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An attempt by New England Nuclear to produce radiolabelled MCLR involved
synthetic labelling using tritiated water and Rh(A1 20 . Chromatography and
mass spectrometry revealed radiolabel incorporation into both the toxin and
contaminants. The nonspecifically tr*tiated toxin had a specific activity of
0.5 uCi/mg. Subsequently, a method recommended by our, laboratory utilizing
tritiated water with pyridine was performed by New England Nuclear; however,
decompo'iltion of the toxin occurred under the conditions used.

MCLR was highly bound when added to "super-activated" charcoal at 1:100.
When given to rats via an ileal loop shortly after toxiN admiaistration,
"superchar" settled out, but was partially effective inýlimiting MCLR
absorptiou (as indicated by increases in liver weight). In vitro and in
vivo, superchar was less effectively than was cholestyr-aine in a prior study.
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Toxin-dosed mice were pretreated by fedJ.rg (glutathione replete),
fasting (mild GSH depletion), fasting and n-aLetylcysteine (depletes GSH), or
fasting and buthionine sulfoxamine (inhibits GSH synthesis) and diethylmaleate
(depletes GSH). To estimate hepatic GSH predosing, livers were obtained from
mice similarly treated but not given MCLR. The GSH conjugate (at the N-methyl
dehydroalanine) of MCLR was synthesized and tested for toxicity by dosing mice
"IP. Glutathione depletion did not predispose the animals to MCLR toxicosis;
and the GSH-adduct was only slightly less toxic than the parent toxin. The
GSH depleted mice lived longer than the fed controls.

The hydrophobic portion of the ADDA group of MCLR was cleaved by
ozcnolysis, then reduced with sodium borohydride to yield a cyclic peptide
saturated at the double bond of the N-methyl dehydroalanine. The product was
apparently nontoxic in mice dosed IP at 16,000 nM/kg; compared to minimum
LD 00s for MCLR and dihydroMCt.R of 90 nM and 201 nM/kg, respectively.

In vitro, rat hepatocytes, but not Kupffer or sinusoidal endothelial
cells, were highly sensitive to MCLR. Hepatocytes were exposed to MCLR,
cytochalasin, or phalloidin, fixed and stained rhodamine-labelled phalloidin,
and examined on fluorescence microscopy. Unlike hepatocytes exposed to the
other toxins, in the KCLR-treated cells, dose-dependent blebbing of the plasma
membrane was observed with rays of actin extended to the tips of the blebs.
With sufficient toxin and time, actin filaments lost attachment to the plasma
membrane, forming a mass near the center of the cell. ?CLR also alterred
actin filaments in vivo, esoecially in centriolobular hepatocytes.

In pigs given lethal doses of MCLR IV, central venous pressures markedly
declined, and portal venous pressures increased, particularly in the pigs that
died earliest after dosing. Sensitive indicators of toxicosis included reduced
platelet counts, and increased bile acids and lactate. Increases in serum
enzymes indicative of liver damage were slightly delayed in onset but severe.
Serum potassium, total bilirubin, and urea nitrogen, as well as blood pO were
increased, whereas pCO2 and base excess were decreased. Hyperkalemia aril
hypoglycemia were present, and sometimes severe at the time of death.

Holding anatoxin-ats) under N2 at low freezer temperatures stabilizes the
molecule for at least 6 months. ,en rats were dosed IP with anatoxin-a(s),
and regions of brain analyzed'for cbolinesterase activity, none were
inhibited, suggesting that the major effects occur in the periphery.

LDss for (+)anatoxin-a hydrochloride and racemic anstoxin-a HC1 were 386
and 913 ug/kg, respectively. No mice died at up to 73 mg of (-)anatoxin-a HC1
per kg. In IP-dosed, anesthetized rats, the amplitude of the evoked compound
action potential (ECAP) of the sciatic nerve/lumbrical or interosseus muscles
decreased rapidly in response to the toxin. There was a subsequent partial
recovery over time. The EDt 0 for depression of tMe ECAP was 47 ug/kg; the
mean maximal depression was 85 percent; and the mean time to reach the maximum
depression was 8.5 min. The time to onset, duration of action, and severity
of effects of anatoxin-a were dose-dependent, and compatible with inatoxin-a
associated effects at the postsynaptic membrane. The decrease in the
amplitude of the ECAP following repetitive stimulation is compatible with a
pres.-maptic site of action. Exposures to anatoxin-a which produced severe
blockade of neuromuscular transmission were reversible with artificial
respiration, however, higher exposures were lethal apparently due to an
additional site of action
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obtained f.romn mice cf the atove groups, except the animals we-e not dosed with

MCLR, in order to 3etermine ecuivalent hepatic GSH oredcsing. Also, the GSH

con¾ugate (at tre N-metvyl denyvroaianine) cf MCLR was synthesized and testeo

•3r to~'c]t bi a tratYon to •;ce e nt'a~erit~neaV /. TYe results

indicated that giutathione depiet;on did not ýredispose the ani~rdls to MCLR

toxicosis; and the GSH-adduct of tne toxin was only slightly reduced in

toxicity. In fact t*le OSH cepleted mice lived somewhat longer than the GSH

replete fed controls.

In structure toxicity studies, MCLR was suojected to czonolysis to cleave

the hydrophobic portion of the A&CA group, then reduced with an excess of

sodium borohydrice to yield a cyclic peptide with saturation of the double

tbonds in the N-methyi dehyd-oalanlne. Saturation only at the latter site was

previously shown to cause only a modest reduction of toxicity. However, when

A-DA was cleaved the toxin cau;ed no observed toxio effects on the test mice

wnen given intraperitoneafly at up to 16,000 nM/kg. which, may be compared to

an approximate minimum LDOiO of 90 nM of MCLRfkg.

In studies in v~trO, rat hepatocytes but not Kupffer or s1nuso:dal

endothelial cells were highly sensitive to MCLR. Hhen cultured hepatocytes

,erp exposed to MWL;. cytochalasin, or phailoidin and then fited and stained

r hodamlne-iabeiled ;halloidln ard examined on floorescence microscopy, it was

f.r!J tit -. .e'"-; 0 ' al t{iA 40rq n•;e fr'i those Qf t"e Other

tctins, I1 t~e aC'2-tre s? cells. -t only ias dose-dependent blebting (:f

the plasma membrare •areit, but also there were one or more rays of actin

extending to the t4s -f the blebs. With ,ufflclent torn and time, the actin

filaments appeared to have ly n vwn attac"ment to the plasma membrane. forming

4 dense ma,, In the InterfOr Of the hePatQcytes. :n lii'm, mCLR also caused
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used *o assess tne- e~oons;-s -o ()jiatoxin-a. The amolituce of te resocnse

of re --CA P r zere ase d ir e s ý.n s - to t,ýe tx i n, u': gu n~ere wa
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anatoxin-a. No ef feCtsj on nerve cconductoc~ ie~c irv we~e noted.- Exposures to

anatosin-a producing a blockade of up to 951. of neurcmuscular transmnission

were reversitle witn artificrial respiration, mcwever, 3offiCiently hsigh

eviroSires appeared to te le thalI due to 3 a meca n 1 'r. additicn to

neuromus~ular boccxade.



PEP :E :E)ATO T ýX'NS

I '- __4_G____I____________

The hl, h toxicity c0 pept ,e ::,-s rom cyanotacte, a anr the resultant

small anount of compound .h1cn needs to ne given tc produce ýoxic effects make

I isotopic labeling essential for evperiments to craracter ze 'he biological

fates of che toxins Rad'ol'beled algae peptide he~at~tctins have been

produceJ both biosyntletically (Brooks and Codd. 1987a.b) a-C synthetically

I(Punnegar et al., 1986. Falconer et 31.. 1986). The biosynthetic method

utiilzed 1 4C-11telei ricartonate to produce toxn of eytre1nel) low specific

I act¶¢'ty. T iateled by this ;eth h d was subsecuently injected

intraperitoneally (,n) in mice. Seventy percent of the radioactivity was

ocalized in the liver after I rinute and 90% of the adrmingstered dose was

I localized in the fyver 3 hours after dosing. Radicactive residues were also

found In the liver. ildrneys. urine. and lungs of toxin-treated animals.

I The synthetic -et od ir volved incorporation of 125 t • -!) cocystin-YR.

This mat-,d utilied tho mil lactcoeroidaie netlod :f i,>linat~on to produce

t rj.Iher '• ri i:c ctiwity 7hp pDjr'f.- f t,-l n was then

I admini ?tered ei*her • t ni (i e )r )qtra enou Ily lv ) tO r•4 rits experiment

aIso showed rapid 1,calIzatcIn of muIt of !Me towin in tIe liver of the

j *xlosed animals The naIor Irawback of lodination Is tat iodine is a

nonlotoQIC label I ,,, 1 , h 1 l own O4Cda~cn4lly to change the observed

I biolgical actIvity of ,epr•,;b•hi I n tro c ae of mi cr,-;c tIn- R (MCYR). the

I
I



- 10 -

label is incorporated into one of the variable L-amino acids, and this method

will not work for microcystin-LR (MCLR) and other closely related compounds in

this same group which do not contain tyrosine or methionine. Nodularin, which

similarly does not contain these residues also would not be labeled by this

method. For these reasons, the possibility of using alternate methods for

synthetic labeling of cyanobacterial peptide toxins was investigated.

MATERIALS AND METHODS

Procedure 1. General Tritium Exchange:

Synthetic Labeling with Rh/Al 2 03 and Tritiated Water. In this method by

New England Nuclear Company, 10 mg of NCLR was dissolved in 0.3 ml of

anhydrous dimethylformamide. To this solution, 10 mg of 5% Rh/AI 2 03 and 25 Ci

of tritiated water were added and the mixture was stirred overnight at 509C.

Labile tritium was then removed with ethanol and the sample was shipped to us

in ethdnol. Mass spectral investigation showed the presence of

dimethylformamide solvent adducts to MCLR. The compound was subjected to

rotary evaporation under a high vacuum with intermittent washing using 1.0 ml

volumes of water for 18 hours. After these evaporation steps, the toxin was

transferred with methanol from the evaporation flask to a tared vial and 5 Pg

of the product was submitted for mass spectroscopy. Figure I shows the mass

spectrum obtained after the high vacuum evaporation process and In this case

the major ion obtained was 995 (M+H). Other ions present are attributable to

sodium and/or FAB matrix adducts.

After evaporation, a portion of the toxin was applied to Whatman 60A-K6F

silica thin layer chromatography (TLC) plates and separated using a mobile

phase consisting of the organic layer of a mixture of 65:35:10

chloroform-methanol-water. Bands of silica were scraped from the plate at the



I

relative retention (rf: D.2 of '.ICLý and subjected to liquid scintillation

5 counting (LSC) to cetermine if an. radioactivity remained with the toxin

following removai of the so] ient 3d~uct. The toxin was found to contain

substantial raicac:ý iity 3f!er re-o/al o f tne dimethyiformamide so the

3 purification process was continued.

After TLC and LSC confirmation of the toxin identity and radioactivity,

3 respectively, the compound was subjected to gel filtration using TSK Toyopearl

HW-40f gel (Supelco Inc., Bellefonte. PA). The column size was 90 cm x 2.0 cm

I ID and the solvent system was 1O0% methanol at a flow rate of 2.0 ml/minute.

3The toxin was detected by UV absorbance at 238 nm. Under these conditions,

the toxin was eluted in appro'timateiy 120 minute, and was well separated from

3 identifiable Impurities (Figure 2). Fractions (10.0 ml) were collected and

those corresponding to MCLR were combined and evaporated on a rotary

I evaporator. The residue was transferred with methanol to a tared vial and

again evaporated to dryness. The mass of the toxin was determined and a

fraction of the material again subjected to LSC.

3 Procedure 2. Specific Tritium Exchange:

Synthetic Labeling with Pyridine and Tritiated Water. In this case. New

I England Nuclear Company Inc. followed the procedure designated by our

laboratory and d 1cussed at our trio to USAMRIID In November of 1986. MCLR

(10 mg) was placed in a reaction vessel with 25 curies of teitiated water and

3 pyridlne (5 pl). A clear solution was observed. Acetic anhydride (15 Pl) was

added at O*C and stirred for 5 minutes followed by an additional stirring for

3 20 minutes at room temperature. Thirty Ml of pyridine was again added and

then 30 ipl of acetic anhydride at O*C, the mixture was again stirred for 5

1,minutes at O*C, then stirred for an additional I hour at room temperature.

I
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Labiles were removed by repeated evaporation with 107 acetic acid, and the

compound was shipped to us in water.

In this case, 10 mg of greater than 95% pure MCLR produced 450 pCi cf

activity following removal of labile tritium. The first shipment of compounc

consisted of 25 4Ci of this material. It was initially examined on TLC using

Whatman silica gel 60A-K6F plates and the organic layer of a mixture of

65:35:10 chloroform-methanol-water as a solvent system. Bands of silica

(0.5 cm) were scraped from the TLC plate and the silica rinsed with 100 Pl of

methanol. Aliquots were than counted on LSC and the resultant radioactivity

plotted (Figure 3). Twenty percent of the applied radioactivity was found to

reside in the band of silica corresponding to the same rf as MCLR. Mass

spectral analysis of the toxin showed a molecular ion of 995 corresponding

with authentic MCLR (MH÷) standard.

The remaining compound was subjected to purificaticn using Bond Elut C-18

cartridges. The cartridge was first rinsed with 2 x 2.0 ml of methanol

followed by 2 x 2.0 ml of water. The toxin was applied to the cartridge in

water and then the cartridge was rinsed with 3 x 2.0 ml of water. The toxin

was eluted from the' cartridge in 100% methanol. The toxin in methanol was

evaporated to dryness on -a rotary evaporator and then transferred to a silica

column (22 x 1.0 cm). The silica column chromatography step was performed

using Whatman flash silica and the solvent system already described for TLC.

Fractions (0.5 ml) were collected and an aliquot was applied to TLC as already

described. Bands of silica were again scraped and counted on LSC. The

results of this analysis are shown in Figure 4.

An additional shipment of this reaction pro!uct (50 HCi) was obtained from

NEN and investigated in our laboratories. TLC was performed as described for
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the initial check of the first shipment described atove. :nstead of silica

3 column purification we used TSK o,-,c3rI HW-40F as descri:ed in part A of

this report for toxin purification.

I RESULTS AND DISCUSS:(N

3 Method 1

Prior to adduct removal, we were not certain if the toxin ttas labeled due

3 to the presence of the adduct on the majority of toxin molecjles. Removal of

the dimethylformamide adduct and subsequent LSC has showed that radioactivity

U resided both in the toxin and in the adduct.

This exchange reaction is normally used in the case of very complex

molecules which otherwise could not be tritium labeled. This exchange results

3 in a "generally" labeled compound in which the tritium atom(s, are di tributed

in a random fashion throughout the molecule. Under these conditions, the

3 specific 3ctivity of the material obtained was calculated to be approximately

0.5 pCi/mg. Labeling by this method is seldom uniform and the recovered toxin

is believed to be heterogenous in tri~ium composition.

3 Another problem with preparation of labeled MCLR by this method was that

catalytic tritium replacement can result in saturation of double bonds which

we believe are important for toxin bicactivity. Compounds reduced at the

N-methyldehydroalanine moiety have HPLC retention times which are very similar

to unreduced compounds and care is needed to resolve these closely related

3 compounds,

Reaction 2

3 Initlil TLC results of the original shipment of compound were so promising

that a large amount of labeled material was quickly subjected to the silica

I purification method we have previously established for MCL.R. However, In the

U
I'
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case of the labeled molecule, decomposition appeared to have occurred.

Paollowing silica coluinn clean-up, the toxin could no longer be identified.

To avoid the confusion wnicn resulted following the silica column step, we

ha',e now begun to purify the reaction product by nonsilica based gei

filtration. Using the latter method, the chromatograph obtained is identical

to that obtained with the laoeled material described in part A.

The concerns expressed in the case of the imaterial described in part A

also pertain to this compound with the exceptions of: 1) in this case the

label is not random and we can predict the precise location of incorporation.

and 2) saturation cf double bonds is not anticipated. This material has the

obvious advantages of fewer unknowns to deal with in biological fate studies,

but as with the other material, it -s not possible to predict the stability of

the material under biological conditions. The initial examination of reaction

product by silica TLC showed much promise with approximately 207. of the

applied radioactivity present In a narrow band at the same relative retention

(Rf: 0.23) as the authentic standard of MCLR. Toyopearl gel filtration also

gave a peak at approximately the same retention time as standard. Silica

column chromatography, however, showed very different results and we

hypothesized that perhaps silfca had acted to degraae the labeled material.

We have established that the peak observed on Toyopearl chromatography,

a'ong with tne concentration of radioactivity found on TLC at the rf of

microcystin, were not attr'butable tc labeled toxin. The peak observed urder

Toyopearl chromatography was not reproducible and did not show the same UV

spectrum as authentic toxin. When the reaction product was subjected to C-18

reverse phase chromatography. the only peaks in the chromatogram observed

occurred before microcystin. Apparently the toxin was degraded In the hands
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of NEN as a result of this stnthetic late~ing tecnrique. Eamination of the

3 reaction procuct sncwed no ccmcourds present whiCi st~ucn lra resembled the

parent comocund. This -onfir-ec our results obser,,ed in ea: ero eper iments

I invoo ng purif'ctir of t"'s react:Dn C Zo si ica co un

3 chnromatography.

One h;pothesis to explain the degradation ooservea under the experimental

3 conditions is that te extremely high specific actoiit/ of tritiated water

used by NEN did not behave in the same fashion as previcus iaterial used with

3 much lower specific activity. The higher m•olecular energy associated with the

3 higher specific activity of the tritiated water may have resulted in the

breakage of peptide bonds resulting in hydrolysis of toe parent poptide

toxin. Amersham Comnpany did, however. subsequently utilize this method to

synthetically label P'CLR and is now providing this service commercially. It

I is not known why NEN was not successful in this method, and yet toxin was

3 produced successfully by Amersham.

I
U
I

I
I
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Figure 1. Mdss spectrum of tritium labelled microcystin after removal of

dimethylformamide adduct.
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Figure 2. Chromatogram of Toyopvarl purificaticn cf tritium labelled

3 microcystin.
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Figure 3. TLC radiochromatogram of crude reaction product.
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I Figure 4. Radiochromatogram of fractions from silica column.
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II. CCMPARISON OF THE !N VIVO AND IN VTTRO BINDING CAPACITIES

OF SUPE.;AcCTATE: CHARCCAL TO MICRCCYSTIN-LR

Andrew M. 2anlem, As!am S. Hassan, and Leslhe L. Waite

q TrCZUCT N

Dense blooms of toxic genera of cyanobacteria sometimes occur when proper

conditions of light intensity, nutrients, temperature and pH (neutral or

alkaline) are found. The increasing eutrophication of water from urbal and

industrial sources have apparently increaied the occurrence and intensity of

algal blooms in recent years 'Carmichael. 1988). Blooms of these species are

not homogeneous in composition and toxic Strains as well as nontoxic strains

can be cultured from the same olooms (Carmichael, 1981). The conditions which

lead to toxin formation by algae are not known, but environmental conditions

which promote bIlom formation inciudle; moderate to high levels of nutrients

(especially phosph'rus. ar•monia, and nitrate), water temperatures between 15

and 30"C, and a pH higher than 6 (Skjlberg et al., 1984).

Activated charcoal has ween suggested to be effective for use as a

treatment for animals which have ingested toxic cyanobacteria (Stowe et al.

I)81- Galey et al., 1986). In order to 'est the possible efficacy of

activated charcoal for adsorpticn of cyclic peptide toins from cyanobacteria

a .tudy was cerformed to compare the adsorptive power of charcoal with

cholestyramlne resin, a Compound already snown to have possib~e therapeutic

potential In cases o,' microcystin toxICOSIS (Oahlem et al., 1988).

