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Abstract
Biomphalaria spp. serve as obligate intermediate hosts for the human blood fluke Schistosoma
mansoni. Following S. mansoni penetration of Biomphalaria glabrata, hemocytes of resistant snails
migrate towards the parasite, encasing the larva in a multicellular capsule resulting in its destruction
via a cytotoxic reaction. Recent studies have revealed the importance of hydrogen peroxide and nitric
oxide (H2O2, NO) in parasite killing [1,2]. It is assumed H2O2 and NO production is tightly regulated
although the specific molecules involved remain largely unknown. Consequently, the potential role
of cell signaling pathways in B. glabrata hemocyte H2O2 production was investigated by evaluating
the effects of specific inhibitors of selected signaling proteins. Results suggest that both ERK and
p38 MAPKs are involved in the regulation of B. glabrata H2O2 release in response to stimulation
by PMA and galactose-conjugated BSA. However, the involvement of the signaling proteins PKC,
PI3 kinase and PLA2 differs between PMA- and BSA-gal-induced H2O2 production.
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Introduction
The planorbid snail, Biomphalaria glabrata is an important intermediate host for larval stages
of the human blood fluke, Schistosoma mansoni. Strains of B. glabrata may differ in their
abilities to suppress an S. mansoni infection with some strains serving as compatible or
susceptible hosts, and others demonstrating a resistant phenotype [3,4]. When infective S.
mansoni larvae penetrate a resistant host, blood cells known as hemocytes form a multilayered
cellular encapsulation around the parasite resulting in larval death, usually within 24 hr post-
infection [5]. Using an in vitro cellular cytotoxicity assay Hahn et al. [1,2] demonstrated that
reactive oxygen and nitrogen species, specifically H2O2 and NO, respectively, were
responsible for the schistosomicidal activity. Furthermore, it was also shown that selected
carbohydrates were capable of triggering B. glabrata hemocyte H2O2 production in vitro [6]
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suggesting an association between carbohydrate-reactive cell receptors and oxidative/nitrative
responses.

Extracellular H2O2 release depends on a multi-enzyme complex, referred to as NADPH
oxidase, which is comprised of the cytoplasmic components p47phox, p60 phox, p40 phox and
the transmembrane proteins gp22 phox and gp91 phox. Following stimulation of the cell by
interaction of cellular receptors with their activating ligands, phosphorylation of the
cytoplasmic components enables them to translocate to the membrane to form a complete active
enzyme complex [7]. NADPH oxidase then reduces extracellular oxygen to superoxide using
NADPH as an electron donor [8]. Finally superoxide dismutase catalyzes the conversion of
superoxide to oxygen and hydrogen peroxide [9].

Because free H2O2 can cause serious damage to biological membranes, whether host or
pathogen, H2O2 production must be a highly regulated response. However, to date very little
is known about which signaling molecules and pathways may be involved in regulating this
response in B. glabrata hemocytes. Therefore, in the present study, resistant snail (BS90)
hemocytes were incubated with specific inhibitors of several signaling proteins to assess their
potential role in B. glabrata hemocyte H2O2 production. Results suggest that two mitogen-
activated protein kinases (MAPKs), extracellular signal-regulated kinase (ERK), and p38, are
involved in hemocyte H2O2 production in response to both the phorbol ester PMA and BSA-
galactose. However phosphoinositide-3 kinase (PI3 kinase) and phospholipase A2 (PLA2)
signaling proteins appear to be involved only in BSA-gal stimulated H2O2 production, while
PKC regulates PMA-induced H2O2 release.

Materials and Methods
Biomphalaria glabrata culture

B. glabrata snails (BS90 strain) were maintained on a 12h:12h light-dark cycle in 10-gal glass
aquaria containing dechlorinated artificial pond water at 26°C and were fed leaf lettuce ad
libitum. Snails used in all experiments ranged from 10 to 15 mm in shell diameter.

