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Abstract
C hironex flecke ri (Austral ian  b o x  jellyfish) s t in g s  c a n  c a u s e  a c u t e  c a rd io v a s c u la r  c o l l a p s e  a n d  d e a t h .  W e d e v e l o p e d  m e t h o d s  
t o  r e c o v e r  v e n o m  w i th  h ig h  spec if ic  activi ty,  a n d  e v a lu a t e d  t h e  e f fe c ts  o f  b o t h  to ta l  v e n o m  a n d  c o n s t i t u e n t  p o r in s  a t  d o s e s  
e q u iv a l e n t  t o  le thal  e n v e n o m a t i o n .  M a rk ed  p o t a s s i u m  r e le a se  o c c u r r e d  w i th in  5 m in  a n d  h e m o ly s is  w i th in  20  m in  in h u m a n  
red  b l o o d  cells (RBC) e x p o s e d  t o  v e n o m  o r  pur if ied  v e n o m  porin .  E lec tron  m ic ro s c o p y  r e v e a le d  a b u n d a n t  ~ 1 2 - n m  
t r a n s m e m b r a n e  p o re s  in RBC e x p o s e d  t o  pur if ied  v e n o m  por ins .  C57BL/6 m ic e  in je c te d  w i th  v e n o m  s h o w e d  rap id  d e c l in e  in 
e je c t io n  f rac tion  w i th  p r o g re s s io n  t o  e l e c t r o m e c h a n ic a l  d is s o c ia t io n  a n d  e l e c t r o c a r d io g ra p h ic  f in d in g s  c o n s i s t e n t  w i th  a c u t e  
h y p e rk a le m ia .  R e co g n iz in g  t h a t  por in  a s s e m b ly  c a n  b e  in h ib i te d  by  zinc,  w e  f o u n d  t h a t  z inc  g l u c o n a t e  in h ib i te d  p o ta s s iu m  
efflux f ro m  RBC e x p o s e d  t o  to ta l  v e n o m  o r  pur if ied  por in ,  a n d  p r o l o n g e d  survival t i m e  in m ice  fo l low ing  v e n o m  in jec t ion .  
T h e se  f in d in g s  s u g g e s t  t h a t  h y p e rk a le m ia  is t h e  crit ical e v e n t  fo l low ing  C hironex flecke ri e n v e n o m a t i o n  a n d  t h a t  rapid 
a d m in i s t r a t i o n  o f  z inc  c o u ld  b e  life s a v in g  in h u m a n  s t in g  v ictims.
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Introduction
T h e  class C ubozoa (phylum Cnidaria) comprises two families 

(Carybdeidae and  C hirodropidae) [1]. T h e  m ost notorious o f the 
latter is the large (>1 kilogram) A ustralian box jellyfish (Chironex 

fleckeri), w hich displays up  to 60 tw o-m eter long, ribbon-like 
tentacles and  inhabits coastal m angroves over a  b ro ad  and  
potentially expanding geographic range, spanning 40" latitude 
from  A ustralia to V ietnam  [2]. L ife-threatening Chironex fleckeri 
envenom ations occur each year, typically from  N ovem ber to M ay, 
in N orth  Q ueensland, A ustralia [3,4]. W hile expanding geograph­
ic ranges have been reported  for m any  jellyfish species, possibly as 
a  result o f changes in ocean currents, over-fishing an d  w arm er 
ocean tem peratures related to clim ate change [5], the apparen t 
expansion o f the range o f cubozoan species m ay also be the result 
o f  m ore careful m edical reporting  o f lethal attacks, as well as m ore 
recreational activities in existing habitats. Severe envenom ation 
cases, including fatalities due to Chironex, have been reported  
recently as far no rth  as Phuket, T hailand  [6].

E nvenom ation results in painful violaceous skin lesions, and  
occasionally in death  a ttribu ted  to cardiovascular collapse [7,8], 
often w ithin m inutes following a sting. T h e  toxic com ponents o f 
cnidarian  venom s show direct effects on  m uscle and  nerve tissue

[9,10]. Yet the identity o f the toxin and  the m echanism  o f these 
acute deaths have rem ained  elusive, despite m ore th an  40 years o f 
investigation. Since the report o f  the first cubozoan hemolytic 
porin  from  Alatina moseri (previously reported  as Carybdea alata) [11], 
all cubozoans investigated have been  found to contain close 
hom ologs o f this porin; two isoforms are present in Chironex fleckeri 
venom  (M W  43 an d  45 kDa) [12]. T h e  venom  has also been 
recognized to create pores in m yocytic m em branes [13].

C urrently  available treatm ent options for cubozoan stings are 
suboptim al. T h e  C om m onw ealth  Serum  L aboratory  antivenom  
(CSL Lim ited, Parkville, Australia) is o f lim ited value [2,8,14], 
Because calcium  entry into cardiac myocytes has been  observed 
after experim ental application o f C. fleckeri venom , calcium  channel 
blockade has been  proposed as treatm ent for such stings. 
How ever, pharm acological calcium  channel blockers do not 
p revent calcium  influx [9] an d  do no t prevent acute cardiovascular 
collapse [15,16], M oreover, calcium  channel blockers can 
exacerbate hypotension and  could be  counterproductive in 
resuscitating sting victims.

D etailed clinical da ta  on  individuals stung by  Chironex are sparse, 
bu t available inform ation suggests th a t a  hypertensive phase is 
followed by hypotension and  cardiovascular collapse [7,8],
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C u rren t therapy is lim ited to supporting hem odynam ics and  
treating  symptoms. E lucidation o f the m olecular m echanism s of 
this potentially life-threatening envenom ation m ay allow m ore 
effective therapy. This p rom pted  us to develop a m ouse m odel in 
w hich the profound cardiovascular events o f cubozoan envenom ­
ation in hum ans could be recapitulated. In  this report, we show 
that the potassium  leak caused by the cubozoan porin  is the likely 
cause of hem odynam ic collapse, an d  that treatm ent with a  safe, 
readily available zinc com pound significantly prolongs survival o f

Materials and Methods

Ethics Statement
All experim ental protocols using m ice were approved by the 

Institutional Anim al C are  an d  ETse C om m ittee o f the U niversity o f 
H aw aii (Protocols 03-011-4 to 03-011-8), in accordance with 
D epartm en t o f H ealth  and  H u m an  Services PH S Policy and

ETSDA Anim al W elfare Act guidelines. T h e  University o f H aw aii 
has an  Anim al W elfare Assurance num ber on file (A3423-01) with 
the Office o f L aboratory  Anim al W elfare. H u m an  blood used in 
this study was donated  by  healthy adult volunteers after providing 
w ritten inform ed consent, in accordance w ith the U niversity o f 
H aw aii C om m ittee on  H u m an  Studies policies and  specifically 
approved in protocol C H S  12561.

