. The separate UAS
control flies as well as He-Gal4 drivers alone had similar survival to controls. Hence, the
survival benefit in the F1 progeny was due to Hsp70 over-expression in hemocytes. Flies
with no copies of Hsp70 or with knock-down of Hsp70Bbb in hemocytes survived poorly
even when compared to controls (Figure 1 and [8]). In order to confirm that hemocytes are
still present in the F1 progeny in which Hsp70 was over-expressed, we viewed the flies
(UAS-Hsp70/UAS-GFP-He-Gal4) under fluorescent microscopy (Figure 2). We
demonstrate that hemocytes are present in both larvae and adult flies, whereas no signal was
detected in controls at either stages of development. The flies that over-expressed Hsp70 in
the heart (using tin-Gal4) also survived better than the controls (P<0.05, unpaired t-test). For
example, after 12 days of hypoxia exposure, the F1-progeny over-expressing Hsp70 in the
heart had a survival of 40% as compared to the controls which had less than 10% survival
(P<0.05, Figure 1).

How Hsp70 over-expression protects fly tissues is not clear at present. A number of
hypotheses with some experimental evidence have been advanced such as chaperonic
function to prevent misfolding of proteins [51, 52], anti-apoptotic activity [28] or protection
against free-radical injury[29]. In this work we test the importance of Hsp70 in lowering
ROS generated during hypoxia and other oxidative stresses and hypothesize that Hsp70
prevents free radicals injury associated with acute constant hypoxia. Severe hypoxia such as
1.5% O2 could generate free-radicals [53-55], and hence one of the potentially important
mechanism(s) of protection of Hsp70 could be its effects on ROS.

Over-expression of Hsp70 in hemocytes significantly lowered ROS levels
Acute hypoxia is associated with free radical generation and injury [53-55]. An imbalance
between ROS production and antioxidant defenses can lead to oxidative stress and injury.
Although there are data suggesting that Hsp70 protects against oxidative stress, the
mechanisms of its protection are unknown. Figure 3a show that Hsp70 over-expression in
hemocytes significantly lowers the relative ROS levels of flies. After one day of exposure at
a constant 1.5% O2, hemocyte-specific Hsp70 over-expression lines had significantly lower
ROS levels (3 times lower) as compared to controls (P<0.05, unpaired t-test). With
continued hypoxia exposure we observed a remarkable difference in the relative ROS levels
between controls and Hsp70 over-expression lines. For instance, after 10 days of severe
hypoxia, ROS levels of CS control were 6 times greater as compared to the F1-progeny of
UAS-Hsp70 and He-Gal4 (P<0.001, paired t-test). This strongly suggests that the reduction
of ROS levels in these flies could be a major mechanism that prevents free radical injury,
which in turn provides a survival advantage to hemocyte-specific Hsp70 over-expression
during acute hypoxia (Figure 1). To confirm that our measurements in DCFH oxidation
were not related to DCFH uptake, efflux or ester cleavage, we repeated the experiments with
an oxidation-insensitive analogue of DCFH (C369). Figure 3b shows that there were no
significant differences between controls as well as Hsp70 over-expression lines when tested
with oxidation-insensitive probe. Hence the observed differences between control flies (CS
and yw) and Hsp70 over-expression lines under hypoxia are attributed to changes in ROS
levels, as measured by the oxidation-sensitive dye. Furthermore, when control flies were fed
an ROS inhibitor such as NAC, the flies had significantly better survival under hypoxia as
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well as much lower ROS levels as compared to control flies that were fed regular food
(Figure 4). For example, after 9 days under severe hypoxia (1.5% O2), NAC-fed CS flies
had double the survival rate as compared to the CS flies fed with regular food (Figure 4a)
(p<0.001, unpaired t-test). Similar results were seen for yw NAC-fed flies as well (Figure
4a). This suggests that the mortality of flies under hypoxia is related to increased ROS levels
under such conditions (Figure 4b, c).