Schistosoma mansoni parasite culture and harvesting of excretory-secretory products
Miracidia of S. mansoni were isolated from eggs obtained from infected mouse liver
homogenates, and cultured for 48-hr in Chernin’s balanced salt solution [CBSS; 10] at 26°C
to permit their development to the mother sporocyst stage. Excretory-secretory products (ESP)
used in initial experiments were harvested from the 48-hr in vitro cultured S. mansoni
sporocysts as described in Humphries and Yoshino [11].

Hemocyte isolation and H2O2 assay
Hemolymph was obtained from BS90 B. glabrata snails via the headfoot retraction technique
[12], pooled on parafilm, mixed and 100 μl per well aliquoted into a black-walled, clear-
bottomed 96-well microtitre plate (Corning Inc. Life Sciences, Lowell, MA). This was
followed by addition of 100 μl of CBSS (22°C, pH 7.2) to each well bringing the total volume
to 200 μl. Hemolymph was diluted with CBSS in order to decrease adhesion of plasma proteins
to the surface of the wells. Hemocytes were allowed to attach and spread for 90 min, before
removal of plasma and washing with 200 μl CBSS every 15 min over the next 90 min. CBSS
was then removed and replaced with either 50 μl of fresh CBSS (no inhibitor control) or CBSS
containing a specific inhibitor. After a 1 hr incubation at 22°C, 50 μl of either CBSS, phorbol
12-myristate 13-acetate (PMA; 500 nM final concentration), or galactose-conjugated bovine
serum albumin (BSA-gal; 200-400 nM final concentrations) were added to their respective
control and inhibitor-treated wells and allowed to incubate for an additional 2 hr at 22°C prior
to measuring H2O2 released. All inhibitors used in the study were purchased from Calbiochem
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(EMD Chemicals, San Diego, CA) and included: U0126 (Erk MAPK inhibitor), SB 202190
(p38 MAPK inhibitor), bisindolylmaleimide I (PKC inhibitor), wortmannin and LY294002
(PI3 kinase inhibitors), aristolochic acid and PACOCF3 (PLA2 inhibitors). PMA and BSA-gal
were obtained from Sigma-Aldrich (St. Louis, MO). The concentration at which each inhibitor
was used was determined initially through literature reviews followed by preliminary
experiments.

Hydrogen peroxide concentrations were measured using Amplex® Red (Invitrogen™
Corporation, Carlsbad, CA) following a protocol derived from Bender et al. [13]. Following
hemocyte treatment with CBSS, PMA or BSA-gal, plates were centrifuged at 1500 rpm at 22°
C for 2 min after which supernatants were removed and transferred to a new “black-walled”
96-well plate. One-hundred μl of the reagent Amplex® Red was added to each well of
supernatant and read within 5 min at 520 nm excitation/590 nm emission on a Synergy™ HT
Multi-Detection Microplate Reader (BioTek Instruments, Inc., Winooski, VT).

DNA quantification and statistical analyses
In order to control for the number of hemocytes present in each well within and between
replicate experiments, hemocyte DNA levels per well were measured, thus permitting the
normalization of H2O2 measurements. As a consequence data are presented as relative
fluorescence units (RFU)/ ng DNA. To determine cellular DNA content, hemocytes in original
96-well plates were washed twice with 200 μl CBSS by centrifugation for 2 min at 1500 rpm.
Plates were inverted to blot dry and then stored dry at -80°C overnight. Plates were then
subjected to four freeze/thaw cycles over 2 hr, followed by addition of 100 μl of CyQuant®
cell lysis buffer (1X; Invitrogen Corporation, Carlsbad, CA) to each well and incubated for 1
hr at 22°C. A standard curve was set up in duplicate in the same buffer using a lambda DNA
standard (Invitrogen), ranging from 1-100 ng. To all wells, 100 μl Quant-iT™ PicoGreen®
dsDNA reagent was added and maintained in the dark for 25 min before reading at 485 nm
excitation/528 nm emission (BioTek Instruments). Each experiment was carried out a
minimum of three times and statistical analyses were performed. Bartlett’s test was used to
assess equality of variance, followed by One-way ANOVA and Tukey’s post-test. All data are
presented as the mean +/- SEM for 3 independent experiments. However, U0126 inhibition of
BSA-gal-induced H2O2 release produced data with unequal variances which were analyzed
using the Kruskal-Wallis test followed by Dunn’s post-test. This data is therefore presented as
median and interquartile range (Fig. 4b).

