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Anthrax lethal toxin (LT) increases vascular leakage in a number of mammalian models and in human
anthrax disease. Using a zebrafish model, we determined that vascular delivery of LT increased permeability,
which was phenocopied by treatment with a selective chemical inhibitor of MEK1 and MEK2 (also known as
mitogen-activated protein kinase [MAPK] kinase, MEK, or MKK). Here we investigate further the role of
MEKI1/phospho-ERK (pERK) in the action of LT. Overexpression of wild-type zebrafish MEK1 at high levels
did not induce detrimental effects. However, a constitutively activated version, MEK152'*?-5223D (M EK1DD),
induced early defects in embryonic development that correlated with increased ERK/MAPK phosphorylation.
To bypass these early developmental defects and to provide a genetic tool for examining the action of lethal
factor (LF), we generated inducible transgenic zebrafish lines expressing either wild-type or activated MEK1
under the control of a heat shock promoter. Remarkably, induction of MEK1DD transgene expression prior to
LT delivery prevented vascular damage, while the wild-type MEKI1 line did not. In the presence of both LT and
MEKI1DD transgene expression, cardiovascular development and function proceeded normally in most em-
bryos. The resistance to microsphere leakage in transgenic animals demonstrated a protective role against
LT-induced vascular permeability. A consistent increase in ERK phosphorylation among LT-resistant
MEKI1DD transgenic animals provided additional confirmation of transgene activation. These findings provide
a novel genetic approach to examine mechanism of action of LT in vivo through one of its known targets. This
approach may be generally applied to investigate additional pathogen-host interactions and to provide mech-

anistic insights into host signaling pathways affected by pathogen entry.

Studies on anthrax pathogenesis have defined three toxin
proteins secreted by Bacillus anthracis that can induce severe
vascular and organ damage prior to lethality in experimental
models (21, 52). Anthrax toxin proteins consist of an internal-
ization subunit, protective antigen (PA), that can couple with
either of two catalytic subunits: edema factor (EF) and lethal
factor (LF) (11). PA has the ability to bind host receptors with
high affinity and is responsible for the internalization of EF
and/or LF into the cytoplasm. Biochemical studies have re-
vealed that EF and LF have distinct enzymatic activities. EF
increases cellular cyclic AMP (cAMP) levels, and LF is a met-
alloprotease that can cleave and inactivate MEKSs (also known
as mitogen-activated protein kinase [MAPK] kinase, MEK, or
MKK) (52). EF and PA constitute edema toxin (ET), while LF
and PA function as lethal toxin (LT). Over the years, studies on
LT have generated potent and consistent phenotypes in rodent
models, including vascular leakage, lung edema, pleural effusions,
and hemorrhage, before lethality (15, 21, 35, 42). Thus, we be-
came interested in further investigating the vascular actions of
LT. To do this, we developed a zebrafish embryonic model that
facilitated the direct observation of LT effects on the vasculature
in vivo (9, 28).

We previously showed that delivery of LT into the embry-
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onic vasculature generated a distinct progression of phenotypic
defects, beginning with an increase in vascular leakage (9). We
further demonstrated that increased permeability was not due
to endothelial cell death (9). In vitro and biochemical assays
have shown that LF can cleave and inactivate a number of
related kinases in the MEK/MKK subfamily: MEK1 to MEK4,
MEKS6, and MEK7 (18, 39, 47). However, the contribution of
each kinase to the effects of LT has not been explored in vivo. We
took initial steps to examine the role of this toxin’s enzymatic
activity in generating vascular effects in a zebrafish model. In our
previous study a catalytically inactive version, LF Y728F (46),
produced no phenotype, while replacement of the catalytic do-
main of LF with diphtheria toxin A chain (LF DTA) caused
global cell death. In contrast, treatment of zebrafish embryos with
a highly selective chemical inhibitor of MEK1 and MEK?2 faith-
fully phenocopied the effects of LT (9), suggesting that inactiva-
tion of these MEK proteins could be a major contributor to
LF-induced vascular permeability.