Venom Preparation
In tac t enidae were recovered from  beachside excised Chironex 

fleckeri tentacles (North Q ueensland, Australia, shipped at — 70"C) 
and  tentacles o f fresh Alatina moseri (previously reported  as Carybdea 
alata, Waikiki, H aw aii, USA) by gentle ro tation  at 4"C in 1 M  
citrate 1:4 (v:v) until approxim ately 90% enidae were recovered. 
Sieved (0.5-mm mesh) enidae solutions w ere centrifuged a t 400 g 
for 20 m in. U ndischarged enidae pellets were resuspended in 
chilled 1 M  citrate at 1:20 (v:v) an d  w ashed twice at 250 g for 
20 m in, then  gently diluted 1:0.5 (v:v) w ith ice-cold deionized
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Figure 1. Comparison of venom preparation methods. Venom was p repared  in parallel as described in the  Materials and M ethods section: 
Lane 1, Yanagihara; Lane 2, Winkel et al.; Lane 3, Mustafa et al.; Lane 4 Bloom et al.; Lane 5 Bailey et al.; Lane 6, Carrette and Seymour. Histogram plots 
show  the  com parative metrics of Alatina moseri venom  recovery and activity in term s of (A) nem atocysts (Nem) recovered per animal, (B) percen tage 
ruptured  nem atocysts, (C) protein yield in picogram  per nem atocyst, and relative toxicity in term s of (D) hem olytic units (HU50) recovered per 
microgram of protein, (E) HU50 per animal and (F) HU50 per nem atocyst. 
doi:10.1371/journal.pone.0051368.g001
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Figure 2. Com parative polyacrylam ide gel electrophoresis 
(PAGE) profiles of proteins comprising various venom prepa­
rations. Venom prepared using various m ethods w as electrophoresed  
on SDS-PAGE gels and silver stained to  com pare th e  recovered size 
range and distribution of Alatina moseri venom . Lane 1: Yanagihara 
m ethod , Lane 2: Winkel et al., Lane 3: Mustafa et al., Lane 4: Bloom 
et al., Lane 5: Bailey e t al., Lane 6: Carrette and Seymour, and Std: 
Molecular w eight standards. 
doi:10.1371 /journal, pone.0051368.g002

w ater to a  slurry and  transferred to a  pre-chilled French Press 
20 K  pressure cell (SLM -A M IN C O  C a t#  FA078) and  subjected 
to 12,000 psi for 10-15 m in. T h e  lysate (total venom) was expelled 
at 30 d ro p s/m in  an d  recycled 2 M  times to achieve > 9 0 %  enidae 
rup ture, then  centrifuged a t 12,000 g at 4"C for 5 m in. T he 
viscous supernatan t (venom) was snap frozen in liquid nitrogen 
and  stored at —80"C. Protein concentrations were determ ined 
using a B radford p ro tein  assay (Bio-Rad Protein Assay). Size- 
exclusion chrom atography  was perform ed using a  BioSilect 125-5 
colum n (BioRad 125-0060 with B ioR ad 125-0072) equilibrated 
with sodium  phosphate buffer (50 m M  N a2H P 0 4, 50 m M  
N a H 2P 0 4, 150 m M  N aC l, pFl 6 .8) a t a  ra te  o f 0.5 n iL /m in  
using an  A K T A  Purifier high-pressure liquid chrom atography 
(F1PLC) system (GE Biosciences).

Hemolytic Activity Assay
Hem olytic activity assays were perform ed in 96-well v-bottom  

m icrotiter plates by  adding w ashed 2% red  blood cells (RBC), 
p repared  from  blood o f healthy hum an  donors, to serial two-fold 
dilutions o f total venom  and  incubating  a t 37"C for 1 hr, o r in 
whole blood tim e series experim ents with the rem oval o f 0.5 m L

Figure 3. Cubozoan (C hironex fleckeri or Alatina  m oseri) venom  
elicits potassium and hem oglobin release. 1 U/mL/% Chironex 
fleckeri venom -exposed w hole blood tim e course of plasma potassium  
(open circles), 1 U/mL% Alatina moseri venom  (open triangles) and 
hem oglobin release in w hole blood exposed to  1 U/mL/% Chironex 
fleckeri venom  (closed circles), or 1 U/mL/% Alatina moseri venom  
(closed triangles) expressed as a percen tage o f total with respective 
potassium  and hem oglobin controls (shown as open  and closed 
squares).
doi:10.1371/journal.pone.0051368.g003

aliquots at each specific tim e point, then  im m ediately centrifuged 
at 1,000 g for 4 m in  a t 4"CL Supernatants were transferred to fresh 
flat bo ttom ed plates for 405 nm  m easurem ents using a B ioR ad 
U ltram ark  m icroplate reader (Bio-Rad, Hercules, CIA). H ypotonic 
lysis with w ater served as a  positive control and  unexposed 2 % 
RBCI supernatant as a  negative control. Absolute hem oglobin 
concentrations were determ ined by converting absorbance at 
405 nm  using B eer’s law. An H U 50 unit was defined as that 
am ount o f p ro tein  required  to lyse 50% o f RBCI in 1 m L o f a  1% 
RBCI solution a t 37"CI in 1 hr. An H U 50 unit typically represented  
about 10 ng total venom  pro tein  for -4. moseri an d  150 ng for 
C. fleckeri.

