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Franz and R.D. LeClaire. Respiratory Effects of Brevetoxin and

Saxitoxin in Awake Guinea Pigs. Toxicon xx xxx-xxx, [

19xx.--Ptychodiscus brevis toxin (brevetoxin) is associated

with "Florida red tide" and causes neurotoxic shellfish

poisoning. Saxitoxin is the agent of paralytic shellfishk

poisoning. Clinical reports of human intoxication suggest that

both toxins affect the respiratory system. The toxins were

administered by slow intravenous infusion. The effects of the%

toxins on respiratory function of awake guinea pigs in a pressure

plethysmograph were studied. Both toxins caused lactic acidosis

of unknown etiology which was compensated by increased minute -

volume with brevetoxin (PbTx-3) but not with saxitoxin- ,

intoxicated animals. Airways resistance was not increased, nor

was dynamic compliance decreased during the course of[i

p.

intoxication, although the data suggest that respiratory system

failure was the primary cause of death. The responses seen in

these experiments are consistent with the dissimilar molecular.[
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INTRODUCTION

BREVETOXIN and saxitoxin are marine biotoxins of public health

significance; they are produced by dinoflagellates of the genera

Ptychodiscus and Protoaonvaulax, respectively (HUGHES,

1979). Accidental human exposure to P. brevis-related

toxins is typically through ingestion of contaminated clams

(neurotoxic shellfish poisoning) (HUGHES, 1979), or inhalation of

seaspray containing toxin (PIERCE, 1986). Ingestion typically

results in sensory abnormalities, cranial nerve dysfunction, and

gastrointestinal symptoms. Inhalation of the toxins may cause

cough, rhinorrhea, watery eyes, and sneezing in normal humans and

wheezing in asthmatic patients (ASAI et al., 1982).

Saxitoxin causes paralytic shellfish poisoning (MEE, 1986).

Humans who ingest shellfish containing this toxin may experience

progressive numbness of the lips, face, and extremities; muscular

incoordination; respiratory distress; and, finally, death (ACRES

and GRAY, 1978). Mortality in severe cases is 2.6% to 23.2A and

typically results from respiratory paralysis (SAKAMOTO et

al., 1987).

-3-
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BORISON et al. (1985), studyina :he effects of the

brevetoxins in anesthetized cats, concluded that brevetoxins W

exert major effects on the circulatory and respiratory systems

throuah reflex and central actions, largely sparing neuromuscular

transmission; both catecholamines and vagal acetylcholine are

released during intoxication. Saxitoxin causes paralysis,

hypotension, and respiratory failure in anesthetized experimental

mammals, primarily through axonal blockade (KAO, 1972). •

In the rat hemidiaphraam (GALLAGHER and SHINNICK-GALLAGHER,

1985), crude brevetoxin increases spontaneous transmitter release

(presynaptic action) and, at higher doses, blocks synaptically

mediated endplate potentials (postsynaptic action). In canine

tracheal smooth muscle preparations (ASAI et al. 1984), low

concentrations of brevetoxin lead to contractions through

presynaptic effects; the muscle tension returns to baseline as

the concentration is increased. In crayfish giant axons, 0

brevetoxin causes concentration-dependent depolarization with

initial repetitive discharges followed at higher doses by a block

of excitability (HUANG et al., 1984). Finally, in single

sodium channels of murine neuroblastoma cells, one of the

brevetoxins (PbTx-3) causes activation of channels at membrane

potentials approximately 8 mV more negative than normal, while

not altering channel inactivation or conductance (Personal

-4-

-. 5' 5 -5 " . <



Communication: Robert E. Sheridan and Michael Adler,

Neruotoxicoloay Branch, USAMRICD, APG, MD 21010).

In frog sartorious nerve-muscle preparations, saxitoxin blocks

peripheral nerve conduction and decreases the excitability of

skeletal muscle to direct stimulation (EINGERMAN et al.

(1953). In nerve-muscle preparations and isolated axons,

end-plate potentials are reduced before miniature end-plate •

potentials are changed significantly, suggesting failure of

conduction in the axon (KAO and NISHIYAMA, 1965). The toxin also

interferes with excitation of muscle membranes, postsynaptically.