Previous mammalian studies have suggested that MEK1 and
MEK?2 may be functionally redundant (41); however, null mu-
tations in MEK1 are recessively lethal in mice due to vascular
abnormalities at embryonic day 10.5 (E10.5), while MEK2-null
mice are viable, with no apparent phenotype (6, 20). Thus, we
focused on a possible connection between LF and MEKI1 inacti-
vation as an important step in LT-induced vascular permeability.
To test our hypothesis, we examined the ability of wild-type
MEKI or a constitutively activated version to prevent vascular
damage in vivo. In this study, we demonstrate that overexpression
of activated zebrafish MEK1 (MEK152'9P- 52232 [MEK1DD])
increases phospho-ERK1 and phospho-ERK2 (pERK1/2) levels
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in whole-embryo lysates. We then developed heat shock-inducible
transgenic lines for wild-type or activated MEK1. Strikingly, ac-
tivation of MEK1DD, but not that of wild-type MEK1, prevented
LT-induced vascular damage. This genetic approach provides a
novel strategy for the examination of the role of host signaling
pathways in promoting or impeding pathogen action.

MATERIALS AND METHODS

Animals and reagents. All animal protocols were approved by the Institutional
Animal Care and Use Committee of Children’s Hospital Boston. Breeding fish
were maintained at 28.5°C on a 14-h-light/10-h-dark cycle. Wild-type fish used
were of the *AB strain (Oregon), and all transgenic animals were generated in
this background. Embryos were collected by natural spawning and were raised in
10% Hanks’ saline at 28.5°C unless otherwise indicated.

Antibodies to MEK1/2, pMEK1/2, ERK1/2, pERK1/2, Jun N-terminal protein
kinase (JNK), pJNK, p38, and p-p38, as well as anti-mouse or anti-rabbit sec-
ondary antibodies, were purchased from Cell Signaling Technology. Sequences
used as immunogens were either identical or highly conserved in fish and human
homologues. CI-1040 was purchased from Axon Medchem. Recombinant an-
thrax LF was purchased from List Laboratories, Inc., and PA was generated as
described previously (48). Red fluorescent polystyrene microspheres (diameter,
500 nm) were purchased from Thermo Scientific.

Cloning and in vitro transcription. Predicted genes for zebrafish MEK1 were
provided by the zebrafish genome resources at ensembl.org. High-fidelity PCR
(Roche) was used to clone zebrafish MEK1 from cDNA into pTarget expres-
sion vectors (Promega). The forward primer sequence was 5'-CCACCATG
CAGAAAAGGAGGAAGCCAGAG-3', and the reverse primer sequence
was  5'-GGCTGTTTTCACATTCCCACACTGTGAGTCGGAGTTGCTG-
3'. Activated mutants were generated using the QuikChange II site-directed
mutagenesis kit (Strategene) and the forward and reverse primer sequences
5'-AGTGGACAACTCATTGACGACATGGCCAATGACTTCGTGGGAA
CCAGGTC-3" and 5'-GACCTGGTTCCCACGAAGTCATTGGCCATGTC
GTCAATGAGTTGTCCACT-3', respectively. Transcripts for wild-type or
activated zebrafish MEK1, human MEKI, and the Tol2 transposon were
generated using the mMessage mMachine In Vitro transcription kit (Am-
bion). Nucleotide sequences for all constructs described in this paper were
determined by the Massachusetts General Hospital’s Sequencing Center us-
ing the dideoxy method.

In vitro translation and LF cleavage assay. Wild-type MEK1 mRNA tran-
scripts were used to generate zebrafish or human MEKI1 proteins with the
Reticulocyte Lysate In Vitro translation kit (Ambion). Immediately following the
completion of in vitro translation, 0.5 ng LF was added to 5 pg of the zebrafish
or human MEKI reticulocyte lysate mixture for 30 min at 37°C. The toxin-
treated protein preparations were then denatured with sodium dodecyl sulfate
(SDS) sample buffer and were incubated at 100°C for 10 min before separation
on a 12.5% Tris-HCI gel for 4 h. Size differences in cleaved MEK1 were detected
by Western blot analysis using an anti-MEK1/2 antibody.

Transgenesis. Transgenesis constructs were generated using the Tol2 Gateway
transgenesis kit (Invitrogen) (30). Briefly, wild-type and constitutively active
zebrafish MEK1 cDNA sequences were cloned into the pME-MCS vector. An
LR Clonase reaction was then used to recombine the pSE-hsp70i 5’ entry
clone, pME-MEK1 or pME-MEK15219P: 223D middle entry clone, and p3E-
polyA 3’ entry clone sequences into the pDestTol2CG?2 vector, resulting in
the generation of the pDestTol2CG2-hsp70i:MEK1 and pDestTol2CG2-
hsp70i:MEK15219P: $223D yectors (23, 30).