Comparison o f Select Published Cubozoan Venom 
Preparation Methods

Previously published venom  prepara tion  m ethods were followed 
to com pare recovery, toxicity an d  specific activity o f the venom  
obtained w ith ou r new m ethod. Specifically, the m ethods 
described by W inkel et al. [17], M ustafa et al. [9], C arrette  and  
Seym our [18], Bloom et al. [19], and  Bailey et al. [13] were

T a b le  1 .  N e w  m e t h o d  a s  c o m p a r e d  w i th  p u b l i s h e d  m e t h o d s .

Y a n a g ih a ra  (1) W in k e l (2) M u s ta fa  (3) C a rre tte  (4) B loom  (5) B a iley (6)

Nem atocysts/A nim al 534,351 105,333 7,475,000 21,904 23,333 21,428

C oncentration  (mg/mL) 12.1 0.23 5.8 0.24 2.47 2.04

HUso m ass (ng) 10.85 6.6 55.5 588 189 312

HU50/Anim al 42,892 3,485 4,604 58.3 41.4 31.1

HU50/N em atocyst (103) 80.2 33.1 0.616 2.66 1.78 1.45

Protein (pg)/N em atocyst 871 218 32.3 1,565 336 453

doi:10.1371 /journal.pone.0051368.t001
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Figure 4. Ultrastructure of negatively stained RBC after exposure to  cubozoan porins {Chironex fleckeri or A latina  m oseri). Transmission 
electron m icrographs of 2% am m onium  m olybdate negative stained purified venom  porin p retrea ted  RBC show ed the  presence of distinct ring 
shaped  pores. (A) Chironex fleckeri porin (A+B isoforms) treated  hum an RBC m em brane; (B) control m ock treated  RBC; (C) Alatina moseri porin 
exposed hum an RBC m em brane; (D) higher m agnification o f A; (E) higher m agnification o f B; (F) and (H) highest m agnification of individual exem plar 
pores from panel B; (G) 3-D m odeling using analySIS EsiVision 3.2.0. Inner and ou te r d iam eter d iam eter o f pores m easured approxim ately 12 nm and 
25 nm (size bars: 200 nm in panels A-C, 100 nm in panels D and E). 
doi:10.1371/journal.pone.0051368.g004

followed except that locally collected Alatina moseri tentacles were 
used. Briefly, for the W inkel p reparation , fresh tentacles were 
washed w ith PBS, scraped w ith forceps to yield a  solution o f 
nematocysts that was centrifuged; the resultant pellet was 
resuspended and  ground w ith siliconized glass m o rta r and  pestle, 
and  then  cleared o f debris by  centrifugation [17]. For the M ustafa 
m ethod, tentacles were p laced in distilled w ater, hom ogenized 
using a g round glass tissue hom ogenizer and  sonicated; the 
resultant hom ogenate was then  centrifuged an d  final supernatant 
lyophilized and  stored as described [9]. For the C arrette  and  
Seym our m ethod, sea w ater shed enidae were lyophilized, 
resuspended with cold distilled w ater, glass bead  mill shaken, 
centrifuged an d  stored as described [18], For the Bloom 
preparation , sea w ater-shed nem atocysts w ere lyophilized, resus­
pended  in cold deionized water, sonicated, cooled an d  centrifuged

as described [19] then  stored at —80"C. For the Bailey 
p reparation , sea w ater shed nematocysts were lyophilized, 
resuspended in distilled water, then  sonicated, exposed to freeze 
thaw  cycles with liquid nitrogen, centrifuged an d  stored as 
described [13]. V enom  samples (1 pg total p ro te in /lane) were 
separated by polyacrylam ide gel electrophoresis (4-12%  gradient 
X T  Bis T ris precast from  BioRad) after p re treatm en t with SDS 
sample buffer for 5 m in a t 95"C. Gels were fixed and  stained 
according to the B ioR ad Silver Stain m anufacturer protocol.

Plasma Potassium Quantitation
Potassium  concentrations in plasm a, whole b lood and  2% RBC 

suspensions were determ ined in triplicate using a  double-junction 
potassium  ion-specific electrode (ELIT 8031 with D ouble Ju n ction  
Reference E lectrode 003N  for the Nico 2000 L T D  M iddlesex,

PLOS ONE I www.plosone.org 4 December 2012 | Volume 7 | Issue 12 | e51368

http://www.plosone.org


Jellyfish Venom-Induced Hyperkalemia

A
0 .8 -,

o

c.

ÍS
O)o
E
<D
X

0.4-

0 .2 -

0.01 0.1 1 10
Log Inhibitor (mM)

B
100-1

80-

» ,_A"=  40-

»
CL 20-

105
Time (min)

C
r4.0

; - A -  KM.m. C12
ƒ K+A.m. C12 + zinc

1 OD:A/n.C12
#  OD .A.m. C12+zinc "3.0

-3.5

-2.5 g+ 0.75-

0.50-

-1.0

-0.5

o.oo 0.0
24

Time (min)
3612

Figure 5. Inhibition of both venom and purified porin action.
(A) Com parative dose-dep en d en t inhibition of hemolysis was exam ined 
after 1 U/mL/% cubozoan venom  alone (positive control, open  red 
circles) in the  presence of zinc gluconate  (closed black circles), calcium 
gluconate  (closed black squares), m agnesium  sulfate (closed black 
triangles), strontium  chloride (closed black diam onds) or sodium  
chloride alone (negative control, open black triangles). (B) The potency 
of 5 mM zinc gluconate to  inhibit tim e course of potassium  release at 
various doses of venom  from 100 U/mL/% (open square w ithout and 
closed square with zinc gluconate), 40 U/mL/% (open circle w ithout 
and closed circle with zinc gluconate), 20 U/mL/% (open triangle 
w ithout and closed triangle with zinc gluconate) and 10 U/mL/% (open

diam ond w ithout and closed d iam ond with zinc gluconate) was 
exam ined. (C) The effect of 5 mM zinc gluconate  was exam ined on 
purified porin (1 U/mL/% Alatina moseri porin) exposed w ashed RBC. 
Time course levels of released potassium  (red open  triangles) and 
hem oglobin (red open  circles) are show n. 
doi:10.1371/journal.pone.0051368.g005

UK) an d  4-channel Ion  Analyser Software (Version 7.1.44sa, 
2006).