Results
Effect of Schistosoma mansoni ESP on hemocyte H2O2 production

To assess B. glabrata hemocyte H2O2 release in response to S. mansoni, hemocytes were
exposed to parasite excretory-secretory products (ESP, 25 μg protein/ml). Following a 2 hr
exposure, there was no significant difference in H2O2 release between CBSS and ESP treated
hemocytes (Fig. 1). Furthermore, a PMA-induced increase in H2O2 levels was significantly
reduced when hemocytes were exposed simultaneously to ESP and PMA (1 way ANOVA
p<0.0001, Tukey’s post-test p≤0.001, Fig. 1). These findings suggest that ESP may contain
factors with antioxidant properties and hence could not be used to stimulate hemocyte H2O2
release in the current study. Alternatively, as the sporocyst tegument is heavily glycosylated,
and galactose-conjugated bovine serum albumin (BSA-gal) had previously been shown to elicit
hemocyte H2O2 release [6], BSA-gal was used as a potential stimulant in subsequent H2O2 -
release assays.
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Effect of PMA and BSA-gal on hemocyte H2O2 production
Phorbol myristate acetate (PMA) is a membrane-permeable activator of protein kinase C
(PKC), capable of directly triggering a downstream signaling cascade [14,15]. Exposure of B.
glabrata hemocytes to either PMA (500 nM) or BSA-gal (200-400 nM) for 2 hr resulted in
significant elevations of H2O2 production above basal levels in CBSS alone (Fig. 2).
Subsequently, hemocyte H2O2 production in response to PMA and BSA-gal at their minimum
stimulating concentrations was examined using specific inhibitors of cell signaling molecules
associated with NADPH oxidase activation. None of the inhibitors used had significant effects
on hemocyte viability compared to controls as determined by trypan blue exclusion, nor had
they any significant effect on CBSS basal H2O2 levels.

Effect of PKC inhibition
Hemocytes were incubated for 1 hr in bisindolylmaleimide I (Bis I, 250 nM) before exposure
to either PMA (500 nM) or BSA-gal (200-400 nM). Results indicated that Bis I significantly
reduced H2O2 release in PMA-stimulated hemocytes when compared to treatment with PMA
alone (Fig. 3a; 1 way ANOVA p=0.0001, Tukey’s post-test p≤0.001). Bis I also reduced
H2O2 release in response to BSA-gal but not to a significant level (Fig. 3b).

Effect of mitogen-activated protein kinase (MAPK) inhibition
MAP kinases are a superfamily of serine-threonine kinases comprising the ERK, p38 and JNK
subfamilies [16]. Because members of this superfamily are involved in the regulation of
NADPH oxidase activation and subsequent ROS production [17], the putative roles of ERK
and p38 in hemocyte H2O2 production were examined using the drugs U0126 and SB202190
as specific inhibitors of ERK and p38 MAPKs, respectively. U0126 treatment (10 μM) resulted
in significant decreases in both PMA- and BSA-gal-induced H2O2 production (Fig. 4; PMA,
1 way ANOVA p<0.0001, Tukey’s post-test p≤0.001, BSA-gal, Kruskal-Wallis p=0.0142,
Dunn’s post-test p≤0.05), while significant reductions also were recorded when hemocytes
were treated with the p38 inhibitor SB202190 in conjunction with both PMA and BSA-gal
(Fig. 5; 1 way ANOVA p<0.0001, Tukey’s post-test p≤0.001 for both). Amino acid alignments
of the p38 MAPK ATP-binding domain, target for SB202190, was identical between B.
glabrata and humans (data not shown), suggesting the inhibitor could also target B. glabrata
p38 MAPK.