Zebrafish embryos were injected with 2 nl of 25-ng/ul pDestTol2CG2-hsp70i:
MEKI or pDestTol2CG2-hsp70i:MEK15219P- $223D and 35 ng/ul Tol2 transpo-
son mRNA within 15 min of fertilization. Injected embryos were raised at 25°C
until they reached the developmental time point of 48 h postfertilization (hpf)
before being selected for both cardiac myosin light chain (CMLC) promoter-
driven green fluorescent protein (GFP) expression and wild-type appearance.
Selected embryos were then raised for 8 weeks at 28.5°C and were outcrossed
with the tg(fli:EGFP) fish line for the generation of F, embryos (31). (EGFP is
enhanced GFP.) This enabled us to visualize whether beads were extravasated in
response to LT action in each line.

PCR, RT-PCR, qPCR, and Western blotting. PCR, reverse transcription-PCR
(RT-PCR), and quantitative PCR (qPCR) were carried out using the Qiagen Tagq
DNA polymerase, One-Step RT-PCR, and QuantiFast SYBR green RT-PCR
kits, respectively. A primer pair spanning a 3’ portion of zebrafish MEK1 (5'-C
GCTGTAGAAAGCCCCATAG-3") and a region specific to the pME-MCS
vector (5'-AAAGGGAACAAAAGCTGGAG-3") was used for genotypic anal-
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ysis. RNA was isolated from embryos, 1 h following induction at 47 hpf using
Trizol-chloroform extraction, followed by ethanol extraction. Genomic DNA was
isolated by incubating embryos in a lysis buffer consisting of 10 mM Tris-HCI (pH
8.0), 50 mM KCl, 0.3% Tween 20, 0.3% Nonidet P-40, and 0.5 mg/ml proteinase
K for 12 h at 55°C, followed by 15 min at 98°C. qPCR of genomic DNA was
conducted using primers specific to the transgenes (forward, 5'-AGAGGCTGA
GGAGGTTGAC-3'; reverse, 5'-AAAGGGAACAAAAGCTGGAG-3'), and
comparisons were performed by the AACT method using B-actin as a reference
gene.

Zebrafish embryo protein lysates for Western blot analysis were prepared by
first vortexing 20 to 30 embryos per condition for 15 s in calcium-free Ringer’s
solution and then centrifuging them three times, for 1 min each time, at a relative
centrifugal force (RCF) of 13 before the addition of a lysis buffer consisting of 20
mM Tris-HCI (pH 8.0), 1 mM EDTA, 0.5% Nonidet P-40, 300 mM NaCl, 200
1M sodium orthovanadate, and protease inhibitors. Protein concentrations were
determined using the Bradford assay, and 75 pg of each lysate was prepared with
SDS sample buffer and heated for 10 min at 100°C. Samples were separated on
a 7.5% Tris-HCl gel for 1.5 h before being transferred to a nitrocellulose mem-
brane. Membranes were blocked for 1 h with 5% bovine serum albumin (BSA),
followed by overnight incubation with the primary antibody in 5% BSA with
rocking at 4°C. Blots were then washed and incubated with the secondary anti-
body for 1 h in 0.5% milk, and the signal was detected using chemiluminescence.

CI-1040 incubation, toxin treatment, and microsphere leakage. Microinjec-
tions were carried out as described previously (9). LF and PA were combined
immediately before microinjection. Amounts injected for each experiment are
indicated in the figure legends. Phenol red (0.05%) was added to the mixture for
each condition for visibility during microinjection. Volumes of 40 nl or less were
delivered into the common cardinal veins of embryos anesthetized with tricaine
(Sigma) at 48 hpf using a gas-driven microinjector (Medical Systems Corp.).
After injection, embryos were transferred to fresh medium, and they were scored
for LT action at 24 h postinjection (72 hpf).

For the phenocopy of LT effects using a MEK1/2 inhibitor, 2.5 uM CI-1040
was added to the zebrafish embryonic medium at 48 hpf and was then washed out
6 h later. Embryos were scored for phenotypes at 72 hpf as described by Bolcome
et al. in 2008 (9).

For the permeability assays, embryos were injected with microspheres at 54
hpf. Extravasation of fluorescent 500-nm-diameter beads from the dorsal aorta
was detected by fluorescent microscopy at 72 hpf. Embryos were mounted in 4%
methylcellulose before being photographed.

