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PRELIMNINARY STUDIES WITH ANATOXIN-A
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Flow diagram for and clean up of "semipurified™ anatoxin-c .
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ANALYTICAL INVESTIGATIONS WITH CYANOBACTERIAL TOXINS

Andrev M, Dghlea
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I1X. Puture Analytical Research and Priorities

Introductory analytical investigations with three toxins from blue-green
algae vere designed to providc~preliéinaty information into toxin
purification, stability and chemical properties. In additiom to basic
chemical investigations with the cyclic peptide hepatotcxins, studies were
initiated t~ determine the structure toxicity relationships of saveral

soietiesr contained in the peptide toxins.
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I.A. CYCLIC PEPTIDE HEPATOTOXINS FROM BLUE-GREEN ALGAE

Andrew M. Dahiem, Ken-ichi Harada, Wayne W. Carmichael, Val R. Beasley
Iptroduction

Toxic blooms of cyanobacteria are a cosmopolitan characteristic
feature of many nutrient-filled fresh and brackish waters. Two genera,
Microcwstis and Nodularia, which have produced naturally occurring
peptide hepatotoxin containing blooms, are being studied, and their
toxins have been isolated and purified. The principal species under
investigation, Microcystis aeruginosa, has been frequently cited in
animal poisoning incidents and the toxin of interest from this species is
a low molecular weight (994 daltons), peptide hepatotoxin with a
relatively high toxicity (LDSO:3S-SO ug/kg IP mouse). The other
hepatotoxin producing cyanophyte being studied is Nodularia spumigena.
This algae was collected by the research group of M. H. G. Munro from a
toxic bloom in Christchurch, New Zealand and the toxic principle is under
structural investigation by the spectroscopy group of Dr. Kenneth
Rinehart with Dr. Ken-Ichi Harada in the Department of Chemistry at the
University of Illinois. It too is & low molecular weight toxin of higl
toxicity (LDSO:SO-BO ug/kg IP mouse) and has many structural
similarities to the toxin from Microcystis aeruginosa.

Isolation and purification methods for the cyclic peptide toxins as
vell as development of methods to assess the purity of toxin supplied are
clearly essential prior to toxicology studies to assess such parameters
as minimal lethal dose (MLD), no effect dcse (NED), LDSO’ and
pathophysiologic functions. These algae toxins display very steep

dose/effect curves between a dose which will not cause death, and

potentially lethal doses. For these reasons the integrity of toxin must
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ba precisely known so that toxicology studies can be valid and
repeatable.

Microcystin (Cyanoginosin-LR, torin-LR, toxin BE-2) is & potent

peptide hepatotoxin produced by the blue-green algae Microcystis

Aeruginoss. Several methods have been developed for the isolation and
purification of this and closely related toxins (1~3) but all methods to
date rely on purity evaluation based on HPLC with UV absorption. The
extraction procedure developed in Dr. Carmichael”s Laboratory has been

E used to produce large amounts of toxin of relatively bigh purity, however
non-UV-absorbing impurities have been occssionally observed in material
purified by this method. In order to develop dose/response data on this
potent toxin, and to establish the purity of material to be tested,
additional methods of separation and detection are required.

In order to standardize toxin material and to describe other
compounds which occur as contaminants of toxin, a thin layer
chromatography (TLC) method wvas developed. Initial evaluations of toxin
‘ material has revealed contaminants which were not detectable by higﬁ
i performance liquid chromatography (HFLC) with U.V. detection alone. The
‘ goal of this study was to develop a TLC method utilizing two detection
reagents including iodine vapor followed by sulfuric acid to determine
contaminants which are not detectable by U.V. absorbence alonme.
Subsequently, these alternate methods of toxin separation and detection
in addition to the standard nethoé of H?icrvith Uv detection were used to
ﬁ ensure the purity and integrity of toxin used in animal toxicity testing.
* MATERIALS METHODS
Organisms

The microcystins from two different strains of Microcystis

a0ruginoss, extracted by two different methods, were evaluated. One of
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the Microcystis strains was grown in the laboratory of coinvestigator Dr.
Wayne Carmichael and was designated as strain 7820. The othgr
Microcystis cell material was from a surface bloom collected from a farm
pond in Monroe, Wisconsin and is designated as the Monroe strain. Cells
from both strains of Microcystis were lyophilized prior to toxin
extraction.

The procedure used for .oxin extraction of the 7820 strain (Fig. 1)
wvas developed in the laboratery of coinvestigator Dr. Wayne Carmichael as
a modification of the Siegelman method and is described by Krishnamurthy
et al. (4).

The procedure used for toxin extraction of the Monroe strain is
shown in Figure 2.

Ihin Layer Chromstography

Microcystin which was extracted from algae cells and evaluated to be
of greater than 902 purity by HPLC with U.V. detection was dried by
lyophilization or under a nitrogen stresm prior to purity acalysis.
Sufficient HPLC grade methanol was then used to dissolve toxin to give a
final concentration of 5 ug/ul. Samples were applied to the high
perforsance silica TLC plate vith glass microcaps in amounts of 5, 10,
and 25 ug and application was verified by observation under short wave
U.V. prior to development (toxin absorbs short wave UV). The TLC plates
vere placed in pre—equilibrated TLC chambers and the solvent path was 13
cm.

TLC ile Phas )

a) System ] - Ethyl acetate-isopropyl alcohol-water (4:3:7). This

system forms two phases and the top (organic) layer was used

for TLC geparation.
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b) System 2 - Chloroformmethan:l-water (65:35:10). This solvent
system also forms two layers and in this case the lower
(organic) layer is used for TLC separation.
Detection
The developed TLC plates was heated at 105°C for 5 minutes to
evaporate remaining solvents. The plate is visualized under short wave
U.V. light (since the toxin absorbs in this wave length range) and the
U.V. absorbing eluted components of the "toxin" were marked with pencil
on the silica surface. The plate vas then placed in a chamber with
iodine vapor and, after 5 minutes, the positions of the toxin and
impurities vere evaluated. The iodine was driven‘fron the TLC plate by
beacing at 105°C for 5-10 minutes. The TLC plate was then sprayed with
30z 8,80, in methanol and heated for 10 minutes at 105°C, The
locations of toxin (r.f. 0.25) and impurities were determined by
observation of the TLC plate under long wave U.V. light.
Purity Evsluation
The purity of the toxin was subjectively evaluated by observing the
relative concentration of the toxin with respect to impurities at each of
the coucentrations applied to the TLC plate.
RESULTS AND DISCUSSION
The method eliminates costly and.tine consuming gel filtration steps
(developed for purification of the Monroe strain) snd reduces toxin extraction
time by eliminating the time necessary to evaporate large volumes of water.
It has been used to produce only small quantities of purified toxin but has
the advantage of isolating the toxin in organic solvents which can be directly
applied to silica gel TLC plates to test toxin purity.

U.V. detection is a vsluable tool which cen be used in evaluating the

coacentration and purity of compounds under investigation. U.V. detection
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alone, however, does not detect scme compounds which can occur as contaminants
of purified toxirc waterial and, for this reason, other methods of detection
and analysis vere developed. Purified toxin which appeared greater than 95X
pure by HFLC with UV detection alone ;as shown to contain up to 202
contamination when examined by TLC methods.

The T.C method described offers a normal phase separation method and two
spray resgents vhich serve as detectors in addition to the U.V. detectiom used
in reverse phase toxin purification. This additional TLC method has proven
valuable for the description of toxin material.

I.B. STABILITY EVALUATION OF MICROCYSTIN IN AQUECUS SOLUTION

Andrev M. Dahlem, Val R, Zdeasley

i nd d

Stability of purified toxin material wvas investigated concurrently
with toxin purification methods. Purified toxin was dissolved in aqueous
solution and periodically evalu ted to determine the fate of the toxin
material. Toxin stability was assessed by couparing the HPLC
chromatograms of a freshly prepared toxin standard solution with those of
stored toxin solutions under the conditions of freeze/thaw,
refrigerate/warm or comstant roum temperature storage.

Results

Toxin degradation under any examined condition does not appear to be
a problem except under extreme conditions of repeated freeze/thav or
greater than 1 week at room temperature.
I.C. PRODUCTION OF RADIOLABELLEL MICROCYSTIN TOXIN
Andrew M. Dahlem, Ken-Ichi Harada, Wayne W, Carmichael, Val R, Beasley
Introduction

Problems associated with the detection of toxin material with U.V,

absorption car be minimized with the use of radiolabelled toxim in
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anslytical methods development. The radiolsbel will subsequently
facilitaée pharsnacokinetic studies assessing absorption, distribution,
metabolism and excretion by providing an easily detectable isotopic label
vhich should remain a part of & metabolixed toxin. This label will
provide s detectable marker even if the toxin becomes structurally
altered or protein bound and theraby difficult to isolate and/or detect
by UV absorption. Two possible methods of labelling the toxin have been
ptelininarily investigated by our research group; biosynthetically,
involving C-14 label, and synthetically, with a tritium label.

Thus far, the production of bicsynthetically labelled toxin has been
proposed by providing C-14 labelled smino acids as rav materials for
growing algae. These labelled precursor amino acids are likely to be
incorporated into the toxin structure. To test this hypothesis, a
culture of Microcystis aeruginogs strain 7820 was provided by Dr.
Carmichael and it is being continuously grown in our laboratories. The
identity of toxic material from this culture was established by -
spectroscopy methods involving Fast Atom Bombardment Mass Spectroscopy
(FAB-MASS), Gas Chromatography (G.C) and mouse bioassay. At this point
ve are ready to begin addition of C~1% labelled precursors to try to
creste labelled materisls.

Production of synthetically labelled toxin was proposed by utilizing
the free alpha-carboxyl moieties present in glutsmic acid and B-methyl
sspartic acid to produce a substitution of 33 for hydrogen in the alpha
carboxyl. Botes (5) utilized a technique to prove isolinkage of these
moieties in the peptide structure which involved a tritium labelling of
C-terminal amino acids. This method was investigated by our research

group to determine its feasibility for producing labelled toxin for

toxicologic investigation.




MATFRIALS AND METHODS

Isotopes

Tritiated wvater was purchased from New England Nuclear Research
Products Company, Boston, MA, US;. The specific activity was 1 uCi/ul.
Solvents and Chemicals

All solvents vere distilled in glass.
1 ic Labelli

The peptide toxin (0.l u mole) was placed in a small test tube and
3320 (5 ul, 5 uCi) and pyridine (10 ul) were added. Acetic anhydride
(10 ul) was then added to the same test tube and the nixture, in a
parafilm-sealed tube, was kept at 0°C for 5 minutes. After ;hin 5
minute period, th§ tube was ﬁo§§d”£o”; roé;ﬁie:perntﬁfé”(iﬁ°0) viﬁer
bath for 15 minutes more. Another volume (20 ul), of pyridine was added,

followed by acetic anhydride (20 ul) and the mixture was again immersed

in su ice vater bath et 0°C for 5 minutes followed by & room
temperature water bath for an additional hour. Another tritiated water
aliquot (5 ul) was then added and the mixture immersed in a room
temperature vater bath for 1 hour to decompose the excess acetic
anhydride. The solution was then evaporated to dryness. Removal of
exchangeable tritium was accomplished by addition of 10Z acetic acid (100
ul) Zollowed by evaporation. This addition of acetic acid followed by
evaporation was then repeated 5 times,
RESULTS AND DISCUSSION
The toxin wvas successfully labelled synthetically by our research group
using tritiated water and purified toxin as precursors. This experiment
utilized the unusual isolinkage of glutamic acid and B-mathyl aspartic acid

which results in a free alpha-carboxyl in each moiety that would otherwise be

iovolved in peptide bonding. This free alpha carboxyl allows tritium
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incorporation by the method of Matsuo (6), which is customarily used to
provide information about the C-terminal amino acid of noncyclic peptides.
Figure 3 shows the synthesis pathway for tritium incorporation and assumes all
reactants except the tritiated water are anhydrous so that as little

extraneous water as possible is available which can interfere with toxin

labelling.

Andrew M. Dahlem, Ken-Ichi Harada, Carl A. Harvis, Stephen B.

Hooser, Kenneth L. Rinehart, Val R. Beasley
Introduction
To begin to determine which factors are responsible for the high
toxicity of algal peptide toxins, we have ccnducted numerous
investigations into the structure/toxicity relationships of functional
moieties of the hepatotoxins. The structure data on Nodylaris toxin

remains incomplete to date, but enough has been established by Dr.

Ken~Ichi Barada and others, here at the University of Illinois, to draw
parallels between this compound and microcystin. Both compounds contain ' -
the unusual tventy carbon Adda group, a dehydro amino acid, and

stereospecific d~ isomer amino acids. The Nodularis toxin has two fewer

amino acid residues than the microcystin ani yet has approximately the

same toxicity.

The first moiety investigated in the peptide hepatotoxin was the
dehydroamino acid. It nas been shown that the bicactivity associated
wvith other naturally occurring peptide molecules is directly related to
the presence of dehydroamino acids. The antibiotics nisin and subtiliin,
produced by bacteria, contain alpha-beta unsaturated amino acids which

are believed to be essential to their antibiotic activity (7). The toxic

agents phomopsins A and B are cyclic hexapeptides produced by the fungus




-10 -

Phomopsis leptostromiformis which contain didehydro amino acids and cause
lupinosis in Australia. One working hypothesis for the biological acticn
of cyclic peptide hepatotoxins contaiuing dehydro amino acids suggests
that the toxins may exert an effe;t on essential sulfhydryl groups by
reacting across the double bond in their alpha, beta unsaturated amino

acids. For these reasous, the role of the dehydroamino acid in the

peptide roxin produced by Nodularia spumigena was investigated.
MATERIALS AND METHODS
Toxin

Purified Nodularia toxin was prepared from algae collected during a
toxic bloom of Nodularia spumigens in Christchurch, New Zealand. Toxin
vas determined to be greater than 95 pure by HPLC and TLC evalustion
before toxicity testing.

Chemicals

All solvents were distilled in éllll. All chemicals vere of
analytical grade.

Toxin Derivative F .

The dihydro derivative of Nodularia toxin was formed by
hydrogenation of the dehydroamino acid contained ii the cyclic peptide.
Toxin material (100 mg) was dissolved in methanol (50 ul) and placed in a
test tube. Excessc sodium borohydride was sdded to the test tube slowly.
The test tube then wis placed at room temperature (23°C) for 24 hours
and the solution continuously stirred. Acetic acid was added (200 ul) to
lower the pH to 4, and eliminate the excess sodium borohydride and

thereby stop the reaction. The reaction mixture vas then evaporacted to

dryness.
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ILC

The reaction product was spotted onm high performauce silica gel TLC
plates. The elution solvent was chloroform-methanol-water (65:35:10).
This mixture forms two phases and' the lower phase (organic) was used. The
toxin derivative was observed under short wave U.V. light and iodirce
vapor used as a detection reagent.