Effect of PI3K inhibition
Two inhibitors of phosphoinositide kinase (PI3K), LY294002 (50 uM) and wortmannin (500
nM), were tested for their ability to block hemocyte H2O2 production. Treatment of cells by
both inhibitors resulted in a significant decrease in BSA-gal-induced H2O2 release compared
to BSA-gal alone (Fig. 6b; 1 way ANOVA p=0.0115, Tukey’s post-test p≤0.05 for both
inhibitors). However, only wortmannin significantly decreased PMA-induced H2O2 release
(Fig. 6a; 1 way ANOVA p=0.0013, Tukey’s post-test p≤0.05), while LY294002 had no
significant effect on PMA-treated cells.

Effect of PLA2 inhibition
Since phospholipase A2 (PLA2) has been reported to play a major role in NADPH oxidase
activation [18] and the generation of H2O2, inhibitors of PLA2, aristolochic acid (100 μM) and
PACOCF3 (50 μM), were used to examine its potential role in hemocyte H2O2 production. In
this case, neither of these inhibitors had a significant effect on PMA--induced H2O2 release
(Fig. 7a), whereas PACOCF3 significantly reduced H2O2 production in B-gal-treated
hemocytes (Fig. 7b; 1 way ANOVA p=0.0197, Tukey’s post-test p≤0.05).
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Discussion
In the present study, the signaling proteins regulating B. glabrata hemocyte H2O2 production
in response to the specific stimulants, BSA-gal and PMA, and to excretory-secretory products
(ESP) of cultured larval S. mansoni were investigated. Interestingly, ESP released from early
developing larval stages did not induce H2O2 release from hemocytes, but in contrast appeared
to inhibit PMA-mediated peroxide production. Vermeire and Yoshino [19] recently showed
that S. mansoni larval ESP possessed peroxiredoxins and H2O2-scavenging activity, and this
may explain the lack of an oxidative hemocyte response, as well as ESP’s apparent antioxidant
capacity in the presence of PMA. PMA and BSA-gal differ in their modes of initial activation
such that PMA, as an ester, can bypass membrane receptor ligation and directly activate DAG-
dependent PKCs, whereas it is proposed that BSA-gal binds a cell surface receptor which
triggers a downstream signaling cascade. The results imply that the cell signaling pathways
regulating PMA and BSA-gal induced H2O2 release differ from each other, however both
pathways involve the MAP kinases ERK and p38. Also it was noted that although PMA-
mediated stimulation of hemocyte H2O2 production at 500 nM was very consistent, the
response to BSA-gal treatments between experimental replicates was more variable with
minimum stimulating concentrations ranging from 200-400 nM. Biological variability (e.g.,
size of BSA-gal receptor (+) hemocyte subpopulations, receptor density, responsiveness to
ligand binding, etc.), in part, is believed to be responsible, although one cannot rule out
additional variability inherent in the H2O2 assay system.

The PKC inhibitor Bis I significantly decreased H2O2 production in response to PMA, which
is not surprising as PMA activates DAG-dependent PKCs. PKC regulation of H2O2 release
was likewise demonstrated in the snail Lymnaea stagnalis, when hemocytes were stimulated
with either PMA or laminarin [20]. A role for PKC in vertebrate immune cell H2O2 production
is well documented and it has been shown that in bovine leucocytes, NADPH oxidase-
dependent superoxide production and specifically p47 phosphorylation are PKC dependent
[21]. Furthermore, several different PKC isozymes have been implicated in phosphorylating
p47 and inducing its translocation [22]. More detailed studies are required to determine the
specific targets of PKC in the PMA-induced H2O2 signaling pathway in B. glabrata. In contrast,
PKC does not appear to be significantly involved in BSA-gal-stimulated H2O2 release in B.
glabrata. This was unexpected given the involvement of PKC in both PMA- and laminarin-
induced H2O2 release by L. stagnalis hemocytes [20] as well as in vertebrate cells as described
previously [21]. In addition, the importance of PKC in a variety of molluscan immune-related
functions has become increasingly apparent in recent years [23,24]. Perhaps the task PKC
carries out in PMA-induced H2O2 release is achieved by a different signaling protein(s) such
as PI3K or PLA2 in the BSA-gal induced pathway.