Hsp70 over-expression is protective during oxidative stress
In order to reinforce our hypothesis of the protective effect of Hsp70 against oxidative
injury, we tested the survival of flies under conditions that generate large amounts of free
radicals such as paraquat or hyperoxia treatment. First, we found that the stocks that had no
copies of Hsp70 were much more susceptible to paraquat as compared to controls (Figure
5a). In fact, the stock with no copies of Hsp70 was dead after 5 days of 5mM paraquat
exposure at which point the CS control have a survival rate of 30%. Second, we observed
that flies with the over-expression of Hsp70 in hemocytes had > 90% survival rate after 6
days of paraquat which was triple that of controls. Hence, Hsp70 over-expression increases
survival rates of flies in paraquat. Flies fed ascorbic acid also had significantly increased
survival as compared with flies that were fed regular food without ascorbic acid, suggesting
that the mortality is causally linked to an increase in ROS levels (Figure 5b). Indeed, the
ROS levels of the flies over-expressing Hsp70 only in hemocytes had significantly lower
ROS levels in whole flies as compared to the controls (P<0.05)(Figure 6a). Even after a
single day of paraquat exposure, there were apparent differences in the ROS levels between
controls and hemocyte-specific Hsp70 lines. The CS control had 5 times higher relative
levels of ROS as compared to hemocyte-Hsp70 over-expression lines (P<0.005, unpaired t-
test). We isolated hemocytes to study the ROS generation directly in vitro in 96-well plate.
We observed that hemocytes isolated from larvae in which Hsp70 was over-expressed
generated half the ROS levels when larvae were fed paraquat (20mM), as compared to
controls (P<0.05) (Figure 6b). No significant differences were observed in oxidation-
insensitive counterpart of DCFH (C369) between the control flies (CS, yw) and the Hsp70
over-expression flies.

When we exposed flies to hyperoxia (90%O2) for a week, we observed a similar trend in the
survival and relative ROS levels. After 7 days of hyperoxia treatment, flies over-expressing
Hsp70 in hemocytes had still a survival rate of 95% as compared to 30% survival in CS (P
<0.05- t-test) (Figure 7). Even when both the controls were dead, Hsp70 over-expression
lines had a moderate survival as depicted in figure 7. ROS levels after hyperoxia were also
consistent with our hypothesis: Hsp70 over-expression in hemocytes was associated with
lower ROS levels during oxidative stress and improved survival (Figure 8a). During
hyperoxia, ROS levels increased quickly in CS controls by three days, and both CS and yw
had 3-fold greater levels than the Hsp70-over-expression lines. The much lower levels of
ROS in the Hsp70 flies were maintained for the whole period of exposure (Figure 8a). No
significant differences were observed with the oxidation-insensitive probe C369 of
Dichlorofluorescein (Figure 8b). In addition, when the control CS flies were fed with an
ROS inhibitor (NAC), flies had significantly lower ROS levels and survived much better
than those fed with regular food (Figure 7, 8).

Depletion of hemocytes has a similar effect on survival and ROS levels as Hsp70 over-
expression in hemocytes

Cellular defense in flies primarily comprises of hemocyte mediated immune responses such
as phagocytosis and encapsulation [37, 56]. At the initiation of phagocytosis, hemocytes are
known to generate reactive oxygen intermediates (ROI) such as O2- and H2O2 [57, 58].
Certain stresses such as heavy metals exposure or hypoxia have been known to enhance
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ROS generation in hemocytes, thereby mortality in invertebrates [59-61]. In order to
understand the mechanism(s) by which Hsp70 over-expression in hemocytes lowers ROS
levels in adult flies, we hypothesized that hemocytes release ROS under hypoxia or
hyperoxia, which, in turn, can be detrimental to survival in flies. Indeed, when we tested
flies in which hemocytes are removed (cell specific ablation by UAS-hid or reaper and He-
Gal4 driver), they had a similar survival as lines over-expressing Hsp70 in hemocytes under
severe hypoxia (Figure 9). In order to verify that hemocytes were eliminated, we viewed the
F1 adult flies, larvae (UAS-hid/ UAS-GFPHe-Gal4) and hemocytes isolated from larvae on
a slide under fluorescent microscopy. We did not observe any GFP positive cells in the adult
flies (number of adults tested n=45) as well as larvae in which hemocytes were eliminated
(number of larvae dissected n=45) (Figure 2). Similar results were obtained with F1- UAS-
rpr/UASGFPHe-Gal4 (n=95). These lines (F1-UAS-reaper or hid X He-Gal4) had a survival
of 85% even after 12 days of 1.5% O2 which was significantly higher than the controls
(10%) (P<0.05, unpaired t-test). Their survival under hypoxia is similar to Hsp70 over-
expression lines in hemocytes as shown is Figure 9. Interestingly, ROS levels of the lines in
which hemocytes are eliminated (F1 – lines of UAS-hid, reaper, and He-Gal4) were
significantly lower than controls under hypoxia (Figure 10). Even after 10 days of hypoxia,
flies without hemocytes (F1-UAS-hid-he-Gal4, UAS-reaper-he-Gal4) had ROS levels that
were 7 times lower than those in CS controls (P<0.05). No significant differences were
observed with the oxidation-insensitive probe C369 of Dichlorofluorescein.