14 54]

EPLC separation of the dehydroamino acid from the reaction products
vas accomplished under reverse phase isocratic conditions with an Altech
C-18 (250 mm x 4.6 mm) column and a mobile phase of 70:30 methanol- .05
percent trifluoracetic acid in water. Detection was by UV absorbence at
254 ma.

Cont . £ s 1 Al X

Mass spectral confirmation of the reaction product was accomplished
with fast atom bombardment mass spectroscopy (FAB MASS) on a ZAB-SE 10 kV
mass spectvometer. The product was imbedded in magic bullet matrix ac’
parent ion of 827 was observed (M + B* + 2 Bydrogen).

Mouge Bioassay

The modified toxin then was tested for its toxicologic potential by
IP injection in mice. In this study 37 adult female balb/c mice were
randomly assigned to one of 11 test groups containing 3 mice or to a
control group of 4 animals (Table 1). Animals were injected
intraperitoneally with a saline vehicle, parent toxin, or dihydro-toxin
dissolved in physiologic saline. Mice dosed with parent toxin received
either 25, 50, 100, 200 or 300 ug/kg of toxin to serve as positive
controls. Mice dosed with the vehicle (physiologic saline) alone wvere

injected with volumes of .25, .50, .75, or 1.0 ml to serve as negative

controls. Mice dosed with the dihydro~derivative of Nodularia toxin
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received 100, 200, 300, 400, 500 or 1,000 ug/kg body weight of material
in less than 1.0 ml of the vehicle.,

Survival times of animals were recorded along with liver and kidmey
and whole body weight. Animals vﬁich survived 24 hours after toxin
edministration were killed by cervical dislocation. Negative control
#aimsls were killed at times within the ctudy where numerous toxia
produced deaths were occurring or after 24 hours when toxin-dosed
survivors were killed. The thoracic and abdominal organs, and the brain
vere examined grossly. Lungs were inflated via intratracheal
instillation of 102 neutral buffered formalin. Selected tissues
including liver and kidney were fixed by immerrion in 10Z neutral
buffered formalin. These tiswues were then routinely processed, embedded
in paraffin, sectioned at 4 to 6 un and stained with hematoxylin and
eosin,

d Djs

This sodium borohydride reaction selectively caused the addition of
tvo hydrogen atoms acroas the double bond of the dehydroamino acid of the
cyclic peptide toxin and vesulted in a product identical to the starting
lnteri;l parent toxin except that the dehydrosmino acid was now saturated
forming the dibhydro~derivative of the toxin. The identity of the
dihydro-derivative vas confirmed by FAB-MASS and found to be equal to the
mass of the parent foxin plus two mass units (from the two hydrogen atoms
added).

The dihydro~derivative of the Nodularia toxin was found to be four
times less toxic than the parent toxin., Survivors of the dihydro
Nodularis toxin showed liver lesions which were grossly and

histologically very different from animals surviving administratiom of

the parent toxin.




All mice given doses of unaltered Nodularia toxin equal to or

b

greater than 100 ug/kg died. Mice given the dihydro-derivative of the
Nodularia toxin did not die until the dose was 500 ug/kg or greater,
Mice which died acutely folloving.exposure in both groups had markedly
enlarged, dark red livers at necropsy. Mice dosed with the
dihydro-derivative toxin and which survived, bad liver lesions unlike
those fouand in the livers of mice dosed with unsitered Nodularis toxin.
On gross examination, the outer portion of the livers of the survivors of
the 400 ug/kg dihydrotoxin group vere extremely pale while the innex
portions of the livers were darker than normsl. The livers of mice given
100 ug/kg of the dihydrotoxin were normal in color, but friable.

Microscopically, the hepatic lesions in all mice dying from either
the parent or the dihydrotoxin were characterized by severe, extensive
centrilobular, and midzonal disassociation, degeneration, necrosis, and
cell loss involving all regions except for a rim of periportal
hepatocytes 3 to 6 cells wide. Degenerating and necrotic hepatocytes
were separated by large numbers of extravasated red blood cells. Some of
the periportal hepatocytes appeared normal, whife others showed varying
signs of degeneration. In addition, the livers of mice given the
dihydro-derivative of the Nodularis toxin had extensive subcapsular
hepatocellular necrosis and Lemorrhage in peripheral areas that grossly
vere pale.

Rensl cortical tubules wvere mildly dilated and contsined moderate
smounts of eosinophilic to basophilic granular material. Many

capillaries in the lung contained abundant, eosinophilic, finely granular

to globular material. No effect of vehicle administration was obuched

in negative control animals.
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From this experiment it appears that the double bond in the

dehydroamino acid of Nodulsrji toxin plays a significant role in the

toxic action of the Nodulacia toxin. Saturation of the dehydroamino acid

resulted in a shift of the nortaiity curve to the right as well as a
change in the lesion observed. It is, however, important to note that
while the toxicity obviously decreases after hydrogenation, the material
still remains a potent toxin with & LD., betveen 400-500 ug/kg.
FORMATION AND ASSESSMENT OF BEXAHYDRO NODULARIA TOXIR

The next structure/toxicity experiment was performed to assess the
toxicologic significance of the ADDA group, already mentiored to be
coneisten> in cyclic peptide cyanobacterial toxins.
Materisls and Metbods

Nodularis toxin was reduced with hydrogen gas and s palladium
catalyst. This reaction causes :the addition of six total hydrogens to
the Nodularis toxin structure and saturates both the dehydroamino ecid
and the double bonds of the hydrophobic tail of the ALDA moiety (Figure
4). Mice vere given the hexahydrotoxin at from 400 to 2,000 ug/kg;
observed for 14 hours and killed by decapitation. Necropsy methods and
tissue processing vere deccribed above.

Results

Intraperitoneal administration of this compound failed to produce
mortality in mice st doses up to 2,000 ug/kg which is the highest
concentration of material tested to date.

The mice dosed with the highest concentration of this compound had
scattered, small, dark red aress distributed on the surface and
throughout the hepatic parenchyma. Microscopic liver lesions, which were
confined to the dark’red aress, vers characterized by savere hepatocyte

disassocistion, degeneration, and necrosis and severe hamorrhage similar

B s ALY
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to that described for the unaltered and dihydro—derivi:ive of Nodularia
toxin.
Discussion

In addition to the double bénd of the debydroamino acid, the ADDA
group must play s key role in toxic action of the Nodularia toxin.
Saturation of reactive sites on the ADDA group decreases the toxicity of
the Nodularisa toxin and changes the lesion observed pathologically.
Additional experiments are planned which will continue to assess
structure~toxicity relationships in both the Nodularia toxin and

microcystin.

NEJROTOXINS FROM BLUR-GREEN ALGAF

u Studi e Puri S ili d P
Apatoxin-s(s)
Andrev M. Dahlem, Ken-Ichi Harada, Nik A. Mahmood, Wayne W. Carmichael
Val R. Beasley
Introduction

The cyanobacteria Anabaena flos~aquae produces potent neurotoxircs
both in nature and in laboratory culture. One toxin produced by Ansbaena
is called anatoxin-a(s) and it has been demonstrated to tightly bind and
to inhibit cholinesterase. Anatoxin-a(s) remains structurally
uncharacterized to date and exerts its toxic effects by only partially
vnderstood mechanisas.

Purification of this toxin has been difficult due to the chemical
nature of this compouni. The toxin is extremely polar, being charged at

biological pH and has negligible UV absorption. Anstoxin-a(s) shows

limited solubility in polar orgaric solvents and instability has been

Y .
hY
reportad in several organic solvents by coinvestigators at Wright State sﬁ
University. 8Since comparatively little was known about the chemical ﬁﬁ
ot
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properties of this compound, and in order to document toxin purity,

alternate methods of detection and purification, as well as stability

assessment have been under investigation in our laboratory.

Materials snd Methods
Ihin Laver Chromatography (TLC)

High performance silica gel TLC plates with fluorescent
indicator (UV254) were used. Anatoxin-a(us) which was extracted from
algae cells and vas evaluated to be greater tham 90Z pure by HPLC
with U.V. detection prior to anslysis. Samples were applied to high
performance TLC plates with gless microcapillary tubes in
conceqtrations ranging from 0.1 to 25 ug. The plates were placed in
preequilibrated TLC chambers and the retention of resulting material
was observed. A TLC mobile phase of chloroform—methanol-
concentrated ammonium hydroxide (30:30:4) was found to provide
intermediate retention for compounds present in the purified toxin.

ts c i
; All solvents were HPLC grade and all chemicals were ACS grade.

Degection

The developed TLC plates were observed Qith gshort wave U.V,
light followed by introduction into a glass chamber containing
resublimed iodine. Resulting spots observed were immediately marked
on TLC plates and the purity of the toxin was subjectively evaluated
by comparing toxin amount as estimated by intensity of the spot
resulting from iodine vapor with the spots from other compounds
present., Methanolic sulfuric acid (302 H,80, in MeOH) was also
used as a spray reagent to visualize non-anatoxin-a(s) contaminants.

With sulfuric acid, plates are preheated at 120°C to drive off

5
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iodine then sprayed with reagent and heated for 5-7 minutes at
120°C then visualized uader long wave U.V. light.

Purified toxin vas extracted by the method of Mahmood (9) prior
to TLC purity evaluation or stability assessment. An alternate
method for toxin extraction was developed in our laboratories to
attempt to provide a normal phase purification scheme of the free
base form of the toxin. In this method lyophilized algae cells (1.0
g) are extracted twice with water (100 ml) for two hours at room
temperature (21°C). The material is centrifuged at 2,000 rpm for
tventy minutes and the supernatant removed. Following the second
vater extraction both supernatants ars combined and evaporated to
dryness in a rotary evsporator. The sample is then transferred tou
an 8.0 ml disposable culture tube with water. Sample is placed on a
pre-conditioned (2 ml MeOH-2ml nzo) C-18 Sep-Pak Cartridge (Waters
Associstes, Milford, MA) and the residue collected. The cartridge
is then rinsed with 4.0 ml of deionized water and this rimse is also
collected (toxin is not retained on C-18). The loading eluate and
rinse are combined and evaporated to dryness and the residue
reconstituted in 30:30:4 (chloroform-sethanol-concentrated ammonium
hydroxide). The extract is then passed through a Pasteur pipet
lined vith glass wool and dry packed with 1 g of flash silica.
Fractions are collected and monitored by the TLC method described
above. PFractions containing toxin are combined snd then evaporated

to dryness on a rotary evaporator.

Resul i Di .

Impurities as well as appsrent hydrolysis products of anatoxin-a(s)

have been separated with the TLC method described (Figure 5). The
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solvent system provides intermediate retention of anatoxin-a(s) and good
separation of toxin from other contaminants present. The detection v
reagents of iodine vapor and methanolic sulfuric acid are sensitive and
detect a side range of compounds thch occur as contaminante in purified
toxin extracts. Iodine vapor has been routinely used to monitor
concentritions of anatoxin-a(s) as low as 0.5 ug and has been the most
sensitive metned for monitoring low levels of toxin developed to date.

The breakdown and detoxification of anatoxin-a(s) has been
correlated with an increase in the concentration of the spot labelled B
in Figure 5. This increase in concentration of spot B as determined by
intensity of the spot following iodine vapor exposure has been observed
under numerous conditions, but most notably after storage in the organic
solvents; methanol, ethyl acetate, and acetonitrile.

Spot A was identified as a principal toxic material by passing the
! purified toxin in TLC mobile phase through a Pasteur pipet lined with
glass wvool and 1 g of flash silica gel. Spot A was isolated from other
compounds present and wvas injected intraperitoneally in female balb-c
mice. 8igns typical of snatoxin-s(s) were observed in mice dosed with
single isolated compound aud death occurred at doses as low as 5 ug/kg..

The alternate method of toxin extraction under investigation and
described here has been used to produce small quantities of purified
toxin. This method is used to extract the toxin in the free base form
and should provide the basis for a normal phase extraction procedure to
provide an alternative to reverse phase toxin extraction. We plan to
continue collaboration in this ares with Dr. Ken-Ichi Harada and his
colleagues at Meijo University in Nagoya, Japan. We hope that gsoon the
cooperation of our three research groups will yicid analytical ;cthodn

for extraction and purification of the Apsbaens neurotoxins on a scale
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sufficient for large scale toxicology testing in animals and structural

elucidation of this potent neurotoxin.

u Studies L Purificati toxin-a From Anabaena
Flos-Aguae Cells
Introduction

Another potent neurotoxin produced by Angbaens flos-aquae is the
depolarizing nicotinic slkaloid anatoxin-a. In addition, methods are
available for complete chemical synthesis (10, 11). Anatoxin 2 has a
strong UV absorption and this method of detection as well as alternate
methods wvere investigated initially to provide a method for description
of toxin material.

Matevials and Methods

Ihin Lgver Chromatography (TLC)

High performance silica gel chromatography plates with
fluorescent indicatuor (UV 254) were used. Anatoxin-a extract was
applied to TLC plates with glass microcapillary tubes. Application
vas monitored by absorption, by the extract, of short wave UV light.
The solvent system which has provided optimum separation of toxin
matarials is ethylacetate-methanol-vater—smmonium hydroxide
(170:20:5:3). With this solvent system, the anatoxin-a can be
separated from many algae biomolecules and detgc;ed wvith
iodoplatinate {platinic chloride) or Dragendorf”s spray reagent.
Many contsminants are separated with the solvent froamt. The toxin
has an rf of 0.3 by this method.

Ioxin Extraction

One gram of lyophilized cell material wvas extracted with 100 ml
of deionized water. The extraction soclution was centrifuged at

2,000 rpm for 10 -inutil and the supernatant removed. The
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supernatant wvas extracted with 3 x 50 ml of ethyl acetate at neutral
pH and the ethyl acetate layers were combined and evaporated. The
residue was reconstituted in 0.5 ml of methanol and to 10 ml with
wvater. The toxin solution ;as passed through preconditiored C-18
cartridges (SEP PAK) and the eluate collected. The cartridge was
rinsed with (9:1) water-methanol (4 ml) acd this extract was
combined with the eluste and eveporated to dryness. The resulting
material was monitored by application of the TLC method described
for anatoxin-a. Toxin purification was accomplished by silica
column chromatography with monitoring of fraction collection by TLC.
Fractions containing toxin only were combined and removed for
further studies. Small quantities of toxin, which ar; aéQﬁoxiﬁ#tely
75% pure by TLC, have been produced by this method. HPLC with UV
detection should provide a valuable tool for final purification.
Results and Discussion
Anatoxin-a is easily detectable by UV absorption or alkaloid
locating TLC spray reagents. To date no purified standard exists for
comparison of toxin containing extracts to pure toxin material. The TLC
wethods here should provide a foundation for normal phase toxin
extraction of anatoxin-a. ‘
III. FUTURE ANALYTICAL RESEARCH AND PRIQRITIES
Our first priority is to continue analytical methods development for the
extraction and purification of algal ueurotoxins in collaboration with
researchers at Wright State University and Meijo University. Algae cells are
being continuously produced in culture at Wright State University and, as soon
ae rapid and efficient cxtrnction methods for algae neurotoxins can be
scquired and utnnéardized. ve hope to use stored cellulur material to rapidly

produce pure neurotoxins in sufficient quantity for large scale toxicologic

studiass.
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Another priority is to continue to investigate structure-toxicity
relationships of the substituent functional moieties of blue-green algae toxin
by subtle synthetic manipulations. Immediate experiments in this area are
expected to continue with the two peptide Lepatotoxins since they can be
purified and produced in sufficient quantities for evaluation at this time.