The significant effects of MAPK inhibitors on H2O2 levels imply that both ERK and p38 also
may be regulating hemocyte H2O2 production induced by both PMA and BSA-gal.. These
findings are in agreement with previous studies examining MAPK regulation of vertebrate
immune cell H2O2 production. Hazan-Halevy et al. [17] showed that human neutrophil
NADPH oxidase activation was dependent on an ERK/p38-activated pathway resulting in the
translocation of cPLA2 and cytosolic oxidase subunits to the cell membrane. However the
involvement of either of these MAPKs seems to vary depending on the type of cell studied and
the nature of H2O2 stimulation. Several studies have verified that the specific role of MAPKs
in NADPH oxidase activation is to phosphorylate the cytosolic oxidase components, thereby
catalyzing their translocation to the membrane [17]. In contrast, the exact function of MAPKs
in B. glabrata H2O2 release has not yet been determined, nor is it clear whether ERK and p38
play similar roles in both PMA- and BSA-gal-induced H2O2 release. Interestingly, in a similar
study the roles of ERK and p38 MAPKs in B. glabrata hemocyte H2O2 production in response
to S. mansoni sporocysts in vitro were tested and results indicated that only ERK MAPKs
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evoked an H2O2 response [25]. Differences in experimental setup, inhibitor concentrations
and/or assay conditions may explain the disparity in results of these studies.

PI3 kinase regulation of NADPH oxidase production of superoxide has been implicated in
previous studies using the inhibitors LY294002 and wortmannin. Yamamori et al. [21] showed
that wortmannin inhibited superoxide production in bovine leucocytes, specifically reducing
p47 activation. In the current study the inhibitory effect of both wortmannin and LY294002
on BSA-gal H2O2 release strongly suggests the involvement of PI3 kinase. However, in the
case of PMA-induced peroxide generation, only wortmannin had a significant inhibitory effect,
yet the two inhibitors function through a similar mechanism. Recent publications suggest a
need for caution in interpreting results obtained using these inhibitors, as the same drugs have
been found to differ in their effects within a single study. To illustrate, Nauc et al. [26] found
that inhibition of sperm capacitation and associated phosphorylation of proteins using
LY294002 may actually be independent of PI3 kinase based on the differential effects of
wortmannin and LY294002. Therefore in the current study it cannot be concluded with
certainty that PI3 kinase also plays a role in PMA-induced H2O2 release as only wortmannin
had an inhibitory effect.

In contrast to PMA-induced peroxide release, a regulatory role for PI3 kinase in BSA-gal-
induced H2O2 production in B. glabrata would appear to be consistent with this kinase’s
involvement in receptor-mediated activation signals. This is paralleled in both bovine
leucocytes [21] and murine macrophages [27], both of which were inhibited by PI3 kinase
inhibitors, including wortmannin. Therefore the results imply that PI3 kinase is likely to be
involved in BSA-gal induced H2O2 release. The questionable role of PI3 kinase in PMA-
induced hemocyte H2O2 production suggest that initiation of signals through surface receptors
may be important in regulating oxidative reactions through a PI3 kinase-like pathway. Contrary
to our results, Zelck et al. [25] found that wortmannin at a concentration of 100 nM had no
effect on H2O2 production during B. glabrata hemocyte encapsulation reactions. Differences
in inhibitor effects likely were due to the fact that we measured peroxide induction and its
inhibition on isolated hemocyte preparations, while Zelck et al. [25] carried out their
measurements in in vitro co-cultures of hemocytes and live S. mansoni sporocysts. As noted
earlier, Vermeire and Yoshino [19] found that proteins excreted/secreted during in vitro
sporocyst development were rich in H2O2-scavenging peroxiredoxins that may have affected
the peroxide expression levels measured in their study. Other differences, including different
cell stimulating ligands (BSA-gal vs. intact sporocysts) and wortmannin concentrations used
(100 nM vs. 500 nM) also could account for discrepancies.