Negative-Stain Transmission Electron Microscopy
H u m an  RBCs, washed three  times in PBS, to a  final dilution o f 

10% (v/v) w ere added  to an  equal volum e o f 2,000 H U 50 H PLC - 
purified Chironex fleckeri or Alatina moseri hemolysin fraction(s) [11] in 
100 pL  0.15 M  N aC l for 10 sec before 20 pL  o f the porin  (i.e., 
hemolysin) exposed RBCs were rem oved to be added  slowly to a 
50-pL drop  o f deionized w ater. A 200-m esh carbon-coated  
Form var grid was floated on top o f the drop  for 4 m in, w ashed 
three  times and  negatively stained for 30 sec w ith 2% am m onium  
m olybdate in distilled w ater [20], T h e  grid was air dried and  
exam ined with a  L E O  912 transm ission electron m icroscope (LEO 
E lectron M icroscopy, T h o rn to n , NY) at an  acceleration voltage o f 
100 keV. Im ages were analyzed using analySIS EsiVision image 
processing software from  Soft Im aging System (now O lym pus Soft 
Im aging System GM BH), version 3.2.0 to render a  3D surface 
from  a  plane.

Commonwealth Serum Laboratories (CSL) Chironex 
fleckeri Antivenom Comparison Studies

T h e  C SL Chironex fleckeri antivenom  effects were exam ined in 
venom -exposed R BC an d  in lethally dosed mice. Package 
instructions list the recom m ended dose for hum ans to be 
20,000 LT at a  dilution o f 1:10. For an  adult w ith a  blood volume 
o f 5 L and  hem atocrit o f 40, the final circulating concentration  of 
antivenom  recom m ended w ould be  approxim ately 0.1 LT/mL of 
blood v o lu m e /1% o f R B C . Doses above and  below this CSL 
0.1 LT/m L/%  were used in this study.

Echocardiography (ECHO) and Electrocardiography (ECG)
C 57 B L /6  m ale mice (22-28 g), lightly anaesthetized with 

isoflurane (3%), were p laced supine on a heated  p latform  with 
paws secured to built-in E C G  electrodes. Body tem perature  was 
m aintained a t 37UC, and  isoflurane (1%) and  oxygen were 
m aintained via a  nose eone. T ransthoracic  E C H O  was 
perform ed with a 30-M H z transducer using a  Vevo 2100 
ultrasound m achine (VisualSonics, T oron to , C anada). Left 
ventricular M -m ode images were obtained from  parasternal 
short-axis views at the level o f the papillary muscle. Saline 
(150 m M  NaCl), total venom  or purified porin  (at dose 
designated concentrations with volumes ranging from  15 to 
100 juL) was infused via a  tail vein catheter (SAI Infusion 
Technologies) at 200 p L /m in , followed by  a saline flush. 
Injected volumes were calculated to achieve specific HLT50 units 
pe r blood volum e per percen t R BC (LT/mL/% ) based on 
individual anim al body mass to calculate blood volum e and  
published hem atocrit value o f 44. C ontrol mice were injected 
with saline only; zinc control mice w ere injected with a  specific 
calculated volum e (approxim ately 100 pL) o f 100 m M  zinc 
gluconate to achieve the targeted  circulating concentration, 
5 m M ; total venom  mice were injected w ith concentrated  or 
saline diluted total venom  to achieve the targeted  circulating 
concentration  (ranging from  0.5 to 400 LT/m L/% ); pre-zinc 
treatm ent +  total venom  mice were injected w ith a  volume, as 
described above, o f  100 m M  zinc gluconate followed by total
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Figure 6. Inhibitory effects of zinc gluconate compared to  CSL 
antivenom  in C hironex fleckeri e x p o s e d  human RBC. Hemoglobin 
release was m easured over (A) a concentration  range of venom  in the  
p resence of high concen tration  potential inhibitors: 50 mM zinc 
g lu co n a te  (open circle), 25 mM zinc g lu co n a te  (open triangle),
12.5 mM zinc g luconate (open square), and 250 U/mL/% CSL anti­
venom  (closed circle), 125 U/mL/% CSL antivenom  (closed triangle),
62.5 U/mL/% CSL antivenom  (closed square) or saline (redxm arks). (B) 
Hemoglobin release was m easured over a concentration  range of 
venom  in the  presence of therapeutically relevant concentration  range 
of zinc g luconate and antivenom  6.25 mM zinc g luconate (open circle), 
3.25 mM zinc g luconate (open triangle), 1.56 mM zinc gluconate  (open 
square), and 31.2 U/mL/% CSL antivenom  (closed circle), 15.6 U/mL/% 
CSL antivenom  (closed triangle), 7.8 U/mL/% CSL antivenom  (closed

square) or saline (redxm arks). (C) Time course release of potassium  
from RBC w as m easured in th e  presence of saline (closed circle), 1 U/ 
mL/% Chironex fleckeri venom  (open red circle), venom  to g e th er with 
1 U/mL/% CSL antivenom  (open black triangle), or venom  with 5 mM 
zinc g luconate (closed black triangle). 
doi:10.1371/journal.pone.0051368.g006

venom  60 sec later; total venom  + zinc post treatm ent mice 
were injected with total venom  followed by  a  volum e, as 
described above, o f 100 m M  zinc gluconate 60 sec later; and  
total venom  + C SL antivenom  post treatm ent mice were 
injected with total venom  followed by 100 pL  1:10 diluted in 
saline (150 m M  NaCl) C SL  antivenom  (20,000 LT/6.3 mL) for a 
final dose of 0.26 LT a n tiv e n o m /n iL /% 60 sec later. H igh- 
resolution M -m ode scans and  physiological data  (ECG, body 
tem perature  and  respiration) were recorded sim ultaneously. 
W ithin  60 sec o f death, as determ ined  by loss o f E C G  activity 
and  respiration, o r after CC L-m ediated euthanasia, blood was 
obtained from  the left ventricle and  plasm a was stored at 
— 80"C for subsequent testing. For survival studies w ithout 
E C H O  or E C G , C 57 B L /6  mice were likewise anesthetized and  
treated  as described.