Superactivated charcoal (superchar) frcm a commercially available sample

(Gulf Blosystems) was used in this experiment. Fifty milligrams of superchar
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was weigned Into inJivi-ual tubes to wnicn 5.0 ml of nor-a; salire was added.

jýe tul.es were c3oe arn :-en 3acez on a rocker miter for l hcýrs prior tD

a n a y t' c a l e ap e r3e t s z e: e 3. ec 3a V -uc ts o f s u oe r c n a r : • , ,:en s c n w e re

Ie c ae Il.e i-.-: _r ;.:e;'~v :ree was C-C2te.1 1 - .ehnt e

3 ,oinme 0asis.

Microcystin-LR was dissolved "n zeicnized water and the appropriate

I volumes of toxin were adoed to :1e su:e.:.ar sus-ens-on (jo-e The f ina

volumes of each tube were adlusted to 1.*J ml with aeioniled water. The

I experimental samples were trer p~acec cn a rocker mi(er for 15 minutes

3 'ollowed oy centrif,;atioi at 5.n00 g for 5 minutes. Tne supernatant was

removed from each tute and passed through individual 0.2 P filters (Gelman

3 Scientific) to remove remaining char:oal. Samples were analyzed by HPLC with

UV detection and juantific-3tion was accc4'olished with linear regression

I against a toxin strdair ýrve

I !I Vivo

.n s¶tu iollate'3 rat 'ea! se~nents were preoat ed accorair' to tte methods

of OahIeem et al. ( 19 3 ' a e., jrlIn Scraque-aw~ey rats (cprox matelI

1',0 g body weight) were rrd,,mly assigned to I of 2 grcups and given, via t'e

intestinal lop. et -er water (' 5 1l ) fol lowed 30 sec:,nds later by suoe,cnar

(50 mg) in a saline ýepice ý ', 5 ml) or toin at 5 mg,'kg ii water (0.5 ml

I O; lcwtd a0 S•Kcds laPr ý suerc'ar (50 mg) in 4 saline vehicle

3 (0 5 ml) The anma'- were al cwed t. ,ec ve, frcm surt;ery. the' were killed

6 hours after treatment by an overdose of ether anesthesia. The toit: effects

were assessed a, a (car,;e ýn lI ,er weight as a percentage cf animal whole body

weight and the Cro,(io Cc-r"C be Student's t-'est

I
I
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RESULTS AND 'irCUSS0'N

Mhen mixed with sjcercnar at a ratio of 1:100 (to•in::harcsal). the free

:ton concentration was fcunm to -e :eicw the Iiat of detect;cn (20 ppb). :I

ee x -v e e er ments, a ratio r a .rcximaze*i '1O0 was usec. Despite the

superactivated charc-al there was a statistically significant p < 0.Ol)

increase in liver weights as a percent of whole body weights of the treated

animals with the toxin as shown in Table 2. indicating that this in vivo dose

of superchar did not sufficiently reduce toxin bioavailability.

These results are in contrast to our earlier results obtained with

cholestyramine resin (CTR). In that study a ratio of L'100 of toxin to CTR

infused into similar in situ rat gut loop preparations ameliorated the

toxicoses and the liver weights as a percentage of animal whole body weights

were indistinguishable from those of control animals which did not receive

to~ in.

One probable reason for the differences ýn adsorption of toxin in vivo as

corimared to in vitro is that the superactivated :harcoal apparently does not

staj in suspension and quiCkly settles out within the gut loco. At necropsy

we found the superchar Ciumoed together on the dependent tsect of the mucosa

of the isolated gut loop With csnstant mixing as occurs :n tle rocker mixer.

the charcoal is not able to settle out so that it oresumabil can better ad;orb

t!e algal toxin. CTR seents -nore prone to stay in suspens')n ind settles out

tuch slower. Perhaps in an unaltered Intestine in v¼-). the r, ";taltIc

movement of Ingesta wculd facilitate mixing of toxin with either .he activated

":harcoal or the ion-exchange resln Another factor may te the weignt of water

present In the superchar which offSets the amount of adlorbent available for

binding of the toxitn



in conclusion, it apopars ( t the concentrations of toxin ar-O adsorbents

u~ed i n t !ýe se ex e r ýenz n~a 1 nr e eft :aci~ns ti sucerchar i n

teducing~~~~~ ~ ~ ~ ~ ~ -n iaa'al!,3je~ýtSC ,
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Table 1. in vitro binding of microcystin-LR to superactivated charco?1.

Charcoal Conc.

(wq/mW) %. Absorbed

25 < .01

50 < .01

100 4.0

200 7.2

500 20.0

1,000 45.2

2,500 98.4

5.000 ) 99.0

10,000 > 99.0
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Table 2. Comoarison of relatize liver weights of rats dosed with

superactivated charcca and either microcystin-LR (Tox) or the

3 saline (Sal) vehicle.

ToxiCharcoal Sal iCharcoal

S7. 357 4.61%

6 6.11 % 3.977

6 ,i48,. 4. 1-1-. J

S6 90.1 3.71'.

6 70,. 4. 137.

1 4.067.

U Mean - 6.63 Mean 4.1

I SEM - .242 SEM , .120

I
I
I
I
I
I
I
I
U
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III. THE ROLE OF GLUTATHIONE IN THE TOXICITY OF MICROCYSTIN-LR

Andrew M. Dahlem, Aslam S. Hassan, Val R. Beasley, Stephen B. Hooser,

Ken-!chi Harada, Kenji Matsunaga, Makota Suzuki, Wayne W. CarmichaeI

INTROCUCTION

Glutathione is a tripeptide consisting of the amino acids; glycine,

cysteine, and glutamic acid. The tripeptide can bind spontaneously with

electrophiles but more commonly serves as a cofactor and binds via enzymatic

conjugation (Igwe, 1986). In the latter reactions, glutathione-S-transferases

enzymes catalyze the reaction of the nucleophilic sulfhydryl of glutathione

with electrophilic carbon atoms resulting In the formation of a thioether

bond. G1utathione-S-transferases are ubiquitous in animals and are located in

the highest concentrations in the cytosol of liver, kidney, gut, and other

tissues. Compounds that are substrates for the glutathione-S-transferases

share three common characteristics: they must be hydrophobic to some degree,

they must contain an electrophilic carbon atom, and they must react

nonenzymatically with GSH at some measurable rate. These enzymes catalyze the

initial step in *the formation of N-acetylcysteine (mercapturic acid)

derivatives of a diverse group of potentially toxic compounds (Sipes and

Gandolfi, 1986).

The GSH conjugates are cleaved to cystelne derivatives, primarily by

enzymes located In the kidney. These derivatives can then be acetylated to

g've N-acetylcystelne (mercapturic acid conjugates). Mercapturic acid

conjugates are readily excreted via the urine. The loss of glutamic acid from

the GSH conjugate is catalyzed by the enzyme gamma-glutamylpeptidase, a

membrane associated enzyme found in high concentrations In cells that exhibit
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absorptive or excretory functions. Cysteinyl glycinase catalyses the loss of

glycine from tne conjugate to y~eld the cysteine conjugate. Finally, N-acetyl

transferase eizymes acetylate the amino group of cysteine to form the

mercapturic acid derivatiie. Acetyi-CoA is needed for the acetylation

5 reaction. Conjugated compounds are then excreteo directly in urine, or more

usually bile (Sipes and Gandolfi, 1986).

There exists a balance within cells between the rate of intake of reactive

compounds and their inactivaticn by GSH. Factors which affect this balance

can markedly alter the toxicity of certain xenobiotics. Cellular stores of

3 GSH may be depleted in 2 ways: 1) directly by binding GSH and thus promoting

excretion, or 2) by inhibition of synthesis of the glutathione S-transferase

3 enzymes. Since GSH is also a cofactor for glutathione peroxidase, its

depletion can promote lipid peroxidation which can lead to deleterious effects.

I Glutathione Biosynthesis

SA source of cysteine is important for the biosynthesis of GSH. A dietary

source of cysteine is usually required, which tends to make the biosynthesis

Sof GSH follow a cyclic pattern associated with animal photoperiods and

associated times of' ingestion of meals. Cysteine can also be supplied to

I animals through direct injection, however, this method is often impractical

due to the toxicity of cysteine. Cysteine can also be supplied in the form of

pro-drugs which contain cysteine in a bound state such as N-acetyl-L-cysteine

3 (NAC) which has a much lower toxicity than free cysteine.

The dose of NAC given in acetaminophen overdose situations, a compound

Soften used as a model for hepatotoxicity, is 140 mg orally (Savides et a!.,

1985) or 5.0 mmol/kq orally (Hazelton et al., 198). Acetaminophen is a

common antipyretlc agent which is often used as a model for hepatotoxic injury

I
I
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when aaministered at toxic concentrations. Acetaminophen-induced (750 mg/kg

po) hepatotoxicity in mice is characterized by massive centrilobular

congestion which precedes the appearance of necrosis. Liver weights increase

when toxic doses of acetamincphen are administered to animals due to pooling

of blood in the hepatic sinusoids. Congestion and hypovolemia are reversible

and can be largely prevented by administration or the protective compound NAC

(1,200 mg/kg po) 3 hours after acetaminophen (Corcoran and Nong, 1986;

Corcoran et a]., 1985; Walker et a]., 1985). The role of NAC is then most

often thoughtof as one of detoxification by direct binding with toxic agents

and by increasing the biological pool size of GSH by serving as a precursor.

In the acute situation, however, NAC is also known to decrease hepatic GSH

content in rats (Estrela et al., 1983; Vina et al., 1980).

L-buthionine sulphoximine (BSO) is an inhibitor of gamma-glutamylcysteine

synthetase, an enzyme essent.ial for GSH synthesis. Consequently it lowers

tissue GSH concentrations (Drew and Miners, 1984). Administration of BSO has

permitted experimental studies on GSH where depleted pools are n-'t replenished

due to specific inhibition of GSH-transferases (Sun et al., 1985).

Diethylmaleate (DEM) depletes GSH pools by conjugating with GSH and

promoting excretion of bound GSH into bile and urine. Toxic effects of GSH

reactive compounds may be enhanced when GSH pools are depleted because

excretion of bioactlve toxic agents are delayed. The major drawback of the

use of DEM In studies of the role of GSH In detoxification are the untoward

effects displayed by this compound which are independent of GSH depletion.

Conjugation reactions Involving GSH are not always reactions of

detoxification. Recently, compounds have been described which have enhanced

toxicity following conjugation (Green and Lock, 1984; Igwe, 1986). in these
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cases, GSH conjugation r'eactions activate xenobiotics despite the structural

I alterations brought about by binding of the toxicant. At least one compound,

dichiorcethane, is known to ennance toxic manifestations in rat liver when

given with disulfiram due to activaticn as a result of direct GSH binding

3 (Igwe, 1986).

Microcystin-LR (MCLR, microcystln-A, cyanoginosin-LR, toxin BE-2, fast

3 death factor) is a cyclic peptide hepatotoxin produced by the olue-green alga

Microcystlis aeruginosa. This genus has been associated with numerous

toxicoses involving domestic animal and wildlife following ingestion of

contaminated water (Carmichael, 1981; Galey et al., 1987). Human toxicosis

has been implicated following contamination of municipal water supplies

3 (Hawkins et al., 1985; Falconer et al., 1983). The predominant toxic effects

of this compound are markedly liver-specific and consist of hepatocyte

I necrosis with destruction of sinusoidal endothelium followed by extensive

Shemorrhage into the liver (Falconer et al., 1981; Runnegar et al., 1981). The

observed toxicosis from a lethal dose proceeds rapidly, and death typically

3 occurs within 2 hours of intravenous (iv) or intraperitoneal (ip)

administration of a lethal dose.

I Little is known about metabolism of MCLR in mammals. Recent reports have

presented conflicting data on the effect of phenobarbital induction of

membrane bound cytochrofre P4 50 'etabolism systems In mice (Cote et al.. 1966;

3 Brooks and Codd, 1987a). Since the toxin contains both giutamic and

5-methylaspartic acids within Its primary structure. it is Ionized at

3 biological pH and is an unlikely candidate for membrane bound metabolism. The

structure of MCLR contains, N-methyldehydroalanine, an et,13-unsaturated amino

acid of the same type which has been shown to be of toxicologic importance in

I
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structurally related compounds (Dahlem et al., 1987). This dehydroamino acid

is also believed to be susceptible to giutathione (GSH) conjugation. Since

GSH binding reactions occur principally within the cytosol where the M1CLR

molecule likely resides: we investigated the role of GSH on the toxicity of

this algal hepatotoxin.

MATERIALS AND METHODS

MCLR was isolated from a semi-continuous unialgal laboratory culture of

Microcystis aeruginosa (strain PCC-7820) in the laboratories of W. Carmichael

by the method of Krishnamurthy et al. (1986). Toxin integrity was assessed t.

the methods of Harada et al. (1988). and all materiais were found to be

greater thdn 95% pure prior to dosing of animals. MCLR was dissolved in

deiorized water and warmed to 37°C prior to animal dosing.

The L-isomer of buthionine sulphoxlmine (BSO) was obtained from Chemical

Dynamics Co., Plainfield, NJ, USA, dissolved in saline (40 mg/mL) and used at

a dose of I g/kg body weight. Diechylmaleate (DEM) and N-acetylcysteine (NAC)

were purchased from Sigma Chemical Company, St. Louis, MO, USA. OEM was mixed

with corn oil (.1:19, OEM-corn oil, V/V) and used at a dose of I g/kg body

weight. All other chemicals were reagent grade, and all solvents were

distilled in glass.

Treatments to adjust hepatic GSH levels in male Swiss Webster mice (20 to

25 g, Harlin Sprague Dawley, Indianapolis, IN) were randomly assigned to I of

4 groups and treated as follows:

Group Feeding Status reatment

I Fed Saline
II Fasted Saline
IIl Fasted NAC

IV Fasted DEM÷BSO
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Ninety minutes following the treatments, 5 to 7 animals from each grcup

were killed by decapitation for the estimation of hepatic GSH content as

described below. The remaining animals were injected with MCLR (55 pg/kg body

weight) and monitored for time of death. Animals which survived 4 hours

following toxin administration were killed by cervical Ci;scation. The

livers were removed from all animals blotted dry and weighed. Liver weight

was expressed as a percentage of animal body weight in order to normalize the

data. Hepatic GSH content in toxin-treated mice was not measured directly

I following toxin administration since the liver was engorged with blood.

Measurement of hepatic GSH content under blood swollen conditions would only

have yielded anomalous values which would have been difficult to interpret.

I Hence, we chose to measure hepatic GSH content in mice immediately prior to

dosing with the toxin. Toxin-treated mice were given MCLR dissolved in

Sdeionized water by ip administration. Negative control animals were given the

appropriate vehicles.

For measurement of hepatic GSH content, the liver was removed and

homogenized with 5 mL of 4% sulfosalicylic acid. The homogenate was

centrifuged at 20,000 x g" for 20 minutes, and then an aliquot of the protein-

free supernatant fraction was used for GSH determination using

glutathione-S-transferase method described by Asaoka and Takahashi (1981).

G,_tathione conjugation at the N-methyldehydroamino AcId--Microcystin-LR

and -RR.' The microcystins (3.12 mole) were dissolved In 5. K2 C03 (aq, 0.8 ml,

pH 10) In individual tubes. Glutathlone (31.2 mole) was added slowly to the

toxin solution and stirred continuously for 2 hours. After the reaction

period, the solution was nejtrallzed with 0.2 N HCI a placed on

preconditioned Baker C-18 cartridges. The cartridge was rinsed . L., '.0 ml of

I
I



- 32 -

water and the reaction product was eluted with 2.0 ml of methanol and

evaporated to dryness under a stream of nitrogen. The final isolation of the

glutathione adduct of the microcystins (Figure 1) was accomplished by reverse

phase HPLC using a C-18 column and a mobile phase ratio of 58:42 of methanol

to 0.05 M phosphate buffer (pH 3). The identity of the glutathione aaducts

were confirmed by fast atom bombardment mass spectroscopy with characteristic

masses of parent compound plus adduct (Figure 2).

The location of the adduct at the dehydroamino acid was confirmed by the

disaopearance of the two olefinic protons at 5.85 and 5.35 ppm in the parent

toxins by lH-NMR spectroscopy (Figure 3). Mice were given the GSH adduct

product ip.

Histopathology

Sections of liver, lung, kidney, heart, spleen, and intestine were fixed

by Immersion in 10% neutral, buffered formalin for histological examination.

After fixation, the sections were routinely processed, embedded in paraffin,

cut at 4 to 6 pm, and stained with hematoxylin and eosin.

RESULTS AND DISCUSSION

The effect of GSH depletion on the apparent survival times of animals

dosed with MCLR following fasting and treatment are shown In Figure 4. The

absolute survivability was similar for the test grouos but there were slight

differences in the raean survival times of groups of nonsurvivors. There were

no significant differences in liver weights as a percentage of whole body

weights among animals that died, Indicating a similar lethal action in the

animals given toxin alone and the GSH-depleted, toxin-treated mice. Even

though NAC Is most often thought of as a precursor for GSH synthesis, In the

acute situation the effec't is often one of depletion rather than augmentation
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(Estrela et al., 19) AS shown in Table 1, NAC-treatment caused less of a

GSH depletion tnan that induced by DEM÷BSO, The intermediate degree of GSH

depletion by NAC was acccrnoanie0 oy an intermediate increase ir mean survival

time, as compared :o the more or.ncjncea effects in the SSOC.EM treated

animals. These trends (F~gure 4) are consistent with a nypothesis that a

decrease in GSH content would prolong survival in MCLR exposed animals.

Runnegar et al. (1987) have recently reported that hepatocyte GSH

concentrations decrease following administration of MCLR. In that study,

morpholoGlc changes in cells were observed before large depletions of GSH were

obser/ed, thus the authors concluded that a small pool of GSH within the cell

is critical for maintenance of cytoskeletal structure or that activation of

phosphorylase A cannot be a consequence of thiol depletion. The present study

supports their conclusion and gives further evidence that GSH is important for

the observed hepatotoxic effects.

The results of the tcxicity testtng of the GSH-adduct of MCLR are reported

in Table I. The binding of GSH to MCLR results in a product which has

J slightly reduced bicactivity but ihich remains potent and highly hepatotoxic.

The survival times of treated animals were !lightly longer than those of

MCLR-treated positive controls: but this was expected because of the Increased

hydroohilic nature of the GSH adduct product. Animals which died acutely

following administration Of the GSH adduct product had liver weights which

were similar to animals which died acutely following MCLR administration.

Animals which survived for 24 hours following GSH adduct administration had

organ weights which were similar to survivors of MCLR administration and

vehicle treated controls,

I
I

I/
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Mice dosed ip with the GSH addu:t product at 0 to 400 pg/kg had no

treatment associated lesions in any of the tissues examined. In the animals

dosed witn 600 to l.00 pg/kg, treatment associated lesions were similar and

were present in the lyvers of a 1 mice tnat died and in the Iungs of 2 of the

4 at 6C0 pg/kg and in all of the lungs at 800 and 1,000 pg/kg. The hepatic

lesion was characterized by severe, widespread centrilobular and midzonal

hepatocyte disassociation and rounding which frequently extended into

periportal regions. This was accompanied by breakdown of the sinusoidal

endothelium resulting in severe hemorrhage in these areas. These lesions

appeared identical to those seen in mice that died following mlcrocystin-LR

administration (Hooser et al.. 1989). Ihe liver of the mouse which survived

the aoministration of 600 pg/kg had numerous, large centrilobular to midzonal

areas of hemorrhage and hepatocyte disassociation and necrosis; however, cells

and their nuclei were extremely pale staining. Small numbers of neutrophils

intermixed with the cellular debris were present. Lung lesions were limited 3
to the presence of variably sized clumps of eosinophilic materlal within the

pulmonary capillaries. This material occasionally contained pyknotlc nuclei

and/or a few, small, clear intracytoplasmic vacuoles and presumably was

hepatocyte debris.