A third priority is to continue to develop radiolabelled algae toxins
through biosynthetic and synthetic means. These labelled toxins will permit
development of analytical methods for extraction from biological matrices to
corfirm animal exposure. The labelled toxins wiil also be used to
characterize the biological fate of algal toxins in animals.

Other priorities include: the development of screening procedures for

toxic algae other than mouse biocassay and the establishment of methods to

neutralize algae toxins in potable water.
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Pigure 1 Microcystin extraction procedure used in the laboratories of Dr.
Vayne ¥, Carmichael.

1) 1 GM CELLS + 200 ML 5% BUTANOL~-20Z HETEAROL-75% WATER
CENTRIFUGE 100,000 X G -~ 1 HR AT 4 DEG C.
REPEAT 3 TIMES WITH CELL PELLET

2) COMBINE SUPERNATANTS
REDUCE VOLUME TO 500-350 ML BY AIR DRYING

3) SUPERNATANT PASSED TERCUGH ANALYTICHEM BOND ELUTE C-18 COLUMN
EL™TE TOXIC FRACTION WITH 3~5 ML 100Z MEOH
REPEAT PROCESS 3-4 TIMES (3-4 X)

4) DRY COMBTNED METHANOL EXTRACT WITH NITROGEN
DISSOLVE RESIDUE IN 5 ML VATER
PASS THROUGH 3.0 MICRON MILLIPCRE FILTER

S) K-26 PHARMACIA COLUMN (26MM X 80 CM)
WITH 100 GM SEPHADEX G~25
ELUTE IN 5% METHANOL WATER
MONITOR AT 240 NM
TOXIN IS FIRST LARGE PEAK OFF THE COLUMN

6) HPLC-ALTEX C-18 9.4MM X 25CM
0.01 AMMONIUM ACETATE I 26% ACETONITRILE/WATER
FLOW RATE 3 ML/MIK
MONITOR AT 240 NM

7 LYOPHILIZE TOXIC PEAX
' DESALT TOXIN BY HPLC
AS IN STEP 6 ~ USING 267 ACETONITRILE/WATER

8) STORE TOXIN AT -80°C UNTIL USE




Pigure 2 Modified extraction method for microcystin developed at the
University of Illinois and used for Monroe Strain.

1) 1 GM CELLS + 200 ML METHANOL
STIR 1-3 HOURS AT 21°C
CFXTRIFUGE AT 3,000 x G FOR 10 MINUTES
REMOVE SUPERNATANT

2) EVAPORATE SUPERNATANT IN KOTARY EVA20BATOR TO DRINESS
REDISSCLVE RESIDUE IN APPROXIMATELY 10 ML OF HZO

3) RESIDUE PASSEL THROUGH PRECONDITIONED ANALYTICHEM BOND ELUTE C-18 COLUMN
C-18 COLUMN WITH TOXIN RINSED WITH APPROXIMATELY 5 UL OF HZO
ELUTE TOXIN IN 3 ML OF METHANOL
EVAPORATE METHAROLIC TOXIN SOLUTION UNDER NITROGEN STREAM

&) SLURRY PACX SILICA GEL COLUMN WITH GCI3:H30H:1120
65:35:10 (BOTTOM LAYER)
50 GRAMS OF FLASH SILICA IS PACKED INTO 30 CM x 2.55 CM GLASS COLUMN
TOXIN CONTAINING RESIDUE IS DISSOLVED IN COLUMN MOBILE PHASE AND
_ INTRODUCED INTO COLUMN
THA TCXIN IS ELUTED UNDER ISOCRATIC CONDITIONS AND MONITORED BY TLC

5) SILICA COLUMN TOXIN CONTAINING FRACTIONS ARE COMBINED AND THE ORGANIC
SOLVENT EVAPORATED

6) EPLC - C-18 - ALTEX 4.6 MM X 25 CM
METHANOL: ,05Z TRIFLUOROACETIC ACID IN H.0 (70:30)
FLOW RATE = 2,0 ML/MIN, TOXIN ABSORBS T 240 MIN

7) COMBINE FRACTIONS CONTAINIRG TOXIN

8) DESALT WITH KRPTOFIX 221B POLYMER AND KRPTOFIX 222B POLYMER
(E. MERCK, DARMSTADT, FRG)
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Pigure 3 Tritium incorporatiom into free alpha-carboxyl residues
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Figure 4 Locations of hydrogen addition in the hydrophobic tail of the ADDA
moiety.
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TPigure 5 Thin layer chromatography of purified anatoxin-z2(s) material.
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Tsble 1. Comparison of the toxicity of Nodularia toxin with its
hydrogenated derivative.

1 2

Dosage Survival Time Z. Liver Weight Z Kidaey Weight

Nodularia Toxin

Bo. 1 1,630 -ug bob ' 1.1
Bo. 2 1.62‘ -hs 5.4 1.3
Bo. 3 1,623 nin 3.7 1.3
o. 1 1,621 aing 4.2 1.3
No. 2 1,618 minj 4.2 1.4 :
¥o. 3 1,613 mi 4.5 1.2
%o. 1 224 win 7.7 1.3
Ko. 2 127 ain 7.9 1.5
Y. 3 161 min 8.1 1.4
%o. 1 " 63 min 8.7 1.5
¥o. 2 125 min 7.8 1.6
'o. 3 ” -i.n 8.0 1.5
300 ug/kg
%o. 1 89 min 10.2 1.5
'o. 2 “ -in 8.8 1'5
“0 3 100 -in 809 1.6
Coptrol
o. 1 124 min3 5.3 1.4
(1 cc saline)
¥o. 2 93 min® 4.2 1.3 :
(.75 cc saline) Q
o. 3 1,546 min® 5.2 1.6
(.50 cc ssline)
No. 4 175 min’ 4.2 1.4
(.25 cc saline)
D

1. Liver veight expressed as percentage of mouse body weight P
2. Kidney weight expressed as percentage of mouse body weight :
3. EKilled by cervical dislocation
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Table 1, Continued

Dosage Survival Time Z Liver Veightl X Kidney Weightz
Hydrogenated Nodularia Toxip
100 ug/kg 3
Mo. 1 1,553 lin3 4.0 1.2
No. 2 1,556 mi 4.6 1.6
No. 3 1,555 min 4.5 1.0
200 pg/kg 3
EOG 1 1.550 .ma 5‘8 ‘-.2
No. 2 1,553 nin3 4,2 1.1
No. 3 1,549 min 5.4 1.3
300 ug/kg 3
Ko. 1 1,567 nin 6.2 1.5
Mo. 2 1,542 nxn3 5.9 1.4
¥o. 3 1,542 min 5.2 1.4
400 yg/kg 3
Ko. 1 1,545 lin3 6.0 1.2
No. 2 1,540 li.n3 4.5 1.8
Ho. 3 4 1,538 min 6.4 1.3
290 ug/kg
Ro. 1 177 min 8.7 l.
¥o. 2 121 min 8.5 1.7
lo. 3 1‘2 .in 8.0 108
1.000 ug/kg
No. 1 138 win 9.5 1.7
¥o. 2 191 min 9.0 1.5
Ho. 3 141 min 8.9 1.7

1. Liver weight expressed as percentage of mouse body weight
2. Xidney weight expressed as percentage of mouse body weight
3. Killed by cervical dislocation
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PRELIMINARY STUDIES WITH CYAROBACTERIAL NEUROTOXINS
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1. JKIRODUCYION

Preliminary studies during the first year were conducted with two
cyanobacterial (Apabaena flos-aquse) neurotoxins anatoxin-a(s), [antx-z(s)]
and anstoxin-(a) [antx-s]. The majority of the work was performed with
antx~-a(s), a known cholinesterase inhibitor, and was aimed at characterizing
and evaluating the clinical signs associated with this toxin, determining

parameters and end points needed for formal studies, and elucidating the

pathophysiologic mechanisms of this toxin.
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The structure of antx-a(s) to date is still unknown, therefore, whole
blue-green algal cellular material aud algal extracts of increasing purity
have been ased in studies with laboratory animals.

Field cases of anatoxin-a(s), one.involving ducks and the other swine,
vere diagnosed in Illinois during 1986 by the blue-greer algae resesrch team
at the University of Illinois, working in conjunction with Mik Mahmood, Ed
Hyde and the algae research team at Wright State Uaiversity, Daytom, Ohio.

2. PRELIMINARY STUDIES OF ANATOXIN-A(S) WITH MICE

Introduction

Anatoxin-a(s), a known cholinesterase inhibitor, was evaluated for
possible brazin acetlycholinesterase inhibition. The effect of antx-a(s)
on brain cholinecterase activity in mice was compared with that of the
c.rbametes physostigmine and pyridostigmine, and the organophosphate,
paraozon.

Materiais apd Mychods .

Male, 25-35 gram, Balb/c mice (Sprague Dawley, Indianapolis, IN)
vwers housed in air-conditioned quarters on a 10 hour dark, 14 hour light
cycle and were provided feed, Wayne Research Animal Diet, (Rodent Blox,
Bemis Co., Inc., Peoria, IL), and water gd libitum.

Groups of 4-7 mice were dosed intraperitoneally (IP) with antx~a(s),
physostigmine (Antilerium, physostigmine salicylate, 0°Neal, Jones and

Yeldman, Inc., St. Louis, MO), pyridostigmine (Regonsl, pyridostigmine

bromide, Orgsaom Inc., West Orangs, MJ), paraoxon (Sigma Chemical Co.,
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8t. Louis, M), and a control solution comprised of distilled deiomnized

vater containing 1% ethanol. Anatoxin-a(s) produced by the method of

Mahmood and Carmichael was obtained from W.W. Carmicrael (Wright State f
University, Daytonm, OH).1 Anatoxin—n(l) stored ac -20°C prior to l
use, vas brought into solution for deosing with ethanol such that the
final dosing solution contained less than 1X ethanol. Paraoxon was
stored at a concentration of less than 10 millimolar in dry acetone at
-20°C prior to use. The final dosing solution of paraoxon contained

less than 1% acetone. Distilled deionized water was used in diluting all
toxins for dosing. The control solution was administered in volumes equal
to that administer»d with antx-a(s) on & kilogram weight basis. This
volume was the maximum administered on a weight basis with any of the
toxins. Doses are shown in Table 1. Injections were made with 1 ml
tuberculin syringes having a 25 gauge, 5/8" needle.

One group of mice was dosed with each toxin daily from 9-12:00 AM.
Surviving mics were killed at 24 hours by cervical dislocxtion., Five
groups of 4-7 mice wvere dosed with each toxin, a total of 32 mice with
antx~a(s), 35 mice with pyridostigmine, physostigmine and paracxen, and
20 mice with the control solution.

The entire brain of mice dying prior to 24 hours or killed at 24
hours wes removed, weighed, frozen in liquid nitrogen, and stored at
-80°C until analyzed for cholinesterase activity. Brain tissue vas
analyzed for cholinesterase activity by the Modified Ellman Method with
the modification of grinding (Broek Tissue Grinder, Fisher Co., Itasca,
IL) the entire brain in 20 ml of 1% Triton X (Triton X-100, Sigma
Chemical Co., 8t. Louis, HD).2 Cholinesterase activity wvas measured on

a Perkin Elmer Lamda 3 UV/VIS Spectrophotometer (Perkir Elmer, Norwalk,

cr).




Statistical Apalvsi
Statistical analysis of the data is incomplete.
Results

The doses of toxins, nunberl'of mice that died at each dose, and
results of brain cholinesterase determinations are presented in Table 1
and 2. Dzia kas not been statistically analyzed, however, there appeared
to be no remarkable depression in brain choliresterase activity in mice
that died after intraperitoneal injection of antx-~a(s) or the peripheral
acting carbamate pyridostigmine. In comparison, the central/peripheral
acting carbamate, physostigmine, and the orgamophosphate, paraoxon did
cause brain cholinesterase depression in mice that died before 24 hours.
Brain cholinesterase activities in mice dosed vith antx-a(s),
physostigmine or pyridostigmine and killed at 24 hours after injection
did not reveal brain cholinesterace inhibition. In contrast, mice doesed
vith paraoxon and killed ar this time did have depression of brain
cholinesterase activity. Clinical signs observed in mice dosed with
antx-a(s) (Table 3) included the parasympathetic signs of thick
salivation, mucoid lacrimation, urination, and either mucus excretion
' from the rectum or diarrhea. Nicotinic signs included muscle tremors and
fasciculations. The character of respiration changed in antx-a(s) dosed
mice and was characterized by a more pronounced respiratory effort with
an increased abdominal component. Mice appeared cyamotic prior to death.
The animals squinted their eyelids shortly after dosing, but with time
squinting disappeared and was replaced in some mice by bulging of the
eyes. Clinical signs in animals injcc:cd with antx-a(s) persisted longer
than the clinical signs observed in mice given either of the carbamates.

Decreased movement was generally observed in mice until just prior to
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death when clonic seizures occurred. Psnile erection was observed at
death vith the grestest concentrations of antx~a(s) administered.
D .

In mice dying or killed 24 h;utl postdosing with antx-a(s), no
remarksble depression of brain cholinesterase activity was observed,
suggesting that antx-a(s) did not cross the blood brain barrier. In this
regard, antx-a(s) was acting more like the peripheral acting carbamate,
pyridostigmine. However, clinical signs in mice dosed with antx-a(s)
persiated longer than those observed with the carbamates. The time frame
of clinical signs with antx~a(s) was more similar to that observed with
the organophosphate, paraoxon. Clinical signs in antx-a(s) dosed mice
were consistent with that of s chéii;ﬁsé;r;le inhiﬂifor ;nd refiected
stimulation at muscarinic and nicotinic parasympathetic cholinergic

receptors.

b. Prelimipsry Red Blood Cell (RBC) and Plasma Cholinestsrase

Anstoxin-a(s), s demonstrated irreversibls cholinesterase inhibitor
in yitro, was evaluated jip yivo for reversal of cholinesterase inhibition
in -ico.3
Materisls and Methods

Toxin was provided by W. W. Carmichsel, Wright State University,
Dayton, OH. Fourteen Balb/c mice (Barlan Sprague Davley, Indianapolis,
IX) housed and fed as previously described were injected IP with 200 ug
of antx-a(s)/kg body weight (BW). An equivalent volume of distilled

wvater containing 1X ethanol served as & control and was injected IP in 3

aice. Anstoxin-a(s) was mixed into solution with ethanol such that the
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final dosing solution contained less than 12 ethanol. Mice were
decapitated at 30 minutes, 6 hours and 24 hours postinjection. Blood was
collect;d via a funnel into a 1.9 -l‘polypropylene micro centrifuge tube
containing 15 ul sodium heparin. A fifty ul sample of RBCs obtained
after blood was centrifuged at 2,500 BPM for 5 minutes, was lysed with
1.95 ml of 52 Triton X. One hundred ul of this lysate was brought to 10
ml with phosphate plH 8 buffer, and 3 ml of the final solution was
snalyzed for cholinesterase activity by the Modified Ellman Mathod.
Plasma vas analyzed by the Modifided Ellman Method.
Resulss

Results are presented in Table 4. Mice dosed vith antx-a(s) toxin
exhibited diarrhes and urination after injection. At 30 minutes, plasma
and RBC cholinesterase activities were approximstely 27X and 432 of
controi values, respectively. At 24 hours, plasma cholinesterase
activity wvas still onliy 50X of control plasma cholircssterase at 24 hours
vheraas RBC cholinesterase activity bad returned to normal.
Riscussion

Mouse placpa cholinesterase sppeared more sensitive to inhibition by
satx-a(s) than mouse %3C cholinesterase. This pattern of .aolinesterase
inhibition was similar to that observed with organophosphate compounds.