The PLA2 enzymes comprise a large, diverse family of enzymes, classified according to size,
location and calcium dependence [28]. In the current study inhibitors to different forms of
PLA2 enzymes were used; aristolochic acid which inhibits secretory forms (sPLA2) and
PACOCF3 which blocks the activity of both calcium-dependent and independent cytosolic
PLA2 (cPLA2 and iPLA2 respectively) [29]. Neither inhibitor had any significant effect on
PMA-stimulated H2O2 production. In contrast, however, inhibition of BSA-gal-induced
H2O2 by PACOCF3 suggests the potential involvement of cytosolic PLA2 isozymes. This result
is supported by an established role for cPLA2 in vertebrate immune cell superoxide production;
cPLA2 is required for NADPH oxidase activation and/or superoxide release when human
neutrophils are stimulated by a variety of reagents such as angiotensin, PMA and zymosan
[17,30].

B. glabrata H2O2 production appears to be a critical component of its immune response against
S. mansoni larval stages [31]. The putative regulation of such immune responses can be
estimated through in vitro PMA- and BSA-gal-stimulation of B. glabrata hemocytes. The MAP
kinases, ERK and p38, are involved in cell signaling pathways downstream of both PMA and
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BSA-galactose, although the exact mechanisms through which each influences these pathways
is presently unknown. As MAP kinases are serine-threonine kinases, it is possible they are
involved in phosphorylating the cytosolic components of the putative NADPH oxidase enzyme
complex, which is essential for translocation to the membrane and oxidase activation.
However, these two signaling pathways markedly differ suggesting the cell signaling pathways
regulating H2O2 release are specific and dependent on the mode of activation. PKC is clearly
implicated in PMA-stimulation yet a similar role downstream of BSA-gal is not apparent. The
reverse occurs in the case of PI3 kinase and PLA2 as these enzymes appear to signal downstream
of BSA-gal but not PMA. The exact roles PI3 kinase and PLA2 play have not yet been discerned
but perhaps PLA2-derived arachadonic acid activates NADPH oxidase cytosolic components
downstream of BSA-gal, whereas PKC fulfils the same role in a PMA-initiated pathway in B.
glabrata hemocytes.