The results of this eyperiment clearly show that the GSH adduct of MCLR Is

a potent hepatotoxlc comcound. The toxicity Is reduced when administered

Intraperitoneally to mice but the compound remains highly toxiC and

heptospecific. We found that reduction In heoatic GSH concentrations seemed

to result In a brief Droiongation of survival times in toxin-treated mice. In I
addition, we found that the GSH adduct of MCLR retains potent henatototicity.
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Aitered delivery of MCLR to the target cell in the liver may be the reason

for the rejuct~on ;n tcxicity Of the adduct compound as comrnared with parent

'-CLR. Conjugation 'itn i'ýH occ-rs ,n tble cytosol or mitochondria of the cell

and Ccnlug3t in •ef:re I-tAKe r,-o the cell probably resj;ts in a reducec

memcraiie soiuti lit. r-wever, efec-s on receptor affinity could be either

Jlminished or enhanced. Further investigation will be necessary to answer

this question.

These results shcw that coni>;ation of MCLR with GSH does not resuit in

significant detoxificaticn of tre MCL molecule. The extent of conjugation in

vivo has yet to be determ1iea in independent studies but toxicity evaluation

of the GSH adduct predicts that GSH conjugation may not greatly aid

j detoxification of MCLR.

I
1
I
I
I
I
I
I
I
I
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Table I. Toxicity 3f ni crocystin-glutathione adduct 'r mice dosed

intraperi t.neal ly.

,O se •.urv'val Liser
S.. .. i~ *'Je*~ ". • SD SeD

0 1,440 1.60 .72

0 1, 440 6.72 1.82
S 1 ,440 5.70 1.87

0 1,440 6.97, .76
0 1,440 5.37 6.07 . 0.65 V.69 1.77 0.07

200 1 ,440 5.36 1 .54
200 0 ,440 6.09 1 .85
200 1,440 5.13 1.53
200 1,440 6.21 1 .80
200 1,440 6.47 5.85 ÷ 0.52 1.74 1.69 0.13

400 1,440 7.06 1.73
400 It,440 6.60 2.06
400 1,440 6.82 1.84
400 1 ,440 6.00 1 69
400 1,440 5.15 5.73 * 1.52 1 52 1.77 0.18

600 326 9.37 1.30
600 431 9.07 1 97
600 346 9.82 C C6
600 311 9.85 1 74
600 1,440 6.56 8.93 - 1.22 1 61 >.86 * 0.16

800 329 9.77 2. 7
800 226 9.72 2 09
800 312 9.59 2.LI
800 233 9.83 2.06
800 257 9.41 9.66 *0 15 2 .07 211 , 0.04

1,CCO 252 9.57 2 20
1,CQ 1I20 2. 0
1 9, 82 2 06

1,bO2340 1 8
l,0(0 222 9.69 74 * 0.27 2.15 2.07 0.12
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Taole 2. Heoatic q1utatý4cne cznrcentraticns ~n mi ce or icr to microcystin-L.R

ofe An ma I

t_____ ___ __ O nm1

Fed 6.50 0 -23 7

BSO.DE-4 0,2 4 *0.10 6

lem+Standard *-:r ,f:e mean
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Figure 1. Glutathione adduct of microcystin-LR.
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IFigure 2. Mass soectrum of glutathione-bound microcystin-LR.
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Figure 3. 'H-NMR spectrum of glutathione-bound microcystin-LR.

v4

5.9 9.0 as 7.2 S A.,(S L 0; 4



-41

Figure 4. Relative survival over time in glutathione-depleted, toxin-treated3 mice. NAC - N-acetylcysteine, DEM . dicthylmaleate, BSO .

buthionine sulfoximine. (N - 16 animals/group with the exception

3 of N-acetylcysteine-treated animals where N = 10.)
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IV. FORMATION OF SYNTHETIC DERIVATIVES OF PEPTIDE TOXINS FOR

STRUCTURE/TOXICITY RELATIONSHIP STUDIES

A. M. Dahlem, K.-I. Harada. M. Namikoshi, C. Chen, K. L. Rinehart

INTRODUCTION

Formation of derivatives of parent peptide toxins from cyanobacteria will

yield products with altered toxicity and bioactivity and will provide insight

into which portions of the cyclic peptide structure are essential for

bioactivity.

In our previous experiments we have described the effects of saturation of

the N-methyl dehydroalanine portion of MCLR on whole animal toxicity. We

found that reduction of this portion of the molecule resulted in a slight

decrease in the toxicity but that the ccmpound remained potent and highly

hepatotoxic (Dahlem et al., 1987). In other experiments, we saturated MCLR

with hydrogen gas and a paladlum catalyst and found that reduction of the

molecule at the points of unsaturation in ADDA greatly reduced the observed

toxicity (Dahlem, 1989).

lhe purpose of this study was to assess the effect of removal of the ADDA

portion of the molecule on the resulting bioactlvity of the product. In these

experiments, the cyclic nature of the compound was preserved but the

hydrophobic portion of the molecule was removed.

MATERIALS AND METHODS

Microcystin-LR (MCLR) was subjected to ozonolysis for 30 minutes then

reduced with excess sodium borohydride to yield a cyclic peptide structure

which lacked all points of unsaturation (Figure 1). Additional MCLR was first

reduced with sodium borohydride to form the dihydro derivative which results
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from hydrogen addition to the a,3-unsaturated N-methyl alanine then subjected

to ozonolysis and reduced with sodium borohydride to yield another cyclic

product which lacked points of unsaturation (Figure 2). The toxin derivatives

I were purified and separated from parent compounds by Bond EPut columns and

HPLC and confirmed by FAB/MASS.

Male, Swiss Webster mice (Harlin Sprague-Dawley. Indianapolis, IN) were

used in all toxicity trials. Animals were dosed intraperitoneally with the

saline vehicle, parent toxin, or the appropriate purified toxin ozonolysis

I derivative and monitored for 24 hours. Animals which survived this

I observation period were killed by cervical dislocation. Survival times and

whole body, liver, and kidney weights were recorded. Liver, kidneys, spleen,

small and large intestines, and heart were examined grossly for lesions.

Sections of liver, lung. kidney, heart, spleen, and intestine were fixed

I by immersion in 10 neutral ouffered formalin for histologic examination.

After fixation, the sections were routinely processed, embedded in paraffin,

cut at 4 to 6 pm and stained with hematoxylin and eosin.

I RESULTS AND DISCUSSION

These derivatives caused no detected toxic effects and no

treatment-related lesions were seen In any of the tissues examined, throughout

the range of concentrations administered (Tables 2 and 3). A summary of the

toxigenic potential of all derivatives formed to date is shown in Table I. It

appears that the alterations explored to date in the L,.3-unsaturated amino

acids result in decreases in toxicity but do not change the hepatospeclflc

properties of the molecule; however, alterations In the ADDA moiety produce

marked reductions In lethal toxicity and hepatic damage. These data

demonstrate that ADDA is an essential component for the hepatotoxic properties

of mlcrocystln-LR.

I
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Table 1I Comparative toxicity of synthetic derivatives of cyclic peptide

toxins from cyanobacteria.

I~i n Molecular ..eiarit iLDIOO (Min)

Nodular in 824 97 nM/kg

01 hydro-Nodul1arin 826 605 nM/kg

Mi crocysti n-LR 994 90 nM/kg

Di hydro-Mi crocysti n-LR 996 201 nM/kg

GSH-Mi crocysti n-LR 1,301 461 nM/kg

Hexahydro-Microcystin-LR 1.000 )2,000 nM.'kg

Ozonolysis Product1 of Microcystin-LR 800 > 16,000 nM/kg

Ozonolysis Product2 of Microcystin-LR 799 >16,000 nM/kg
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Table 2. Dose range finding study for rmic,-ocystin ozonolysis product1.

I Surv

Dose T' -e Liv Kid SpD LungI Toxin (mcjlkg) (Min) eit , , SD . ,'• - i SD Nt 7. XSD ý.t . ,•so

tC R0 1,440 5 62. '1 68 0.32 1 .78

i MCLR 0 1,440 6.05 5.84 - 0. 2_2 1 .80 1.7/4 _ 0.06 0.45 0.39 + 0.07 1 .75 1.77 _+ 0.02
MCLR 50 1,440 5ý76 1.72 0.35 1.77

CLR 50 1,440 5.65 5.71 - 0.06 1 .95 1.84 + 0.12 0.37 0.36 + 0.01 1 85 1.81 + 0.04
MCLR 100 147 9,73 2 00.35 1.30
MCLR 100 150 9.65 9.69 - 0 -04 2.08 2.04 + 0.04 --- -- - - -- 1.8 1 .59 +_ f.29

OZ 0 1,440 6.48 2.01 0.50 1.56SOZ 0 1440 5.71 1.60 0. 35 2.17

OZ 0 1,440 7.41 2.00 0.41 1.76
OZ 0 1,440 6.53 6.53 + 0.60 1.78 1.85 + 0.17 0.35 0.40 , 0.06 1.73 1.81 + 0.22
OZ 100 1,440 5.78 1.90 0.40 1.56
Oz 100 1,440 5.37 5.58 - 0.21 1.77 1.84 0.07 0.30 0.35 0.05 1.97 1.77 + 0.21
OZ 200 1,440 5.43 2.01 0.49 1.74
OZ 200 1,440 6.54 5.99 + 0.56 1.47 1.74 + 0.27 1.38 0.44 + 0.06 1.42 1.58 + 0.16
OZ 400 1,440 6.01 1.76 0.43 2.18
OZ 400 1,440 5.83 5.92 + 0.09 1.72 1.74 + 0.02 0.42 0.43 + 0.01 1.88 2.03 + 0.15
OZ 800 1,440 5.47 1.47 0.37 2.53

* OZ 800 1,440 5.56 5.52 + 0.05 1.75 1.61 + 0.14 0.41 0.39 + 0.02 2.34 2.44 + 0).10
OZ q,,600 1.440 5.74 1.69 0.41 1.59
OZ 1.600 1,440 6.38 6.06 + 0.32 1.91 1.80 + 0.11
OZ 3,200 1,440 6.48 1.91 0.35 1.91
OZ 3,200 1,440 6.65 6.57 :0.09 1.65 1.78 0.13 0.48 0.42 0.07 1.38 1.55 - 0.27
OZ 6,400 1,440 6.08 1.64 0.41 1.93
OZ 6,400 1,440 6.49 6.29 - 0.21 1.73 1.69 + 0.05 0.32 0.37 + 0.05 2.11 2.02 + 0.09

I OZ 12,800 1,440 5.94 1.67 0.44 1.89
OZ 12,800 1,440 6.12 6.03 * 0.09 1.70 1.69 : 0.02 0.42 0.43 + 0.01 1.58 1.74 +_ 0.16

I

!
I
I

I
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Table 3. Dose range finding study for microcystin ozonolysis product 2 .

Surv
Dose Time Liv Kid SpI

To~in (mg/kq) (Min) Nt X SD Wt % SD Wt % 9 SO

MCLR 0 1,440 5.02 1.24 0.27
MCLR 0 1,440 5.08 5.05 + 0.04 1.16 1.20 + 0.06 0.28 0.28 + 0.01
MCLR 50 1.440 5.20 1.25 0.32
MCLR 50 1,440 5.04 5.12 + 0.11 1.27 1.26 + 0.01 0.37 0.35 + 0.04
MCLR 100 143 8.35 1.61 0.38
MCLR 100 157 8.36 8.36 + 0.01 1.37 1.49 + 0.17 0.31 0.35 + 0.05

OZ 0 1,440 4.94 1.27 0.29
OZ 0 1,440 4.94 4.94 + 0.00 1.30 1.29 + 0.02 0.32 0.31 + 0.02
OZ 100 1,440 5.24 1.12 0.32
OZ 100 1,440 5.29 5.27 + 0.35 1.38 1.25 + 0.18 0.33 0.33 + 0.01
OZ 200 1,440 4.67 1.31 0.33
OZ 200 1,440 5.09 4.88 + 0.30 1.35 1.33 + 0.03 0.32 0.33 + 0.01
OZ 400 1,440 5.25 1.28 0.25
OZ 400 1,440 5.16 5.21 + 0.06 1.20 1.24 + 0.06 0.27 0/26 + 0.01
0Z 800 1,440 5.14 1.25 0.28
OZ 800 1,440 5.14 5.14 + 0.00 1.31 1.28 + 0.04 0.41 0.35 + 0.09
OZ 1,600 1,440 5.71 1.38 0.29
OZ 1,600 1 440 4.79 5.25 + 0.65 1.43 1.41 + 0.04 0.32 0.31 + 0.02
OZ 3,200 1,440 5.81 1.40 0.34
OZ 3,200 1,440 5.63 5.72 + 0.13 1.21 1.31 + 0.13 0.33 0.34 + 0.01
OZ 6,400 1,440 6.04 1.24 0.28
OZ 6,400 1,440 5.53 5.79 + 0.36 1.30 1.27 + 0.04 0.37 0.33 + 0.06
Oz 12,800 1,440 5.92 1.28 0.28
Oz 12,800 1,440 5.46 5.69 + 0.33 1.37 1.33 + 0.06 0.35 0.32 + 0.05
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3Figure 1. Microcystin-LR ozonolysis product #1.
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Figure 2. Microcystin-LR ozonolysis product #2.
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V. CYTOSKELETAL ALTERATIONS IN RAT HEPATCCYTES INCUCED

3N VIVO ANDIN A ITRO B/ M5y CCCYSTIN-LR, A HEP;TCTCX:N PCRM

- E BLuA-GREEN ALIA.. I /CCYSTS AERUGIOCSA

Stepnen B. -coser, Mark S '.ne-scnmidt. SWanda M. 'a n ek

ABSTRACT

3 Micrccyst1n-LR ( uACLR) is a cic: heDpept de hec t: x , (M-1 ( 9j4)

produced by the blue-green alga. Microcvsris aeruginosa. The morphologic

effects oF IACLR on rat hepatic parenchymal cells (hepatocy'es) and

3 nonparencnymal Cells (primarily s riusoidal endothelial and Kipffer cells) in

suspension were compared. Also evaluated were the effects of MCLR on actin

filaments of hepatocytes in vivo and in primary monolayer cultures of

hepatocytes in vitro. Alteraticns of actin filaments in hepatocytes exposed

I In vitro were compared t., those induced by phalloidin and cytochalasin B.

3MCLR was added to suspensicns of rat hepatic parenchymal and nonparenchymal

cells at concentrations of 01. 1.0, or 10.0 pg/ml The phosphate-buffered

saline (PBS) vehicle was adced to control cell suspensions. For studies in

vivo, rats were given Intraperitoneal injections of PBS (controls) or a lethal

' dose of MCLR (180 wg/kg) and killed at 5. 10. ZO. 30. 45, and 60 minutes

postdosing. Frozen liver sections were then stained with rhodamine

phalloidin. The addition of MCLR tO hepatocytes in Susppns ion caused rapid

3 (10 minutes), dose-dependent bletbIng of the plasma membrane which progressed

in ?xtent ind severity with tIme. In suspenslon. nonoarencnimal cells and

hepatocytes treatel with PBS were unaffected. Primary mepatocyte cultures

were treated with 0.1, I 0, or 10.0 pg of -MCLR/ml. 10.0 pg of phalloidin/ml o,

10 0 pg of cytochalaSin B/ml, flged, and stained with rhodamine-labelled

I
U
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phalloidin for filamentous actin. The number of cells affected by MCLR was

cose Ce:.encen t. Six hours ,ost:osing with 0.1 pg of MCLR/ml, very few

hepatocytes were affected. The numcer of cells having mcrprologic and actin

f ament chare s increasec, w ii ;reater than 7 5' of all cells affected by 6

hours after exposure to 1.0 and 10.0 pg of MCLR/mi. Over a period of 6 !-;urs

at 10 pg of MCLR/ml, there was a progression of lesions in the cultured

heoatocytes. One hour after iOSing, scattered ceils had I or 2 small I.iebs in

the plasma membrane with actin localized at their bases. Many hepatocyte

blebs naJ one or more rays of actin ýxtending from the actin localized at

their bases to the tips. At 3 hours postaosing, affected cells were comprised

of numerous plasma memorane blebs, each with a thickened ray of actin

extending from the tase to the tip. By 6 hours after initial exposure to

MCLR, most of the cells were affected with numerous plasma membrane blebs and

centrally condensed actin. Six hours postdoslng with phalloldin, plasma

membrane blebbing was evident and filamentous actin had aggregated i, to

numerous, variably sized, intracytoolasmic foci. Also at 6 hours,

cytochalasin B had caused hepatocyte plasma membrane blebbing and a change

from a linear orientation of actin filaments to numerous, small foci of actin

scattered tnriuqgh¢ut the cytoplasm. In vivo, hepatocyt- actin filament

alterations were present at 20 minutes after Initial exposure to MCLR while

morphologic alteration, seen by H&E staining were not present until 30 minutes

postdosing Thus. in suspension. MCLR causes toxin-related plasma membrane

blebbing In heoatocytes but not sinusoldal endothelial or Kupffer cells.

Indicating that 1epatocytes and not nonparenchymal hepatic cel Is are the

primary target cells. In hepatocyte culture, MCLR causes plasma membrane

blebbing and cell deformation accompanied by rearrangement of actin filaments
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which i; r. c i ft irým that caused by phalloidin or cytochalasin D.

Altera:i3ns in necitcyre actin filaments 31so occur in vv,3 ind precede other

ncrrholog i cn ane;. The results of work both in vitro and an viio suggest
thit .Trr-o! -g! ÷; -- r ' w i ;o •: 31 es y mi c rocc st ýnr-LR ?3• c S i S a re due t

I alterations in n-.a scvte actin filaments witn numerous secondary lesions

occurring thereafter.

Studies vith cur:f'ed MCLR n ra"s an-d mice Show that it is specifically

toxic to the liier. •owever, the nechanism of action of MCLR is unknown.

I This toxicosis is characterized by rapid (within 30 minutes), progressive.

centrilooular hepatocyte rounding, dissociation, and necrosis, with breakdown

of the sinusoidal endothelium resulting in massive intrahepatic hemorrhage

I (Falconer et al.. 1981' Hooser et al., 1988). Ultrastructurally,

hepatocyte-to-hepatocyte separation. hepatocyte plasma membrane invagination,

I lOSs of plasma -rembrane microvilli, as well as subsequent sinusoidal

endothelial breakdown. precede cellular degeneration and necrosis (Hooser et

al., 1988). However. previOus studies utilizing senuentia! scanning electron

I m'crOsCopy and transmission electron micrascopy (TEM) of murine livers

following intraoeritorieAl aaministration of an aqueous M. aeruginosa extract

I showed a prcgressive oroakdcwn of sinuso'da endothelium, disappearance of the

space of Disse. damage j heDatocyte membranes, and "necrotic changes" In

hepatocyte cytoolasm (ralconer and Runrejar. 1981). Hence. scme question

I remains as to the hecatic cell type which is Initially affected by MCLR,

heoatocytes or the ncnoarenchymal hepatic cells (primarily sinusoidal

I endothelial or Kupffer cells). Sjspensions of hepatocytes treated with MCLR

undergo rapli (5 minutes pocstdoslng) plasma membrane blebbing without ce!I

death (as Indicated tf --or;hology, Intracellular r: yme release, or trypan

I
I
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blue uptake) (Aune and Berg, 1986; Runnegar and Falconer, 1981, 1982, 1986).

Based on light microscopic, TEM. and suspension findings, it has ceen

hypothesized that cytoskeletaI alteration was an early intracellular event in

affected cells as it is with hepatocytes treated with phalIoidin (prevents

depolymerization of actin filaments) or cytochalasin B (prevents assembly of

actin filaments) (Sager et al., 1986).

The objectives of this study were: I) to identify the primary hepatic

cell type(s) affected by MCLR in suspension, 2) to characterize morphologic

changes and to determine whether there is an association between these and

alterations in the arrangement of actin filaments within affected cultured

hepatocytes, 3) to compare MCLR-related actin filament alterations to those

caused by, phalloidin and cytochalasin 8 in hepatocyte culture, and 4) to

determine if MCLR also causes alterations of actin filaments in hepatocytes in

vivo and whether these are related to the morphologic lesions seen by light

microscopy.

MATERIALS AND METHODS

Animals

Male, 175 to 200 g Sprague-Dawley rats (Harlan Sprague-Dawley, Inc.,

-Idianapolis) were obtained and allowed to acclimate for 2 weeks or longer

before use. Animals had free access to a commercial laboratory animal ration

and water and were maintained on a 12-hour light-dark cycle. Rats were no-

fasted prior to use.