Discussion
Using gene expression analysis and functional assays, we have recently shown that an up
regulation of Hsp70 remarkably improves survival of flies under severe hypoxia [8]. In this
current study, we employed the UAS–Gal4 system to further dissect the protective role of
Hsp70 in specific tissues in vivo under similar conditions. We found that Hsp70 plays an
important role in various tissues during such conditions. First, we found that Hsp70 over-
expression in heart leads to better survival than controls in severe hypoxia. Surprisingly, we
also observed that Hsp70 over-expression in hemocytes provides even further survival
benefit under such a stress. On the other hand, flies with no copies of Hsp70 (Hsp70-) or in
which Hsp70Bbb was knocked down in hemocytes survived significantly less as compared
to CS control under 1.5% O2, suggesting that Hsp70 plays an important role in hypoxia
tolerance. Interestingly, when we over-expressed Hsp70 in hemocytes, flies were not only
tolerant to severe hypoxia but also to other stresses such as oxidant stress using paraquat
feeding or hyperoxia. To explore the possible link between Hsp70 over-expression, oxidant
stress and hypoxia, we examined the relation between Hsp70 and ROS generation.

Our data have demonstrated that over expression of Hsp70 in hemocytes lowered ROS
levels in whole flies under hypoxia. This suggested to us that a) hemocytes may be a major
source of ROS generation and this may cause injury and increased mortality in flies during
hypoxia and b) there is a major potential link between Hsp70 and ROS. There are several
invertebrate studies that have monitored the effect of various stresses such as hypoxia, pH,
hypercapnia or heavy metals on ROS generation in hemocytes [57, 58, 61, 62]. Similarly in
mammalian systems, the change of ROS generation and phagocytic activity of macrophages
under hypoxic stress have been extensively studied [63-66]. For example, in mammalian
macrophages studies [63, 66], hypoxia significantly increased ROS production and
phagocytosis whereas in another study in Crab population hypercapnic hypoxia decreased
ROI production and the phagocytic activity of hemocytes. The conclusions that can be
drawn from these studies vary depending on the duration and severity of hypoxia. In our
study, we obtained in vivo evidence that hemocytes generate ROS during severe hypoxia by
studying the effect of elimination of hemocytes using UAS-hid or reaper X He-Gal4 crosses.
Indeed, we found that flies in which hemocytes are eliminated have significantly lower ROS
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levels and survive much better than controls during hypoxia. In addition, since over-
expression of Hsp70 in hemocytes considerably lowers ROS levels of flies during hypoxia
and provides a survival benefit, we believe that this protective effect of Hsp70 can be linked
to lowering ROS generation by hemocytes in such conditions. Similar studies have
demonstrated a protective role of heat shock proteins under hypoxic conditions [9, 14, 17,
25, 30, 31] or in pre-conditioning experiments in myocytes. However, this is the first study
showing a close link between hemocytes and a survival advantage when Hsp are over-
expressed in hemocytes or when hemocytes are eliminated from the whole fly. One of the
potential damaging effects of severe hypoxia is the generation of reactive oxygen species
[53-55]. This prompted us to investigate the effect of Hsp70 over-expression using other
well known free radical generating paradigms such as hyperoxia. Hsp70 over-expression in
hemocytes protected flies under hyperoxia as well paraquat feeding. This is intriguing since
hypoxia and hyperoxia are very different physiological processes[67] and cells have distinct
responses to both stresses. However, it is possible that some of the underlying mechanisms
leading to injury are similar, such as the signaling pathways of ROS generation. Indeed, we
found that the survival of flies, under hypoxia and hyperoxia, was linked to ROS generation
since flies, fed an anti-oxidant such as NAC, had lower ROS levels and a remarkable
improvement in survival as compared to flies fed regular food. Interestingly, we found that
Hsp70 over-expression in hemocytes during larval stages had similar effect as adults in
lowering the ROS levels after exposure to paraquat, suggesting that similar pathways may
be involved in protecting the larvae from oxidative stress.