Plasma and RBC cholinesterase in mice dosed with antx-a(s) vere not

rapidly reversible.

Rats vere dosed orally and intraperitoneslly with blue-green algae

_neurotoxins to assess the susceptibility of this species to two Anabseps

£los-aquas neurotoxins snatoxin-a(s) and anatoxin-a, to characterize

clinical esigns by these routes of administration and to evaluate

electroencephalographic alterations [sntx-a(s) omly]l.
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K sl 3 Method

Fischer 344 rats (Sprague Davley, Indianapolis, Indians) weighing
200-350 grams were gavaged via a 7.6 cm stainless steel gavage needle
wich lyophilized Apabaena ﬂwm cells containing antx-a(s) (W.W.
Carmichasel, Wright State University, Dayton, Ohio). Rats were dosed at
0.1, 0.5, 1.0 and 2.0 gm of blue-green algae/kg BW. Algse vas mixed in
distilled water in final dosing volumwes of lass than 4.1 ml,

One Fisher 344 rat wvas gavaged via & 7.6 cm stainless steel gavage
needle with 0.5 gm and 2 gm of antx-s lyophilized blue-green algae
cellular material contairing antx-a (W.W. Carmichael, Wright State
University, Dayton, Ohio)/kg BW. Lyophilized algae was mixed in
distilled vater with a final dosing volume of 3.7 al.

Tvo Yisher rats as described above were dosed intraperitoneally with °
lethal doses (1.25-3.4 ml) of "semipurified” antx-a(s). "Semipurified"
antx-a(s) was extracted fvom lyophilized algae using the method of
Carmichael and Malmood, except for omission of ultracentrifugation and
gel filtration steps so that the concentrated, acidified algal extract
vas placed directly into C-18 Sep Pak cartridges. In this method, five
grams of cellular materisl was extracted with 250 ml of ethanol and
brought up in a final volume of 50 ml of deionized water. An
electroencephalograph machine (Grass 7/8 physiograph/EEG, Crass
Instrument Co., Quincy, MA) was used to monitor electrical activity in
the brain of rats.

Rasulte

Mo clinical signs were observed in rats gavaged with lyophilized

algal cells containing antx-s(s) at any dose. However, "semipurified"

antx-a(s) vas lethsl in rats by the IP route, and the clinical signs

observed in these rats are listed in Table S.
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Electroencephalographic alterations observed in the brain of one rat
dosed IP vith "semipurified" antx-a(s) included crude spike activity that
preceded seizure activity aud dysrhythmic activity (slow wave activity)
at times other than peizures. .

Clinical signs observed i1n the rat dosed with 2 grams of algae
containing antx-a/kg BW consisted of ataxis, muscle tremors, dropping of
the head, recumbency, lack of tail movement, intermittant hopping
movement due to contractions of the rear legs, dyspnea, head pressing,
and a cool externsl body temperature.

Dj .

The rat was resistant to antx-a(s) toxicosis after oral
administration of lyophiiized algae. The electroencephalographic
alterstions and clinically observed narcotization observed in one rat
after IP administration of algae containing antx-a(s) may indicate a
central effect of antx-a(s) on the brain of the rat. The possibility of
EXC alterations being due to anoxia could not td be ruled out. Rats vere

susceptible to toxicosis after oral administration of lyophilized algae

containing antx-a.

Chickens were utilized for preliminary evaluation of possible
delayed neurotoxicity with antx-a(s).
Materisls and Methods

A 1.2 kg pullet vas dosed vith 3.0 and 6.0 ml of crude extract of
lyophilized blue-green algae matarial on consecutive days. A second 2
year old, 2.1 kg vhite Leghorn laying hen vas dosed via a jugular
catheter (21 x 3/4" butterfly infusion set) with 5.0 ml of the extract.

érudc extract vas prepared by mixing 1.5 grams of lyophilized algae in 18




S.

" Co., Chicago, IL) were inserted via an incision in the left jugular
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ml of isotonic NaCl, sonication for 10 minutes, centrifugation at 3,000
RPM for 10 ninutel.aud filtration through a 0.45 uM filter. Chickens
where observed daily ;or signs of delayed neurotoxicity.
Besults

The first chicken died vithin 24 hours of the second dosing in the
scute stage of antx—a(s) toxicosis without time to possibly develop any
signs of delayed meurotoxicity. Clinical signs observed in the second
chicken after dosing included salivation, diarrhea, muscle tremors,
ataxia, reluctance to move and drooping of the head. Clinical signs
abated by 18 hours postdosing. After dosing this chicken lost weight for
9 consecutive days and did not lay eggs for 18 days. The chicken was
observed for 35 days with no clinical signs of delayed neurotoxicity.

IE ot

Introduction

Preliminary studies utilized pigs to examine the toxicity, clinical
signs, and possible pathophysiologic mechanisms of antx-a(s).
Materisls apd Methods

Croesbred gilts 12-40 kg (Veterinary Research Farm, University of
Illinois, Urbana) were fed avlﬁz protein, corn-soybean base diet and
provided water gd libitum prior to dosing studies.

Twelve hours prior to surgical procedures, pigs were taken off feed.
Animals were anesthetized via inhalation of halothane (Fluothane using a
Fraser Harlake Halothane Machine, Ohmeda Co,, Orchard Park, NY). Jugular

and carotid catheters (16 gauge Tygon Tubing, Microbore, A. Daigger and

furrow. Insertion of sortic and left atrial catheters was by surgical

incision behind and with partial removal of the 4th rib. W
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Catheter ports were tunneled to subcutaneous sites over the back
vﬁcre they were later exteriorized on the day of dosing with surgical
excision under lidccaine induced local nuestheaia.~ Anatoxin-a(s) was
administered in successive doses intravenously in 3 pigs. One pig was
dosed with 10 ml of "semipurified” antx-a(s) via the ear vein using a 22
gauge butterfly catheter.

Blood pressure snd EKG recordings vere made on a Gilson physiograph
(Gilson Electronics, Inc., Middleton, WI). Blood pressure readings were
made vith Gould Statham pressure transducers (Gould Statham Instruments,
In:., Hato Ray, Puerto Rico). Blood gas determinations on heparinized
biood ssmples was determined with an IL 813 blood gas machine
(Instrumentation Laboratories, Lexingtom, MA).

Plasma and brain cholinesterase activities were determined by the
.!odified Ellman Method. One hundred ul of red blood cells obtained by
centrifuging vhole blcod EDTA containing at 2,500 RPM for 5 minutes, were
lysed in 1.9 ml of 5 Triton X. Two hundred ml of the lysate was brought
to 10 ml with phosphate pH8 buffer, and 3 ml of this solution was used

for cholinesterase snalysis.

Results

Clinical signs observed during intravemous dosing studies in pigs
are presected in Table 6. Times of dosing, smounts of toxin
administered, RBC and plasma cholinesterase activities, and blood gas
results are presented in Tables 7 to 9. No marked seizure activity or
evidence of miosis were observed in any pigs. Blood gas changes in
génnral included incresses in pCO2 and marked decreases in p0, and
blood pH. Blood gas changes reflected death due to anoxia.

In general, evaluatlion of nlcctrocardiogt'-n has not revealed

changes that would be expected with a classic cholinesterase inhibitor,
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except for a mild bradycardisa in ove pig. Evaluation of
electroencephalograph recordings have revealed no alterations comsistent
with a direct affect of antx~au(s) on the brain in 3 swine that died after
successive intravenous doses of aﬁtx-&(l). Electromyograph evaluation of
muscle tremors indicated tremors were due to motor unit action potentials
(lower motor neuron origin) and did not apparently originate from the
muscle itself. The EMG findings were compatible with those of a
cholinesterase inhibitor.

Blood pressure readings have only been recorded from 1 pig, (Table
9a) but revealed a marked, but femporary increase in pulmonary artery
pressure after toxin administration (Figure 1). A transient decrease (30
sec.) in sortic mean blood pressure occurred simultaneously each time
pulmonary artery pressure increased. A transient tachycardia was
observed coincident with the drop in sortic blood pressure. Pulmonary
arteriolar vasoconstriction is a mechanism that could account for some of
the blood pressure changss.

A 15 kg pig vas administered 10 al of "eemipurified™ antx-a(s) via
the ear vein over 10 seconds. The pig died in 18 minutes after
exhibiting ataxias, salivation and tremors. The ckin of the pig became
brightly erythematous after dosing suggesting peripheral vasodilation.
Probeble sympathetic stimulation induced by handling mads the erythema
disappear. No seizures or clinical signs that could be directly
attributed to central nervous system dysfunction were observed.

Analysis of brain cholinesterase activity in the 4 swine that died
of sntx-a(s) have revesled ctolinesterase activity within normal ranges.
Progressive, cholinesterzse inhibition was observed in plasma and RBC

with successive toxin administration. In general, RBC cholinesterase vas

{inhibited more than plasms after antx~a(s) administration.
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Rlscussion
Neurologi: examinations, EEG recordings and brain cholinesterase
activity determinations in pigs suggested that antz-a(s) doses not cross.
the blood brain barrier in pigs. ‘The cause of death in pigs appears to
- be anoxia and acidosis secondary to cholinesterase inhibition and

” respiratory paralysis. Recent work has revealed alterations in pulmonary

srtery blood pressure in 1 pig, and this finding warrants confirmation in

future studies.
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Table 1. Doses of “semipurified”™ anstoxin-a(s), physostigmine,
pyridostigmine and parsoxon injected intraperitonmeally into
mi ~. the mmber of mice that died before 24 hours and the
nv ez of mice dosed.

Zoxin Dose Di e 24 hou er ice dosed

Aasatoxin-a(s) 275.0 ug/kg 2/7
. 228.75 ug/kg 3/17
" 232.5 ug/kg T
» 240.0 ug/kg 517
. © 700.0 ug/kg /4
Physostigmine 650.0 ug/kg 1/7
. 700.0 ug/kg 0/7
" 725.0 ug/kg 47
. 750.0 ug/kg 517
" 950.0 ug/kg 1/7
Pyridostigmine 1,150 ug/kg 0/7
. 1,450 ug/kg 0/7
» 2,100 ug/kg 3/7
- 2,150 ug/kg 3/7
" 2,250 ug/kg 517
2arsoxon 1,000 ug/kg 0/7
" 1,250 ug/kg 3/7
» 1,275 ug/kg 4/7
ol 1,312 ug/kg 11

L]

1,373 ug/kg 6/7
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Table 2. Mean brain cholinesterase activities of mice that died prior
to 24 hours or killed at 24 hours sfter intraperitomeasl
injection with anstoxin-a(s), physostigmine, pyridostigmine #
paraoxon or control solution. 1

ToxIN STATUS ' CHOLINESTERASE ACTIVITY
| (uM/g/min)

Died Killed at 26 howrs Died  Killed ;
Anstoxin-a(s) =22 =12 10.59 10.42 |
Anatoxir-a(s) o=b -— 9.85 -—
highest dose
Physostigmine =17 n=18 1.87 16.55
Pyridostigmine o~11 n=24 10.04 10.29
Paraoxon n=20 =15 0.11 3.8

Control -— n=20 - 10.38
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Table 3. Clinical signs categorized by suspected site of action in mice
: injected intraperitoneally with anatoxin-a(s).

Postganglionic neuroeffector Ganglionic (suspected)
sites .
~Acetylcholine wediated Acetyicholipe mediated Other
Myscaxinic Nicotinjc ) hetic
Thick ' Muscle tremors Penile Ataxia
salivetion erection
Mucus secretion Muscle fasciculation Decreased
from rectum movement
Dyspnes Jav movements
Diarrhea Increased abdominal
_ component to Squinting of
Tespiration eyes
Mucus Bulging of
lacrimation eyes
Urination Cyanosis
Clonic
Rectal sphincter seizures

dilation




Table 4. Reversibility of plasma and red blood :zell cholinesterase
activity in mice dosed intraperitoneally with anatoxin-a(s)

and control.

Time Anatoxin-a(s)
Cholinesterase*
b4 b4
Bo. of Iohi- Inhi-
Mice Plasma bition RBC bition

30 min n=4 0.51+0.15 73 0.2640.10 56.7

6 hours n =4 0.9340.176 50.8 0.46+0.12 23.3

24 hours n =6 0.95:0.21 49.7 0.60+0.14 0.0

Average of control mice injected

Control

Cholinesterase*
Plasma RBC
1.85 0.60
2.33 0.56
1.48 0.50
1.89+ 0.60+
0.35 0.04

" *Units in uM/1l/min
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Clinical signs in rats after intraperitoneal injection

of lethsl doses of anstozin—a(s)

Salivation

Chromodacryorrhea

Mucus discharge from the rectum
Rectal sphincter dilation

Muscle tremors and fasciculaticns
Increased respiratory effort
Dyspunea

Increased abdominal component of respiration
Decreased rectal temperature
Cool external body temperature
Ataxia

Decreased righting ability
GCanerally decreased movement
Intermittent leaping

Marcosis

Jaw movements prior to death
Cyanosis

Clonic seizures
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/ Table 6. Clinical signs in 3 pigs after i=travenous administration
/ of "semipurified™ snatoxin-a(s).