Statistics. Statistical analysis was performed by chi-square tests for zebrafish
LT studies in which populations consisting of severe-phenotype, mild-phenotype,
and wild-type-appearance embryos were compared (9). The ¢ test method was
used for all other experiments. Sigma Stat (version 3.0) software was utilized for
all statistical analysis. A P value of <0.05 was considered significant.

RESULTS

MEKI1 conservation and LF cleavage. We have previously
shown that CI-1040, a highly selective and noncompetitive
inhibitor for MEK1/2 (50% inhibitory concentration [ICs], 17
nM) (2, 34, 38), could closely phenocopy the effects of LT
when administered at the same time point at which the toxin
was introduced into the vasculature (Fig. 1) (9). Thus, we
hypothesized that overactivation of the MEK1/2-pERK signal-
ing axis might counteract some of the effects of LT entry. To
investigate this further, we focused on zebrafish MEKI1 and
cloned its full-length cDNA (86% identical with human
MEKI; GenBank accession number HM031079) (Fig. 2A).
Importantly, we demonstrated that the LF cleavage site of
MEKI1 is conserved and functional. LF activity on zebrafish
MEKI and LF activity on human MEKI were compared using
an in vitro translation approach. First, wild-type zebrafish and
human MEKI1 expression constructs were used to produce
mRNA transcripts in vitro. The corresponding mRNAs were
then used to generate each protein by in vitro translation.
Finally, the resulting MEKI1 proteins were tested for LF cleav-
age. Each protein preparation was incubated with LF for 30
min before examination by Western blot analysis. We found
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FIG. 1. MEKI1/2 inhibition phenocopies LT vascular permeability. An inhibitor for MEK1/2 produces a faithful phenocopy of LT vascular
effects. CI-1040 was added to the medium of embryos at the same developmental time point at which we inject LT (48 hpf) and was washed out
6 h later. At 72 hpf, the embryos had pericardial edema, enlarged heart chambers, and vessel collapse (C), all phenotypes that are present in
LT-injected embryos (B). In addition, both LT-injected and CI-1040-treated embryos had increased vascular permeability, as detected by the
extravasation of 500-nm-diameter microspheres at 72 hpf (E and F). An LT dose of 150 fmol LF and 100 fmol PA was used in these experiments.
Red arrows point out the pericardial edema noted in LT- or CI-1040-treated embryos, and white arrows mark regions of extravasated beads. Green
arrows indicate morphological features of the zebrafish embryo (A). Abbreviations: B, brain; C, cloaca; Ea, ear; E, eye; H, heart; M, mouth; N,

notochord; T, tail; Tr, trunk; Ys, yolk sac.

that both zebrafish MEK1 and human MEKI1 were efficiently
cleaved by LF, since bands of reduced sizes were observed in
the presence of LF (Fig. 2B).

Functional verification of the activated MEKI1 construct.
The activation of MEKI, as well as its interaction with and
subsequent phosphorylation of ERK1/2, has been studied ex-
tensively in the cancer field (27, 36). Overexpression of wild-
type MEK1 alone is generally not sufficient to increase ERK1/2
phosphorylation and activation, making it necessary to gener-
ate constitutively activated mutants for gain-of-function studies
(10). Taking advantage of the sequence identity between hu-

man and zebrafish MEK1 within the kinase activation loop, we
targeted the two Ser residues (Ser219 and Ser223) (Fig. 2A)
(10, 16, 51) predicted to be phosphorylated during MEK1
activation (12, 13, 49). We designed a phosphomimetic version
of zebrafish MEK1 by substituting Asp for these Ser residues,
a strategy that has been used successfully in mammalian stud-
ies to generate constitutively active mutants of MEK1 (10). We
termed our mutant MEK1DD and tested whether this strategy
could be used to activate the MEK1 pathway in zebrafish using
mRNA overexpression (Fig. 3).

Owing to the expression of MEK1, ERK1/2, and their roles
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FIG. 2. Zebrafish MEK1/2 orthologues are highly conserved. (A) Alignment of human and zebrafish MEK1 orthologues. An arrow indicates
the LF cleavage site; zebrafish residues S219 and S223 are in boldface; residues important to CI-1040-MEKI1 binding are underlined; and the
activation loop is delineated. Anthrax LF cleaves both zebrafish and human MEKI. (B) Western blot of control and toxin-treated MEK1 protein

preparations showing a size shift in those cleaved by LF.

downstream of many receptors, developmental defects are ex-
pected from persistent pERK activation (17, 33). We were not
surprised to find that MEK1DD overexpression produced se-
vere gastrulation defects; however, its wild-type counterpart
caused no obvious phenotype (Fig. 3A to C, F, and H). While
the developmental effects caused by MEK1DD could be ob-
served at doses as low as 2 nl of 15-ng/pnl mRNA, the wild-type
mRNA could be microinjected at >10-fold doses (as high as
200 ng/pl) without inducing detrimental phenotypes (Fig. 3B;
also data not shown).