Toxin

Microcystin-LR (MCLR) (approximately 957. pure) from Microcystis aeruginosa

laboratory strain 7820 was produced and purified in our (W. N. Carmichael)

laboratory by techniques that include methanol/butanol extraction of algal
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cells, centrifugation, Sephadex filtration, and purification by high

U performance liauid chromatography (Krishnamurtny et a!., 1986).

3 Microcystin-LR was dissolved in phosphate buffered saline prior to use.

Hepatic Parenc'ývmal and Ncnoarenchvmal Cell Isolation

3 Rat hepatic parencnymal (hepatocytes) and nonparenchymal (primarily

sinusoidal endothelial and Kupffer) cells were isolated by previously

3 described collagenase perfusion methods (Kuhienscnmidt et al . , 1982;- ;anson

and Mosselmans, 1980; Lafranconi et al., 1986). Centrifugation was used for

hepatocyte isolation followed by pronase digestion of the supernatant and

3 metrizamide gradient centrifugation to isolate nonparenchymal cells

(Kuhlenschmidt et al., 1982; Wanson and Mosselman. 1980; Lafranconi et al.,

3 1986). Nonparenchymal cells were identified by their size and morphology.

The cell pellets were resuspended in Ham's F-l0 medium containing (per 500 ml)

100 ml of fetal bovine serum, 0.3 ml of insulin and, if used for subsequent

3 culturing, 1.0 ml of gentamicin (50 mg/ml) and 6 ml of a combination of

penicillin (10,000 U/ml) and streptomycin (10 mg/ml).

3 Toxin Exposure, Cell Suspension, Culture and Fixation

For cell suspension studies, 2 ml of the cell suspensions (I x 106

I cells/mi) were placed in 5 ml cell suspension tubes to which were added 2 ml

of phosphate-buffered saline (PBS, pH - 7.4), or 2 ml of MCLR in PBS at a

final concentration of 0.1, 1.0, or 10.0 pg of MCLR/ml. The addition of PBS

or MCLR was designated as time 0. The cells were incubated with mild

agitation at 371C. At 10. 20, and 30 minutes, aliquots of cells were removed

I for immediate microscopic examination or for fixation in 10". neutral-buffered

formalin (Aune and Berg, 1986: Runnegar and Falconer. 1981, 1982).

I
U
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For cell culture s:udies, hepatocytes suspended in complete Ham's F-l0

medium were added to Lux 8-weli tissue culture plates, each of which contained

a 22-mm-square glass coverslip. The cells were initially seeded at a

subconfluent concentration of 1 x 105 cells/ml and were allowed to spread for

24, 48, or 72 hours with changes of fresh media every 24 hours. The

hepatocytes were incubated in a water-jacketed incubator at 374C in air:C02 ,

95:5.

Seventy-two-hour monolayer cultured hepatocytes were treated with PBS or

MCLR in PBS at a final concentration of 0.1, 1.0, or 10.0 .g/ml. At 6 hours

(0.1 and 1.0 pg/ml) and at 1, 2, 3, 4, 5, and 6 hours (10.0 pg/fml)

posttreatment, replicates of the cells had the media removed, were washed with

PBS, fixed with fresh 3.7% paraformaldehyde in PBS and permeabilized with 0.5%

Triton X-100.

Twenty-four-, .48-, and 72-hour cultured hepatocytes were treated with PBS,

10.0 pg MCLR/ml, 10.0 pg phalloidin/ml, or 10.0 1g cytochalasin B/ml. At 6

hours postdosing on each of the 3 days. replicates of the cells had the media

removed, were washed with PBS, fixed with fresh 3.7% paraformaldehyde in PBS,

and permeabilized with 0.5% Triton X-100 in PBS.

Lactate Dehvdrogenase Oetermination

After 30 minutes of incubation with PBS or MCLR, the hepatocyte and

nonparenchymal cell suspensions were centrifuged at 4VC (to stop cellular

reactions) at 700 x g for 2 minutes (hepatocytes) or 1,500 x g for 15 minutes

(nonparenchymal hepatic cells). The supernatant was removed and immediately

frozen for subsequent LDH analysis and the cells were fixed with 101.

neutral-ouffered formalin. For the experiment involving exposure of 72-hour

cultured hepatocytes to 10 pg of MCLR/ml or PBS for 1, 2, 3, 4, 5, or 6 hours,



1 - 55-

the media was removed prior to washing with P3S and was immediately frozen for

LDH determination.

Study of M4CLR jT Vir

I Twenty-one rats were randomly assigned to 7 grouos of 3 rats each and

given an intra~eritoneal injection of a consistently lethal dose of MCLR

(180 pg of MCLR/kg) or of PBS (controls. At 60 minutes following PBS

3 administration (controls) or at 5, 10, 20, 30, 45, and 60 minutes following

MCLR administration, the 3 rats from each time group were killed by ether

3 inhalation, the livers removed and sectioned, and these sections covered with

optimal cutting terroerature fluid (a cryoprotectant) and frozen in liquid

nitrogen. They were subsequently cryosectioned using a cryomicrotome and

placed on slides. Adjacent liver sections from each rat were also fixed in

10% neutral buffereJ formalin and routinely processed, paraff ri embedded, cut

3 at 4 to 6 p, and stained with hematoxylin and eosin.

Use of Rhodamine-Labelled Phalloidin for Visualization of Actin

Filamentous actin in cultured hepatocytes and in frozen liver sections was

3 visualized by using rhodamine-labelled phalloidin (Molecular Probes, Eugene,

OR) in accordance with a previously described procedure (Zachary et al.,

I 1986). The frozen liver sections and the fixed, permeabilized hepatocytes on

coverslips were stained with rhodamine-labelled phalloidin, and mounted on

glass slides for examination with an epiluminescent fluorescence microscope

I and with direct luminescence light microscopy.

Photomicroscoov

3 Photomicrographs were taken with an Olympus 6H2 fluorescent and

Incandescent illumination photomicroscope using Kodak TMAX 400 black and white

I film.

I
I
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RESULTS

Cell Susoension

Hepatocytes in control incubations were unaffected by PBS treatment.

Plasma membrane blebbing was observed, however, in MCLR-treated hepatocytes.

The number and size of blebs increased in a dose and time-dependent manner.

Scattered hepatocytes treated with MCLR at 0.1 lg/ml had multiple, medium to

large, plasma membrane blebs at 30 minutes. Treatment with MCLR at 1.0 pg/mi

resulted in many cells having a few plasma membrane blebs at 10 minutes with

the majority of cells having such blebs by 30 minutes. Ten minutes

posttreatment with MCLR at 10.0 ig/ml, almost all hepatocytes had multiple

medium to large plasma membrane blebs. By 30 minutes, these blebs had

frequently coalesced to form a rim around the original cell border. Hepatic

nonparenchymal cells treated wvith either PBS or MCLR had no treatment-

associated plasma memorane blebs at any toxin concentration at any of the

observation times.

Cell Culture

Hepatocytes cultured for 72 hours and then treated with PBS had normal

actin filaments (Figures I and 2). One hour after treatment with 10 pg of

MCLR/ml, scattered hepatocytes had I or 2 plasma membrane blebs with an

increased amount of actin at the bases of the blebs. In many of these cells,

thickened rays of actin extended from a dense actin spot In the interior of

the cell to the tip of the bleb (Figure 3). The frequency of affected cells

increased until at 4 hours, many hepatocytes had several plasma membrane

blebs, each with an increased amount of actin at its base and one or more

thick rays of actin extending from the base to the tip of the bleb (Figures 1

and 5). By 6 hours, the majority of hepatocytes were affected. These had
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extensively blebbed plasma membranes which occasionally coalesced to form a

3 rim around the original cell borcer and the actin in these cells was

aggregated in the center of the cells into a single, intensely staining spot

(Figures 6 and 7). No elevation of LDH was noted at any time point as

compared to PBS controls.

The frequency of the morphologic changes in MCLR-treated hepatocytes

3 cultured for 72 hours was dose-dependent. Six hours after treatment with MCLR

at 0.1 pg/ml, a few scattered cells were affected as described above. At a

I MCLR concentration of 1.0 pg/ml, many hepatocytes were affected but not to the

i .extent of those treated with 10.0 pg of MCLR/ml.

Si; hours postdosing with PBS, 24-hour cultured hepatocytes had no actin

3 filament changes; however, the cells were still rounded, had not spread out,

had diffuse staining with rhodamine-phalloidin and few linearly organized

3 actin filaments. The filamentous actin in those hepatocytes treated for 6

hours with 10.0 Wg of MCLR/ml was aggregated in the centers of the cells into

single, intensely staining spots identical to those in heoatocytes cultured

3 for 72 hours prior to exposure as described in the first paragraph of this

section. Replicate 24-hour hepatocytes treated with 10.0 pg of phalloidin/ml

had nurmerous plasma membrane blebs, but when stained with rhocamine-phalloidin,

there were many variably sized aggregations of actin scattered throughout the

cytcplasm (Figurc 8). Replicate 24-hour heLatocytes treateo with 10.0 Pg of

3 cytochalasin B/ml were similar to those treated with phalloidin. however, the

actin aggregations located throughout the cytoplasm were more uniform in size

I and smaller (Figure 9). The number of cultured hepatocytes responding to

phalloidin treatment was related to the age of the cells. Approximately 1/2

of the 24-hour-old cells were affected as described above. With 48-hour-old

I
3
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cells, less than 1/5 of all cells were affected, while with 72-hour-old

cultures, almost no hecatocytes were affected by 10.0 pg of phalloidin/mi.

Neither MCLR nor cytochalasin B showed this hepatocyte age-dependent effect.

Morohologic and Cvtoskeletai Effects in Livers of intact Rats

Morphologic lesions seen with light microscopy in formalin-fixed,

hematoxylin- and eosin-stained sections were similar to those reported

previously (Hooser et al., 1988) .except that no lesions were seen until 30

minutes postdosing. Thirty minutes postdosing with 180 pg of MCLR/kg, there

was disassociation and rounding of 5 to 10 rows of hepatocytes. adjacent to

central veins, with mild hemorrhage present in some areas (Figure 10). This

lesioi progressed in extent and severity until at 60 minutes postdosing, there

was hepatocyte-to-hepatocyte disassociation and rounding with hemorrhage and

hepatocyte fragmentation and necrosis involving entire liver lobules except

for a rim of periportal hepatocytes 10 to 15 cells wide.

In rhodamine-phalloidin stained, frozen liver sections of PBS-treated

rats, a normal pattern of marginated actin was seen in hepatocytes (Figure 11),

as it was in MCLR-treated animals at 5 and 10 minutes postdoslng. However, at

20 minutes after addition of MCLR, centrilobular and a few mldzonal hepatocytes

had 5 to 15 small, discrete aggregations of actin within their cytoplasm

(Figure 12). Forty-five minutes postdoslng, mldzonal hepatocytes were affected

with marked aggregation of actin (Figure 13). This lesicn progressed in extent

and severity urtil at 60 minutes the majority Cf periportal hepatocytes were

also affected. By this time, in many centrilobular and midzonal hepatocytes

the Intracytoplasmic filamentous actin had aggregated into a single, dense

focus. This actin aggregation was quite prominent In nepatocytes Immediately

adjacent to normal-appearing hepatocytes (Figures 14 and 15),
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DISCUSSIN

3 In suspension, nepatocytes but not sinusoidal endothelial or Kupffer cells

had mcrpnologic cnanges caused by MC.R. Presumably this is because cellular

3 uptake of MCG) ,ccurs ny a "eoatccvte-specific bile acid carrier similar to

that responsioie for phalloi-jin uptake into hepatocytes (Frimmer, i982;

Faulstich, 1986). Hepatocytes in suspension are protected from MCLR induced

I toxicity when competitors of bile acid carriers are added prior to toxin

administration (Runnegar et al., 1981). The lack of such plasma membrane

3 carriers in other cell types would account for the liver and hepatocyte

specificity of MCLR. Unlike phalloidin, the addition of MCLR to hepatocytes

in suspension reportedly does not cause an increase of polymerized actin nor

3 does it cause a decrease of polymerized actin as does cytochalasin B (Runnegar

et al., 1986). Ir 'he present study, we have demonstrated that the effects of

3 MCLR on the arrange- t of filamentous actin within hepatocytes are distinctly

different from those • phalloldin, or cytochalasin 8. In addition, we found

that the effect of phalVidin on cultured hepatocytes decreases with the age

3 of the cells but that they remain sensitive to the effects of MCLR. This

decrease could be due to cne of the following reasons: 1) there are reduced

I numbers of the bile acid carrier which carries phalloidin into the cell and

that MCLR is carried in by other bile acid carriers so that the cells are

I still affected by MCLR, or 2) there Is an intracellular change which renders

3 the hepatocytes insensitive to the effects of phalloidin but which does not

alter sensitivity to MCLR. whether the changes In actin filaments represent a

3 direct interaction of MCLR with actin or whether these filamentous changes are

secondary to other Intracellular effects of MCLR remains to be elucidated.

U However. It Is evident that, whatever the mechanism of action of MCLk, Its

I
I
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effects are distinct from those of phalloidin or cytochalasin B. These

findings suggest that although MCLR and phalloidin may enter hepatocytes by

similir membrane carriers, the resulting lesions are due to different

intracellular mecnani-,ms.

Early in our studies, it was noted that freshly isolated hepatocytes in

suspension responded much more rapidly to the addition of MCLR than did

cultured hepatocytes (1/2 versus 6 hours before approximately 100% of the

cells were affected). The reason(s) for this difference remain unknown at

this time but could be due to: a decline in numbers of heoatocyte plasma

membrane receptors for MCLR (if there is a receptor) in cultured cells, a

decline of some other as yet undiscovereJ intracellular receptor or protein in

cultured hepatocytes which is necessary for t~jxiclty, or perhaps the poor

organization of actin filaments in suspended hepatocytes as opposed to the

well-organized actin fl'aments and stress fibers in cultured hepatocytes could

account for this difference. Although hepatocy'es in suspension react to MCLR

more rapidly than do cultured hepatocytes, we chose to examine actin filaments

in 72 hours cultured cells because alterations in the well organized actin

filaments of cultured cells were much easier to discern than in poorly

organized actin filaments in hepatocytes less than 24 hours old.

Both in suspension, up to 30 minutes postdosing and in cultured cells up

to 6 hours postdoslng, there was no leakage of Intracellular LOH from

MCLR-treated hepatocytes as compared to PBS treated contrcl cells. This would

Indicate that actin fIlantent alteraticns and morphologic changes occur before

plasma membrane damage and leakage,

We have found that changes in hepatocyte actin filaments in vivo precede

morphologic lesions seen by H&E staining and that these ictln filamet.t changes
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progress to aggregation of actin into a single dense spot just as is seen witn

I cultured hepatocytes 'n vitro. Thus, we have shown that similar cnanges in

actin filaments are seen in hepatocytes in vitro anJ in vivo.

It is concludea t-at 'AC.R principally affects hepatocytes rather tra'

nonparenchymal ce IIs and causes redistrioution and an aggregation of actin

filaments within hepatocytes. This disruption of the structural support of

the cell and aggregation of the intracellular actin into a single area most

likely accounts for the plasma membrane blebbing that occurs in vitro, as ý.eil

as hepatocyte disassociation, plasma membrane invagination, and loss of

I microvilli In vivo.

I
I
I
I
I
I
I
I
I
I
I
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Figuri I. PBS treated, normalI, 72-hour cultured hepatocytes 6 hours

postdosing. 22504X.
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Figure 2. PBS treated, normal, 72-hour cultured hepatocYtes 6 hours

postdosing. 5C0-X.
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Figure 3. Seventy-two-hour, cultured hepatocytes I hour after treatment with

10.0 pg of MCLR/ml. Several plasma membrane blebs contain large,

thick actin filaments which extend from the bases to the tips of

the blebs. 500-X.
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IFigure 4. Seventy-two-hour, cultured hepatocytes 3 hours. after treatment

with 10.0 pq of MCLR/m1. Actin is aggregating beneath the plasma

membrane oith thicKv'ed actin filaments extending cut to the tips

Iof tn~e blebs. 5,CC-X .
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Figure 5. Seventy-two-hour, cultured hepatocytes 4 hours after treatment

with 10.0 pg of MCLR/ml. Actin is aggregating in the center of

the cell -,ith thickened actin filaments extending out to the tips

of the blebs. 500-X.



I Figure 6. Seventy-two-hour, cultured hepatocytes 6 hours after treatment

3 with 10.0 j.±g/ml of MCLR. Almost all cells are affected. l00-X.
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Figure 7. Seventy-two-hour, culturAd hepatocytes 6 hours after treatment

with 10.0 wg/m1 of MCLR. Most of the intracellular actin has

aggregated into a single spot and there is extensive blebbing of

the plasma membr&nes. 500-X.
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Figure 8. Twenty-four hour, cultured hepatocytes 6 hours after treatment

I with 10.0 ig of phalloidin/ml. Intracellular actin has aggregated

into many, variably sized foci located throughout the cytoplasm.

I 500-X.
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Figure 9. Twenty-four-hour, cultured hepatocytes 6 hours after treatment

with 10.0 pg of cytochalasin B/ml. Intracellular actin has

aggregated into many, small foci located throughout the

cytopiasm. 500-X.
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I rigure 10. Formalin-fixed rat liver 30 minutes postdoslng with 180 p.g of

3MCLR/kg. There is rounding of hepatocytes adjacent to the central

vein. 5004X. H&E.
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Figure 11. Rhodamine-phalloidin stained, frozen liver section 60 minutes

postdosing with PBS. There is a normal pattern of actin staining

at the margins of the hepatocytes. 500-X.



-73

Figure 12. Rhodamine-phalloidin stained, frozen liver section 20 minutes

postdosing with 180 pg of MCLR/kg. Hepatocytes adjacent to the
central vein (c) have small, discrete aggregations of actin within

their cytoplasm. 500-X.
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Figure 13. Rhodamine-phalloidin stained, frozen liver section 45 minutes

postdosing with 180 pg of MCLR/kg. Midzonal hepato-ytes on right

appear normal while those on left have lost marginal actin and the

actin is now aggregated in numerous, variably sized foci. 500-X.
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Figure 14. Rhodamine-phalloidin stained, frozen liver section 60 minutes

I postdosing with 180 pg of MCLRikg. By this time, the lesion has

progressed from the central regions to the periportal regions.

I Only a few normal appearing hepatocytes immediately adjacent to

the portal vein (P) can be seen. 250-X.
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Figure 15. Rhodamine-phalloidin stained, frozen liver section 60 minutes

postdosing with 180 pg of MCLR/kg. Hepatocytes close to the

portal triad (p) contain a single, dense actin aggregation and

have lost the actin at their margins. A few hepatocytes still

appear unaffected with normal, marginal staining of filamentou•

actin. 500-X.

1o r -
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VI. THE EFFECTS OF MICROCYSTIN-LR ON HEMODYNAMIC. CLINICAL PATHOLOGIC,

AND BLOOD-GAS PARAMETERS IN SWINE

Randall A. Lovell and Kenneth R. Holmes

3 INTRODUCTION .,

The microcystins are a family of hepatotoxic monocyclic heptapeptides

1 produced by M. aeruginosa and other cyanobacteria (blue-green algae). Most

aspects of the structure of microcystin-LR (MCLR: cyancginosin-LR), the most

I studied member of the microcystin fami , have been elucidated recently

3 (Elleman et al., 1978; Botes et al., 1982, 1985). The toxin likely gains

entrance into hepatocytes (Runnegar and Falconer. 1982) via organic anion

3 (bile-acid) carriers. Blebbing of hepatocytes is one of the first effects of

microcystins in vitro (Runnegar et al.. 1981, Runnegar and Falconer, 1986).

I Although the cause of acute death following microcystin administration has

been attributed to hemorrhagic shock (Ostensvik et al., 1981; Runnegar and

Falconer, 1982: Sasner et al., 1984, Theiss and Carmichael, 1986) caused by

primary effects of microcystin on the liver. Slatkin et al. (1983) surmised

that the presence cf "atypical pulmonary thrombi" lead to pulmonary

I congestion, right heart failure, and centrilobular hepatic necrosis and

hemorrhage. The major goa!s of this study were to cetermine the primary

cause(s) of death following MCLR administration in swine and to identify

I processes which differentiate lethal from sublethal toxicoses.