Statistical Analysis
Survival da ta  were analyzed using G rap h P ad  Prism  5.00 

(G raphPad Software, San Diego, CIA). Differences betw een groups 
were determ ined using the %2 test (Fisher’s exact test was used 
instead o f %2 w hen only two groups were considered) an d  Kruskal- 
W allis statistic (M ann-W hitney test was used instead o f Kruskal- 
W allis w hen only two groups were considered) and  p < 0 .0 5  was 
considered significant. Survival curves were analyzed according to 
the K aplan-M eier m ethod, and  for differences betw een curves the 
p  value was calculated by the log-rank test.

Results

Comparison o f Venom Preparation Methods
T h e  newly developed m ethod  o f venom  prepara tion  was 

com pared with previously published techniques in term s o f venom  
recovery, toxicity and  specific activity using freshly obtained Alatina 
moseri collected locally. T h e  histogram  plots sum m arize the 
com parative yields in term s o f nem atocysts (Nein) recovered per 
anim al (Figure 1A), percentage discharge of nematocysts 
(Figure IB), p ro tein  yield expressed as picogram s pe r nem atocyst 
(Figure 1 Cl) as well as relative toxicity in term s of hem olytic units 
(HLT50) recovered pe r m icrogram  o f p rotein  (Figure ID), HLT50 per 
anim al (Figure IE) an d  HLT50 per nem atocyst (Figure IF).

T h e  newly developed venom  prepara tion  m ethod dem onstrated  
the highest yield in  term s o f recovery o f HLT50 per anim al or 
nem atocyst (Figure IE  an d  IF), as well as the highest venom  
pro tein  concentration  (Table 1). T h e  W inkel m ethod  (showed the 
highest specific activity in  term s o f HLT50 per m icrogram  
(Figure ID) bu t yielded only about one fifth the recovery o f 
n em atocyst/an im al com pared  to our m ethod (Figure 1 A). T he 
percent nem atocyst discharged using the W inkel and  M ustafa 
m ethods were also lower. Figure 2 com pares venom  preparations 
separated by  SD S-PA G E and  visualized by  silver staining. 
C om parison o f the proteins present in venom  p repared  using 
m ethods involving extensive glass hom ogenization or sonication o f 
full tentacles o r shed enidae, in dilute aqueous saline buffers (i.e., 
m ethods o f M ustafa, Bailey, Bloom and  C arrette) dem onstrated  
less recovery o f high m olecular weight proteins as well as the 
presence o f specific bands characteristic o f  cnidarian  extracellular 
m atrix  and  enidae structural proteins [21-23] (lanes 3-6). These 
structural proteins are no t “venom ” , i.e. do not com prise the
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Figure 7. Kaplan-Meier survival plots of C hironex fleckeri venom-injected mice. (A) Survival data of C57BL/6 mice adm inistered Chironex 
fleckeri venom  by tail-vein injection a t doses of 250 U/mL/% (solid red line and closed red circles), 25 U/mL/% (solid fine red line and open  red circles), 
8 U/mL/% (dashed red line and open  red box), 25 U/mL/% venom  followed by CSL antivenom  60 sec later (black diam ond and dashed red line), 
25 U/mL/% venom  preceded  by 100 mM zinc gluconate  to  achieve plasma concentration o f 5 mM (solid black circles with red dot-dash line), and 
25 U/mL/% venom  followed by 100 mM zinc g luconate to  achieve plasm a concentration  of 5 mM 60 sec later dashed black line (in 4 o u t o f 8 animals 
survived bu t w ere sacrificed at 12 hr per to  protocol). A Log-rank (Mantel-Cox) Test analysis yielded Chi square value of 33.44, df o f 5 and P value of 
<0.0001. The m ean survival tim es w ere 6.45 min for 250 U/mL/% (SEM 3.0, n = 11), 21.2 min for 25 U/mL/% (SEM 10.0, n = 11), 16 min for 25 U/mL/% 
then  100 pL of 1:10 saline diluted CSL antivenom  (SEM 5.39, n =  10), 45.7 min for 25 U/mL/% preceded by 60 sec by w eight derived blood volum e 
calculation of 100 mM zinc g luconate to  reach 5 mM (SEM 15.1, n = 10), and 399 min for 25 U/mL/% followed 60 sec later by w eight derived blood 
volum e calculation of 100 mM zinc gluconate to  reach 5 mM (SEM 122.7, n = 8). One way ANOVA dem onstra tes a P value of <0.0001 for com parison 
of 8 U/mL/% with all o ther groups exam ined as well as for 25 U/mL/% followed by zinc g luconate to  reach 5 mM plasma levels as com pared  to  all
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other 25 U/mL/% venom  injected groups. No animals died during th e  18-hr observation period after injection of 8 U/mL/% Chironex fleckeri venom  
(n = 5) or after 100 mM zinc g luconate to  reach circulating plasma levels of 5 mM (n = 4). All PBS-injected control mice survived. (B) Dose response. 
M ouse survival tim e m eans with SEM error bars show n as a function of venom  dose injected a t 250, 190, 140, 65 (black solid diam onds), 12 (open 
square) and  8 (open circle) U/mL/%. Mice injected with below  15 U/mL/% exhibited 1^1 hr of lethargic or anxious behaviors bu t survived 
(represented by open  square). Mice injected a t doses below  8 U/mL/% survived and show ed som e transient 10-60 min unusual behaviors, 
hyperactivity, groom ing or stillness (represented by open  circle). (C) Histogram plot of survival study data from Figure 7A. Means with SEM error bars 
are show n. The trea tm en t of 25 U/mL/% venom -injected mice with 100 mM zinc g luconate to  achieve 5 mM circulating concentration 60 sec after 
(Post) venom  injection resulted in a highly significant (p<0.0001) enhancem en t of survival tim e as com pared  with the  25 U/mL/% venom -injected 
mice. (D through  G) Blood sm ear im ages. Tail-vein control (D and F) and im m ediate postm ortem  cardiac-puncture blood drop let sm ears (E and G) 
w ere perform ed and stained with a modified Wright-Giemsa stain (Accustain, Sigma Aldrich) from mice injected with 25 U/mL/% Alatina moseri (E, for 
com parison) and Chironex fleckeri (G) venom . 
doi:10.1371 /journal, pone.0051368.g007

nematocysts content to be injected into prey, and  were not 
observed in our “ total venom ” w hich is the viscous liquid 
recovered after the rap id  pressure (French Press) rup ture  o f 
enidae. H ow ever, m any  o f these structural proteins are observed 
after aqueous sonication o r glass hom ogenization o f French Press 
ru p tu red  and  w ashed enidae pellet (data no t shown).