Narxcosis

Salivation

Mucoid nasal discharge

Muscle fasciculations

Muscle tremors

Rectal sphincter dilation

Mucus secretion from rectum

Diarrhea

Ataxia

Bruxism

Incressed abdominal component to respiration
Dyspuea

Decreased nassl capillary refill time

Hystagmus

Cyanosis

Respiratory paralysis
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Table 7a. Plasms and RBC cholinesterase activity and blood gas
determinations in a 35.9 kg pig (Pig # 1) after successive
doses of "semipurified" anatoxin-a(s)

Cholinesterase "
(u¥/1/min)
Time (min) Dose (ml) Plasma Percent RBC Percent %
Inhibition Inhibition \
Predose: O 0 0.343 0.0 2.68 0.0
0 0.5 — - — -——
15 2.0 — -— —_— —
30 4.0 — -— — —
45 4.0 — -— — -— i
47 — 0.095 72.3 0.65 62.7 p
60 8.0 -— — — —— ’
75 — 0.098 71.4 0.037 98.6 S
77 — 0.086 14,9 0.098 96 .3

Table 7b. Blood gas determinations in a 35.9 kg pig (Pig # 1)
after successive doses of “semipurified" anatoxin-a(s)

Time (min) pH pco, 0, Eet Eb Temp (°C)
predose: 0 7.448 36.1 99.7 s 11 40.0

41 1.441 334 99.4 30 10 40.0

75 7.416 38.1 90.87 a7 12 40.0

77 7.259 34.4 80 .4 41 12.5 40.0




Table 8. Plasma and RBC cholinesterase activities and blood gas values
of & 12.27 kg pig (Pig #2) after successive doses of
"semipurified” anatoxin-a(s).

Ioxin (ml) Time (hr) Blood Gas Cholipgesterase
(om Hg) (uM/L/min)
pH __pC02 pO2 Temp* Plssma ZIph, RBC  ZInh. %

A 7.48 32.8 82.7 3%.5 0.306 2.12 |
0 predose V 7.44 36.9 35.9

A7.5 27.4 90.7 39.9
0033 0 ' 7.‘ 30.9 33.‘ S —c——

A?7.5 30.1 88.7 40.2 0.282 7.8 1.67 21.2
0.33 0.5 V7.4 35.0 236.4

A7.5 27.3 87.1 &0.1 0.245 19.9 1.61 21,2
0.33 1.0 V7.4 38.6 37.9

A7.5 34.0 76.8 40,0 0.221 27.8 1.23 42.0
0.33 1.5 v?7.4 37.0 31.7

A 7.5 29.2 88.7 40.1 0.172 43.8 65 69.3
0.33 2.0 V7. 37.6 36.4

A7.5 33.7 91.4 40, 0.110 64,1 36 83.0
0.66 2.5 V7.6 35.6 34.9

A7.4 35.7 84.2 40.3 0.08 71.9 A7 92,0
0.658 3.0 vV7.4 38.6 34.9

A7.5 31.5 8.7 40.3 0.049 B84.0 04 98.1
0.66 395 V7.4 36.0 32,7

A7,5 32,3 85.8 40.5 0.025 91.8 0 100
0.66 4,0 V7.4 40,2 29.3

A7T.4 36.2 67.6 40.8 0.025 91.8 0 100
0.66 4.5 V7.4 &0,2 33.4

A7.3 4.6 36.5 A0.8 0.025 91.8 0 100

4.8 v7.l 58.0 15.2

A7, 49.0 38.5 41.0 0.025 91.8 0 100
0.66 5.0 vI.0 60.3 3.9

A6.8 83,9 25.6 41.0 0.025 91.8 0 100

5.2 veée.8 85.1 6.8

Total toxin A = Arterial XInh. = Percert Inhibition
= 5.66ml V = Venous == = Hot determined

* e (C)
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Table 9a. Left atrial, aortic, and pulmonary artery mean blood
pressure, and heart rate in a 20 kg pig (# 3) administered
successive doses of semipurified anatoxin-a(s)

Time Route* Time of Mean Biog Pressure (wnlig) Heart Rate
Dosed and Messurement Left Atrial Aortic Pulwmonary Art. (Beats/minute)
Dose ‘

0 Predose 8 106 22 150

o A 0-5 min postdose 8 50 &4 168

30 min, B 0-5 min predose 8 112 22 108
0-5 min postdose 10 54 60 200

60 =in, C 0-5 min predose 10 110 22 108
0-5 min pestdose 10 90 32 120

90 min, C 0-S5 min predcss 8 110 23 120
0-5 min postdose 8 70 45 140

120 min, C 0-5 min predose 8 104 24 —
0~5 min postdose 15 30 &0 —

%A « Pyulmonary srtery injection of 1 ml of “semipurified™ anatoxin-a(s) over 5
B = L.:::n::;w- injection of 1 ml of "semipurified" anatoxin-a(s) over $

Ce I..:fc:ni:;iu- injection of 1 ml of “semipurified” anatoxin-a(s) over 1
Tou:m; sdministered = 5.0 ml
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Table Sb. Plasma and RBC cholinesterase determipations, blood
gas and blood pH of a pig (# 3) administered
successive doses of “semipurified™ snatoxin-a(s)

Cholipestersase Blood pH
(uM/1/min) Cases (mmilg)

_1 . 4
Iime Plasms Iohibition  RBC Ishibition PCO, PO,
Predose 0.27 0.0 1.81 0.0 40.7 93.8 7.4
0.5 hr. 0.14 48.1 0.72 60.2 37.7 94.7 7.4
1 hr. 0.09 66.7 0.61 66.3 36.0 94.7 7.4
1.5 hr. 0.06 77.8 0.06 9.7 36.2 94.4 7.4
1.7% br, o= —— —— — 38.4 81.6 7.4
2.6 z. 0.06 77.8 0.03 98.3 41.7 78.9 7.4
2.1 ho —— ——— —— — 39-‘ 55.2 703

- » Kot run
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TOXIN-A(S
i i ip- N ip Prod
the Freshvater Cvancbacteris Ansbsesa flos-zquae, snd Studies with Algal
ial Containj in- in Mi Pigs, and Cattle

Introduction

Toxic freshwater blue-green algae (cyanobacteria) are found world
wvide. The most commouly reported genars of blue-green algae associated
with toxic blooms have been Apabsena, Microcystis, and Aphanizomenon,
Oscillatoria. Toxins from these algae have been reﬁponaible for
toxicoses in domestic and wild animals in several areas of the world.
Toxins of freshwater blus-green algae have been identified as
neurotoxins, hepatotoxins, and toxins causing gastroenteritis aud
dermatitis. Structurally, these toxins are alkaloids, polypeptides or
ptoridines that have been pertially or completely identified.

Neurotoxins have been isolated from strains of the freshwater
blue-green algae Ansbaens flos-aquae and Aphsnizomenon £los-squae. Kuowan
altaioid neurotoxins produced by Aphanizomenon, referred to as
Aphanitoxins I and Il are identical to necsaxitoxin and saxitoxin
tcsp.c:iv;ly. Anabsens f£loe-aqusg is believed to produce four to six
physiologically distinct meurotoxins, termed anatoxins, which have been
designated as anatoxins (antx) a, b, ¢, d, a(s) and b(s). Designations
were based on opisthrotonus, salivation and survival time. According to
this designation, antx~a(s) and b(s) caused clinical signs similar to
those of antx-s and antx b, but also caused salivatiom in laboratory
animals, and were therefore designated with the “s".

Ouly satx-s, an alkaloid, has been charscterized structurally.
Anstoxin-e and a(s) have had their physiologic effects studied.

Asatoxin-s ic a potent irreversible nicotinic agonist that csuses

O R IO N0
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postsynaptic neuromuscular blockade by reacting specifically with the
acetylcholine postsynaptic receptor, and may also have presynaptic
activity accounting for an observed increase in presynaptic miniature end
plate potentials. Anatoxin-a(s) Ain an “irreversible acetylcholinesterase
inhibitor™ that produces excessive cholinergic stimulation. Apabaena
£los-aquse clone MRC-525-17, isolated from a bloom in Ruffalo Pound,
lilhtchunn. Canada in 1965 has been the sole source of algal material
containing antx-s(s) for research in mice, rats and chickens. The bloom
composition wvas 907 Apnsbasena flos-aquae and 10 Aphanjzomenon flos-aquae.
Over twenty dogs and a few calves were reported to have been poisoned
during 1960-1970 and 1965, respectively, by blooms in this lake. The
present report describes the clinical signs, conditions, and confirmation
of a natural outbreak of Ansbsena flos-aquae [antx-a(s)] toxicosis in
ducks in Illinois, and experimental dosing studies with toxic bloom
material in mice, ducks, cattle, and pigs.

Cass Description
Sudden death in 5 Muscovy ducks, and clinical signs of severe

staxia, frequent sternal and lateral recumbency, and wing paralysis in
two other Muscovy ducks were sssociated vith a blue—greem algal bloom in
east-central Illinois. Death and c¢linical signs occurred over 5 days in
late July, 1986. Ducks were found dead in the vater of a small farm pond
os moruings after they were observed to be normal the night before.
Initially, one morning, four ducks wvere found dead after a mild rain
storm the nijhf before. All four of these ducks and a wvater sample were
submitted to the University of Illinois Veteripary Diagnostic Laboratory
(UI-VDL) at Urbana. A fifth duck was found desd in the pond 2 days
later. At this time clinical signs were observed in 2 other ducks, one

of vhich vas immedistely submitted to the UI-VDL for necropsy along with
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i s second water sample. The other duck recovered and was clinically

} pormal after 60 bhours.

i Nineteen ducks, 15 Muscovies and 4 Mallards had utilized this pond.

Twelve Muscovy ducks and one Hali;td had hatched this year and were 5

months old. Only younger Muscovy ducks were affected. Most ducks were

removed from the pond after the initial death loss. One Muscovy duck

| that remained on the pond for & days aftervards showed no climical signs.
Two borses wvere not affected that drank from the pond 12 hours before the
first ducks vere found dead. Fo deaths wvere observed in frogs swimming
in the pond during the algal bloom.

Green algae vas observed in the pond for 1-2 weeks prior to deaths
and, when deaths had occurred, wind had concentrated surface algae
against the shore. WVater in the pond was observed to turm blue after
desths occurred. The pond was constructed 3 years ago and was 7.3 meters
deep and only 15 meters in dismeter. A drain designed to carry runoff
from an adjacent field emptied into the pond.

Ristopathnlogic examination was conducted on tissues from 5
necropsied ducks. Brain cholinesterase activities were determined on the
brain tissue of 1 duck found dcﬁd on the farm and 1 clinically affected
duck submitted live for necropsy.

Algsl bloom materisl was collected 5 days after the initial death
loss i.nvthc ducks, concentrated by filtration through cheese cloth and
refrigerated at 4°C in a gause covered 22 liter bottle for future
dosing studies.

Maserials snd Mathods

| 8ix, 6 mouth old, 2-3 kg Muscovy ducks from 8 different farm were
housed in s 4 m x & m stall, fed 0.5 kg of Purina Duck Chow (Growena L
Duck Chow, Purins Co., 8t. Louis, MO) twice daily aad provided water ad

SLB
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1libitum. PYour birds were dosed with 22 ml of concentrated algae per kg
M. Two birds serving as controls were dosed at 22 ml of distilled
water/kg body weight. Ducks were dosed at 0, 24, 48, 72 and 75 hours by
intracrop intubation with a 10 Frénch. 36 cm polypropylene catheterx
(Sovereign, Monoject, St. Louis, MO 63103) and a 50 cc syringe. Prior to
dosing and again shortly before death, birds vere bled via the wing vein
using a heparinized 1 cc tuberculin syringe and a 26 gauge, 5/8" needle.
A seventh 6 month old, 2-3 kg Muscovy duck from the affected farm had
been dosed at 22 ml of concentrated algae/kg BW at 0, 24,48, 72 and 98
hours. Plasma vas analyzed for cholinesterase activity by the Modified
Ellmen Method. Ducks surviving 75 bours were killed by decapitation and
exsanguination. Brain, lung and breast muscle tissus were analyzed by
the Modified Ellman Method.

Al Idaptificati Toxin Isolati " B (¥right $ ).
. Prior to dosing studies, algae was sent to Wright State University
for light snd scasning electrom microscopic algae identificatiom, high
pressure liquid chromatographic (HPLC) analysis (Beckman 340 HPLC), mouse
Lnso biocsssay estimation os HPLC purified antx-e(s), and in vitro
choliresterase analysis. Righ pressure liquid cliromatographic analysis
was done on an Altex C¥ Column (4.9 mm x 0.15 cm) 80/20 (10mM
n‘nscooll-n Ch,COOR at 1.5 ml/min, 230 lambas at 0.10 OD)]. The 2
hour L, determination was made on 5 groups of S mice (ICR Swiss, 19 +
1 gram) with a constant IP injection volume of 0.5 ml at doses of 25, 50,
100 and 200 ug of amtx-a(s)/kg body weight {BW). A second algae sample
was sent to Wright State University for additional wouse toxicity testing
after these dosing studies to determine if any significanmt change in

toxicity had occurred over the course of the studies. Assessment of jin

b ptobbgs >t
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yitxo inhibition of electric eel acetycholinesterase (Sigma Chemical Co.,
8t. Louis, M0) was assayed by ti:e Modified Ellman Method. Algae was
analyzed for organophosphates and carbamates by gas liquid
chromatography. -
Repested Orgl Dosing of Mice (UI),

Male Swias Webster mice (Sprague Dawley, Indianapolis, Indiasna)
weighing 38 + 4 grams wvere gavaged daily with 20 ml of concentrated
blue-gr~en algae at 22ml/kg BW for 5 days and decapitated 3 hours after
the last dosing. Whole blood, plasma, RBC, lung and diaphragm
cholinesterase activities vere determined. Whole blood and plasma
cholinesterase activities vere analyzed by the Modified Ellman Method.
Fifty ul of RBC, obtained after centrifuging blood at 2,500 RPM for 5
minutes, was lysed with 0.95 ml of 5% Triton X. Oune hundred ul of this
lysate vas brought to 10 ml with phosphate pH 8 buffer, and 3 ml of this
solution was snalyzed for cholinesterase activity by the Modified Ellman
Method. Changes in the Modified Ellman Method for analysis of lung and
diaphregm included using entire organs, grinding tissues in 10 and 5ml
of phosphate pH 8 buffer respectively, centrifugation at 2,000 RPM for 10
minutes, and addition of 100 ul of supernatant to 2.5 ml of phosphate pH
8 buffer for analysis.