CI-1040 is a noncompetitive inhibitor of MEKI, and se-
quence conservation with the zebrafish version of the kinase
suggested that it could also inhibit activated MEK1DD in
zebrafish embryos (38). Interestingly, we were able to attenu-
ate many gastrulation defects of global MEK1 activation by
adding CI-1040 to the embryonic medium of MEKIDD
mRNA-injected embryos from the 60% epiboly stage to 22 h
postfertilization (hpf). Images were taken at 30 hpf to facilitate
comparison of embryos at a time point at which the heart and
other structures can be clearly visualized (Fig. 3D to I). These
data strongly suggested that the MEK1DD construct was ac-
tivating the MEK1 pathway.

To further verify that this MEK1DD construct indeed pro-
duced a constitutively activated version of this kinase, we ex-
amined the phosphorylation levels of its target kinases,
ERK1/2. Western blot analysis of zebrafish whole-embryo ly-

sates revealed that pERK1/2 levels were higher in MEK1DD-
expressing embryos than in those injected with wild-type
MEKI1 mRNA, confirming that S219D and S223D were indeed
activating mutations (Fig. 3J). We also tested whether global
MEKT1 activation could lead to the increased phosphorylation
of related mitogen-activated protein kinases (MAPKS), such as
JNK and p38. We found that phospho-JNK and phospho-p38
levels were not significantly altered (Fig. 3J).

Transgenic line founder identification. We proposed that
MEKI1DD might be able to compensate for the LF cleavage of
endogenous MEKI1 by continual stimulation of downstream
pERK function. Thus, we generated transgenic lines express-
ing wild-type MEK1 or MEKIDD driven by a heat shock
protein 70 (hsp70) promoter (23).

To facilitate analysis, each construct included a fluorescent
reporter driven by the CMLC promoter (30), so that cardiac
expression of GFP enabled us to visually select embryos with
genetic incorporation. F, embryos with a normal appearance
and fluorescent hearts were selected to be raised as potential
founders. After 2 to 3 months, these F, founders reached
sexual maturity and were outcrossed with the tg(fli:EGFP*')
line to produce embryos for further experimentation and to be
raised as an F; generation (31). Since endothelial cells are
labeled by EGFP in this line, increased vessel permeability can
be determined by extravasation of red fluorescent micro-
spheres (9).
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FIG. 3. Global MEKI1 activation induces developmental defects. A 2-nl dose of 30-ng/ul wild-type or MEK1DD mRNA was injected into
zebrafish embryos immediately following fertilization. (B, C, F, and H) Global expression of wild-type MEK1 induces no obvious developmental
defects in zebrafish embryos, while that of activated MEKI results in gastrulation defects in ~89% of embryos at a dose of 30 ng/ul (C and H)
(n, >300 per condition over 4 repeated experiments; P, <0.001). (D to I) CI-1040 could attenuate the gastrulation effects caused by global
MEKIDD expression. CI-1040 was added to the embryonic medium from 7 to 24 hpf at a dose of 100 nM. While this dose had minimal effects
on wild-type embryos (E), it significantly reduced the developmental effects caused by constitutive MEK1 activation (I) (r, >50 per condition over
3 repeated experiments; P, <0.001). (H) A dimethyl sulfoxide (DMSO) control was unable to attenuate developmental defects. Green arrows,
normal head and heart morphology. Red arrows, abnormal head and heart morphology. Bar, 100 wm. (J) MEK1DD expression increases pERK
but not pJNK or p-p38 levels in zebrafish embryos, as determined in whole-embryo lysates taken at 24 hpf.