MATERIALS AND METHODS

3 The animals, materials, and methods used in this study were described in

the 1987 Annual Report for the contract on pages 97-S9.

I
I
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Hematology, Serum Chemistry. and Blood Ca. Measurements

Complete blood counts (3 ml) rinludes red (RBC) and white (WBC) blood

cell counts, differen:ial white blood cell counts, platelet counts.

hemoglobin, and ,em atccrit], serum chemistry profiles (10 ml) [includes

creatinIne (CRE), urea nitrogen (UN), total protein (TP), albumin, calcium,

phosphotus (P). sodium, potassium, chloride (Cl), magnesium (Mg), glucose,

cholesterol, total bilirubin (TB), alanine aminotransferase (ALT), aspartate

aminotransferase (AST), alkaline phosphatase (AP), gamma glutamyl transferase

(GGT), lactate dehydrogenase (LDH). creatinine phosphokinase (CPK), 1 arginase

(ARG; Mia and Koger, 1978), and bile acids], 2 blood gases and electrolytes (3

ml; anaerobically collected) (includes PH, pCO2 , total CO2 , P02, 07

saturdtion, 02 content, base excess base (BE8 ), base excess extracellular

fluid (BEECF), standardized bicarbonate (SBC), bicarbonate (HCO 3 -), hematocrit

(Hct). hemoglobin (Hb), sodium (Na), potassium (K). Ionized calcium (iCa), and

normalized calcium (nCa']. 3 and blood lactate concentrations 4 (I ml) were

followed over time. The aortic catheter was flushed as above after each blood

sample was obta!ned. All catheters were periodically flushed to maintain

patency.

Statistical Analysis

A nested analysis of variance patterned on a univariate repeated measures

analysis (Wilkinson. 1988) was used to Identify significant differences (C .

0.05) due to treatment, time, or treatment'time interAction for the clinical

pathology, blood-gas, and hemodynamic data. Prior to statistical ar 'ysis,

all postdosing values (except electrolytes) were subtracted from the predose

mean of that animal. The model used was: corrected response (corresp) ,

constant + treatment (trt) + subjects in control group (subl) + subjects in
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toxic-sublethal dose group (sub2) + subjects in lethal dose group (sub3) +

I time , trt*time. Corresp, trt. subl-3. time, and trt*time represent the

corrected response (postdosing value minus mean predose value), the treatment,

the subjects within each treatment, the time efter MCLR administration, ana

the treatment'time interaction, respectively. Since t"e majority of any

changes in the electrolyte data occurred terminally, the electrolyte data was

I analyzed using both the untransformed data (respons - replaces corresp in the

above model) and the transformed data. Analysis of the untransformed data was

chosen because it provided a mort conservative estimate of electrolyte

3 changes. The number of surviving animals in the lethal dose group decreased

with time which prevented the use of a repeated measures analysis. Data from

1 terminal blood samples in the lethal dose group (collected at 57, 60, 85, 138,

and 178 minu*es, respectively) were analyzed as though they were taken at the

next scheduled time point (90, 90, 90. 150, and 210 minutes) for the clinical

3 pathology and blood-gas parameters.

Comparisons between treatment groups at postdosing time points were

I performed using linear contrast at a level of a - O.05 (Wilkinson, 1988),

except at the time ooints where only I pig was alive in the lethal dose

group. These included the 300-minute tinme point for blocd-gas and clinical

pathology parameters and the 186-. 198-. 210-, 222-, 236-. 248-, 260-. 272-,

284-. ind 194-minute time points for hemodynamic and organ perfusion

parameters. The denominator of the F statistic in the;e contrasts was tie

error (time) term In the nested ANOVA analysis. At the t!Te points where only

I pig was alIve in the lethal dose group, I-way analysis of variance

i (Wilkinson, 1988) was used to determine statistical significdnce between the

letaIal dose group and the other 2 iroups. Due to the small sample size and a

I desire to increase power. a was set at 0.15 In these enalyses.

I



- 80 -

RESULTS

Hemodvnamic Effects

Mean central venous pressure (CV?; Figure I) in the lethal dose group was

significantly less than controls at 15 minutes (12- to 18-minute mean) after

MCLR administration. At 21 minutes. mean portal venous pressure (PVP; Figure

2) was significantly increased in the lethal dose group when compared to

controls. The 3 pigs in the lethal grouo with the highest predosing portal

venous pressures had the iargest increases in portal venous pressure and the

shortest survival times. The PVP of the lethal dose group was significantly

increased in comparison to the toxic-sublethal dose group at 21 minutes. From

180 to 300 minutes, the PVP was not significantly different between the

toxic-sublethal and lethal dose groups.

In the toxic-sublethal dose group, the hemodynamic parameters exhibited

the same direction of change as the lethal dose group when compared to the

controls, but these changes except the aortic mean pressure (AOM), which was

significantly decreased at 15 minutes, took longer to become significantly

different (liver perfusion - 39 minutes, renal perfusion - 51 minutes, CVP =

57 minutes, and PVP 162 minutes) and were not of as great a magnitude. The

toxic-sublethal dose group AOM was not significantly lower than control ACM

the last hour of the study.

Hematology, Serum Chemistry, and Blood-Gas Effects

Clinical pathology, blood-gas, dnd complete blood count parameters (Table

I) in the lethal dose group which were significantly different from the

control group by 45 minutes included: a) lactate (Figure 3), bile acids

(Figure 4), K (Figure 5), pO2 (Figure 6), 02 saturation, and TB (all

increased); and b) Hct, platelet count (Figure 7), HCO 3 -. pCO2 (Figure 8), and
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BEB (all decreased). By 90 minutes, significant increases (lethal vs control)

3 in ARG (Figure 9), UN, P, and CRE were present as we' as significant

decreases in glucose (Figure 10) and pH (Figure 11). At '5:-, minutes, ALT, AST

(Figure 12), ALP, LDH, and CPK (Figure 13) were significantly increised

(lethal vs control). At 150 minutes in the toxic-subletha; group, bile acid

concentrations were significantly higher and platelet counts were

significantly lower than controls. Significant decreases (lethal dose group

vs control dose group) in serum Hb, SBC, and BEECF were observed at the 5

I postdosing time points (except serum Hb at 300 minutes).

Serum concentrations of Na, Cl, Mg, iCa, and nCa were within normal

ranges, although there was a trend over time toward lower iCa and nCa and

higher Mg concentrations in the lethal dose group. The WBC blood cell counts

exhibited wide variability, and no significant changes were observed in

comparison to the controls. There were no significant treatment-related

changes in TP, alhumin, GGT, cholesterol, and RBC among the groups.

DISCUSSION

Ostensvik et al. (1981), Berg and Soli (1985b), and Theiss and Carmichael

(1986) have measured aortic blood pressure in anesthetized rats after a lethal

I parenteral dose of MCLR or a microcystin extract. They found that aortic

blood pressures steadily declined to values which were less than 50% of

predosing values, often by 45 to 60 minutes postdosing. Our findings

I concerning a fall in aortic blood pressure are in close agreement with those

in rats, exceptwith the pig the decrease was often more precipitous.

I Theiss and Carmichael (1986) found no significant changes in either

jugular or portal venous pressures during the course of their rat study. The

concommitant decrease in central venous pressure and increase in portal venous

I
I
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pressure in the swine of this study indicates, however, that there is a

partial blockage or blood flow through the 1iver to the posterior vena cava.

Although our central and portal venous pressure findings differ from those of

Theiss and Carmichael (1986) and may be due to differences in species, dose,

anesthetics, and survival time, the data of neither study is compatible with a

backup of pressure from a failing heart (Fox, 1986; Bonagura and Hamlin, 1986)

as the cause of the hepatic lesions as suggested by Slatkin et a]. (1983).

The findings of this study indicate that there is a partial obstruction of

blood flow through the liver to the caudal vena cava in swine administerec a

lethal dose.

No previous studies were found where blobd-gas parameters were measured

following microcystin administration. Our findings indicate that the lungs

were functioning properly since the lethal dose group had the highest arterial

pO2 and lowest pCO2 after dosing. Tachypnea was observed in the lethal dose

group, and this was likely in response to a metabolic acidosis (decreased pH,

HC0 3 -, and BE8 and increased lactate) and a marked fall in AOM (Brobst, 1983).

Clinical pathology parameters have been followed in sheep (Konst et al.,

1965; Main et al., 1977, Mclnnes et al., 1983; Jackson et al., 1984), cattle

(Konst et al., 1965; Stowe et al., 1981; Galey et al., 1987; Cook et al.,

1988), mice (Mason and Wheeler, 1942, Falconer et al., 1981; Slatkin et al.,

1983; Adams et al., 1985), and rats (Jones and Carmichael, 1984; Berg and

Soli, 1985a; Theiss and Carmichael, 1986; LeClaire et al., 1988) after

microcystin administration. Marked Increases in liver-related parameters

including AST, ALT, AP, GGT, bile acids, LDH, ARG, TB, bromosulfophthalein

clearance time, glutamate dehydrogenase, iditol dehydrogenase, and ornithine

carbamyl transferase have been reported. Changes In clinical pathology
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parameters not necessarily related to liver damage include increases in CPK,

lactate, urine hemoglotin, and urea nitrogen. Decrease: have occurred in

platelet count, inorganic phosphorus, and calcium.

The clinical pathologic parameter which provided the most marked, early

indication of acute hepatic damage/dysfunction in the MCLR-dosed swine of this

study was serum bile aciC concentration. Bile acids were increased 40X by 45

minutes and 15X by 150 minutes in the iethal and toxic-sublethal dose groups,

respectively. Significant increases in liver-related enzymes (ARG, AST, LDH,

AP) in the serum required 90 to 150 minutes to occur, which suggests that

hepatocyte membrane disruption occurs after the onset of inadequate liver

perfusion. The longer the survival time in this study, the greater was the

magnitude of increase in serum activities of enzymes potentially released from

the liver and muscle (AST and LDH) as well as the mild increase in one

considered to be muscle specific (CPK). This seems to indicate that mild

muscle damage as well as liver damage is contributing to the Increases in AST

and LDH (Duncan and Pr.sse, 1977). Also, the longer the survival time in this

study, the greater was the decrease in glucose concentrations and the lesser

the decrease in hematocrit. Significant decreases in hematocrit and platelet

counts and increases in lactate occurred by 45 minutes postdosing in the

lethal group and are consistent with hemorrhage and shock.

The decreased renal perfusion, as described in the 1987 report for this

contract, and mild renal damage as documented by others are the most likely

cause(s) for the significant increases in BUN, CRE, and PHOS. Tubular

nephrosis has been reported previously in several species (Ashworth and Mason,

1946; Louw and Smit, 1950, Konst et al., 1965; Elder et al., 1985) and Is

likely secondary to hypoxia and hepatic emboll, although direct microcystin
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effects cannot be ruled out. Reduced ability of the kidney to excrete

hydrogen ions, hepatocyte leakage, and especially metabolic acidosis resulting I
in the exchange of extracellular hydrogen ions for intracellular K probably

accounts for the terminal hyperkalemia (Brobst, 983; Duncan and Prasse, 1977).

Although right or left heart failure can elevate hydrostatic pressures

which may lead to centrilobular hepatic necrosis and congestion, it usually

takes several days to weeks to develop, and significant decreases in platelet

counts and increases in arterial pO2 are not commonly associated with the

syndrome (Fox, 1986; Bonagura and Hamlin, 1986; Robbins and Contran, 1979). 1
In conclusion, the hemodynamic, organ perfusion, blood-gas, and clinical I
pathology findings of the present study indicate that the liver is the target

organ for MCLR. Death is apparently caused by hypovolemic shock, partial I
blockage of blood flow through the liver, hepatic failure, hypoglycemia,

and/or hyperkalemia.

I
I
C
I
I
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FOOTNOTES

3 IHitachi 705, Boehringer Mannheim Diagnostics, Indianapolis, IN.

2 Enzabil, NYCOMED AS Diagnostics, Oslo, Ncrway.

I 3Stat Profile 1 Analyzer, Nova Biomedical, Newton, MA.

4 Lactate Procedure No. 826-UV, Sigma Diagnostics, St. Louis, MO.
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Table 1. Changes in selected clinical pathologic, blood-gas, and complete

blood count parameters which had significant (p _ 0.05) treatment

or treatment*time effects.

CHANGE FRO4 PREDOSE VALUES
.. ........... . M. ......... ........... .1.1........... ..

TYT Predose 'S i 90 Min 150 in 210 Min 300 Min

PARAMETER P VALUES GAP Mean * SEN Mean # SEN Mean ± SEX Mean ± SEN Mean * SEN Mean + SEN
....... .. ............. ... .......... .................... .......... ..... .... ..........

Alanb TT<O.001 VEX 26 . 2t 1 7 -3 2 .1 3.2a - 15
Aminotransferaso TIME<O.001 Tx 25 ± '.6 1 .2 1.3 4* 1.3a ll 6.2b 16; 7.4b 25: 8.2b

(OU/L) TRT'TIME0.001 LET 39 ± 4.5 1 1.2: 12: 5.9a 75 4.74 120:31.0€ 10± c

Alkitline TNTaO.043 VEN 274 " -. O 9- 7.6 26-14.83 6- 1 7 .4  1 8 * 2 . 6  1-11.3a

18--24 b - b
Phosplhatase TIME0.001 TCX 316.8 29. 8.3: 81:30.1' 79:59.8b 103:57.0b 180.65.2
(lU/L) TRT'TIME.O.032 LET 358 4 42.5 39:12.41 89:17.0' 147-14.2 190o 5.0 328 b

Arginase TRTzO.059 VEI 0 - 0.0 0 ± 0.016 1 3.8 a Z-1.2a 3. 2.0 -3+ 1.1a

(OU/L) TIME0.01 TOe 1 1 1.2 -0 ; 1.6a 3 3.3a 26:24.9a 3 0 : 2 1 . 9a 36-13.2'b
TRT*TIMEsO.036 LET 0 t 0.0 24 -1.7a 92:28.1 103-27.1 35:1o.o 7 b

Bile TRTsO.O64 YEN S ± 2.8 4 * 2.41 10. 9.28 11.12.0 4+ 4 4.a 7# 7.6a

Acids TIME.0.001 TeX 4 1.8 15 i 2.5' 32: 8.18 61-16.9b 60b19.4b S2:28.71

(W/L) tRT'tI1Es0.041 LET 3 t 2.3 120 t82.76 162.65.4b 1 2SO72.2S 179:19.5c 218 1

totel TIT<O.001 VEX 0.5 0 18 0.0-0.07" 0.0.0.094 0.0-0.07a -0.0-0.0e -.0.2-0.091

sitirubin TIME,0.001 TOX 0.4 * 0.07 0-1"0.06 0.2:0.06 0.2b0.09 • 0.2:0.10 0.3.0.12(mg/dl.) TRT'TIM{'0.001 LET 0.3 ± 0.07 0.2:0.05- 0.40.05 0.610.07 . 0.9 C

Aspartate TRT<O.001 VEN 40 10.1 10 ± 4.01 1s. 6.18 20#9.0a 29- 9.18 37-13.9&
Aainotransferase TIME4O.001 TOeX 41 ± 8.5 6 ; 2.81 50:22.0a 212:1108 343; 1 5 6 b 541; 2 2 2 b
(OU/L) TRT'TIME<0.001 LET 47 ; 1.5 53 :24.76 2W3-64.14 2217:429b 3065; 2374 4031. c

Lactate TRT'0.001 VEN "6 ± 63.6 34-15.4w 54#25.5' 2.38.58 56-36.2a 55-48.9a

0.ftydrogemase TIME4.001 TOE "60 ±69.4 .10:27.34 110:55:6 : 248. 1251a 367: 216' 628: 350 b
(lUlL) TRTeTIMEO.001 LET "60 ± 61.4 95:72.91 282:85.4' 2136:3606 2777± 4576 4038"

Creatinine TRTw0.196 VEX 1207 ± 209 408# 1241 658. 2438 593-3631 867- 39"' 804- 3338
Phosphokinase TIME.0.001 TOX 14.66 • 307 292± 556 670± 2374 757-4062 1196 4.03a 2020± S42"
(IU/L) TRT'TIME:0.0C2 LET 1873 166 '37: 1891 735; 313' 1205: 39' 2256t 3 3 3 b 3189 b

Glucose TRT0.0C2 VIM M 7 7 11.2 0 * 3.4 -I* 8.48 .2-11.74 13 6.6 14-* 4 .a
(mg/dl) TIMCs0.325 TCX 91 * 10.6 8 :10.99 8410.2' 10± 8.0a 2 .918 12.13.3'

TRT'TIME20.095 LET 98 : 11.0 -12 :12.58 -39613.2b -36t0.1• -b 4 2.5b -7" b
...................................................... :........................................ .... ........ °.

Lactate TRT(0.001 YEN 8.1- 0.-0 1.2.0.76' 3.2t1.53a 2.7-1.36e 1.1-0.•'5 0.3.0.44,
(mg/dL) TIME.O.001 TOX 10.7- 1.03 0.6:1.40a 2.7%1.338 6.9:1.818 14.3:4.538 20.9-6.95b

T-TITIMEO.001 LET 9.0! 0.86 25.9:12.7" 61.719. 4  73.7-24. 7 76. 4 3 1 .4" 101.7 C
....................................................... :.....................................

VSH - vehicle corntrol group: 0 jig/kg MCLR
TOX - toxic-sublethal group: 25 jig/kg MCLR
LET - lethal group; 72 Mg/kg MCL.R
Means with different letters are significantly different (p<.05)
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I Table 1. Continued

I
CMANCE FROM PQEDCSE VALUESI ~ ................... o.......................................

TR7 Predose 45 min 90 min 150 min 210 Min 300 min
PARAMETER P VALUES GRP Mean : SEM Mean - SEM mean * SEX mean : SEM mean - SEX Mean - SEM.. . ......... ....... .....o .. ... ... ... ....o ..... ..... .. o ...... .. . . ......... . ......... . .........

Potassium z TRT=0.OC2 VEW 3 . 9 3 t. 1 1 8a 4 . 2 6 .91 3 9 a 4.53.115 t.40..21a 4. 0 9 -. 0. 0 a

(m(/L T1ME.0.004 TCX 3.98-.1s7' 4.03-.104 3.94-.1454 3.70.159 a 3.82-.117' 3 .9 1-.0 9ga
TRT*T1MEz0.0O2 LET 4 . 10 -. 0 6 5 a 5.67:1.05 5.52:.01 5.8501.11 6.97-?.4b 5 9  bS.... ..... ..................... o....................... .............. ..... .... ...............................

inorganic TRTmO.C31 VEX 9.6 - .33" 9.6 - .*41 9.1 - . 5 1  9.3 .. 3 3 a ' 9.2 . 3 5  9.3- . 3 8 a
Phosporus *' TIME<0.001 TOX 9.4 + . 4 8 a 9.8 - . 6 3a1O.4* .60a 9.8 .6a 9.8 .. 6 2 a 10.0- .73a

(mg/dL) TRTITIME-O.001 LEN 9.3 .664 10.0:- .99 11.6: . 6 6 b 12.94 75• 15.- . 5 b 1.i. 0-8
..................... .... °.......o.. oo.°. oooo . . .. .. ...... ....°°.°.... o o ~ ° o o o..... oo..... °oo ..... . o o. oo°°°°°...

Cre.tinine .0a a .05.065& .132.0#8.1 .0
S(mg/dL) TIMEO.CO1 TOX 0.97 #.1CS -. 025.0170 .0 0 7; . .00 1 2 . 1 0 a .28:.122'

TRT'TIME<0.C01 LET 0.97 #.099 .13-.0838 .37 -.086' .67-.033b .95:.C50b 1.60 b..... °.°°.° °.°. °° . .. . . . .. ........ . .. ° . .o ° ° o °.°.°. ooo°°.....°o ° o. o.. °° . .... °.°.°. ........... °............ °..... ..