How Hsp70 up regulation in hemocytes lowers ROS levels in whole flies is not clear at this
time. There is evidence that shows that heat shock proteins can selectively protect
mitochondria against oxidative injury by preventing alterations in mitochondrial membrane
potential and cristae formation [68]. This is a potentially important mechanism since
mitochondria is the main source of ROS generation during oxidative stress conditions such
as hypoxia or hyperoxia[67]. Heat shock proteins also have an ability to protect cells and
tissues from damaging effects of inflammation[69]. Some of the potential mechanism(s) that
can explain the protective role of Hsp70 include the inhibition of NADPH oxidase activity
and, reducing TNF- levels and its cytotoxic effects.[69].

In summary, in this study we examined the role of Hsp70 over-expression in certain tissue
under severe hypoxia using Drosophila as the model system. This study has demonstrated
that a) Hsp70 over-expression in heart and hemocytes provides significant survival benefit
under hypoxia, b) the improved survival by Hsp70 up regulation in hemocytes is linked to
ROS reduction in whole flies, and c) hemocytes may be a major source of ROS under
hypoxia and hence their elimination lowers ROS levels and increases survival.
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yw yellow white

Hsp70 Heat shock protein 70

ROS reactive oxygen species

rpr reaper

hid head involution defective

GFP Green Fluorescent protein

DCFH Dichlorofluorescein

NAC N- Acetylcysteine
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Figure 1.
Survival of adult flies exposed to severe hypoxia (1.5% O2). Over-expression of Hsp70 in
hemocytes significantly increased survival as compared to controls. Each point represents
the average of at least three tests for each line and error bars represent the standard errors. *
with unpaired t-test P<0.05 with controls vs. the genotype.
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Figure 2. Visualization of hemocytes through GFP hemese marker and comparison among
phenotypes
A - F1 progeny adults in which Hsp70 is over-expressed (UAS-Hsp70/He-Gal4GFP) in
hemocytes GFP signal confirms the presence of hemocytes whereas expression of apoptotic
gene hid gives rise to adults (F1-UAShid/heGal4GFP) devoid of GFP signal suggesting
hemocytes are eliminated, image taken with both flies on the same field at 4x magnification.
B - F1 progeny larvae in which Hsp70 is over-expressed (UAS-Hsp70/He-Gal4GFP) in
hemocytes GFP signal confirms the presence of hemocytes whereas expression of apoptotic
gene rpr gives rise to larvae (F1-UASrpr/heGal4GFP) devoid of GFP signal suggesting
hemocytes are eliminated, image taken with both larvae on the same field at 4x
magnification.
C - GFP tagged hemocytes when larvae of F1- UAS-Hsp70/He-Gal4GFP are bled on the
slide, taken at 10x magnification at same GFP exposure time and intensity between groups.
D - Shows lack of GFP signal and hence hemocytes when larvae of F1-UAShid/heGal4GFP
are bled on the slide suggesting that these are devoid of mature hemocytes taken at 10x
magnification at same GFP exposure time and intensity between groups.
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Figure 3.
Figure 3a – Relative ROS levels after 1.5% O2. Up regulation of Hsp70 in hemocytes
reduced the ROS levels significantly. Each point represents the average of at least three tests
for each line and error bars represent the standard errors. * with unpaired t-test P<0.05 with
controls vs. the genotype.
Figure 3b- Measurement of Fluorescence with oxidation-insensitive probe of DCFH (C369)
as a control under 1.5% O2. Each bar represents the average of at least three tests for each
line and error bars represent the standard errors.
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Figure 4.
Effect of feeding an ROS inhibitor NAC to CS and yw control flies under severe hypoxia
(1.5% O2).
Figure 4a - Survival of adult flies after 9 days exposure to 1.5% O2. Flies that were fed NAC
survived more than twice when compared to flies fed control food. * with unpaired t-test
P<0.05 between the NAC fed food and regular food fed flies.
Figure 4b - Relative ROS levels after 1.5% O2. Each bar represents the average of at least
three tests for each line and error bars represent the standard errors. * with unpaired t-test
P<0.05 between the NAC fed food vs. regular food fed flies.
Figure 4c - Measurement of Fluorescence with oxidation-insensitive probe of DCFH (C369)
as a control under 1.5% O2. Each bar represents the average of at least three tests for each
line and error bars represent the standard errors.