Chironex Fleckeri and Alatina Moseri Venom Effects 
in vitro

T h e  tim e course o f potassium  an d  hem oglobin release from 
venom -exposed whole blood was m easured. T otal venom  a t a  dose 
o f 1 U /m L /%  from  either Chironex fleckeri or Alatina moseri was 
added  to freshly d raw n whole hu m an  blood (Figure 3) o f three 
healthy volunteers. A m arked an d  rap id  rise in potassium  was 
observed using continuous electrode m easurem ent. This rise in 
plasm a potassium  concentration  preceded a  rise in plasm a 
hem oglobin. W hile the rapidity  o f potassium  loss from  chirodropid 
venom  exposed blood exceeded that o f the carybdeid venom  
exposed blood, the carybdeid venom  resulted in a  m ore rap id  rise 
in released hem oglobin. Both venoms elicited potentially lethal 
levels o f p lasm a potassium  at this dose. Tim e-series light 
m icroscopy showed that w ithin 8 m in o f the addition o f total 
venom , w ashed hum an  RB C  exhibited a  swollen spherical 
appearance.

Characterization of Purified Cubozoan Venom Porin 
Effects in RBC

U ltrastructural exam ination o f hum an  R BC exposed to purified 
porin  fractions from  either Chironex fleckeri o r Alatina moseri [11,12] 
was perform ed using negative-stain transm ission electron m icros­
copy [20] (Figure 4). W ell-form ed pores were observed that 
appeared  to fully perforate the R BC m em branes w ith an  inner 
d iam eter o f approxim ately 12 nm . T h e  pores observed after 
exposure to the venom  from  Chironex, w hich is com prised o f two 
isoforms o f porin, w ere m ore often oval with heterogeneous 
appearance betw een open oval and  prolapsed oval shapes. T he 
pores observed after exposure to Alatina venom  were circular.

Venom Inhibition Studies
V arious cationic salts were exam ined over a  three  log 

concentration  range to test for potential inhibitory effects upon 
1 U /m L /%  venom -induced hemolysis as shown in Figure 5A. 
Zinc gluconate showed the m ost po ten t inhibitory effect on the 
release o f hem oglobin a t a  clinically relevant venom  dose of 1 U /  
m L /%  in washed R B C . T im e course studies were then  perform ed 
over a  range of venom  concentrations with o r w ithout 5 m M  zinc 
gluconate (Figure 5B). Zinc gluconate effectively inhibited 
hemolysis over the clinically relevant dose range for life 
th reaten ing  envenom ations (10 to 40 U /m L /% ). T h e  effect o f 
zinc gluconate on  the tim e course o f  potassium  and  hem oglobin 
loss from  w ashed R B C  was also determ ined after exposure to 
purified porin  fractions from  either Chironex fleckeri or Alatina moseri 
(Figure 5C) In  the presence o f 5 m M  zinc gluconate bo th  released 
potassium  (closed black triangles) an d  hem oglobin (closed black 
circles) were reduced and  delayed.

Comparison o f Zinc Gluconate and CSL Antivenom
T h e  effectiveness o f a  range o f concentrations o f either CSL 

antivenom  or zinc gluconate to inhibit Chironex fleckeri venom - 
induced hemolysis and  potassium  release were com pared 
(Figure 6A, 6B and  6C) over a  dose range of venom  concentrations 
representing absolute to n ear fatal venom  exposures. H igh 
concentration  application o f C SL antivenom  (far in excess o f the 
recom m ended 0.1 L T/m L/%  dose) and  high concentrations o f 
zinc gluconate (beyond the concentration  range that could be  well 
tolerated  in  plasma) showed inhib itor an d  venom  dose dependent 
effects (Figure 6A). W ell-tolerated doses o f zinc gluconate showed 
greater inhibition o f hemolysis th an  the high levels o f  CSL 
antivenom  (Figure 6B). Zinc gluconate also showed greater 
inhibition o f potassium  release th an  C SL antivenom  (Figure 6C).

Survival Studies
Chironex fleckeri total venom  or purified porin  fractions were 

injected th rough  the tail vein over a  b ro ad  range o f doses. T he 
m ortality  rate  was dose dependent (Figure 7A an d  7B). T he 
K aplan-M eier plot (Figure 7A) shows percen t survival as a 
function o f tim e for anim als exposed to lethal Chironex fleckeri

T a b le  2. Post m ortem  plasma levels o f  potassium  and hem og lob in .