It is now known that saxitoxin produces a reversible use- and

voltage-dependant block of the sodium channel (SALGADO

et al., 1986)

Therefore, the two toxins affect the sodium channel, but have

generally opposite effects: brevetoxin initially increasing the

likelihood of the channel opening, promoting depolarization at

low doses; and saxitoxin hindering depolarization by blocking

early sodium conductance. The purpose of this work was to

evaluate and compare the respiratory effects of saxitoxin and the

brevetoxin, PbTx-3, both administered by slow i.v. infusion, in

the awake guinea pig. _
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MATERIALS AND METHODS

All experiments were performed on male, barrier-raised, Hartley

albino guinea pigs (CRL: (HA)Br; Charles River Laboratories,

Wilmington, MA) weighing 240-260 g. Animals were housed in a

bio-safety enclosure (Airoclean Engineering, Inc., Edgemont, PA)

and received feed and water ad libitum. Temperature in the

animal room was maintained at 22+1 0 C with a 12-hr

light/dark cycle.

Fed animals were anesthetized with halothane and a polyethylene

(P.E. 10) catheter was introduced into an external jugular vein,

its tip extending into the anterior vena cava. A saline-filled

polyethylene catheter (P.E. 60) was placed percutaneously into

the pleural space after the method of AMDUR and MEAD (1958) for

the measurement of pleural pressure. The guinea pigs were placed

in a pressure plethysmograph for measurement of tidal volume; a -

tight seal was maintained around the neck by a water-soluble gel

and two latex collars. The rate of airflow was determined by

electronic differentiation of the plethysmograph pressure signal

with time. Ventilatory frequency, tidal volume, pulmonary

resistance, and dynamic compliance were calculated electronically 'V-

(Model-6 Pulmonary Mechanics Analyzer, Buxco Electronics Inc.,

e-
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Sharon, CN) and confirmed manually from chart recordings. M-ean

inspiratory flow was calculated manually from the tidal volume

trace.

A second group of animals, used only for blood gas, pH, and

lactate studies, was prepared as described above except that

cannulae were implanted in both the external jugular vein and

left external carotid artery (P.E. 50, stretched to reduce its

diameter near the tip); the pleural pressure cannula was omitted.

Purified, lyophilized PbTx-3 (Source: Dr. Dan Baden, Univ.

Miami, Miami, FL), dissolved in chloroform, was stored at

-200 C. Within 3 hr before use, it was dried and redissolved

in phosphate-buffered saline containing 0.5% Emulphor (GAF Corp. S

NY, NY) . ?bTx-3 was administered i.v. at the rate of 0.63 le%

ug/kg/min until death of the animal. Saxitoxin (5mg/ml in 0.001N

acetic acid) (Source: Dr. Sherwood Hall, FDA, Washington, S

D.C.), stored at -250 C, was diluted in phosphate-buffered

saline within 3 hr before use. Saxitoxin was administered at the

rate of 0.315 ug/ka/min until death. A variable-speed syringe

pump (Harvard Bioscience, South Natick, .!A) was used to

administer the toxins via the P.E. 10 venous catheter. Toxin

challenge was begun after all measured parameters had stabilized,

typically 60-180 min after compieticn of the surgical

'V%.
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preparation.

Arterial blood samples (approc:. 70-100 ul each) were collected ,'

before the start of toxin infusion and at 5-mmn intervals until

death; an Instrumentation Laboratories Model 1301 blood gas

analyzer (Lexington, M1A) was used to measure blood gases and pH.

For lactate analysis, 100 ul of arterial blood was collected

before the start of toxin infusion and at 10-mmn intervals until NA

death of the animal. Lactate was measured by a fluorometric

method for enzymatic determination 
(ANTONIS et al., 1966) %%

Multivariate repeated-measures analysis of variance (SYSTAT Inc.,

Evanston, :L) was used in analyzing data. Values are expressed

as means + S.E.; n = 5 for all studies. :,

REbU L T S 
-

The mean time to respiratory failure was 25.0 + 4.8 min for

guinea pigs challenged with PbTx-3 and 25.4 + 2.4 min for

those challenoed with saxitoxin. The mean dose of toxin infused S

at the time of respiratory failure was 15.8 + 3.0 ug/kg for-A

PbTx-3 and 8.0 + 0.8 ug/kg for saxitoxin. Just before

respiratory failure, a PbT:-:3-intoxicated animal typicaiv'" .9.