Analysis of inducible MEK1 transgenic lines. The inducible
expression of MEK1DD enabled us to bypass the early devel-
opmental defects of global MEK1 activation (Fig. 3). Nearly all
of the F, offspring of hsp70:MEK1DD mosaic founders had a
wild-type appearance when raised at 25°C in the absence of
heat shock induction. Heat shock induction at early time points
resulted in developmental defects similar to those observed
upon global induction of the MEK1DD transgene (Fig. 4E and
F). No obvious phenotype was noted in the F, tg(hsp70:
MEK1) embryos of any founder when they were induced in
parallel (Fig. 4D). Genomic incorporation and transgene ex-
pression were confirmed by PCR and RT-PCR using individual
embryos from each line compared to wild-type sibling controls
(Fig. 40). Further, Western blotting for pERK1/2 was used to
demonstrate increased ERK1/2 phosphorylation following

heat shock induction in tg(hsp70:MEK1DD) embryos com-
pared to that of their wild-type siblings or tg(hsp70:MEK1)
embryos (Fig. 4M).

Heat shock induction of MEKI1 activation rescues LT ef-
fects. The heat shock conditions were optimized to ensure
transgene expression both immediately before LT injection
and several hours after, with minimal phenotypic effects by 72
hpf. To test whether constitutive activation of MEK1 could
alter LT effects, we raised tg(hsp70:MEK1DD) and tg(hsp70:
MEK) embryos at 25°C until the 47-hpf developmental stage
before heat shock induction at 37°C for 1 h. LT was injected
into the vasculature at 48 hpf (Fig. 5). Embryos were induced
again from 4 to 5 h postinjection (hpi). Heat shock induction
did not cause obvious developmental defects in wild-type or
tg(hsp70:MEK1) embryos; however, approximately 25% of
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FIG. 4. Phenotypes in inducible transgenic lines are consistent with global activation. Transgenic F; embryos expressing activated or wild-type
MEKI1 under the control of a heat shock protein promoter were generated from our mosaic founders. Wild-type and tg(hsp70:MEK1) embryos
had no obvious phenotype after heat shock (A to D), and tg(hsp70:MEK1DD) embryos showed defects 24 h following induction from 6 to 7 hpf
(F). Uninduced tg(hsp70:MEK1DD) embryos appeared normal (E). Milder effects were noted in approximately 25% of embryos expressing
MEKIDD (n, 124), when heat shock induction was performed from 47 to 48 hpf, and again from 52 to 53 hpf (K and L). Obvious effects were
limited to the heart, which had a smaller size and impaired function compared to those of uninduced controls (K’ and L"). These heart effects could
be visualized due to the CMLC2-driven GFP expression incorporated into our transgenic constructs. Wild-type and tg(hsp70:MEK1) embryos had
no obvious defects following late heat shock induction (H and J). (M and O) pERKI/2 levels increased in tg(hsp70:MEK1DD) but not
tg(hsp70:MEK1) or sibling embryos 1 h after induction (M), and genomic incorporation and expression of each transgene were verified by PCR
and RT-PCR, respectively (O). (N) Heat shock induction for 2 h mildly increased MEKI1 protein levels in both heat shock-regulated lines:

hsp70:MEKI1 and hsp70:MEKI1DD.
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tg(hsp70:MEKI1DD) embryos had compromised circulation
due to small hearts that failed to beat normally (Fig. 4L), while
the remaining 75% appeared normal. Embryos were scored for
toxin phenotypes, as previously described (9). Briefly, embryos
with pericardial edema, enlarged heart chambers, collapsed
vessels, and no blood circulation were scored as having a “se-
vere” phenotype. Those having each of the toxin phenotypes
but retaining some circulation were scored as “mild,” and
those with a wild-type appearance were recorded as “normal.”
tg(hsp70:MEK1DD) embryos with smaller hearts after heat
shock induction were scored as having a “MEK1DD activation
effect.” We found that MEK1 activation could rescue embryos
from LT effects. While tg(hsp70:MEK1) and uninduced
tg(hsp70:MEK1DD) embryos were just as susceptible, or
nearly as susceptible, to LT as wild-type embryos, we found
that heat shock-induced tg(hsp70:MEK1DD) embryos were
resistant to LT effects (Fig. S5A and 6).

Since we were using the F, offspring of transgenic founders
for our experiments, each embryo could have a different
MEKI1DD transgene copy number. We hypothesized that em-
bryos with higher transgene copy numbers might be more likely
to have a complete rescue of toxin effects than those with lower
copy numbers. Primers specific to the activated MEKI1 trans-
gene were used to assess the potential correlation between the
relative amount of the MEKI transgene and toxin effects in
individual embryos by qPCR. Interestingly, we found that
higher transgene copy numbers provided greater protection
from toxin effects than lower copy numbers in our embryos
(Fig. 5C).