Azad et al. Page 16

Free Radic Biol Med. Author manuscript; available in PMC 2012 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Figure 5a - Survival of adult flies exposed to 5mM Paraquat. Over-expression of Hsp70 in
hemocytes significantly increased survival as compared to controls. Each bar represents the
average of at least three tests for each line and error bars represent the standard errors. *
With unpaired t-test P<0.05 with controls vs. the genotype.
Figure 5b - Effect of feeding flies ascorbic acid under paraquat treatment. Survival of adult
flies exposed to 20mM Paraquat. Each bar represents the average of at least three tests for
each line and error bars represent the standard errors. * With unpaired t-test P<0.05 with
control food fed flies vs.ascorbic acid fed flies.
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Figure 6.
Figure 6a - Relative ROS levels after 5mM paraquat treatment. Upregulation of Hsp70 in
hemocytes reduced the ROS levels significantly. Each point represents the average of at
least three tests for each line and error bars represent the standard errors. * With unpaired t-
test P<0.05 with controls vs. the genotype.
Figure 6b - % relative ROS levels after 24 hours 20mM Paraquat treatment of larvae.
Hemocytes isolated from Hsp70 over-expression generated significantly less ROS as
compared to controls. Each bar represents the average of at least three tests for each line and
error bars represent the standard errors. * With unpaired t-test P<0.05 with controls vs. the
genotype.
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Figure 7.
Survival of adult flies exposed to hyperoxia (90%O2) for 7 days. Over-expression of Hsp70
in hemocytes significantly increased survival as compared to controls. Each bar represents
the average of at least three tests for each line and error bars represent the standard errors. *
With unpaired t-test P<0.05 with controls vs. the genotype.
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Figure 8.
Figure 8a- Relative ROS levels after hyperoxia treatment. Upregulation of Hsp70 in
hemocytes reduced the ROS levels significantly. Each point represents the average of at
least three tests for each line and error bars represent the standard errors. * With unpaired t-
test P<0.05 with controls vs. the genotype.
Figure 8b-Measurement of Fluorescence with oxidation-insensitive probe of DCFH (C369)
as a control under 90% O2. . Each bar represents the average of at least three tests for each
line and error bars represent the standard errors
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Figure 9.
Survival of adult flies exposed to hypoxia (1.5% O2). Flies in which hemocytes are depleted
by crossing either hid or reaper have similar increased survival as Hsp70 over-expression
lines in hemocytes. Each point represents the average of at least three tests for each line and
error bars represent the standard errors. * With unpaired t-test P<0.05 with controls vs. the
genotype.
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Figure 10.
Relative ROS levels under 1.5% O2.Flies in which hemocytes are killed by reaper or hid
have lower ROS levels than controls. Each point represents the average of at least three tests
for each line and error bars represent the standard errors. * With unpaired t-test P<0.05 with
controls vs. the genotype.

Azad et al. Page 22

Free Radic Biol Med. Author manuscript; available in PMC 2012 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