Btood Urea T7T-0.067 VIm 9.1. 1.31 0 . 7-0.31i 1.4-0.36" 0.3-1.10a 2 .6 -0. 5 5a 2.6 -1.4 34

Witrogen TIME'0.001 TOX 11.9: 2.43 0.2-1.37a 2.7-1.25'b 1.8-1.631 2 .5- 1 . 5 1 a " 5 .9 2.07 ab
(€q/dL) TRT-TIME0.001 LET 12.0. 1.2s 1.10o.694 3 •8 .•.2 b 7 o.00.75b 1 0.2;0 .• b 13.i...° .. .......o°o o o.°°°°oo .......... °o°°.°. ......... ° ..°o ..o .... °o .....° ....o o .o ~. .° ...... ..o°°° .... o °. °.°...

Pltatelaet TRT0.005 VEI 496 -103.4 -8:10.38 -12*1 5.$4 -15* 3•. 2 a .361.7' -25*21.54
Cout TIME,0.114 TOX 663 : 99.9 -50-22.6' -8,4S0.3 143-1-7.. 5  . 1 5 1: 5 3 . 7 b - 10 1 -i3.6ab

(X 1000) TRT'TIMEx0.919 LET 581 : 25.8 -2 4 3- 6 3 .4b -3 17 33 .8b -24282.8c .3 1 0% 7 0 .0c .26 b
..........° °.. •..... .. .. . .. .. ........ : . ....°° .°oo ° o o o... . °o. . .. . ... ..... ..°o°°.................°o ° . ...°° ........

licartonate TRTT0.001 VEN 24.9:0.33 -2.0:0.730 -1.6-0.59' -1.9-0.64a -2. 6 !0. 9; 2  -3.0-0.17"
0(=1L/L) TIME0.001 TOX 23.1-0.62 -0.7:1.04. -2.370.89* -3.2.0.95 -3.7-1.5 4 a -*.9÷1.35 a

TRTTIm.E<0.001 LET 26.8-0.62 -7.5-2.14b -10.5.2.8c -12.5:1.9 -14.i:4.6 -16.i b
* * ..... * ....*'*.... ..................... .......- ---..-.--..... ....... . *.. ................

Arteriat YR7.0.268 VEX 7.40.012 .0 1 .0 1 6 'b . 02*. 015 6 .03+.C21 0 #.1 a .07-.021 a
POI TITME0.420 TCX 7.41-.014 -. 01-.009' . 0 2 :. 0 15 a .02*.01e .02-.0174b .02:.017b

STI~TIMEO.001 LET 7.42t.006 .0S5.032b -. 06:.051 - .09-.055 -. 04:.C2Sb -. C8 c

.........................................................................................................
Corrected pCO2  TR7.0.002 vEil 39.8-1.74 -3.7-1.15 -3 .6 -1 .6 9 ' -4 71 428 - 6 .7 - 1 .79 a -9.4-.2040
Carbon Dioxice TIME<O.Co01 TX 36.7-1.56 -0.5-1.92a -4.7.1.3•3 -6 1 11 8. a7.5. -8.9 1.67am
(n"o mg) TRT'TIMEsO.0C2 LET 41.6:1.05 -13.i-4.5b -12.9:3.6b .15.2-4.2b "21. 9 T.6 b "22.1 0

................................................... °...........°.......................................

Base Excess T7T<7 001 VEN 1.1:0.22 -1.2.0.30' -0.5-0. 5 0a -0.6°0.76' -0.7-0.7 9a -0.6-0. 3 2a
Blood TIME<O.001 TOX 0.1:0.60 -0.5io. 9 1a -1.3:0.92• "*r9-0. M' -2.5:1.31' -3.7-1.19b

(Mmt/L) TT*TIMEO.001 LET 3.30.62 -5.6-1.56 -9.9-3.12b -12.2-2.6 -13.4-4.7 -15.0 c
....... .... °°..................................... ....... ................... .......... ........................

Corrected O2 7TR.O.016 VEx 71.4-9.67 -2.0-1.80C 03.5 0* -*.24-.6a 6.5-2.670 8.5-5.62'
Oxygen TIME0.001 TCX 75.1:3.47 0 .7: 3 . 0 a -1.04 3.340 1.5.3.410 9. 7-.54b 13.2:5.560

(mm Wg) TRTITIME*O.042 LET 75.3-1.60 16 .6:9. 4 2 b 16.3.7.22* 24.8:I.s5b 13.1. 4 .7 5b 37.1 b

..................................... 7 ...............................................................
Nefatocrit T7T7O.011 VEI 30.0-0.82 2.5-1.44e 3.8-1.65' 4 .Ol.08' 2.0.1.47-T 1.5-1.190
(T) timi0.917 Tox 28.5:1.43 1.7.0.92a 1.7,1.38" 1 .5-0. 4 2 ' 2.3.1.C51 2.7°0.9;'

T3T1TIME60,4,.1 LIT 32.0:0.7 ."•4 3, 1! "3.11.890 -2.1.60 -Z.O: 4 .00b 2.0" a

VEH - vehicle control group; 0 Mg/kg MCLR
TOX - tcxic-sublethal group; 25 Mg/kg MCLR
LET - lethal group; 72 Mg/kg MCLRS -1statistical analysis of untransfcrmed data--not change from

predose
Means with different letters are significantly different (p<.05)I

I
I
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Figure 1. Six- and 12-minute means + standard error of the change from the

predose mean for centrz' venous pressures in gilts intravenously

administered a lethal (72 pg/kg; n = 6 and dec'eases with time) or

toxic-sublethal (25 .ig/kg; n = 6) dose of microcystin-LR or the

normal saline vehicle (n = 3).
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"Indicates the time point where the lethal group Is significantly different

than both the contro! and toxic-sublethal groups (p (0.05).

#Indicates the time point where the toxic-sublethal group Is significantly

different than controls (p < 0.05).



-89

Figure 2. Six- and 12-minute means + standard error of the change from the

3 precose mean for portal venous pressures in gilts intravenously

administered a lethal (72 pg/kg; n = 6 and decreases with time) or

3 toxic-sunlethal (25 pg/kg; n = 5) --ose of microcystin-LR or the

normal saline vehicle (n = 4).

PI-edos'! fle r,) S- F,
So- -.. . 0 0 U g/! ' ,j 6 .3( ! -0 . 7 2ii

"4-- 25 L," I - 6.7? + nC-
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60-
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2.0 1 ' ML ( \m.>',,,)-.

, i- : - 0 0 2 T I2 TlM p 1 O.O 1"', ..... -,. . . . . ..

'Y' -' " .....

-- :.'o i T ; . r

3 "Inctcates the time point where the lethal group is ;ignificantly different

than both the control and toxic-sublethal groups (p < 0.05).

IIT ndicates the time point where the toxic-sublethal group is significantly

different than controls (p < 0.05).

XIndicates the time point where the toxic-sublethal group is no longer

m significantly different than the lethal group (p < 0.05).

I
I
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Figure 3. Means _+ standard error of the change from the predose mean for

serum lactate concentrations in gilts intravenously administerea a

lethal (72 pg/kg; n = 6 and decreases with time) or

toxic-sublethal (25 pg/kg; n = 6) dose of microcystin-LR or the

normal saline vehicle (n . 4; 00 pg/kg).

TRT p=O.O00 = 72 ug/kg 9 + 0.9
TIME p=O.O 00 25 ug/•.g 11 + 1.0
TRT*TIME p=O.O000 O00 ug/kg 8 + 0.4

110 8

100B

-J • 90
-D 'o 80

O 70

- 1- 600 50

~k 20i T
0 A5

iA A

A A. A

0 C2 D

T I ME (n t S J

Note: The numbers to the right of the treatment group symbols represent the

predose iiean standard deviation.
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Figure 4. Means - standard error of the change from the oredose mean for

I serum bile acid ccncentrarions in gilts intravenously administered

a lethal (72 pg/kg; n - 6 and decreases with time) or

I toxc-sunlethal (25 pg/kg; n = 6) dose of rnicrocystin-LR or the

ncrmal saline vehicle (n . 4; 00 pg/kg).

T RT p=o.oC-&+ r-- 72 ua/kg 2 3+ 2.29
T TIvE k, =U.OC0 = 25 uq/kq .3.5 + 1.32

TRT.TIME p=O.041 O00 ug./kg 5.3 + 2.75
081 4

1 210

STC

"c- 90+

I 0 601024 20Z.,

I
Note: The numbers to the right Of the treatment group) symbols reoresent the

I predos3= mean ±_ standard deviation,

I
I
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Figure 5. Changes in serum potassium concentrations in the 6 gilts

intravenously administered a lethal dose (72 pg/kg) of

microcystin-LR.

-' T
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-15 15 4j 75 105 135 105 195 225 255 235 315
TIME rnIn)

Note: No serum potassium concentrations In gilts tntravencusly administered a

toxic-sublethal (25 pglkg, n a 6) dose of mlcrocystin-LR or the normal saline

vehicle (n * 4) exceed 5.5 mEq/L as measured by !he Hitachi 705.1
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Figure 6. Means * standard error of the change from the creacse mean for

toncmeter-correctea arterial partial pressures 3f oxygen (pOi) 'n

gilts intravenously administered a le.nal (72 _7 /kg n = 6 ana

decreases wi-h tine) cr rot -subletna, (25 u25 ';: - = d dcse cf

mirrocistin-LR or rhe norma: sa:ne ve",icle (n . C g/kgg

, =0.016 - 72 uq/ýg 75.3 - 1.6"D
0.. p= 0.0C 0 25 ug/k 7,., + 3.47

T.T,'T E p=O.0 4 2 0 0 uq/kg 71.4 + 9.57
S: ~B

C 0

~. -. -D , 1 4

T .4 1

," ..

No)te The numbers to the right of the treatment group symbols represent the

predo-- mean - ,tandird deviation.
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Figure 7. Means + :tandard error of the change from the predose mean for

platelet counts in gilts intravenously administered a lethal (72

p~g/kg n 6 and decreases with time) or toxic-subiethal (25

pg/kg" n = 6) dose of microcystin-LR or the normal saline vehicle

(n 4; 00 pg/kg).

TIME (minutes)

0 00 120 180 240 300
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A

_T A
o 1 -120

O... J 2-60 "

3 - 200i "1
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': u,/K . . 99.0 T,,E 0=0. 114
.,72 u/. I + 25.3 T,, Ti,- p-0.9

predose mean + standard deviation.
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I Figure 8. Means +_ standara error of the change from the predose mean for

I tonometer-corrected arterial partial pressures of carnon dioxide

(pCO 2 ) in gilts intravenously administered a lethal (72 pg/kg" n :

3 6 ana cecreases with time) or toxic-suolethal (25 ug/kg n = 6)

dose of microcystin-LR or the normal saline vehicle (n = 4; 00

3 pg/kg).

(9 CC) 10- (minutes)
130 240

-6'g• A ALJ1
- A

S - 12t ] I A1

II
-7, ' 1) t

3 - hT- i.T I :

Note: The numbers to the right of the treatment group symt~ols represent the

3 predlose mean + standard deviation.

I
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Figure 9. Means + standard error of the change from the predose mean for

serum arginase activities in gilts intravenously administered a

lethal (72 ý.g/kg; n 6 and decreases with time) or

toxic-sublethal (.5 ýLg/kg- n 6 6) dose of microcystin-LR or the

normal saline vehicle (n = 4; 00 pg/kg).

TRT p=0.O5G = 72 ug/kg 0 + 0.0
TIME p=0.014 = 25 ug/kg 1 + 1.1
TRT*T!ME p=0.0,36 0 O0 ug/kg 0 + 0.0

135 8

120 B

I 105

S90

75 t SV) (D-0 -- A4
T A A T41 .5• A.T T

AA

A A AA

0 .0 120 '3 0 240 .00

TIME (minutes)

Note: The numbers to the right of the treatment group symbols represent the

predose mean + standard deviation,
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Figure 10. Means + standard error of the change from the predose mean for
serum glucose concentrations in gilts intravenously administered a

letha; (72 pg/kg; n = 6 and decreases with time) or3 toxic-suoletna) (25 pg,'kg; n = 6) dose of microcystin-LR or the

normal saline vehicle (n 4; 00 pg/kg).

TIME (minutes)
S60 120 10 240 3001 50j A ...t , • . .

I ~0
A A A AA-1----

15 
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0U 1 U

= 002 3
i ' 25 ua/l,, 3 91 + 10.6 T;5E r=C..253-- 72 uR/., 93 + 11.0 ;RToT..' P0.O,5

I
I

Note: The numbers to the right of the treatment group symbols represent the

predose mean + standard deviation.

I
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Figure 11. Means + standard error of the change from the predose mean for

arterial pH in giIts intravenously administered a lethal (72

ug/kg; n = 6 and decreases with time) or toxic-sublethal (25

pg/kg; n 6) dose of microcystin-LR or the normal saline vehicle

(n - 4; 00 pg/kg).
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Note: The numbers to the right of the treatment group symbols represent the

predose mean + standard deviation.
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Figure 12. Means - standard error of the change from the predose mean for

3 serum aspartate aminotransferase activities in gilts intravenously

administered a lethal (72 ,Lg/kg: n = 6 and decreases with time) or

toxic-sublethal (25 ,,g/kg; n = 6) dose of microcystin-LR or the

normal saline vehicle (n = 4; 00 ýig/kg).
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Figure 13. Means + standard error of the change from the predose mean for

serum creatinine phosphokinase activities in gilts intravenously

administered a lethal (72 p_/kg; n = 6 and decreases with time) or

toxic-sublethal (25 pg/kg; n = 6) dose of microcystin-LR or the

normal saline vehicle (n 4; 00 pg/kq).

TRT p=0. 1 9 6  72 ug/kg 1873 + 165.9

TIME p=0.O00 25 ug/kg 1466 + .306.9

TRTJTIME p=0.O02 0M 00 ug/kg 1208 + 208.5
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Note: The numbers to the right of the treatment group symbols represent the

predose mean + standard deviation.
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ANATOXINSI
1. ANATOXIN-A(S)

W. 0. CookI_ _

A. Stability of Anatoxin-a(s) Using Human Plasma Cholinesterase In Vitro

3 INTRODUCTION

A structure for anatoxin-a(s) has recently been proposed (Figure I)

(Matsunaga et al., 1989). At the time of this study, however, the

3structural work was still underway. Absolute purity of anatoxin-a(s)

Lantx-a(s)] solely by conventional analytical techniques. In addition, it

i will be difficult to characterize the stability of the toxin over time

until the reliability of analytical methods is well established. Since

U the toxin was known to be a cholinesterase (ChE) innibitor and ChE

3 inhibition has been proposed as its primary mechanism of action (Mahmood

and Carmichael, 1986, 1987). a ChE assay system was used to assess the

3 stability of antx-a(x) in vitro.

We have hypothesized that antx-a(s) is stable when frozen in a solid

I state at -20"C in vials filled with gaseous nitrogen.

METHODS

Antx-a(s) was isolated by the method of Harada (1981) from batch

cul tures of A. flos-aquae strain NRC-525-i7 that were grown using the

method of Manmood and Carmichael (1986). Antx-a(s) In 5 wg quantities was

3 stored as a solid In ,ials under nitrogen gas at -20"C prior to use. The

equivalent of 3S ml of freeze-drled human plasmaa ChE was diluted with 175

ml of pH 8 phosphate buffer and stored In 5 ml quantities at -20"C.

I
I



- 112 -

One hundred pl of the human plasma solution and 100 pl of either a I mM

acetic acid solution or 0.001 pg of antx-a(s) diluted to 100 iil with 1 mM

acetic acid were added to 3 ml of pH 8 phosphate buffer in a cuvette. Six

samples ,ýere prepared at 1 time: 3 samples with vehicle (1 mM acetic acid)

and 3 with toxin in the same volume of acetic acid. Specimens were mixed

using a vortex, incubated at room temperature for 40 minutes, and assayed

for ChE activity. ChE activity was determined oy addition of 50 11 of

dithionitrobisbenzoic acid and 20 4) of acetylthiocholine iodide followed

by measurement of absorbance at 412 nm in all 6 samples simultaneously

over 3 minutes with a Shimadzu 160 UV/VIS spectrophotometer.b Nine

replicates of 6 samples each were performed. Stability of the enzyme and

activity of the toxin was determined after 0, 1, 2. 3, and 6 months of

storage.

RESULTS

Results of ChE assays are presented in Table 1.

DISCUSSION

Stability of the toxin has now been monitored over a period of 6

months (observations at 0, 1, 2, 3, and 6 months). Results shown in Table

I indicate ,(asonable levels of enzyme stability over 6 months of

storage. There appears to have been very little breakdown of the toxin;

almost all the change in variajilIty over time in the enzyme with toxin

treatment group can be explained by varlability in ChE enzyme activity

from month to month. Acceptable stability of the toxin has now been

observed for 6 months. The same degree of toxin stability has not been

observed at Wright State University where antx-a(s) Is stored as a solid

In vials at -80"C and under which conditions there Is an estimated daily
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loss of 1% of toxin activity. The addition of gaseous nitrogen may slow

3 the breakdown of to~in by removing moisture that condenses in the vials as

a result of freezinglthawing and that may be resulting in toxin

breakdown. At the present time, in attempts to minimize toxin loss, we

recommend that antx-a(s) be stored and shipped at subzero temperatures and

under gaseous nitrogen.3
B. Regional Brain Cholinesterase Activity in Rats Dosed Intraperitoneally

I with Anatoxin-a(s) or Paraoxon

SUMMARY

Forty male Long-Evans rats weighing 300 to 380 g were dosed

5 intraperitoneally with I of 3 doses of anatoxin-a(s) Cantx-a(s)] that had

been produced and extracted from laboratory grown Anabaena flos-aguae

NCR-525-17, paraoxon, or a control solution. Each of the 5 treatments was

3 represented in 8 different replicate groups of 5 rats in a randomized

complete block design. The doses of antx-a(s) were: a) 1.5 pg/kg that

3 was a threshold dose anJ produced barely detectable clinical signs; b) 3

pg/kg that produced moderate clinical signs; and c) 9 pg/kg that was

i consistently lethal within 1 hour. The dose of paraoxon was 800 pg/kg

i which produced clinical signs similar to the intermediate dose of

antx-a(s).

3 Rats that died from antx-a(s) toxicosis were immediately bled via the

caudal abdominal vena cava for whole blood cholinesterase (ChE) assays.

Rats surviving 2 hours were anesthetized, bled similarly for ChE assays,

and killed by exsanguination.

The brains of all rats were anatomically dissected into 8 regions:

3 cerebellum, cortex, medulla, midbrain, hippocampus, hypothalamus,

I
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olfactory lobes, and striatum. The anterior cervical spinal cord within

the first 3 cervical vertebrae was also removed. These brain and spinal

cord tissues were analyzed for ChE activity.

Whole blood ChE activity was inhibited in all rats given either

antx-a(s) or paraoxon. ChE inhibition was not observed in regions of the

brain or spinal cord of rats dosed with antx-a(s), but it was observed in

all regions of the brain and spinal cord of rats given paraoxon. In this

study, antx-a(s) did not cause detectable inhibition of ChE in the central

nervous system. The inhibition of ChE in peripheral tissue (blood) but

not in the central nervous system is compatible with the assertion that

antx-a(s) is strictly a peripheral ChE inhibitor.

INTRODUCTION

Anatoxin-a(s) is a structurally uncharacterized, but very polar (as

evidenced by solubility only in polar solvents such as water, methanol,

and ethanol), low molecular weight (less than 400 daltons) neurotoxin.

produced by the blue-green alga Anabaena flos-aquae strain NRC-525-17

(Carmichael and Gorham, 1978; Mahmood and Carmichael, 1987). A.

flos-aauae is a species of blue-green algae that has been repeatedly

associated with poisoning of domestic and wild animdIs and is known to

produce other neurý .oxins and a hepatotoxin (Carmichael and Gorham, 1978;

Schwimmer and Schwimmer, 1964; Carmichael et al., 1985- Carmichael, 1988).

The mechanism of toxicity of antx-a(5) has been postulated to be

cholinesterase (ChE) inhibition (Mahmood and Carmichael, 1986, 1987).