breathed with a frequency of 200/mmn and tidal volume :f 2.0-2.2

J0
&A -
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ml; apnea occurred sudden!%, lastin- frA-4 -ec, nd .:as
S

followed by several minutes of slow, variabie aspi: !
ventilation before death. Failure .ccurred m rauav wit"

saxizoxin, althouah_ the 7erminal eventswere :imila,'

6%

Guinea pigs 0iven PbTx-3 demonstrated a c_2nas:? . ncrease 4n

minute volume (Fig 1); frequency of ventilaticn was increased S

only in the second phase. Neither minute volume nor ventilatcry ,

freauencv was increased during saxitoxin intoxicaton (Fic 2);

animals breathed ouietlv, at decreasino freauencies, until,

failure ensued.

Neither toxin caused a significant increase in airways resistance

or decrease in dynamic compliance (Figs 1-2). In PbTx-3- O

intoxicated animals, an early increase in resistance (p < 0.086)

occurred 3 min after the start of infusion; subsequently,

resistance decreased as ventilatory frequency increased before

death. in saxitcxin-challengea animals, a distinct period (1-3

min) of increased (approx. 30%) resistance occurred at 8.8 "

0.4 mmn after start of infusion. Airways resistan e after :he

brief rise was lower than before (p < 0.01).

Mean inspiratory flow (VT/TI, a generail measure of .

inspiratory drive (AUBIER et al., 1981), typically increased

,0
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until deat" in -T-:--ntz-ica.ed animals and aczreaset :r was

.... ... .............. ed I n ea IbS ( r i- .

Doth n-:ns ouz'I :i acidosis whi'h he an ear in.the

infusocn r- :rcr- ke start : -- xin hai Zn:e, lactate

levels (mT/Ql 1 ) ere ).E I.- (simultaneous C-: 4 8

* I.' mmHa) f r 7hT:-:-3 a 9 8 .1 + 0.3 (PC02 : 4 1 .4

+ 2 .3 mmHc) far .an--:,:- At 2-12 befcre aiure cp

ven..... . act- . eveis -.,ere +2 - 8.2 (70%: 3

0.4 mm"). .in FbT.-3 animals and 44.0 7.3 (PCC: S

40.4- 2.2 mmHQ) with saxitoxin. Tn the case of PbTx-3

intoxication, animals tended to counter the metabolic acidosis

with respiratory compensation (Fig 4a), while V

saxitoxin-intoxicated cuinea pigs, uncompensated, actually

demonstrated trends toward concurrent respiratory acidosis (Fit"-

4b) .

DISCUSS ION

Both toxins caused oro.cressive metabolic acidosis in our

experimental animals. -reveo-xin increased :esciratorv cdrive, %

cart ally campensatino r. -ne metabolic acid Lead by decreasin.-

%

C.. *A
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blood PC- 'evels. A brief e:xcitement s:age oc=urred .

the onset of PbT.%- 3 . ...fs .ion which was na-t s e en 'w;it -h zsa i oxic-,In

infusion. --he increased minute volume during th-e firsz 8 min cf .

?bTx-3- intoxication may 'rave been a result 3f increased activitv" "

w:hile it is likely that acidosis stimulated the increased minute .

"S"

ventilation observed during the last 8 min of PbTx-3 .
intoxication. The ventilatory drive appeared strong since both

S

frequency and tidal volume increased durin this period, and t

mean inspiratory flow was increased. Although acidosis was asv,

severe in the latter phase of saxitoxin intoxicat-on as in PbT:-V
intoxication, ventilatory compensation did not occur; neither 'S'

frequencya tidal volume nor mean inspiratory flow were

significantly changed. The progressive increase in mean

inspiratory flow in PbTx-3 intoxication, but not in saxitoxin

intoxication, suggests a marked difference in the state of "
respiratory system drive ot appears that saxitcxin impededb'x-2

effective ven tiaton durin the period before octal failure,

while bTx-3 did not. This concept is compatible with neurona

blockade caused by saxitoxin (KAO b972). tn

Using a rat phrenic nerve-stimulated, hemidiaphragm preparatin,'

w-

BADEN et al. (1984) demonstrated that a comtlete thnuo

neuromuscular block occurs at pM to nM concentratio-ns of PbTx-2 --
or PbTx-3, thought o be caused by persisten97 .epcarization

"S



without depletion of acetylcholine. At the time -hat one clock

is in effect, diaphragm muscle stil" contracts -4. res.c.nse

direct stimulation. Although a similar failure of neural

transmission is likely to have caused respiratory failure in our

study, we did not identify whether the failure occurred at the

level of central respiratory drive, afferent or efferent nerve

traffic, or muscular pump function.