We also investigated whether MEKI1 activation was suffi-
cient to attenuate LT-induced vascular leakage by using our
microsphere extravasation assay (9). tg(hsp70:MEKIDD),
tg(hsp70:MEKT1), and wild-type embryos were raised and in-
duced as described above. At 6 hpi, each embryo was injected
with microspheres, allowing us to monitor vascular permeabil-
ity by observing bead extravasation in vivo. LT increased mi-
crosphere leakage in the dorsal aortae of wild-type and tg(hsp:
MEKI1) embryos, but not in those of tg(hsp:MEK1DD)
embryos (Fig. 6E to H). These data demonstrated an ability of
activated MEK1 to prevent LT-induced endothelial leakage,
providing strong evidence for the importance of MEK1 to LT
action.

While LF has the ability to cleave the MEK1DD protein
(data not shown), we found that its activation overcame toxin-
induced vascular permeability. Additionally, Western blot
analysis confirmed that the level of phosphorylation of
ERK1/2, but not that of JNK or p38, was increased in tg(hsp70:
MEKI1DD) embryos following toxin injection (Fig. 5B). These
data suggest that impaired MEK1 signaling to ERK1/2 con-
tributed greatly to LT-induced permeability. Combining this
with our data demonstrating that chemical inhibition of
MEK1/2 can phenocopy toxin effects, we believe that LT cleav-
age of MEK1/2 is an important component of vascular leakage
in zebrafish embryos. Interestingly, we did not observe a strong
decrease in pJNK levels in response to LT. Consequently, we
tested whether a specific JNK inhibitor could induce any vas-
cular abnormalities in our model.
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JNK and p38 inhibitors do not cause vascular effects. Our
data demonstrated that LT vascular effects could be pheno-
copied with an inhibitor specific for MEK1/2 and could be
rescued with MEKI1 activation; however, attempts at testing
the JNK and p38 MAPK pathways did not demonstrate a
strong correlation with LT-induced vascular permeability in
the fish model. Because chemical inhibitors specific to MEK3/6
and MEK4/7 are not available, we could target only their
downstream kinases, JNK and p38. Human and zebrafish JNK
and p38 are highly conserved; they are 85 and 88% identical,
respectively (comparisons were conducted with the amino acid
sequences of JNK1 and p38a). Embryos were treated with
SP600125, an inhibitor specific for INK1/2/3 (ICs,, 110 to 190
nM) (7), or SB203580, an inhibitor specific for p38 (ICs,, 600
nM) (14), using the same protocol described for CI-1040 (9).
Briefly, each drug was added to the embryonic medium from
48 to 54 hpf before being washed out. Embryos were scored at
72 hpf. While a 2.5 uM dose of CI1040 can phenocopy toxin
effects in 100% of treated embryos, neither SP600125 or
SB203580 produced observable vascular phenotypes at doses
as high as 10 uM (Fig. 7C and D). Although SB203580 em-
bryos appeared to be completely wild type, SP600125 did gen-
erate some effects on jaw development (Fig. 7C). Western blot
analysis revealed that SP600125 completely blocked the phos-
phorylation of c-JUN, a downstream target of JNK. Unfortu-
nately, antibodies targeting p38 signaling targets were not con-
served with zebrafish homologues; thus, we could not verify the
efficacy of SB203580. Although inhibition of p38 by SB203580
may be limited by accessibility issues, our data using zebrafish

lysates suggest a minor role, because LT vascular effects were
prevented by activated MEKI, without p38 levels being re-
stored (Fig. 5B).

DISCUSSION

Toxins produced by B. anthracis have been studied for more
than 50 years (40); however, little is known about how toxin-
induced vascular permeability and edema contribute to multi-
ple-organ dysfunction and death (4, 22, 35, 37, 44). While it has
been difficult to investigate LT-induced vascular permeability
changes in live mammalian models, we have taken advantage
of the zebrafish as a surrogate model to investigate LT-depen-
dent vascular effects in vivo (9). The zebrafish provides a valu-
able alternative vertebrate model, amenable to genetics and
chemical biology, to facilitate the study of host signaling path-
ways for pathogen research. As a vertebrate organism, the
zebrafish shares a high degree of functional conservation of
genes and signaling pathways with mammals. An additional
advantage of the fish model is the ability to use hundreds of
embryos, yielding large sample numbers for the examination
of several conditions within a single experiment. The em-
bryonic transparency, external fertilization, and rapid devel-
opment of the zebrafish facilitate the observation of cell
biology in vivo.