Despite available functional evidence, to date a B. glabrata NADPH oxidase has not been
identified at the molecular level. The only ESTs showing similarity to any member of the
NADPH oxidase complex are similar to members of the gp91 family (CK990069, CK989379
and CK149203; National Center for Biotechnology Information). In particular, these ESTs
were most similar to dual oxidases (Duox), so named because of the presence of both NADPH
oxidase and peroxidase domains [32]. Recent studies demonstrate that, like other members of
the gp91 family, dual oxidases also can generate superoxide [33,34], which in turn could be
converted to H2O2 through the action of superoxide dismutases known to be present in B.
glabrata hemocytes [35]. At present, it cannot be said whether dual oxidase proteins are
involved in B. glabrata hemocyte H2O2 production but it is possible that they fulfill such a
role. Figure 8 provides a hypothetical scheme by which H2O2 production may be regulated by
ERK and p38 MAPK signaling pathways. Further detailed research of B. glabrata hemocyte
signaling kinases and their accessory molecules is required in order to better understand the
role each is playing in the regulation of H2O2 production. This will depend on the availability
of the necessary tools and reagents such as antibodies against the individual components of the
NADPH oxidase enzyme complex and sensitive, specific agonists/antagonists of the putative
signaling pathways.
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Fig. 1.
Effect of S. mansoni ESP on B. glabrata hemocyte H2O2 production. Cells were treated with
either PMA (500 nM), S. mansoni ESP (25 μg/ml) or both simultaneously. H2O2 levels were
measured using Amplex Red reagent. Data are presented as mean +/- SEM of 3 independent
experiments.
*** p≤0.001 comparing PMA with CBSS, and when comparing PMA + ESP with PMA alone.
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Fig. 2.
Effect of PMA and B-galactose on B. glabrata hemocyte H2O2 production. Cells were treated
with either PMA (500 nM) or BSA-gal (200 nM) for 2 hr, after which H2O2 levels were
measured. Data are presented as mean +/- SEM of 3 independent experiments.
* p≤0.05 and ** p≤0.01 compared with CBSS
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Fig. 3.
Effect of the PKC inhibitor Bisindolylmaleimide I on B. glabrata hemocyte H2O2 production.
Cells were pre-incubated 1 hr with 250 nM Bis I, before stimulation with either a) PMA (500
nM) or b) BSA-gal (400 nM). H2O2 levels were then measured. Data are presented as mean
+/- SEM of 3 independent experiments.
*** p≤0.01 compared with PMA alone
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Fig. 4.
Effect of the ERK MAPK inhibitor U0126 on B. glabrata hemocyte H2O2 production. Cells
were pre-incubated with U0126 (10 μM) for 1 hr prior to 2 hr stimulation with either a) PMA
(500 nM) or b) BSA-gal (200 nM). Data presented in Fig. 4a. represent mean +/- SEM of 3
independent experiments. Data displayed in Fig 4b were analysed using Kruskal Wallis and
are therefore presented as median and interquartile range for 3 independent experiments.
*** p≤0.001 compared with PMA, * p≤0.05 compared with BSA-gal alone
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Fig. 5.
Effect of the p38 MAPK inhibitor SB 202190 on B. glabrata hemocyte H2O2 production. Cells
were pre-incubated for 1 hr in SB 202190 (25 μM) prior to 2 hr incubation in either PMA (500
nM) or BSA-gal (200 nM). H2O2 levels were then measured. Data are presented as mean +/-
SEM of 3 independent experiments.
*** p≤0.001 compared with either PMA or BSA-gal alone
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Fig. 6.
Effect of the PI3 kinase inhibitors wortmannin and LY294002 on B. glabrata hemocyte
H2O2 production. Cells were pre-incubated with either wortmannin (500 nM) or LY294002
(50 μM) for 1 hr prior to 2 hr stimulation with either a) PMA (500 nM) or b) BSA-gal (300
nM). Data are presented as mean +/- SEM of 3 independent experiments.
* p≤0.05 compared with either PMA or BSA-gal alone
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Fig. 7.
Effect of the PLA2 inhibitors aristolochic acid and PACOCF3 on B. glabrata hemocyte
H2O2 production. Cells were pre-incubated with either aristolochic acid (100 μM) or
PACOCF3 (50 μM) for 1 hr prior to 2 hr stimulation with either a) PMA (500 nM) or b) BSA-
gal (300 nM). Data are presented as mean +/- SEM of 3 independent experiments.
* p≤0.05 compared to BSA-gal alone.
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Fig. 8.
Simplified schematic diagram showing putative regulation of B. glabrata hemocyte H2O2
production stimulated by BSA-gal and PMA. Both pathways appear to involve the MAPKs
ERK and p38, however their precise signaling pathways and exact role in regulating oxidative
reactions are unknown as yet. It is possible that MAPKs and the other signaling kinases (e.g.,
PKC) may function in the direct phosphorylation and membrane translocation of cytosolic
NADPH oxidase subunits, or, are acting through other pathway signaling components. Also,
PI3 kinase and PLA2 appear to regulate downstream of BSA-gal only, but their specific function
and position in this pathway is unknown. The regulation of B. glabrata hemocyte H2O2
production is expected to be more complex than depicted in this simplified diagram and include
additional signaling molecules. Gray circled proteins indicate cytosolic and membrane-
associated NADPH oxidase subunits. Solid-lined arrows indicate evidence supporting
involvement of the signaling molecule in downstream events. Dash-lined arrows indicate that
interactions may exist, but presently are unknown.

Humphries and Yoshino Page 17

Dev Comp Immunol. Author manuscript; available in PMC 2008 March 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