The cause of the lactic acidosis in either intoxicaticn is not

clear. Oxygen debt in skeletal muscle, as a result of increased

metabolism, is unlikely, as guinea pigs were not hyperactive and S

did not convulse, but rather became sedate during saxitoxin

intoxication. We know of no reports of ischemia or uncoupling of

oxidative phosphorylation by either of the compounds, though S

hypotension has been .ioted to occur in animal models (BORISON %

et al., 1985, KAO, 1972). Peripheral circulatory control may -

have been sufficently disrupted to reduce blood flow to muscles 0

of respiration. Regional anaerobiosis might have resulted,

especially in the case of PbTx-3 intoxication, which stimulated

ventilation. Finally, there is precedent for lactic acidosis S

with narrow arterial-venous 02 gradient found in humans with

septic shock (RACKOW et al., 1988) .

Airways resistance and dynamic compiiance measurements sugest

,S,



that neither central airways (upper airways, srachea, and seccn -

third- aeneration airways) nor peripnerau a...avs (A-., 176; O

DRAZEN and SCHNEIDER, 1978) responded significantly :o toxin AN

challenae, althouah both to:x:ins appeared to cause mild, transien-t --

central airways constriction early in the challenge period.

BADEN et al. (1982), measuring insufflation cressures in

anesthetized, artificially-ventilated guinea pigs, demonstrated

that i.v. PbTx-3 causes bronchoconstriction and spasm of thoracic

musculature. A bolus dose of 20 ug/kg of PbTx-3 causes the same

effect as 0.05 ug/kq acetylcholine, a fivefold increase in

insufflation pressure which can be blocked by atropine. It is .

not surprising that the bronchoconstrictor response was less

vigorous in our experiments. Because only 15.8 + 3.0 ug/kg

had been slowly infused at the time that ventilation failed, the "

concentration of toxin at the axonal or airways, smooth muscle A

effector sites, even immediately before death, was probably lowe-

than that in animals that received a bolus dose of 20 ug/kg.

In summary, we have compared the effects of two sodium

channel-active marine toxins on the ventilatory function of the

awake guinea pig. Both toxins caused a progressive metabolic

acidosis. Respiratory compensation occurred during PbTx-3

infusion, but not during saxitoxin infusion. Airways mechanics

were not altered significantly by either toxin, yet both appearec

-13-
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to cause death by respiratory failure. The pathc-enesis f-

intoxication leading to ultimate systems failure resulted in

markedly differing ventilatory responses, whicn "s comatible

with the reported dissimilar molecular effects of these two

toxins.
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LEGENDS FOR FIGURES

Fig 1. GRAPHIC REPRESENTATION OF AIRWAYS RESISTANCE, PULMONARY

COMPLIANCE, TIDAL VOLUME, MINUTE VOLUME, AND VENTILATORY

FREQUENCY IN AWAKE GUINEA PIGS DURING INFUSION OF BREVETOXIN

(PbTx-3, 0.63 ug/kg/min) . Data were normalized by using only the

first and last 8 min of the infusion period. Time 0 is the point

at which toxin infusion started. Twenty-five (25) min is the

mean time of initial respiratory failure (25.0 + 4.8) and

times 17 through 24 are values prior to initial failure. Values

are expressed as means + SEM (n=5, *=sig:.ificance at p < S

0.05).

Fig 2. GRAPHIC REPRESENTATION OF AIRWAYS RESISTANCE, PULMONARY S

COMPLIANCE, TIDAL VOLUME, MINUTE VOLUME, AND VENTILATORY

FREQUENCY IN AWAKE GUINEA PIGS DURING INFUSION OF SAXITOXIN

(0.315 ug/kg/min) . Data were normalized by using only the first

and last 8 min of the infusion period. Time 0 is the point at

which toxin infusion started. Twenty-five (25) min is the mean

time of initial respiratory failure (25.4 + 2.4) and times 17

through 24 are values prior to initial failure. Values are

19-
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expressed as means + SEM (r:5, *=sianificance a:_ o < 2.25).