Mouse Intraperitonesl Biosssay (UI),

Your male Swiss Webster mice (36.0 + 1 gm) vere injected
intraperitoneally (IP) via. a 25 gauge 5/8" needle with 0.25, 0.5 or 1.0
ml of an extract of‘pond water containing antx a-(s) or 1.0 ml of water
for a control. The extract vas a supernatant from pond water containing
algae that was frozen for 12 hours, thaved, and centrifuged at 10,000 RPM

for 10 minutes. Survival time, liver and kidney as a percent of body

weight and brain, lung, disphragm, whole blood and plasma cholinesterase
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sctivities vere determined. Four mice (26 ¢ 2.5 gun) were injected with
either 0.05 ml, 0.125 ml, 0.2 ml of the extract or 0.2 ml water for a
control and decapitatel just prior to death (10-15 minutes after dosing).
Whole blood and plasma cholinestearse activity, and liver and kidney
veights as a percent of body weight were determined.
1 insl Admini ion t Calf

A 145 kg, 4 wonth old ruminating crossbred beef steer vas boused in
25 mx 5 mbox stell, fed alfalfa hay twice daily and provided water ad
libitum prior to dosing. Carotid and juéullf catheters (16 gauge Tygon
Tubing, Microbore, A. Daigger and Co., Chicago, IL) were inserted via an
incision in the left jugular furrow under glycerol guiacolate, xylazine
and ketsmine anesthesia. Catheter ports were tunneled subcutaneously and
exteriorized the first day of dosing under locsl lidocaine anesthesia.
The steer was held off feed and all bedding vas removed from 12 bhours
prior to the first intraruminal dosing uatil 24 bours after the second
intraruminal dosing. The steer was dosed using a stomach tube and bilge
p@p with 22 ml of concentrated algal material/kg BW followed 24 hours
later by 35 ml of concentrated algae/kg BW. PForty-eight hours after the
second intraruminal dose the steer was dosed intraperitoneally with 300
ml of algae supernatant. Extract was supernatant from concentrated algae
frozen for 12 hours and centrifuged at 15,000 RPM for 10 minutes.
Intraperitoneal injection vas made via the left parslumber fosss with a
12 gauge trocar under local lidocaine anesthesia. The steer was redosed
intraperitoneally 35 minutes later with 250 ml of supernatant. EDTA blood
was spun at 2,500 RPX for 5 minutss for plasma and RBC cholinestsrase
sctivities. Plasma cholinesterase activity was snalyzed by the Modified

Kllman Method. Red blood cell cholinestersse activity vas determined by

lysing 100 ml of RBC in 1.9 ml of 5T Tritom X, diluting 200 ml of the

e
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lysate to 10 ml with phosphate pH 8 buffer and using 3 ml for assay in a
Lamda 3 UV/VIS spectrophotometer (Perkin Elmer, Norwalk, CT). Brain,
lung and &iaphrngn tissue for cholinesterase activities were frozen in
liquid nitrogen and ground in a E;ting blender. Two hundrad ug samples
of tissues were analysed for cholinesterase sactivity by the Modified
Ellman Method. Lung, diaphragm and brain cholinesterase activities were
compared with historical controls.
1 ic Admini . Svipe.

Three 14-17.5 kg swvine were fed a 162 protein, corn soybean diet
tvice daily and water ad libitum. Pigs vere administered a preanesthetic
dose of atropine snd anesthetized with halothane (fluothane using a
Fraser Harlake Anesthetic Machine, Ohmeda Co., Orchard Park, NY) for
surgical placement of carotid and jugular catheters (16 gauge Tygon é
Tubing, Microbore, A. Daigger and Co., Chicago, IL) by an incision over
the left jugular furrow. Catheter ports were tunneled to a subcutaneous
site over the back where they were exteriorized on the day of dosing by
surgical excision under lidocsine induced local anesthesia. All pigs were
held off feed for 12 bours prior to dosing. Two pigs were gavaged via
stomach tube with 22 ml of concentrated blue-green algal material/kg BW.
A third pig served s a control and was gavaged with 22 ml of distilled
water/kg BW. The stomach tube in esch pig was flushed ip situ with 50 ml
of distilled water after dosing.

Blood gases were determined on s IL 813 Blood Gas Machine » e
(Instrumentation Laboratories, chingtou.‘ll). Blood, plasma, RBC, lung,
brain and diaphragm cholinesterase activities were analyzed as described
for the steer above.

One of the pigs given the algse vas treated vith 0.5 mg of atropine

[(Atropine sulphste, Professionsl Veterinary Laboratories, Minneapolis,
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M) /xg BW (1/4 IV and 3/4 IM)], snd 2.2 gm of activated charcoal
(Superchar-Vet, Gulf Biosystems, Inc., Dallas, TX)/kg BW intragastrically
by stomach tube vhen clinicszl signs (salivation) were observed. The
control pig was killed by electrocution and exsanguination at the time
that the non-treated algae dosed pig died.

Brain, lung, liver, kidney, diaphragm or breast muscle, spleen,
pancreas, heart adrenal, and gastrointestinal tissues of ducks, the calf
and pigs vere taken at necropsy, fixed in 10X buffered formalin, stained
with hematoxylin and eosin and sectioned at 6 microns for histopathologic
examination.

Resultd
Rosed Pucks (VUI),

Clinical signs observed in orslly dosed ducks are presented in Table
1. Yo miosis was observed. Ducks could appesar relatively normsl until
stressed at which time some would become ataxic, recumbent, and have leg
and wing paresis or tomic seizures. Ducks sought out and drank water
after dosing. Three ducks died; one died after the uéond dose, one
after che fourth dose and one after the fifth dose. Plasma
cholinesterase activity was inhibited just prior to death of ducks
compared to predoeing levels (Table 2). Cholinesterase determinations on
iuag and disphragm tissue reveasled cholinesterase depression, but brain
cholinesterase activity did not appear inhibited.

Rasults from Wrizht State
Algae vas identified by light microscopic and scanning electron

microscopy as Apabsens flos-squae. High pressure liquid chromatographic
exanination of algae extracis revealed a compound with the same retention

time as a standard of antx-a(s) (Pigure 1). The LD, of BPLC purified

antx-a(s) was between 25 and 50 ug of antx-a(s) per kg BV in mice. The
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toxicity was simiiar to that observed for sntx-a(s) previously obtained.
Mice in the Lnso study displayed salivation, lacrimation, urination,
muscle fasciculations, respiratory distress and convulsions. Mouse
bicassay revealed no remsrkable change in the toxicity of algal material
over the course of dosing studies. ]In yitro electric eel cholinesterase
assay of toxin revealed cholinesterase depression comperable to that
observed with standards of antx-a(s) (Table 3).

Results from VI

Doses, organ weights and tissue cholinesterase determinations from
orsl and IP dosing studies in mice are presented in tables 4-6. Mice
dosed orally demonstrated no clinical signs of antx-a(s) toxicosis, and
whole blood, RBC, plasma, lung and diaphragm cholinesterase activities in
these mice were not inhibited vhem compared to controls. Intraperito-
neally injected mice bad clinical signs of salivation, mucoid
lacrimation, diarrbes and clonic counvulsions. Whole blood, plasma, RBC,
lung and diapbragm cholinesterase in IP dosed mice vere inhibited as
compared to controls.

Tims of dosing and results of cholinestersase sssays in the steer are
presented in Table 7. Bo clinical signs or depression of whole blood,
plasms or RBC cholinestersse were observed after intraruminal
administration of algse. Rapid i.nhibitio;: of vhole blood, plasma and RRC
cholinesterase, and clinical signs of salivation, tremors, dyspnea,
recunbency and cyanosis were observed after parenteral administration of
the algse extract. The steer died 75 minutes after the initial
injection. No miosis or seizures were observed. Carctid and jugular
blood pressure recordings did not reveal remarkable changes until the

steer was recumbent and moribund. Postmortem examination revealed that

the first I? injection had gone at least partially retroperitoneal.
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Tissue cholinestersse determinations zevealed sormal brain cholinesterase
activity, buc depressed lung and disphragm cholinesterase activities.

The nontreated algae—dosed pig developed clinical signs within 30
minutes. Thick salivation and mucoid nassl discharge comprised the
initial clinical signs followed by bruxism, muscle tremors, muscle
fasciculations, intermittent vomiting, defecatioa, urinatiom, 7o00r dorsal
nasal capillary refill time, cold ears, dyspoes, cyanosis, mild
struggling and death at 1 hr and 22 min after dosing. ¥o miosis was
observed. Arterial blood pOz and blood pH decreased and whole blood,
plasma and RBC cholinesterase activities were inhibited (Table 8).
Postmortom lung and disphragm cholinesterase sctivity were inhibited
compared to coatrols, but brain cholinesterase activity was not (Table
9). Postmortem exsminstion revesled a 1.5 x 1.5 cm bulla in the dorsal
disphragmatic surface of tha lung.

The coutrol pig developed no clinical signs after dosing and was
killed ard necropsied at 1.5 hours postdosiag. The treated algae dosed
pig bhad experienced marked salivation at 19 minutes postdosing. Atzopine
and sctiveted chs:coal were sdministered at this tiwa. Thereafter,
salivation immedistely ceased, but promounced muscle fsaciculations
developed and persisted. Atropine was administered 2 more times over the
next 12 hours when salivation returned. The pig never became dyspneic.
Blood arterial poz never dropped below 70 and blood pH unever went below
7.40, therefore, there appeared to be no significant respiratory
compromise in this pig. Whole blood, plasms and RBC cholinesterase
activity progressively decressed after dosing and reached less than 101
of predose values within 1 hour (Table 10). Vhole blood, plasma and RBC

cholinestersse activities were still markedly depressed at 72 bhours vhen

the pig vas killed. Postmortem brain, lung, sad disphragm cholinesterase
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daterninations, when compared to the coatrol pig, suggested lung and
diaphraga cholinesterase inhibition, but mot brain cholinesterase
inhibition (Table 9). Postmortem ersmination revealed charcoal to be
still present in the spiral colon and colom.
Riacussion

Tha blue-greea algae identified im the case vas Anabsena floe—squse.
Strains of this orgamism have beem associsted with previous field
toxicoses and have boen used iz culture work to produce antx-a(s). High
pressure liquid chromatography revealed a compound with the same
Tetention time as antx-a(s). Ia addition, the evaluation of animals
utuuliy exposed or dosed with either the algal cells toxin from the
cells, and in vitro cholinestersass sssays, revesled findings compatible
vith the effects of tha cholinesterase inhibitor antx-s(s). 8ince the
structure of antx-a(s) has not been determined, the toxin in this case
casmot be ssid to be identical to the aatx-a(s) toxin produced in the
laboratory by the Angbaers flos-gquae clone NEC~323-17,

Profuse selivation and urinstion/defecation appeared to cause the
ducks to seek out and drink considerable volumes of water after dosing.
Ia nature this would probably result im cycles of further consumption of
vater containing toxin with increasingly severe toxicosis resulting in
desth. Bowever, drinking of non-coutaminated water might ruul't in less
severe toxicosis by dilution of toxin, or siding removal of toxin through
regurgitation or defecation. Death of dirds after multiple doses would
suggest that toxicosis can be cumulative on a daily basis. This study
confirmed that antx-a(s) toxicosis occurs ia avian species, and is

consistent with most evidence suggesting that most field cases of

antx-a(s) imvolve water fowl.
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The pig appeared to be the wmost scsitive of ths animals dosed
inttnﬁ.trially in this study with concentrated algae contairing
sntx-a(s). Animals appeared to die from anoxia and acidosis secondary to

cholinesterase inhibition and ruﬁintoty paralysis. Atropice and

sctivated charcoal appeared to be lifesaving in one pig administered a
lethal dose of toxic algse. Ia this pig, whole blood, plasma and RBC
cholinesterase activity were severely inhibited to levels observed with
death in the non-treated pig.

Anatoxin-a(s) appeared to be acting as a peripheral cholinesterase
inhibitor due to lack of cental nervous system signs and lack of
ramarkable brain cholinestersse depression in algal dosed aninmals.

Cases of antx-e(s) toxicosis in wildlife and other domestic animals
could be more common than previously believed due to rapid death of
animals, the absence of methods to detect the toxin, and the apparent

need to coafirm periphersl cholinesterase depression in the tissues of

the affected animals.




Table 1.

Clinical signs observed in ducks after successive daily
erop intubation with algae bloom materisl comtaining
anatoxin-a(s).

Thick and profuse salivation
Regurgitation of algae
Diarrbea/urination

Muscle tremors

Depression

“Squinticg” of eyes

Ataxia

Polydipsia

Vascular dilation of vessels in webded feet
Jyspaea with open mouth breathing

Recumbency

VWing and leg paresis

Opistibotonus

Seizures (intermittent-tonic) just prior to death

=
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Table 2. Plasms, brais, lung and Dreast muscle cholinesterase activities
is ducks sfter siccessive intracrop adainistration of
anatoxin-s(s) and brain cholinesterase activity in dead or
¢linically affected ducks from the field

Cholinestexase
—Dlassa (M/1/min) —JXissues (uM/g/min) Status
Breast
Predonse Prior to Death Brain Lung Muscle
1. 0.22 0.025 12.70 0.48 8.102 Terminated
(moderate
signs)
2. 0.27 <0.028% 12.75 0.20 0.09 Died
(20d dose)
3. 0.27 0.26 12.73 0.78 0.27 Control
&, 0.29 0.27 12.92 0.78 0.36 Control
5. 0.26 <0.025 12.08 0.25 0.09 Died
(5th dose)
6. 0.29 0.05 12.98 0.37 0.115 Terminated
(nild signs)
7. 0.23 <0.025 13.00 0.14 0.08 Diedew
(4th dose)
‘Q S— — 12010 o— ——— ,i.ld d‘.th“
9, == — 12.57 - — Field case
(woderate
signs)®

*poderate signs present st submission and when killed
*educk from affected farm
- = pot determinad




Table 3

In vitro inhibition of electric eel acetylcholinesterase by HPLC purified
anatoxin-a(s) from the Tolono, Illinois field case.