This is based on toxin-induced Irreversible inhibition of electric eel

acetylcholinesterase (E.C. 3,1.1.7) in vitro, inhibition of rat blood ChE

in vivo, and clinical signs in exposed animals that were compatible with
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excessive cholingeric stimulation (Mahmood and Carmichael, 1986, 1987;

3Cook et al., 1988). Clinically, mice and rats given antx-a(s) appear to

die from respiratory fa4iure.

The ability of ChE-inhibiting agents to cross the blood-brain barrier

3 and inhibit brain ChE influences the resultant toxicosis (Taylor, 1985).

Previously, after intraperitoneal (ip) injection, antx-a(s) was shown to

inhibit plasma, red blood cell, and diaphragm ChE, but not whole brain ChE

activity of mice, suggesting that this toxin is unable to cross the

I blood-brain barrier (CooK et al., 1988; Cook et al., in press). However,

£ distinct regions of the brain and the anterior cervical spinal cord have

not been examined to rule out the possibility that antx-a(s) causes

3 localized inhibition of ChE in important parts of the central nervous

system, such as the medulla which contains the respiratory center nuclei

I or the hypothalamus which has regions containing vessels Lhat are more

i permeable to macromolecules (Guyton, 1976; Jacobs, 1982; Norton, 1986).

The purpose of the present study was to determine whether tntx-a(s)

3 aiven ip would Inhibit ChE in localized areas of the rat brain. To aid in

interpretation, antx-a(s) was compared with a well-known peripheral and

central ChE inhibitor, the organophosphorus compound paraoxon. Whole

blood ChE activity and clinical signs were monitored to quantify

inhibition of peripheral Ch: activity and to confirm systemic absorption

of the test compounds.

MATERIALS AND METHODS

5 Rats

Forty male Long-Evans ratsc weighing 300 to 380 g were housed in

I air-conditioned quarters on a 12/12-hour lightidark cycle and provided

foodd and water ad libitum.

I
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Toxicant Preparation

Antx-a(s) was isolated by the method of Haradac from batch cultures

cf . flos-aauae strain NRC-525-17 that were grown by the method of Mahmood

and Carmichael (1987). Thin layer chromatography indicated purity of 80

to 90%.e A major portion of the remaining material used in this study was

low molecular weight salts from the culture media and purification process

(with which toxicity has not been associated upon repeated testing). At

this time it is unclear whether there are one or more forms of antx-a(s),

but recently the approximate LD50 of a purified component was determined

to be 31 pg/kg in mice dosed ip.f Antx-a(s) was stored under nitrogen gas

at -20°C prior to use, brought into solution with I mM acetic acid, and

diluted with physiologic saline such that the final dosing solution

contained less than 0.0002% weight/volume of acetic acid. Paraoxon,g

stored at a concentration of less than 10 mM at -20°C in dry acetone, was

diluted with physiologic saline such that the final dosing solution

contained less than 1% acetone. The control solution was comprised of

saline containing acetic acid at the highest concentration used with

antx-a(s) and was administered at a volume/body weight equal to that used

with the highest dose of antx-a(s).

Experimental Design

The Ip 24-hour LD5 0 of antx-a(s) was first determined using 8 rats by

the up and down procedure of Bruce (1985). Thereafter, groups of rats

were injected ip with antx-a(s), paraiuxon, or a control solution. For

these brain ChE studies, 8 rats were used per treatment group. The doses

of antx-a(s) used were: a) 1.5 pg/kg that was a threshold dose and

produced barely detectable clinical signs, primarily diarrhea and
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decreased movement, b) 3 ug/kg that produced moderate clinical signs of

salivation, lacrimation, diarrhea, decreased movement, mild tremors and

fasciculations, dyspnea, and ataxii: and c) 9 pg/kg that produced a more

severe spectrum of the clinical signs listed above In addition to

cyanosis, clonic seizures, and consistent lethality within I hour of

dosing. The dose of paraoxon was 800 pg/kg which produced clinical signs

similar to the moderate dose of antx-a(s).

At death, rats that were lethally dosed with antx-a(s) were bled via

the caudal abdominal vena cava for whole blood ChE assays. At 2 hours

postdosing, surviving rats were anesthetized with carbon dioxide gas, bled

similarly for whole blood ChE assays, and killed by exsanguination. The

brain4 of rats were anatomically dissected by the procedure of Glowinski

and Iversen (1966) into 8 regions: cerebellum, cortex, medulla, midbrain,

hippocampus, hypothalamus, olfactory looes, and striatum. The spinal cord

within the first 3 cervical vertebrae was also removed. These regions

were the smallest anatomically discernible areas of interest in the brain

that could be separated by gross dissection and still provide enough

tissue for ChE assays. After dissection, brain and spinal cord tissues

were weighed, immediately frozen witn dry ice, and stored at -20"C uintil

assayed within 48 hours for ChE activity.

Cholinesterase Assays

ChE assays on blood were performed by a modlflcatlon of the El1man

method (Ellman et al., 1981). Ten pl of heparinized whole blood was

diluted to 25 ml with pH 8 phosphate buffer, and 3 ml aliquots were used

for determination of ChE activity by the addition of 50 pl of 0.01 M

dlthiobisnltrobenzo'c acid (DTNB) and 20 pl of 0.075 M acetylthiochollne
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iodide (ACTI) and measurement of absorbdnce at 412 nm for 18 minutes on a

Shimadzu 160 UV/VIS Spectrophotometer.h Nervous tissue ChE activity was

assayed by the method of Har1in: 0.05 ml of pH 8 phosphate buffer

containing 1% octyl phenoxy polyethoxyethanolJ (OPP) was used per mg of

tissje for homogenization with either a Tissumizerk or a 5iohomogenizerl

and 200 ), aliquots of homogenate was added to 2.5 ml of the buffer

containing OPP, and ChE was assayed with DTNB and ACTI as above except

with absorbance measured over 3 minutes on the spectrophotometer.

Statistical Analysis

The 24-hour LD5 0 was calculated by the method of Salsburg (1984).

Comparisons among treatment groups for brain, spinal cord, and whole blood

ChE activities were performed using the SAS General Linear Model with

Tukey's Test (SAS Institute, 1985). A level of alpha - 0.05 was chosen to

identify statistically significant differences.

RESULTS

The ip LDSO of antx-a(s) wds 5.2 jg/kg. Clinically, rats given the

lethal dose of antx-a(s) appeared to die from respiratory failure: the

respiratory rate of rats decreased progressively over time. Inspirations

became longer and greatly labored until rats became cyanotic, developed

clonic seizures, and died. Expiration did not appear to be markedly

affected Results of the blood, brain, and spinal cord ChE assays are

presented in Tables 2 and 3. Inhibition of whole blood ChE activity was

observed In all rats given either antx-a(s) or paraoxon. ChE inhibition

was not observed in any region of the brain or spinal cord of rats dosed

with antx-a(s), but It was observed In all regions of the brain and spinal

cord of rats given paraoxon.
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DISCUSSION

When given ip, antx-a(s) does not appear to be able to inhibit ChE in

the central nervous system, no inhibition was detected in any of the

regions of the brain or in the anterior cervi'al spinal cord. ChE

inhibition by antx-a(s) was not observed even in the highly cholinoceptive

olfactory lobes of the brain.m Death of rats given antx-a(s) appeared to

be due to respiratory failure, but significant ChE inhibition was not

observed in the medulla oblongata which contains the respiratory center

nuclei, suggesting that respiratory failure was most likely not a result

of accumulation of acetylcholine in synapses of the medulla. The change

in character of respiration would be consistent with a mechanism of action

of the toxin that affects primarily inspiration, such as paresis or

paralysis of the diaphragm. ChE Inhibition was also not observed in the

hypothalamus which contains the median eminence, a small area that has

increased vascular permeability to macromolecules (Guyton, 1976; Jacobs,

1982; Norton, 1986).

The lack of antx-a(s) induced ChE inhibition in the central nervous

system of rats supports a previously observed absence of effect of this

toxin on the whole brain activity in lethally dosed mice. If the polarity

of antx-a(s) in vivo results from strong ionization at physiologica: pH,

the lack of ChE inhibition in the central nervous system could be a result

of failure of the toxin to cross the blood-brain harrier. St-ongly

ionized compounds, such as quarternary amines, are normally unable to

penetrate the central nervous system from the circulation (Mayer- et a].,

1980). Although metabolism of antx-a(s) might have reduced exposure of

i brain, the toxin was absorbed from the peritoneal cavity and presented
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to other sites in amounts sufficient to inhibit whole blood ChE and induce

"clinical signs of toxicosis including death.

The findings of the present study suggest that antx-a(s) is strictly

a peripheral ChE inhibitor: whole blood ChE was inhibited by all doses of

antx-a(s), while ChE inhibition was not detected in any of the tissues of

the central nervous system of rats dosed ip.
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Table I. Results of assays run at 0. 1, 2, 3, 4. and 6 months to determine

the stability of anatoxin-a(s) using human plasma ChE in vitro.

Mean ChE Units A. inhIb
Treatment Month uM/l/roiri SD %CV inhib vs. control

Control 0 18.7 0.64 3.4%
Toxin 0 8.48 0.34 3.9% 10.24 54.7%
Control 1 17.63 0.54 3.0%
Toxin 1 7.71 0.35 4.57 9.94 56.3%
Control 2 18.33 0.59 3.3%
Toxin 2 8.04 0.26 3.2% 10.29 56.1%
Control 3 16.83 0.45 2.7%
Toxin 3 7.38 0.34 4.5% 9.45 56.2%
Control 6 17.37 0.54 3.1%
Toxin 6 7.81 0.33 3.4% 9.56 55.0%

N 4 27 for afl assays
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Table 2. Whole blccd cholinesterasp activity in rats dosed ip with

anatoxin-as), paraoxon. and a control solution.

I- CE ( pnole sliln;n ut e

Trea tment Mean _ SD Tukev Grouping"

IControl 1.1 + 0.11 A

Antx-a( s)
1.5 pg/kg 0.48 + 0.33
3.0 pg/kg 0.15 . 0.04 C
9.0 pg/kg 0.05 . 0.04 C

Paraoxon (800 pg/kg) ).13 + 0.08 C

N - 7 or 8 for each treatment group.
"Treatment groups with different letters are significantly different (P <
0.05).

I
I
I
I

I
I
I
I

I ,7A

I
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Table 3. Regional brain and spinal cord cholinesterase activity in mice

dosed ip with antx-a(s), paraoxon, and a control solution.

ChE (•moles/glminute)
Treatment Mean ; SD Tukev Grouoing"

CEREBELLUM

Control 4.3 + 0.24 A

Antx-a(s)
1.5 pg/kg 4.5 + 0.23 A
3.0 pg/kg 5.1 7 1.82 A
9.0 pg/kg 4.1 + 0.35 A

Paraoxon (800 ig/kg) 1.3 + 0.25 B

CEREBRAL CORTEX

Control 115 + 1.1 A

Antx-a(s)
1.5 pg/kg 11.2 + 1.3 A
3.0 pg/kg 11.4 + 0.9 A
9.0 pg/kg 11.5 + 1.2 A

Paraoxon (800 pg/kg) 2.3 + 0.79 8

HIPPOCAMPUS

Control 8.1 + 0.73 A

Antx-a(s)
1.5 pg/kg 8.8 + 1.5 A
3.0 pg/kg 8.3 + 0.53 A
9.0 pg/kg 8.0 + 0.46 A

Paraoxon 2.0 + 0.41 B
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Table 3. Continued

I ,n: (pmoles/g/minute)
Treatment Me3n + SD Tukey Grouping*

HYPOTHALAMUS

Control 11.4 + 1.6 A

Antx-a(s)
1.5 pg/kg 11.2 + 1.8 A
3.0 pg/kg 11.3 - 1.6 A
9.0 pg/kg 11.8 - 1.1 A

3 Paraoxon (800 pg/kg) 3.1 + 0.54 8

MEDULLA OBLONGATA

Control 12.8 + 0.59 A

Antx-a(s)
1.5 pg/kg 12.4 0 0.75 A
3.0 pg/kg 12.5 + 0.91 A3 9.0 pg/kg 11.8 + 1.1 A

Paraoxon (800 pg/kg) 2.7 + 0.56 B

I MIDBRAIN

3 Control 13.7 + 1.2 A

Antx-a(s)
1.5 pg/kg 12.3 + 0.75 A
3.0 pg/kg 13.7 + 0.45 A
9.0 pg/kg 14.3 + 1.1 A

I Paraoxon (800 .g/kg) 3.1 # 0.69 8

3 OLFACTORY LOBES

Control 5.7 + 0.59 A

Antx-a(s)
1.5 wg/kg 5.8 - 0.61 A
3.0 pqg/kg 5.9 + 0.86 A3 9.0 pg/kg 5.7 * 0.45 A

Pa, doxon (800 pg/kg) 1.4 * 0.35 BI
I
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Table 3. Continued

ChE (pmoles/g/minute)

Treatment Mean + SD Tukev Grouping*

SPINAL CORD

Control 9.1 + 0.63 A

Antx-a(s)
1.5 pg/kg 9.1 + 0.45 A
3.0 pg/kg 9.2 + 0.69 A
9.0 pg/kg 8.5 + 0.71 A

Paraoxon (800 pg/kg) 1.9 + 0.62 B

STRIATUM

Control 53.4 + 5.0 A

Antx-a(s)
1.5 pg/kg 54.9 + 7.1 A
3.0 pg/kg 53.8 + 5.2 A
9.0 pg/kg 50.5 1 13.0 A

Paraoxon (800 pg/kg) 9.9 + 3.6 B

N - 7 or 8 for each treatment group.
"Comparisons using Tukey's test were made for the different treatments within
each region of the brain (i.e., cerebellum was compared only with cerebellum,
etc.). Treatment groups with different letters are significantly different
(P < 0.05).
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F Figure I. Proposed structure of anatoxin-a(s) and breakdown products

i (Matsunaga et al., 1989).
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II. ELECTROMYOGRAPHIC ASSESSMENT OF THE NEUROMUSCULAR BLOCKADE

PRODUCED IN VIVO BY ANATOXIN-A IN THE RAT

William Valentine, David Schaeffer

INTRODUCTION

The majority of investigations into the pharmacologic actions of

(+)anatoxin-a on skeletal muscle and motor neurons have been performed in

vitro, often using single cell preparations. Although experiments in vitro

can yield detailed information regarding specific sites and mechanisms of

action, caution must be exercised in extrapolation of these results to the

intact animal. The isolation of tissues from biochemical processes and the

use of high concentrations and/or prolonged periods of exposure may alter the

action, of the agent under investigation and precludes the influences of

pharmacokinetics in vivo. Therefore, it was felt that a detailed assessment

of the neuromuscular blockade produced by (+)anatoxin-a in the iv dosed rat

could yield new and complementary information. This information would very

likely be relevant to physiologic effects produced under circumstances of

natural exposure. Specifically, the indirectly evoked compound action

potentials (ECAP) of the plantar muscles of the rat were used to determine the

dose response and duration of action of the neuromuscular blockade produced by

(+)anatoxln-a in vivo. The effect of (4)anatoxin-a on the latency and

duration of the ECAP and maximum motor nerve conauction ve l oclty were

Investigated. In addition, LDso values for Ip administration of (÷)anatoxin-a

and racemic anatoxin-a in mice, and the lethal potency of (-Oanatoxin-a were

evaluated.
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MATERIALS AND METHODS

3 Anatoxin-a

Hydrochloride salts of synthetic (,)anatoxin-a, (-)anatoxin-a, and racemic

anatoxin-a were assessed to be > 95% pure using: a) thin layer chromatography

3 on silica gel plates with a mobile phase consisting of 2:1:1 n-butanol-acetic

acid-water and visualization by iodine vapor and ultraviolet absorption,

3 b) chemical and electron ionization mass spectroscopy, and c) high performance

liquid chromatography using a mobile phase of 9:1 0.01 M aqueous ammonium

I chloride-methanol and detection at 227 nm. All doses of anatoxin-a in this

3 report refer to its hydrochloride salt.

LD50 Determinations

3 Five treatment groups each consisting of 6 male Balb/C mice weighing

between 20 to 28 g were administered ip injections of 0.4 to 0.7 ml of normal

U saline containing (÷)anatoxin-a hydrochloride or racemic anatoxln-a

hydrochloride. All animals were observed for a 30-minute period following

toxin administration and the number of deaths in each treatment group

3 recorded. LD5 0 s were determined using the trimmed logit method (Sanathanan et

al., 1987).

3\ Toxicity Assessment of (-)Anatoxin-a

Male Balb/C mice (24 to 28 g) were injected ip with I. 5, 9, 20, 40, or 73

mg/kg of (-)aratoxin-a in 0.2 to 1.C ml of normal saline. One animal was used

3 at each dose. The mice were observed for 30 minutes following administration

of toxin at which time they were subjected to euthanasia with an ip injection

of sodium pentobarbital.

Anesthesia and Eleztrophysiologic Measurements

Dose response and duration of action. Male Sprague-Dawley rats weighing

I 320 to 420 g were used in this investigation. Anesthesia was induced by

I
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inhalation of methoxyflurane and ip injection of sodium pentobarbital at 50

mg/kg, then maintained by iv injection of sodium pentobarbital. Respiration

was supported with a Harvard rodent respirator using a 16-gauge catheter as an

endotracheal tube.

Assessment of neuromuscular transmission was performed as follows. The

posterior tibial nerve was stimulated at the medial side of the tarsus with

supramaximal electrical stimulation by pulses of 100 psec duration applied at

0.2 Hz for single pulses and at 10 Hz for repetitive stimulation using

subdermal needle electrodes. The ECAP of the lumbrical or interosseous

muscles on the plantar surface of the hind foot were recorded with subdermal

electrodes and a Tracor Northern EMG 3601. Nominal parameters for data

acquisition were 500 data points, acquisition time 10 ms, low filter 0.5 Hz,

and high filter 3,000 HZ. Temperature was maintained using radiant heat and

monitored with a thermistor applied to the ventral surface of the thigh. The

amplitude of the ECAP was determined from the maximum negative deflection

relative to the isoelectric line. Amplitudes for repetitive stimulation were

determined in the same manner and decrements calculated from the ratio of the

fourth ECAP to the first ECAP.

Three treatment groups, each consisting of 4 rats, were administered iv

injections of 0.1 to 0.5 ml of normal saline containing 50, 100, 200, or

800 pg of (÷)anatoxin-a hydrochloride/kg body weight. A control group of 4

rats was administered 0.2 ml of normal saline.

The ECAP was measured until recovery of at l2ast 75% of the pretoxin ECAP

amplitude. The following values relating to the time profile of blockade were

measured: a) onset time, the time from Injection to maximum reduction of the

ECAP; b) duration of action, the time from injection of anatoxin-a to 75%
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recovery of the predose ECAP; and c) the maximum depression, of the ECAP

observed. For repetitive stimulation, the maximum decrement and the duration

of a decrement > 15% were determined.

Subsequent to arcsin transformation (Winer, 1971), the statistical

significance of differences between groups for percent depression and percent

decrement were evaluated separately using multivariate analysis of ,ariance

followed by linear contrasts. After square root transformation to achieve

homogeneous variances (Winer, 1971), the durations of action for (÷)anatoxin-a

I hydrochloride induced depression and decrement of the ECAP were compared using

i one-way analysis of variance and Tukey's HSD test. Due to sample sizes and

consideration of power, a significance level of a < 0.1 was chosen for these

comparisons; wit', one exception (Table 1) comcarisons actually had P < 0.05.

The ED5 0 for depression of the ECAP was estimated using the trimmed logit

I method (Sanathanan et a., 1987).

Nerve conduction velocity, ECAP latency, and duration measurements.

Anesthesia and data acquisition parameters were the same as those described

above for dose response and duration of action measurements. To measure motor

nerve conduction velocity, a proximal stimulating cathode electrode was placed

near the sciatic nerve and a distal stimulating cathode electrode was used on

the posterior tibial rerve at the medial side of the ankle. Maximum motor

nerve conduction velocity was calculated by taking the distance between the 2

:timulating sites and dividing by the difference In the latency times.