01i

Fig 3. SCATTER PLOTS OF MEAN INSPITPATORY FLOW (Vm/T) %;or

FROM AWAKE GUINEA PIGS DURING INFUSION OF PbTx-3 (Fig 3a.) OR

SAXITOXIN (Fig 3b.) . Data were normalized by using only the

first and last 8 min of the infusion per'ods. Time 0 is the

point at which infusion started. Twenty-five (25) min is the

mean time of initial respiratory failure and time points 17

through 24 are values prior to initial failure (n=5) .

Fig 4. SCATTER PLOTS OF ARTERIAL PCO2 vs pH OF AWAKE GUINEA

PIGS BEFORE AND DURING I.V. INFUSION OF PbTx-3 (Fig 4a.) AND

SAXITOXIN (Fig 4b.). Note partial respiratory compensation of

metabolic acidosis with PbTx-3 and lack of compensation with •

saxitoxin. Point 1 represents control; points 2-3 represent %

samples collected at 5 and 10 min after the start of challenge;

points 4-6 represent samples collected at 15, 10, and 5 min

before respiratory failure. Values are ezpressed as means +

SEM (n=5) .

., ."

200

.- .P
. .. . . . . . . ", '% ."0



0

0 Resistance
0 Compliance

150 o
"-. 140 T
E 130

S120 I
110 "

C. 1001
~E90

& 80
S70
S60

50 T••

-1 0 1 2 3 4 5 6 7 8 17 1819 20 21 22 23 24 25 26 27

5.0 o TV
4.5 T

~4.0

3.5
3.0 *

2.5 N
E 2.0

'31.5

1.0

0.5
0.0 * Minute Volume

aRate

550 -*------------- >*

500
450
400 400

350

Jo, -, , , , , , , ,,E. . . . . . . . .: .

.2300
> 250

2 200
- 150
~100 

--------- *
50
01 F

-1 0 12 35671 78 120192223 24 2526 27

Time (min) •

A7,.. ,'
[ g-°°5



T . Resistance ,150 7 0 Compliance
~1407

=130 7
ro 120 iT

910

S80
~70 -

50
-1 0 1 2 3 4 5 6 7 8 17 18 19202122 23 2425 26 27

5.0

4.5
0 T V

~4.0

~3.5
~3.0
S 2.5 '-.'

0
~1.5

~1.0

0.5--,

0.0

550 * Minute Volume k
.2 450 £Frequency

ZZ 400
*25350
-2300

.2250
~200

150
-IS100
~50

0_ _ _ _ _ _ _ _ _ _ _ _ _ _I.

-10 1 2 3 4 5 6 7 8 17 1819 20 2122 23 2425 26 27

Time (min)



4177.77~P -T5; -03
.Z; no

25

10 a %

ID 0 %

~ 5

1~0

-1 0 1 2 3 4 5 6 7 8 17 18 19 20 21 22 23 24 25
Time (min)

Pearson's Coetficern of Correlation: r =0.673 (RA2 =0.453).

25

-)20
E

0
S10

0%

0~R

-1 01 23 45 6 78 17 18 1920 21 222324 25
Time (min)

Pearsun s Coefficent of Correlation: r -0.580 (RA'2 =0.337).

V 

14 -1'



: .'-%

.,, .. ,I

55

Resp t50 '
Acidos % %

50

S45
Metabolic Acidosis

+1

, 40
2 2 e tr

;~35

30 "

Metabolic Acidosis
25 . . . .. I......

7.00 7.10 7.20 7.30 7.40 7 50

pH (pH units ± SEM)

55 " * * "*"
Resp tory

6 Acidos

50 %

%~a

S45 a%

Metabolic Acidosis 5
+1

0
30

° "
Metabolic Aioi

35

300

7.00 7.10 7.20 7.30 7.40 7.50
pH (pH units ±SEM) % ."

a IL

at.

-a-. .* ~ a. * ~ - ,~- j~~Id'~ W 4~.I.-,a~ ~ C.. aa . P' . -. ".-..','