Treatment~ Aarz/ain® Percent Activity
Contrale® . 0.434 (0.008) 100

2 x 10~ ug/ul 0.242 (0.07) -1

4 x 10~ ugsul 0.184 (0.07) az

1 x 107 ug/ul 0.136 (0.09; 3é6

4 x 1073 ug/ul  0.000 (0.000) o )
1 x 10-2 yg/ul 0.000 (0.000) = o}

4 -

« snzyme and toxin are incubated for one minute befcre assay
® values reported as Mean (SEM)

= control containt enzyme, substrate, indicator but no tcxin
® average of thres experiments, all others are averaga aof
four expariments
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Table 4. Whole blood, plasams, RBC, brain, lung and diaphragm

cholinesterase activities in mice dosed orally (22
ml/kg body weight) with concentrated blus-green algae
material containing snatoxin-a(s) produced by Apsbasens
flos-squae from a pond in Tolono, Illinois

Sholinesterase
Mouse # Dose ¥hole blood R;Cn) Plasma Brain (Lung Diaphragm
1 22 ul algse/kg BW 1.36 2.94 1,98 11.5 0.8 1.05
2 . 1.18 2.21 1.30 12.2 0.89 0.89
k) . 1.23 2.21 1.25 12.3 0.97 0.98
4 22 ml water (costrol)/ l.14 2.64 1.20 13.7 1.00 1.15%
' kg BW
S 0.85

. 1.17 2.20 1.78 14.8 1.06




Table 5. Tissue cholinesterase, and liver weights as a percent of
body weight in mice (36.0 + 1 gram) injected
intraperitoneally with an extract of blue-green algae pond
water coutaining antx-a(s) submitted to the University of
Illinois Diagnostic Lab

Dose Time Tissue Cholinesterase
:nr.vivin; (uM/ ;Im)

1.0 m1 B0 illed 0.051 12.73  0.80
(7S min)

1 1.0 m]l Extract 3 min. 0.063 15.19
2 0.5 ml Extract 6 min. 0.059 15.02
3 0.25 ml Extract 14.5 min. 0.070 11.58

Average Values for Mice 0.064 14.31
Dosed with Toxia




Table 6. Whole blood and plasma cholinesterase iam mice (26 &+ 2.5 gm) -
dosed intraperitoneally with an extract of blue-green algae
poad water containing anatoxin-a(s) and decapitated just prior
to death (10-15 minutes after dosing)

Cholinesterase
; Kidney Liver (uM/1/min)
Mouse Xo, Dose 2 Bodyweight 2 Bodywejght Whole Blood  Plasms
¥,
Control 0.2 ml K0 0.018 0.052 1.75 2.54 .
4
1 0.2 al Extract 0.02 0.0% <0.025 0.057 "
2 0.125 ml Extract 0.017 0.058 €0.025 0.036
3 0.05 ml Extract 0.018 0.059 <0.02S 0.11
Mesn Values for Mize - 0.018 0.057 <0.025 0.07

Dosed with Extract i
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Table 7. Cholinesterase activities of whole blood, plasma, RBC, brain,

containing antx-a(s).

lung and diaphragm and blood gases in a steer dosed
intraruminally and parenterally with algae bloom material

INTRARUMINAL DOSING

Lipe
Predose
Dose 1
1 bour

2 hours
24 hours

Dose 2 (24 hours)

26 bhours
36 hours
48 bours
72 hours

Cholinesterase (m/M/1/min)
Whole Blood

1.58

1.48
1.52
1.60

1.62
1.66
1.82
1.69

Plasma

0.12

0.11
0.098
0.12

0.14

0.15
0.14
0.12

PARENTERAL ADMINISTRATION (RETROPERITONEAL/INTRAPERITONEAL)
Choli (uM/ 1/ min)
Tipe Vhole Blood  Plsses

Predose

0 (dosed
300 ml
supernatant)

5 min

10 min
20 min
30 min

35 min (redose
250 ml
supernatant)

40 min
50 min
o0 min
70 min
75 min

1.69

0.93
0.63
0.17
0.13

<0.025
<0.025
<0.025

0.123

0.07

0.025
<0.025
<0.025

<0.025
<0.025
<0.025

RBC

2.83

2.83
0.95
0.16
0.04

0.04
0.025
<0.025

(=milg)
2,

87.8

87.6
99.3
94 06

81.9
44.3
41.0
41.0

PCOz

40.9

36.2
39.6
36.8

36.8
32.3
46 .5
32.6

267

2.80
2.83
2.83

Blood pH

7.40

7.40
7.39
7.39

7.40
7.22
7.32
7.26

~—= = Not measured
Postmortem Tissus Cholinesterase (uM/g/min):
Diaphragm 0.07

Brain 4.48, Lung < 0.025,
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Table 8. Whole blood, plasma, and RBC <holinesterase, blood gas
and blood pH determinstions in a pig (test A) given a
lethal intragastric dose of blue-green algae cells
containing anatoxin-a(s) and a pig (control) given an
intragastric dose of distilled water.
Table 8a
Arterial Blocd Gas* and pH Values
PCO,, PO, Blooda pH
Time (min) Test “Control Test Control Test Control
Predose 41.8 27.4 85.2 100 7.40 7.45
30 37.2 39.8 84.3 109 7.38 7.43
60 33.4 39.0 86.8 100 7.41 7.43
75 37.2 37.4 - 9.7 7.31 7.42
82 - 51.6 -— - -
90 35.3 -— 100 7.46
Wnits are in maflg
-- = Not analyzed
Table 8b Cholinesterase Activities (uM/1/min)
Plasma RBC
Time (min) .  Test Contzrol Test Control Test Control
Predose 1.39 1.50 0.27 0.26 2.20 2.34
.30 0.07 1.37 0.06 0.23 0.07 2.47
60 <0.025 1.25 0.05 0.20 0.06 2.57
75 -— - - -— - -
82 <0.025 - 0.04 - <0.025 —

90 1.37 0.26 2.57

-—= = got analyzed
+ Detection limit
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Table 9. Brain, lung, and diaphragm cholinesterase activities
from: 1) a pig (A) administered a lethal intragastric
dose of blue-green algae cells containing antx-a(s), 2)
a pig (B) administered a suspected lethal dose of
blue-green algae containing antx-a(s) and then treated
with activated charcoal and atropine (pig survived),
and 3) a control pig dosed intragastrically with water.

Tissue Cholinesterase (uMol/g/ain)

Pig Brain Lung Diaphragm
1. Lethal Dosed 5.60 ' 0.09 0.09
2. Lethal Dosed and 5.98 0.13 ~0.30 B

Treated with i
Activated Charcoal
and Atropine

3. Control 6.02 0.27 C.45

0 R R ey R e e A e Va6 e s i
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Table 10. Whole blood, plasms, RBC, brain, and disphragm

' cholinesterase determinations in a pig (C) given a
potentially lethal dose of blue-green algae material
containing antx-a(s) and then treated with activated
charcoal and atropine.

Cholinesterase (uM/1l/min)

Time Whole Blood Plasma RBC
Predose l1.10 0.32 1.80
5 nin 0.92 0.25 . 1.16
10 min 0.64 0.11 1.03
19 min (atropine + charcoal)

20 min 0.73 0.08 0.56
30 min 0.14 0.05 0.36
45 min 0.09 0.036 0.15
1hbr <0.02% <0.025 0.11
1.5 hr <0.025 <0,025 0.11
2.0 br <0.025 <0.025 0.05
3.0 by <0.625 <0.025 0.05
4.0 hr <0.025 <0.025 0.11
4.5 br (atropine)

5.0 hr <0.025 <0.025 0.05
7.0 br <0.025 <0.025 - 0.04
10.5 hr (atropine)

12 br <0.025 0.07 0.05
24 hr <0.025 0.07 0.04
48 hr 0.014 . 0.07 0.06

72 br 0.18 0.07 0.09
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High pressure 1iquid chromatograph spectrums of anatoxin-a(s) purified
7

from Tolono, Illinois field case compared to anatoxin-c(s) standard

¢roduced by Anabaena flos-aquae NRC-525-17).
Analytical HPLC Altex CN (4.9 mm x .15 cm) 80/20 (10 mM NH

1 mMCH.COOH) @ 1-5 gl/min.

D) A(S) + Tolono toxian (35 + 30 ug) injection.

A) Tolono toxin at 10 ug injection.
B) Tolono toxin at 30 ug injection.
C) Anatoxin-a(s) at 100 ug injection.

Figure 1:
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B me (Griggsville)

Four sows, one boar, and eight 18-23'kg swine died over a periqd of
one veek around a pond in Griggsville, IL in association with a
blue-green algae bloom. Sudden death was the predominant clinical sign,
but salivation, dyspnes, diarrhesa, ataxia, open mouth breathing and
tecumbency were also observed. Cross postmortem exsmination of 4 pigs by
the referring veterinarisn revealed wet lung tissue.
Materials and Methods

Algae cells vere collected in culture tubes and jars and shipped to
Wright State University in cold~packs for light and scanning electron
microscopic exsmination for algse identification, future culture, mouse
bicassay and HPLC analysis. Brain, lung, and diaphragm were obtained
from & sow that bad died in conjunction with the field case. These vere
analyzed for chlorinesterase sctivity as dascribed previously using the
Modified Ellman Method. Mouse biocassay was also performed at UI using 3
Swiss Webster mice. Two mice wers injected with 1.0 ml of bloom
material, and 1 mouse with 1.0 ml of water for a control.
Rasults

Light microsccpic and scanning electron microscopic examination of
pond water contsining algse by Nik Mabmood and researchers at Wright
State University, Dayton, Ohio, revesled Azabacna f£los-squss, o
blue-green algse, strains of which are kmown to be producers of
antx-e(s). Mice injected with bloom material bad climical signs
iscleding thick sslivation, mucoid lacrimstion, dyspues, cyanosis, clomic
seisures snd death. These clinical esigns were competidble with toxicosis
by sntx-a(s). The mouse bicassay vas repested at Wright State University

tevealed similar results. Cholinesterase assay of brain tissue, lung and

disphragn from a sow that died on the farm revesled cholinesterase

” T
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sctivities of 4.42, 0.00, and 0.13 uM/g/min, respectively. Lung and
disphragm cholinesterase activities appeared inhibited, and *he overall
results vere consistent with a peripheral acting cholinesterase inhibitor
such as antx—a(s). Samples of algae in culture media and bloom material
for freeze drying were sent to Wright State University for culture and

toxin ptodtiction. respectively.
SNOARY

The start of formal studies with pigs may be temporarily delayed
until the structure of antx-a(s) is known and s capability to absolutely
assess toxin purity has been demonstrated. In the meantime, algae
extracts of incressing purity can continue to be used to qualititively
characterise pathophysiologic mechanisms of ‘this toxin in mice and pigs,
snd its neurobehavioral effects oa rats.

In the first year of study, the effects of antx-a(s) have been
evsluated in mice, rats, svine, birds, and cattle. This enabled
observation of the spactrum of clinical signs, that antx-a(s) produces, -
and insights into possible pathophysiologic mechanisms. Marked species
differences vere observed such sas chromodacryorrhea in rats, profuse
mucoid nseal discharge in pigs, seisures in rats, lack of toxicity after
gavage in rodents snd high toxicity with intragastric admistration in
pige. The actions of antx-a(s) are appesrently due to acetycholine
sccumulation at the neurcmusculsar junction, pre- snd postganglionic
jusctions in the sutonomic parasympathetic systes.

Possible patbophysiologic mechanisms of antx-a(s) were explored with
electrocardiograph, blood pressure and electroescephalograph equipment,
cholinestersse assays, gross postmortem and histopatbologic

evaluations. Information to date suygests that sntx-a(s) causes death in

saimals from anoxis and scidosis secondary to respiratory paralysis
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from cholinesterase inhibition. Preliminary blood pressure recordings in
one pig indicated a marked rise in left pulmonary artery blood pressure,
but further observation of this finding in other pigs is necessary before
its significance can be deter-inea. The majority of research data
including brain cholinesterase determinations, neurological examinations
and electroencephalograph recordings indicate that antx-a(s) does not
cross the blood brain barrier and is oot having a direct effect on the
brain. Evidence for antx-s(s) having an effect on the brain comes from
seizure activity, electroencephalographic alteraticns and narcosis
observed in the rat. JYurther study with the rat is planned to clarify
whether antx-a(s) is affecting the brain in this species.

The limited gastric or ruminal intubation studies using pigs,
cattle, birds, mice and rats with antx~a(s) suggested that by this route S
the pig was the most seansitive species to toxicosis. The similarity in
soatony and physiology between the pig and man suggests that asn could
also be very susceptible to orally induced toxicosis. Intravenmous and
intramuscular atropine and gastric intubstion of activated charcoal 1
a.pputod to be a lifesaving trestment in one pig administered an
intragastric lethal dose of algae containing antx-a(s).

Anatoxin-a(s) toxicosis vas diagnosed in two field cases, one
involving ducks and the other swine, in Illinois, in the first year. It
vas possible to barvest and freeze dry toxic algal msterial from blooms
is these cases. UField cases of antx-a(s) and algal blooms producing
satx~(s) may be more common than previously suspected due to the lsbile
asture of the toxin and algae producing antx-a(s), lack of gross and ¢

histopethologic lesions, need for peripheral cholinesterase activity

datermizations, and dus to the bhistory of sudden death in animals. The
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structure of aatx-a(s) in these blooms can be compared in the future for

structural varients to the laboratory-produced antx-a(s) from Apabaena

2los~gquae NRC 525-17.




STUDIES OM CYANOBACTERIA (BLUE-GREEN ALGAE) NEUROTOXINS:
1. PURIFICATION OF ANATOXIK-A(S) AND ANATOXIN-A
1I. KINETIC ANALYSIS OF CHOLINESTERASE INHIBITION BY ANRATOXIN-A(S)

Wik A. Mahmood, PhD
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d. Cholinesterase Inhibition .

Rasults
s. Puritication
. Cholisestarase Inhibitioa

Discussion

Different strains of Angbgens f£los-gquse bave been shown to produce " "
toxins (anatoxins) vhi.ch are ph'yaiologically dintinct.l Two of tbese
snatoxins, snstoxin-e cbuiud from strain NBC 44~]l and mtoxinﬂ(l) from NRC
525-17 have baen studied. m chemical structure and pharmscological sction
of anstoxin-a is slresdy known. It is the alkaloid 2-acetyl-9-azabicyclo

m—l—mz

and is s potent dcgolari:ing neuromuscular blocking agent at both
the nicotinic and muscarinic rocoptou.’

The term anatoxin-e(c) vas derived from anatoxin-a since it vas first
thought that t!n tvo toxins shared similar pharmacclogical properties. lut it
was later found that their pharmacological actions differed 4,3 and most
recently it was shown that snatoxin-a(s) scts as am irruversible
uticholi.uatouu."" Measures to characterize the fundamental chemicsl
properties of smatoxin-a(s) have shown it to be a positively charged compound

of molecular weight > 500. It is acid stable, alkaline labile, water scluble,

unstable in organic solveats and axhibits weak UV absorbence a: 200-400 nm.
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The present studies vith the anatoxin-a(s) and anatoxin-a involve the
development of large~scale (preparative) purification method: ‘the aim is to
produce larger quantities of toxin without reducing purity. The other part of
the study involves the elucidation of .the mechanism of action of
sastoxin-s(s). This hes primarily been directed toward the biochemical
charscterization of the inhibition of cholinesterase by anatoxin-a(s).

The cholinesterase inhidbition studies are necessary for several ressons:

1. to support the earlier pharmacological and toxicological data that

anatoxin-a(s) is an anticholinsterase.

2. to elucidate the mechanism of irreversible action of anatoxin-a(s).

3. to compsre the inhibition between different sources of

cholinesterase. b

MATERTALS AND METHODS
a. Joxip extractiocn
1. Apatoxin-a(s)

The extraction and purification of anatoxin-a(s) from Apshsena
£los-aguas WBC 525-17 are sbown in the flowv diagram (Fig. 1). The
extractics procedure vas developed as part of the author’s dissertation

¢ Since then, some modifications vere made to accommodate the

wvork.
large—-scale extraction and purification.