A n im a l PBS 2 5 U /m L /%  V e n o m S u rv iva l T im e  (m in ) Plasm a [K+] m M
Plasm a H g b  
m g /IO O m L H em o lys is  %

Control + - NA 5.1 150 1%

1 + 2 38 6,058 40%

2 + 16 11.5 516 3%

3 + 26 9.1 875 6%

doi:10.1371 /journal.pone.0051368.t002
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Figure 8. Representative ECG and ECHO recording of C hironex fleckeri venom-injected mouse. Preinjection (A) recording is show n 
to g e th er with 90 sec (B), 135 sec (C), 225 sec (D), 390 sec (E), 525 sec (F), 660 sec (G) and 840 sec (H) recording after injection with 25 U/mL/% 
Chironex fleckeri venom . Left ventricular function was markedly impaired, progressing to  electrom echanical dissociation, 90 sec after Chironex fleckeri 
venom  injection. Contractility briefly recovered slightly, bu t no t sufficiently to  m aintain perfusion. ECG show ed second-degree block a t 225 sec, with 
progression to  nodal- and ventricular-escape arrhythm ia before death. 
doi:10.1371/journal.pone.0051368.g008

venom  doses (250 and  25 U /m L /%  w here the m ouse L D 50 is 
~ 1 5  U /m L /% ). At a  dose o f 25 U /m L /% , 90% m ortality  was 
observed within 23 m in, with a  m ean  survival tim e o f 19 min.
Injection o f a  single bolus o f zinc gluconate p rio r to this dose of 
venom  m arkedly prolonged survival (P = 0.0006) to a  m ean 
survival tim e o f 48 m in  (Figure 7A, closed circles). T ab le  2 shows 
the survival time, serum  potassium  and  percentage hemolysis for 
three  random ly selected 25 U /m L /%  dosed anim als com prising 
the K aplan- M eyer plot (Figure IK ). Figure 7 panels D th rough  G 
show control (pre venom  injection) an d  im m ediate post m ortem  
cardiac b lood sm ear images from  dose m atched  Alatina moseri 
venom  (Figure 7D and  7E, these blood sm ear images included for 
com parison only) and  Chironex fleckeri venom  (Figure 7F and  7G) 
exposed representative anim als. Arrows in Figure 7E and  7G  show 
RB C  ghosts. M ore ghosts were observed in the Alatina moseri 
venom  exposed anim als.

Cardiovascular Effects
C ontinuous pre- and  post-injection E C FIO  and  E C G  m onito r­

ing were perform ed to identify the hem odynam ic an d  E C G  effects 
o f  the total venom  or isolated porin. Figure 8 shows da ta  from  a 
representative anim al. A t a  lethal dose o f 2,340 FlETso (to achieve a 
circulating concentra tion  o f 20 ET/m L/% ), equivalent to a  lethal 
hu m an  sting with 2 m eters o f Chironex fleckeri tentacle, total venom

injection resulted in  acute ventricular decom pensation associated 
with conduction anomalies. W ithin  90 sec, contractility was 
m arkedly im paired  and  subsequently deterio ra ted  further. T he 
E C G  showed progressive slowing o f sinus rhythm  for the next 
m inute, then  second-degree block followed by m arked PR  
prolongation  and  a variety o f escape rhythm s from  progressively 
further dow n the conduction system at progressively slower rates. 
Slight im provem ent in contractility was never sufficient to provide 
adequate perfusion and  was followed by death  after 14 min.

Lower doses o f venom  showed a m ore varied set o f E C G  
changes that also included m arkedly reduced contractility. 
C om m on E C G  changes included a decrease in P  wave and  
varying degrees o f a trioventricular block an d  escape rhythm s. 
M ice injected with zinc gluconate p rio r to Chironex venom  also 
exhibited profound  decreases in ventricular contraction, bu t 
rebounds in function were observed subsequent to periods o f 
electrom echanical dissociation. In  all cases, the progression of 
electrical abnorm alities and  contractile dysfunction w ere delayed 
com pared to un trea ted  mice.

Discussion
T h e  absence o f effective therapies to reduce fatalities from 

cubozoan envenom ation  prom pted  us to exam ine the underlying
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pathophysiology. T his required  optim ization o r im provem ent o f 
venom  prepara tion  m ethodologies, activity bioassays, an d  anim al 
models o f envenom ation to bette r recapitulate authentic  enven­
om ation syndrom es. O n e  outcom e o f this com prehensive effort 
has been the developm ent o f a  venom  prepara tion  m ethod that 
gready enhanced  total nem atocyst content recovery an d  specific 
activity. T his “ total venom ” prepara tion  is robust an d  stable. T he 
developm ent o f a  reproducible standardized un it o f activity (U / 
m L /% ) also allows corollary dose response exam ination  betw een 
in vitro an d  in vivo models. These im provem ents allowed the 
discovery and  elucidation o f a  sequential release o f potassium  
prio r to hemolysis. T h e  finding th a t this was porin  m ediated 
prom pted  us to test novel approaches with the finding and  
subsequent developm ent o f a  novel zinc-based therapy  th a t is 
superior to the existing antivenom .

Venom Preparation
T h e  venom  dose delivered to a  victim is related  to the num ber 

o f  successfully im paling nem atocysts along the tentacle contact 
site. Various technical lim itations in venom  prepara tion  have 
slowed progress in elucidating the m echanism  o f action of these 
enigm atic m arine venoms. Unlike snake envenom ations o f 
milliliter volumes, or eone snail envenom ations involving hundreds 
o f  microliters, cn idarian  envenom ations involve the penetration  of 
prey by hundreds o f  thousands of m icroscopic specialized 
pen etran t enidae, o r nematocysts, each contain ing  only picoliters 
o f  venom . Aqueous extract preparations o f whole tentacle, or 
partially purified enidae, yield only an  incom plete fraction o f 
aqueous soluble venom  com ponents th a t are variously contam i­
nated  w ith o ther tentacular an d  structural com ponents, such as 
enidae capsule- wall collagens.

W e report an  im proved technique th a t m axim izes recovery of 
in tact enidae from  tentacles (> 90%  o f all enidae, calculated by 
consideration of cnidae-packing densities). Furtherm ore, this 
technique allows the full rup tu re  o f approxim ately 90% o f these 
recovered enidae. Finally, the entire content o f the rup tu red  
enidae, no t ju st the aqueous soluble constituents, were then 
recovered w ithout the contam inating  structural proteins that 
com prise the nem atocyst capsules an d  tubules. W e describe this 
p repara tion  as “ total venom ” . T h e  detailed total venom  prep a­
ration  technique described in the M ethods section represents an 
optim ization o f each step in  the isolation of undischarged enidae 
free o f ten tacular contam inants and  rup ture  o f the m ajority o f the 
rem arkably robust nematocysts.