Since anthrax infections affect multiple organs, it seemed
logical that immune cells might be involved. Macrophages
were shown to be susceptible to LT in the late 1980s and early
1990s, prompting studies on their lysis and/or behavior follow-
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downstream due to the lack of available antibodies.

ing toxin treatment (3, 8, 19, 24-26). However, the precise role
of macrophage lysis in systemic LT effects has not been clearly
defined (21, 35, 45, 50). In contrast, consistent increases in
vascular permeability have been reported in many experimen-
tal LT challenge studies in mammals and in human cases of
anthrax infections (1, 4, 35).

In recent years, increasing evidence for LT-induced vascular
damage has generated interest in defining how blood vessels
are affected. It should be noted that rats injected with small
amounts of LT die rapidly with severe lung edema, pleural
effusions, and cyanosis, suggesting a strong link between vas-
cular involvement and lethality (5, 29, 42, 43). Taking advan-
tage of our zebrafish vascular model, we took initial steps to
consider the role of host intracellular signaling pathways af-
fected by LT. The ability of LF to cleave and inactivate one or
more MEKSs has been clearly demonstrated in cell-based and
biochemical assays (18, 39, 47), but investigators have not been
able to examine its effects in vivo. To determine whether MEK
inactivation plays a role in increasing vascular permeability in
the zebrafish model, we demonstrated the ability of a highly
selective MEK1/2 inhibitor to phenocopy LT effects (9), while
available inhibitors of the MEK4/7-driven JNK pathway or the
MEK3/6-induced p38 pathway did not generate appreciable
effects. Our investigation on the MEK1/2-ERK1/2 signaling
pathway continued to generate consistent results using multi-
ple approaches.

Using our model, we also investigated MEK pathway
changes independently of chemical inhibitors. We relied on the
high level of homology between the MAPKs to examine ERK,

JNK, and 38 phosphorylation levels upon LT challenge. In
these experiments, both ERK1/2 and p38 signaling appeared
strongly affected; however, our MEK1DD experiments dem-
onstrated that increasing pERK1/2 levels was sufficient to res-
cue LT effects. We note that due to the limitations of available
MEK3/6/4/7/JNK/p38 reagents, we cannot definitively deter-
mine the contribution of MEK3/6/4/7 inhibition to LT-induced
vascular permeability at this point. Since no specific MEK4/7
or MEK3/6 inhibitors are available, we cannot rule out the
possibility that other, uncharacterized downstream signaling
partners could contribute to vascular effects upon the inacti-
vation of MEK4/7 or MEK3/6. However, our data are consis-
tent with the MEK1/2-ERK1/2 pathway playing an important
role in LT vascular effects (9).

In this study, we developed a transgenic zebrafish line,
tg(hsp70:MEK1DD), in which a constitutively active MEKI1
mutant is driven under the control of a heat shock promoter.
To determine whether the LT-induced increase in permeability
might be averted in the presence of increased MEK1-ERK
signaling, we induced transgene expression at selected time
points. Indeed, induction of constitutively active MEK1 either
reduced the severity of the vascular effects of LT or prevented
them, suggesting that host MEK1-ERK inactivation plays an
important role in the deregulation of vascular permeability in
our model. We also found that the level of rescue could be
directly correlated with the transgene copy number. Western
blot analysis confirmed that MEK1DD increased the level of
phosphorylation of ERK1/2 without affecting the activation
state of JNK or p38, suggesting that the MEK3/6 and MEK4/7
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signaling cascades were not grossly affected by the MEK1 gain
of function. Finally, expression of MEK1DD was able to rescue
both pERK levels and vascular leakage following toxin injec-
tion, while the expression of wild-type MEKI1 could not. Our
work is also in agreement with a cell-based study showing that
cleavage of MEK1/2, and not of the related MEKs, was chiefly
responsible for increased epithelial cell barrier dysfunction
(32). Taken together, these data suggest that LT inactivation of
the host MEK1/2-ERK1/2 signaling pathway significantly con-
tributes to vessel collapse and vascular permeability.

Our study demonstrates a novel in vivo approach to exam-
ining pathogen-host interactions and identifying key host ef-
fectors usurped in the process. Since pathogens are generally
limited in their genome complexity, it is a common strategy for
them to manipulate host proteins for their own benefit. This
aspect of pathogen action has been particularly difficult to
study in mammalian models. Here we present a visually acces-
sible genetic model that provides an additional strategy to
investigate the action of pathogens.
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