Two treatment groups, each consisting of 4 rats, were administered iv

either 0.2 ml of normal saline or approximately 0.2 ml of normal saline

containing 100 pg of (+)anatoxin-a hydrochloride/kg body weight. The latency,

duration, and depression of the ECAP, as well as nerve conduction velocity

I
lI
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were determined for a period of 15 minutes following injection of saline or

saline with toxin. Each data point consisted of the average of 3 measurements

for each animal taken at 1-minute intervals. The 15-minute time period

peymitted maximal changes in these parameters to occur. Max,.um motor nerve

conduction velocities (m/sec) were compared using univariate repeated measures

analysis. For repeated measures analysis of percent change in latency, the

RTl rank transformation (Conover and Iman, 1981) was used to remove

heterogeneity due to values at 2 time points for I treated animal being more

than an order of magnitude larger than any other value in either group. Due

to sample size and consideration of power, a significance level of a - 0.1 was

used for these comparisons.

RESULTS

LDso Determination

Percent deaths observed for tne (+)anatoxin-a hydrochloride and racemic

anatoxin-a hydrochloride treatment groups plotted against dose are shown in

Figure 1. The LD50s (95% confidence limits) for (.)anatoxin-a hydrochloride

and racemic anatoxin-a hydrochloride were 386 pg/kg (365. 408 pg/kg) and 913

pg/kg (846, 985 pg/kg). respectively. No deaths or clinical signs were

observed in mice dosed with (-)anatoxin-a hydrochloride at up to 73 mg/kg.

Dose Response and Duration of Effect

A typical response of the ECAP following administration of (+)anatoxim-a

at 100 pg/kg is shown in Figure 2. The amplitude of the ECAP decreased

rapidly and the negative component of the action potential increased in

duration in response to (,)anatoxin-a. There was a gradual return toward a

normal amplitude and shape of the action potential. The Mnean responses for

depression of the ECAP following single stimulations from doses of
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(÷)anatoxin-a hydrochloride at 0, 50, 100, and 200 pg/kg are shown in

Figure 3. The individual responses of the ECAP in 4 rats administered S00

pg/kg (+)anatoxin-a hydrochloride are presented in Figure 4. The time

I corresponding to the final measurement represents the survival time in this

group of animals. The survival times, defined as time between dosing and

cessation of heart beat despite continuous ventilation, were 135, 150, 150,

and 225 minutes.

The maximum depression, onset time for maximum depression, and duration of

Ieffect for each dose of k.)anatoxin-a hydrochloride are presented in Table 1.

i Significant differences for maximum depression were observed at each dose of

(*)anatoxin-a h/drochloride. The ED5 0 for depression of the ECAP was 47 pg/kg

(95% confidence limits of 39 and 57 pg/kg). A significant difference for

duration of effect existed among the 50 pg/kg, 100 pg/kg. and control groups

I out not between the 100 pg/kg and 200 pg/kg treatment groups. Animals

administered 800 pg/kg (+)anatoxin-a did not recover 757. of the predose ECAP

I amplitude.

The decrease in amplitude of the ECAP following repetitive stimulation in

a rat dosed with (÷)anatoxin-a at 100 pg/kg is shown in Figure 5. The mean

decrements of the fourth ECAP as a function of time following repetitive

stimulation for groups of 4 animals dosed with (+)anatoxin-a hydrochloride at

0. 50. 100, or 200 pg/kg are depicted in Figure 6. The maximum decrements and

durations of a decrement of > 15% at each dose are listed in Table 2.

Latency and Duration of the ECAP and Nerve Conduction Velocity

"The ranges of the mean percent changes In latency of the ECAP were 0.1 to

3.1 for the control group and 1.7 to 11.8 for the (#)anatc4in-a (100 pg/kg)

I treatment group. No significant changes in latency of the ECAP were observed.

I
I
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The mean percent changes for amplitude and duration of the ECAP wwith

respect to time are shown in Figure 7. There was no change observed n either

parameter following adminiszration of normal saline. After (t)anatoxin-a

aaministration, the mean (SDO values for maximum depression in the amplitude

of the ECAP and time to maximum depression were 85 (7) percent and 8.5 (1.4)

minutes. The mean (SD) maximum percent increase in the duration cf the

negative component of the action potential was 87 (39).

Mean nerve conduction velocity values with respect to time for the 2

treatment groups are presented in Figure 8. Mean predose values of nerve

condiction velocities (SD) for the control and (+)anatoxin-a groups were 43

(0.2) and 40 (3.5) mls, respectively. No significant differences in nerve

conduction velocities were observed between the treatment and control groups

either before or after treatment.

DISCUSSION

Evaluations of agonist potency using contracture of frog rectus abdomi;,is

in vitro have previously indicated that (÷)anatoxin-a was 2.5 and 15C f 1-s

more potent than racemic anatoxin-a and (-)anatoxin-a, respecti'.ely' (Swanso

et al., 1985; Spivak et al.. 1983). If the lethal action of ara-oxin-,i in

mammals is mediated via neuromuscular blockade In skeletal muscles, ;imilar

ratios of the LD 0os for the various forms of anatoxin-a Should be .,;1ected.

Our LO50 values indicate that, in mice, (*)anatoxin-a was 2.4 (957. confidence

limit, if 2.1 and 2.7) and at least 180 times as potent as racemic and

(-)anatoxin-a, respectively. The approkimately 2-fold difference between

(+)aratoxin-a and racemic anatoxin-a and the inability to produce death with

(-)anatoxIn-a suggest tnat (-)anatoxin-a has minimal effect, either as an

alonist or antagonist, at the lethal site(s) of action.
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Electrcmyograpny h3s been ShOwn -o correlate with :ension measurements of

3 muscle contraction f~r assessment of neuromuscular blockade (7alvey, 1984) anj

presents technical advantages (" Ver tension measureoen•-s For example,

electromyograph? oces not necesýitate oerfect aligrmert or constant tension

3 for accurate measurements. Adaitionally, electromyograpny can provide insignt

into the electrica1 events occurring in muscle rot available from force

3 measurements. The precision ottained with this technique for anatoxin-a has

proven sufficient to estaclish dose response relationships that can be used

I for future comparisos of ressonses following various therapeutic agents or

1 protocols.

A percentage of postsjnapti. acetylcholine receptors must be blocked

I before there is a decrease in function of a muscle, and this percentage is

referred to as the "'argin of safety for neuromuscular transmission" (Paton

and wau:. 1967). The margin of safety will vary with the muscle and species

5 involved but is tyoically greater than 707 (Paton and Waud. 1967, Waud and

a:d. 1972). The a'aWragm nas been shown to have a greater margin of safety

than other skeletal muscles both in vivo and in vitro (Paton and Waud, 1967:

Waud and Waud, 1972. Taylor et al] , 9t4, LU. 1970). The decreased potency

3 for para!ysis of the diapnragm ha. been termeo the "respiratory sparing

eftect." This increased res.itance ýf the diaphragm to neuromuscular blocKade

dýctates that a greaer cancentraticn :f neuromvucular blocking agent must be

present at *hl; si!te to experience a given degree of parilysis when comoared

t, ý'-r r skeletil nucles Ratios (-f the ED50, for oaral/ssi O( L pericheral

3 musc'le, to the LD1c of neuromuscular blocking agents have been used as ind~ces

of their respiracgrf sar'ng effect These ratios depend on the agent.

species, and musCles involved but are typically less than 3 frr neuromuscuiar

I
m
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blocking drugs that are used clinically (Taylor et al., 1964, Lu, 1970).

Comparing the ED5O of 47 pg/kg obtained for neuromuscular blockade of the

plantar muscles of the rat tc the LD5 of 386 vg/kg in mice yields a ratio of

8 for the respiratory sparing effect of (+)anatoxin-a. The higher respiratory

sparing effect may oe a property of anatoxin-a or a result of comparing values

from two species. Neuromuscular blocking agents, especially depolarizing

agents, demonstrate considerable species dependency regarding potency.

Indeed, with regard to both the LDao and the ability of anatoxin-a to produce

neurcmuscular blockade in vitro, there is a 2- to 3-fold difference between

mallard ducks and ring-necked pheasants (Carmichael et al., 1978). Therefore,

LD50 determination of (+)anatoxin-a in the rat would be desirable to assess

more accurately the respiratory sparing effect in this species.

A clear dose dependency for (÷)anatoxin-a induced maximum depression of

the ECAP Is demonstrated in Figure I and Table $. The onset time for maximum

Ceoresslon appeared to be shorter with larger doses as evidenced by the values

of 8.5 minutes (Figure 7) and between I to S minutes (Table 1) observed for

100 pg/kg and 800 pg/kg, respectively. A more critical comparison of onset

times was not possible due to the 4-minute interval between measurements in

the 800 pg/kg trial.

There is little published information on dose response and pharmacodynamic

aspects of the effects of neuromuscular blocking agents in the rat, making

comparisons with anatomin-a difficult. It has been shown for pancuronium, one

of the most potent neuromuscular blocking agents used medically, that doses

required to produce a 901. neuromuscular blockade In perioheral muscle are:

30 Vq/kg in the cat& 17 ujg/kg In the dog: 36 pg/kg In man; and 73 ig/kg In the

pig (Maclagan, 1976). The lv dose of (-)anatoxin-a prcduclng a similar degree
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of blockaJe in the rat is between 1CO to 200 wg/kg. Tubocurarine possesses

one of the longest durations of action for commonnly used neuromuscular

blocking agents. The intervals from injection of doses of tubocurarine

I produc'ng • 90'. -1,,rmi-rular blocKade to 51r: recovery ;n several species

were: 20 minutes in the cat; 20 to 40 minutes in the dog; and 35 minutes in

man (Maclagan, 1976). Intravenous aoses of (÷)anatoxin-a producing a similar

blockade required approximately 80 to 90 minutes for 757. recovery in the rat.

The return of neuromuscular function following iv doses of anatoxin-a at

1 200 pg/kg or less in the rat is in sharp contrast to the response observed

3 following po administration in a 6-week-old calf in which spontaneous

respiration did not occur, although the animal was supported for 30 hours

3 (Carmichael et al., 1975; Carmichael et al., 1977).

If one mechanism accounted for both the depression of the ECAP from single

I stimulation and the decrement of the ECAP following repetitlve stimulation, a

correlation between the degree of depression and decrement would be expected.

Such a correlation was not observed for anatoxin-a. Cepression of the ECAP

3 followed a well-defined dose dependency, whereas the decrement demonstrated an

all or none response. Also, the amplitude of the ECAP after a single stimulus

Swas reduced oy S0O at doses of anatoxin-a insufficient to produce a decrement

after repetltive stimulation.

Amplitude of the ECAP after a s'ngle stimulus and decrement of the ECAP

3 following repetitive stimulation are modified electrophysiologic counterparts

of peak tetanic tension and tetanic fade. respecttiely The sensitivity of

peak tetanic tension relative to tetanic fade differs for d-tubocurarine,

pancuronlum, and heramethonium (Galvinovic, 1979). These results In

I conjunction with measurements of miniature endplate potentials and endplate

U
I
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potentials (Gibbs and Marshall, 1984; Galindo, 1971), posttetanic repetitive

activity (Standaert, 1964; Riker et al., 1957; Baker et al., 1986). and

quantification of evoked release of acetylcholine (Vizi et al., 1987) support

the existence of presynaptic sites of action for nicotinic antagonists.

Decrease of peak tetanic tension is considered to result from occupancy of

postjunctional acetyIcholine receptors by an antagonist (Paton and Waud, 1967;

Bowman, 1980). Tetanic fade is believed to occur from either a presynaptic

action on the nerve, which decreases the amount of transmitter released (Gibbs

dnd Marshall, 1984, Galindo, 1971; Standaert, 1964; Vizi et al., 1987; Bowman,

1980), or an additional frequency-dependent postsynaptic event. Proposed

mechanisms for a presynaptic action that decreases the release of transmitter

include: I) membrane stabilization, 2) interference with metabolic turnover

or mobilization of acetylcholine, and 3) prevention of positive feedback on

the motor nerve terminal by acetylcholine. Molecules acting as i)n channel

conductance modulators through direct interaction with open ion channels

present a possible postsynaptic mechanism for a frequency dependent failure of

neuromuscular transmission (Gibbs and Marshall, 1984; Bowman, 1980; Colquhoun

et al., 1979; Oreyer. 1982). Because the interaction is dependent on the

channels being in the open state, this type of action will be modulated by

processes affecting the population of open channels such as repetitive

stimulation. Such an Interaction with open ion channels has not been observed

for anatoxin-a (Aronston and Witkop, 1981; Spivak et al., 1980). Therefore,

the results obtained mere jupport the presence of a presynaptic site of action

in addition to the nicotinic agonist activity of anatoxin-a on postjunctional

receptors. This conclusion was corroborated by tne observation that

(+)anatoxIn-a produced a concentration dependent decrease in the quantal
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content of endplate potnetials of frog sartorius muscle evoked from nerve

3 stimulatic-i at 5, 10, and 20 Hz in vitro (Biggs and Oryden, 1977). The

mechanism procucing the decrement is important when considering a natural

I toxicosis due to tne fact that units in normal muscle can fire at rates of 20

I to 50 Hz (Zaimis, 1976).

Of the 4 animals administered 800 pg/kg. none had 757. return of the

3 amplitude and all animals died within 4 hours of toxin administration despite

continuous mechanical support of respiration. All 4 animals dosed at

1 800 pg/kg seemed to show a trend of partial return of the ECAP until

3 deterioration occurred just prior to death. Although in 3 animals, return of

the ECAP was never greater than 5., it is notable that one animal temoorarily

experienced a return of approximately 60%, an amount typically sufficient for

voluntary respiration. Observations of mice injected ip with (,)anatoxin-a at

I doses of 350 to 450 pg/kg not provided respiratory support (during the LD50

determination) demonstrated an acute onset of clinical signs with death

occurring within 15 minutes of toxin administration. Mice surviving the first

3 15 minutes recovered. The results obtained here suggest that sufficiently

high doses of (.)anatoxin-a can be lethal through at least 2 apparently

I different mechanisms. The fIrst and more sensitive could result from a

rapidly developed npuromuscular blockade, i.e., respiratory paralysis, and a

second, unrelated to respiration, developing over several hours. T~ierefore .

3 with sufficient exposure to anatoxin-a. therapeuti: measures in addition to

respiratory support and detoxificition are likely to be required.

3 Anatoxin-a decreases the rate of rise, amplitude, and overshoot and

prolongs the decay time of the ECAP. The decrease in amplitude of the ECAP,

I at least In part. results from failure of Individual muscle tibers to generate

I
I
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an action potential. The increased duration of the ECAP may result from a

direct action on individual fibers before complete neuromuscular blockade

and/or a desynchronization in latency of the single cell action potentials

producing a temporal expansion of the ECAP.

Differential slowing of conduction velocities in motor neurons of a nerve

could expand the range of latencies observed. Although not unequivocal, this

appears unlikely considering the absence of either a decrease in the maximal

motor nerve conduction velocity or an increase in the latency of muscle fibers

innervated by the fastest conducting neurons. Similarly, if the variation in

time interval between action potentials of fibers within the same motor unit

(termed "jitter") increased due to variations in synaptic delay as observed

for d-tubocurarine (Ekstedt and Stalberg, 1969), a desynchronizatlon of the

individual action potentials would result. An increase in jitter is suggested

by the larger variation in values of latency and maximal nerve conduction

velocity observed for the (.)anatoxin-a treated rats compared to controls.

Because of the composite nature of the ECAP, either of the above processes

could contribute to the observed increase in duration.

A third explanation could Involve processes on the rell-jlar level which

might alter the shape of the Individual action potentials. This would

represent an effect of anatoxin-a on the muscle cell other than complete

blockade of neuromuscular transmission. Evidence that such changes at least

contribute to tle effects of anatoxin-a on the ECAP can be derived from

results obtained using single-cell preparations in vitro. Qualitatively the

changes observed for single-cell preparations produced by carbachol in vitro

(Nastuk. 1971) and (O)anatoxin-a in vitro (Spivak et al., 1980) were Identical

to those reported here for the ECAP after anatoxin-a idministration In vivo.
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Therefore, mechanisms producing a change in the individual action potentials

3 of muscle cel Is may independently account for the anatoxin-a induced

alterations of tre ECAP.

In summary, eleczromyogracny can be used to quantify the cegree of

neuromuscular blockade produced by anatoxin-a in vivo with adequate precision

to enable evaluation of therapeutic agents and protocols. Results obtained

3 from our repetitive stimulation investigations support earlier reports from

studies in vitro which suggested a physiologically significant presynaptic

3 site of action for anatoxin-a. Exposures to anatoxin-a producing a blockade

of up to 95. of neuromuscular transmission were reversible with mechanical

support of re)spiration. However, sufficiently high exposures to anatoxin-a

3 appear to be lethal throughi at least 2 apparently different, but

dose-dependent, mecnanisms so that at higher doses therapeutic measures in

3 addition to respiratory support are likely to be required.

I
I
I
I
i
I
I
U
I
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Table I. Maximum depression, onset time for maximum depression, and duration

of action for depression of the ECAP from (+)anatoxin-a.a

(*)Anatoxin-a Maximum ,epression Onset time Duration of effect

(ug/kg) (7' (min) (min)

0 3 + 4 (A)b -- --

50 53 + 15 (B) 10 31 + 11 (A)

100 82 + 7 (C) 10 80 + 24 (B)c

200 95 + 2 (0) 10 93 + 48 (B)

800 100 + 1 (E) < 5 --

aValues are means = SD.
bValues with different letters are significantly different (P actual < 0.05).
cpactual - 0.065.



i - 143-

Table 2. Maximum decrement and duration of > 15-. decrement of the fourth

ECAP from (+)anatoxin-a following repetitive stiiulation.a

M()Anatoxin-a Yaximum cecrement of 2uration of > 15¾

(pIikq) the ECAP (%) decrement (min)

0 6 + 5 (A)b

50 13 + 22 (A) 4 + 7 (A)

100 46 + 18 (B) 24 + 14 (B)

200 59 + 8 (B) 69 + 27 (C)I
aValues are mean i SD.
bValues with different letters are significantly different (Pactual < 0.05).

I
I
I
I
I
I
I
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I
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Figure 1. Percent deaths observed following ip administration of either

(+)anatoxin-a (*; g',en at 350, 365, 385, 400, or 450 pg/kg BW) or

racemic anatoxin-a (A; given at 800, 850, 950, 1,000, or 1,050

pgikg 8W). Each dose was given to a group of 6 male Baib C mice.

The fraction of dosed animals that died (pe-cent dead) is plotted

against dose (log scale).
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. Figure 2. Evoked compound action potentials in a rat predose (a), and at

>3I 1 minute (b), 10 minutes (c), 60 minutes (d), and 120 minutes (e)

after IV administration of (i)anatoxin-a hydrochloride at

S100 pg/kg.
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Figure 3. Mean responses for the depression in amplitude of the evoked

compound muscle action potential as a function of time following

IV administration of (+)anatoxin-a hydrochloride (N = 4).
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Figure 4. Percent depression of the evoked compound muscle action -,.-2ntials

in 4 animals as a function 3f time following iv administration of

(+)anatoxin-a hydrochloride at 800 pg/kg body wei,,",'. Survival

times are indicated bv tne time of the final measurement (before

death).
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Figure 5. Evcked commound iuscle action potentials in a rat resulting from

repetitive sl.`mularions appl ed at 10 .z (A) before anc (3) 10

minutes after i+ armiinistration of (+)anatoxin-a hydroc 1 ri-e at

A
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Figure 6. Mean rescorses for the decrement of the fourth evoked cormCcund

iustle action -oten*ial relative to tne f-.:- a:icn - otenlia' in

a !:rain of .4 re;e t ive stimulations at 1 -z as a function of
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Figure 7. Mean percent changes (and their SD: which are shown when larger

tnan the symbol size) in amplitude and duration of the evoked

ccmoo,ind action potential following IV administration of normal

saline, or (+)anatoxin-a at 100 pg/kg (N - 4).
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Figure 8. Mean motor nerve conduction velocities (and their SD: which are

shown vhen ldrger than s.TCol size) in rats admrnistered iv normal

saline or (i)anatoxin-a at V.0 1 g/kj.
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