Comparative Activity Analysis
C om parative analyses o f our newly developed m ethod  w ith five 

o ther published m ethodologies [9,13,17-19] dem onstra ted  im ­
proved recovery and  specific activity o f venom . O u r m ethod 
achieved recovery of 10 to 1,000 times m ore hem olytic units per 
anim al th an  the previously described m ethods and  2 to 100 times 
m ore units pe r nem atocyst. Also, venom , p repared  using our 
m ethod, was 6 to 50 times m ore concentra ted  and  showed the 
second greatest potency with regard  to units pe r m icrogram  
protein. T h e  M ustafa m ethod [9] showed the highest yield overall 
in term s o f nem atocyst pe r anim al, b u t the lowest potency in term s 
o f units pe r nem atocyst. This could be due to the fact th a t the 
whole tentacle was included, with contributions from  non-surface, 
sequestered enidae deeper in the tentacular tissue, as well as loss o f 
activity from  endogenous proteolysis. M ethods involving the 
hom ogenization o f entire nem atocyst capsules resulted in addi­
tional proteinaceous bands from  structural capsule-wall protein. 
T h e  W inkel m ethod  dem onstra ted  the highest specific activity, bu t 
a  lower ra te  o f nem atocyst recovery.

Venom-Associated Pathobiology
These critical advances in the recovery of pu re  an d  highly active 

venom  allowed us to dem onstrate good correlation o f our in vivo 
m odel w ith the clinically observed sequelae o f authentic  enven­
om ation. W e found Chironex fleckeri venom  from  tentacular cell-free 
enidae to be a com plex m ixture o f proteins, lipids and  small 
bioactive molecules. All cubozoan venom s analyzed to date 
contain po ten t hem olytic porins (hemolysins) th a t share predicted  
pro tein  structures with a  class o f self-assembling bacterial pore- 
form ing toxins (PFT), such as anthrolysin O  and  streptolysin O , 
w hich disrupt the perm eability  b a rrie r o f the cell m em brane 
[12,13,20,24], L ight m icroscopy of cubozoan toxin-exposed RBC 
dem onstra ted  several m inutes o f swelling and  potassium  loss prior 
to hemolysis. Anim al studies have reported  hemolysis and  
hyperkalem ia after lethal Chironex fleckeri venom  exposure 
[15,25]. W e observed a greater lag  betw een potassium  efflux 
and  hemolysis bo th  in vitro an d  in vivo after exposure to Chironex 

fleckeri venom  as com pared w ith Alatina moseri. W e also observed 
greater heterogeneity  in the u ltrastructure o f  R BC pores form ed 
after exposure to purified porin  fractions from  Chironex fleckeri 
versus Alatina moseri. T hese findings m ay shed light on  the long­
standing clinical conundrum  th a t a  lack of profound  hemolysis in 
Chironex fleckeri m ortality  w ould ap p ear to discount the role o f the 
porin  o r hemolysin in m orbidity and  m ortality.

Studies o f venom -injected C 57 B L /6  mice showed rap id  and  
progressive contractile dysfunction with E C G  findings consistent 
with hyperkalem ia. T h e  tim e course o f p lasm a potassium  and  
hem oglobin m easurem ents dem onstra ted  th a t a  catastrophic 
hyperkalem ic state precedes substantial hemolysis. E C G s of mice 
injected w ith purified hemolysin showed identical responses to 
total venom , suggesting th a t these effects can be specifically 
a ttribu ted  to the hemolysin.

Therapeutic Approaches
Previously, investigators have shown th a t zinc could block 

bacterial P F T  activities [26,27]. W hile zinc chloride o r zinc acetate 
had  been  used in bacterial studies, ano ther well-tolerated counter­
ion, gluconate, was tested to reduce potential in vivo toxicities. Zinc 
gluconate m arkedly reduced bo th  potassium  and  hem oglobin 
efflux from  R BC in vitro and  delayed m ortality  in vivo.

T aken  together these data  suggest th a t plasm a potassium  likely 
originates from  porin-perforated  R B C . E levated plasm a potassium  
alone could cause ventricular hypocontractility, and  synchronous 
E C G , as well as electrode m easurem ents, support the role o f 
hyperkalem ia. T h e  zinc g luconate-treated m ice exhibited a 
significandy delayed m ortality  and  m ain tained  norm al E C G  for 
longer periods following venom  or p o rin  exposure. Interestingly, 
the injection o f zinc p rio r to the adm inistration o f venom  
enhanced  m ean  survival tim e less th an  adm inistration o f zinc 
after the venom  injection. W hile the m echanistic basis for this is 
no t im m ediately clear, bioavailability o f plasm a zinc m ay be 
rapidly reduced by b inding to plasm a proteins such th a t available 
zinc be lower w hen provided p rio r to venom  injection. T he finding 
th a t the historic therapeutic  approach  o f antivenom  did not 
enhance survival rates, b u t ra th e r led to a  slight reduction  in 
survival is also notew orthy. Future studies could investigate 
adm inistration  o f antivenom  following venom  injection, as well 
as com binatorial approaches using bo th  antivenom  an d  zinc 
com pounds.

If  term inal cardiac events could be delayed in hu m an  sting 
victims, this m ight provide the opportun ity  for resuscitative 
m easures th a t w ould lower potassium  an d  prevent death. Larger 
doses o f zinc gluconate, o r sustained treatm ent, m ight be even 
m ore effective, for exam ple w ith a  continuous intravenous delivery
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o f zinc ions. C oncom itant therapy  directed towards im m ediately 
reducing hyperkalem ia could also prove useful. It is conceivable 
th a t topical application o f zinc com pounds, by  inhibiting some of 
the toxin a t the derm al interface, could am eliorate the m orbidity 
o f  these stings as well. F u rther studies are w arran ted  to recapitulate 
these findings in  larger anim als with cardiovascular physiology 
(and electrophysiology) closer to hum ans (such as pigs). Z inc 
com pounds, w hich are inexpensive, stable and  non-toxic a t the 
requ ired  dose, could becom e a  useful clinical trea tm en t for 
potentially lethal cubozoan stings.
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