Lyophilised cells (20 g) in 250 ml acidified ethanol (pH 4.0
acidified with acetic scid) were stirred for 24 hr. The suspension was
centrifuged at 8,000-10,000 rpm for 1 br at 4°C. If mecessary, the
residus was re-extracted by rapeating the above procedure until no
further toxicity wvas observed. The snpernstants vere pooled and
concentrated by air drying in s heated bath (40°C). The dried extract

was dissolved in 20-50 ml 0.1 M acetic scid snd loaded on Bond Rlut

(c“ Analytichem) cartridges. The cartridges vere stacked two columns
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high and a total of fou.r or six cartriiges wvere used. These cartridges
had to be prepared before loading the extract with 2.0 ml methanol
followed by 5.0 ml water. The extract vas then losded and the eluant
collected. The cartridges wvere \;alhed with 5 m}! 0.1 M acetic acid and
the eluant collected again. The pooled elusnt was air-dried and
reconstituted in 10-20 nl of 0.1 M acetic acid and centrifuged at 10,000
rpu at 4°C for 1 hr. 1If the supernatant appeared to be darkly colored,
then the step using Bond Elut was repeated. Otherwise, the sample was
ready for gel filtration.
2. Apasoxin-a

Anstoxin-a from Anabaena flos-aquae NRC 44-1 was extracted using the
same mathod as for antx-a(s) as shown in the flow diagram (Fig. 1).
3. SColumn Ghromstogxaphy

The follcewing method was used for the separation of both anatoxin-a
and snatoxin-a(s). Sephadex G~15 (40-120 u size, Sigme) was rinsed,
swollen and deserated in water overnight. The column (Pharmacia C~26
column, 2.6 x 70 ca) was slurry packed under gravity flow using a packing
reservoir. The final column bed volume was 230 ml. The column was
vashed vi;th 0.1 X acetic acid for at least 1 bed volume initially or
following the previous rum at s constant flow rste of 0.4 nl/min. The
slusnt was supplied by a peristaltic pump (Gilsom Minipuls 2). The
extract in 5.0 ml (0.1 M acetic acid) vas applind to the column using a
semple loader. The effluent, monitored at 230 mm was collected in
fractions of spproximately 6~7 ml volume using a Gilson fraction
collector (Model FC-80k).

Pooled fractions, im vhich the presence of toxin was confirmed by
-.ocu bioassay, vere loaded on a Sep~pak C , (VWaters) cartridges for

sepazating crude toxine from some pigments. The procedure for using

AN ST AR e
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Sap~-pek C“ cartridges vas similar to the one described for Bond Elut

(Analytichem) cartridges (above). The pooled eluants were then ready for

HPLC.

b. B iqui : c

In the EPLC runs for both anatoxin-a(s) aazd anatoxin-a, Waters
semi~preparative C¥ (cyano) columns (7.8 x 300 mm) wvere used. The conditions
for the runs were as follows: 1) 1002 water for 15 min; 2) for auatoxin-a(s),
0-6 mM smmonium acetate was used in a 10 min linear gradient; for anatoxin-a,
a linear gradient from 0-8 =M ammonium acetste over 15 min was used; 3) for
anstovin-a(s), 102 6 =M ammoniun acetate was used in an isocratic rum for 10
min and for snatoxin-a, 1002 8 aM for 15 min was used; 4) 100X water was then
used in 5 min linesr gradient.

The toxic peaks were pcoled sand rerun on & second CN Column (7.8 x 300
am). Sometimes is was necessary to vun specimens on the analytical column
(Altex Cf, 4.5 x 150 mm) with 10 sM ssmouium acetate: 1 mM acetic acid
(80:20) at 1.5 ml/min to separate side peaks and reduce samplc discoloration.
The flow rate for the semi-preparative run was 2 ml/min an! the peaks were
monitore/ for absorbence at 230 mm. .

A preparative colusn, custom pecked Delta 500 CN (5 x 29 cm) (Waters) vas
also tried to purify anatoxin-a(s) in a number of preliminary trial runs. The
gradient elution is scill in preparzation.

c. Yarification of amatoxin-a(a) puxity

Twe methods were used to check purity: 1) NPLC using the analytical
coluomn as described above and 2) thin layer chromatography (TLC). Three
solvent systems vere developed for use ln> addition to the one developed by

Andrew Dahlem at University of Illinois (personal communication). The three

solvent systems are listed below:
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1. pyridine: ethyl acetate: acetic acid (15:5:3)

2, pyridine: ethyl acetate: acetic acid: water (15:5:3:4)

3. o~butsnol: acetic acid: water {2:1:1)

The TLC plates (Silica Gel 60, B; Mark) vere heated at 110°C for 30
min, The 10 ul spots (5-10 ug toxin) were applied and the plutes developed in
the respective solvent systems. The plates wvere air dried, inserted into an
fodine tank for 10~15 min, heated at 110°C 10~15 min and observed under long
wave UV,

. Choli ishibiti

A photometric method of Ellman et al’

vas used to datermine the jp
yitro cholinesterase activity.

Acetylcholinesterase, (EC 3.1.1.7) from electric eel type V-3, and human
erythrocyte type XIII and horse serua bntyrylcholinestfxase (EC 3.1.1.8) were
obtained from Sigma. A stock solution of each enzyme in 0.1 M Ki,r0,

)utfct pH 8.0 was kept frozem. For each assay 0.25 U of enzyme were used.
All assays were carried at room temperature.

For each assay, microliter volumes of anatoxin—s(s) vere added to one
side of the cuvette and 0.25 U enzyme to another corner, followed by addition
of 3.0 ml phosphate buffer pH 8.0 to the cuvette. The solution vas mixed and
incubated for various times. After incubation, the substrate
(acetylthiochcline or butyrylthiocholine at 0.075M) was added, and the change
in sbsorbence at 412 mm recorded.

RESULTS
a. Purificstion

In the gel filtration run (Sephadex G-15), anatoxin-a(s) vas found to be

eluted after only 40-50% of the column bed volume had passed. The toxins were

eluted together with the lfght yellow pigments. In tlLe previous techniqneG.

the final step in the purification of anatoxin-a(s) employed the use of an
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Altech CN and/or Zorbax CN (9.4 x 250 mm) which was run isocratically with 10
umM ammonium scetate and methanol (50:50). In anticipation of an increased
scale of purification using the Waters Delta preparative HPLC 3000 system, it
was nacessary to determine whether a Waters CN semi-preparative column would
work for the separation of anatoxin-a(s).

Good results were obtained with a modified technique that utilized a
linear gradient of water to 6 mM ammonium acetate in 23 min. The separation
profile of anatoxin-a(s) using a Waters CN column (7.8 x 300 mm) is shown in
Pig. 2 vith a ret:ntion time of 25 min. It was observed that the toxin eluted
from a single run on the semi-preparative column ccotained side peak
contsminants and discolored products as shown by thke repeat run on the
semi~-preparative columm (Fig. 3).

The discoloration of the collected semi-preparative run peaks were likely
a result of pigment contamination. These pigments were apparently leached
very slowly from the semi-preparative column. Depending on the appearance of
. the toxin collected from the second HPLC semi-preparative rerun, it is
sometimes necessary to rerun the pooled toxins on an sunlytical column., A
typical analytical HPLC profile of anatoxin-a(s) is shown in Fig. 4. The
purity of the toxic peak was further verified using TLC in all four solvents
which gave a single spot with a minor spot at the origin that corresponded to
the pigment. The average yield of toxin obtained from the 20 g extracted is
about 1 mg.

Anatoxin-a was extrscted using the same method as for anatoxin-a(s). In
the gel filtration run (Sephadex G~15), anatoxin-a was found to be eluted
after between 100-120% of the column bed volume had passed. In the HPLC rum
using the Waters CN (7.8 x 300 mum) semi-preparative column, anatoxin-a was
eluted with a higher smmonium acetate concentration than anatoxin-a(s) (Fig.

S). This corresponds very well to the results with ion-exchange

RO N RIS L SO R




- 88 -
chromatography using CM-Sephadex C-25 (weakly basic cation exchanger), where
anatoxin-a was eluted with 1.0 N acetic acid and sanatoxin-a(s) with 0.3-0.5 N
acetic acid. The ion~exchange chromatography was used in the early stages of
mathods development but in the currentl-ethod. ion~exchange has been
eliminated.

As vith the anatoxin-s(s), the toxin collected from the first HPLC ruam
was slightly discolored. It was necessary to rerun taoe toxin on the second
HFLC column in order to eliminate the pigments.

b. € ibiti

The inhibition of eel acetylcholinesterase (EC 3.1.1.7) by anatoxin-a(s)

is shown in Fig. 6. The inactivation of eel acetylcholinesterase by

snatoxin-a(3) was time and concentration-dependent. The inactivation followed

first—order kinetics, indicative of reversible binding of the inhibitor,
followed by irreversible inhibition. Likevise, the inhibition of human
erythrocyte acetylcholinesterase (EC 3.1.1.7) by anatoxin-a(s) was time and
concentration-dependent (Fig. 7). The pattern of inhibition resembled that of
eel acetylcholinesterase; but further comparison indicated that the inhibition
by anatoxin-a(s) was greater towards human erythrocyte acetylcholinesterase
than eel acetylcholinesterase. This was done by canp‘ring the percent
inhibition at a fixed time versus the toxin concentrations used. The crude
preparation of buman erythrocyte acetylcholinesterase might have contributed
to the observed differences- The inhibition of horse serum cholinesterase (or
butyrylcholinesterase) (EC 3.1.1.8) by anatoxin-a(s) was found to be less
specific than the inhibition of acetylcholinesterase. The inhibition of the
butyrylcholinesterase. The inhibition of the butyrylcholinesterase was
observed to be non-linear (Fig. 8). The nonlinearity vas shown to be biphasic

when the inhibition was carried out a lower concentration of anatoxin-a(s).

G e et e S R0 SOl G S b ot




" ATy
B A TR YR PN

- 89 -

DLscussion

One of the major problems with the large-scale purification of the
neurotoxins is the presence of chlorophyll and other pigments which on many
occaiions were eluted with the purified toxin. A number of steps have been
takan to reduce or eliminate contaminations from these pigments. In the
earlier stage of extraction, this was achieved by the use of disposadble
preparstive cartridges, either Bond Elut (Analytichem) or Sep—pak Cis
(VWaters). In order to avoid “leached” pigments in the columns during HPLC
runs, the pooled toxin after the first run was rerun (purified) on a second
column, If there were side peaks present in the pooled repurified toxin, the
toxic was further separated on an analytical HPLC column,

The present HPLC tachnique is time consuming., 4An attempt to scale-up the
purification of anatoxin-a(s) to the preparative scale has been achieved in
order to reduce running time. It vas carried out on the custom made
preparative cyano columa (Delta 500, 50 x 290 mm) with the same mobile phase
as that used for the semi-preparative runs.
| The cholineaﬁerau inhibition studies led to several conclusions. The
irreversibility of the inhibition of anatoxin~a(s) on eel acetylcholinesterase
bas Scon shown uniig equilibrium dialysis and a plot of Vmax versus total
myu.‘ It vas also observed that diluting the inhibited enzyme up to 100
times with pH 8.0 phosphate buffer di“ not cause any reversibility.

" The irreversible action of anatoxin-a(s) scemed to occur without first
foniag the reversible enzyme-anatoxin-a(s) complex u'a shown by the plot of
first-order rate constants (p) against increasing anatoxin-a(s) concentrations
(rig. 9). This, if it is truly bappening, is intcresting because sli kaown
irreversible anticholinssterases (i.e. organophosphates) with the exception of
VX [o-ethyl 8-2 (diisopropylamino) ethyl methyl plmq:b.mv:otlu'.cnto]8 form a

reversible complex with the enzyme prior to the irreversible ivhibition. All
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of these irreversible compunds act on the enzyme active/peripheral sites.
This would make anatoxin-a(s) a nou-specific inhibitor of acetylcholine;ter-
rase. A number of experiments can be done to show this, i.e. the pH effect,
the substrate and the presence of reversible inhibitor on the activity of
anstoxin-a(s).

The nonlirear character of the inhibition of butyrylcholinesterase by
snatoxin~s(s) could be dus to the presence of two or more different forms of
the enzymes vhich are reacting at differert rates from one another. These
different forms could be either different subsites on the same enzyme, which

react at different rates with anatoxin-ais), or a mixture of different

-isozymes.
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s

20.0 o lyophflized cells
250 ml ethanol (pH 4.0)
stir 34.0 h
centrifuge 13.000 rem 1 h |
air dried, reconstitute in 50 ml
0.1 M acetin acid
Bond E}ut Cig
air dried. reconstitute in 20 ml
6.1 M acstic acid
centrifuge 10.000 rpm 1 h
Gel filtration zSephadex G-15)
Sep-pafk C18
Semi-Prep HPLC

*repeat Bond Elut Step if supernatant is darker in color

Fig. 1. Flow diagram for the isolation of anatoxins-a(s) and

anatoxin-a
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Semi-preparative HPLC of anatoxin-a(s) (+).
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Fig. 3 Semi-preparative HPLC of anatoxin-a(s) ( +).
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Fig. 4 HPLC (analytical) separation of anatoxin-a(s) (¥ ) Column - Altex

CN (4.6 x 150 mm).
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Fig. 5 HPLC separation of antx-a (+) on Waters CN column
(7.8 x 300 mm).
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Fig. 6 Prograssive irreversible inhibition of eel acetylcholinesterase
by antx-a(s).
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Fig. 7 Progressive irreversible inhibition of human erythrocyte

acetylcholinesterase by antx-a(s).
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Progressive irreversible inhibition of horse serum cholinesterase
by antx-a(s).
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Fig. 9 Plot of first-order rate constants versus antx-a(s).
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FIGURE LEGENDS

Semi-preparative HPLC of anatoxin-a(s) ( V).

Column - Waters CN (7.8 x 300 mm). Conditions:
mobile phase - water to 6 mM ammonium acetate. 0-15
min of 100% water and linear gradient in 10 min.
flow rate -~ 2 ml/min: defection - 230 nm @ 0.2 AUFS.
Sample injected from pooled G-1S5 gel filtration.

Semi-preparative HPLC of anatoxin-a(s) ( +). Same
conditions as in Fig. 2, but the injected sample is
the pooled toxic peak obtained from the first run.

HPLC (analytical) separation of anatoxin-a(s) (+)
Column - Altex CN (4.6 x 150 mm). Conditions:

10 mM ammonium acetate: 1 mM acetic acid (80:20), 1.5
ml/min.., 230 nm. 0.2 AbFS.

HPLC separation of antx-a ( + ) on Waters CN column
(7.8 x 300 mm). Conditions: 100% water (15 min.) -~)
0 to 8 mM ammonium acetate. linear aradient in 15 min

-=> 100% 8 mM ammonium acetate (15 min) at 2 ml/min.

230 nm. Antx-a peak (V).
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Progressive irreversible inhibition of eel acetylcho-
linesterase by antx-a(s). Antx-a(s) concentrations,
ug/ml: (%) - 0.083; (QO) - 0.166; (O) - 0.331;
(Aa) - 0.497; (*) ~ 0.539; (e) -~ 0.662;: (v) -
1.262. Each point represents the mean of 3 of ¢4

determinations.

Progressive irrerversible inhibition of human
erythrocyte acetylcholinesterase by antx-a(s).
Antx-a(s). Antx-a(s) concentrations. ug./ml: (e) -
0.16: (v) - 0.32: (m) - 0.66;: (O) - 1.26. Each

point represents the mean of 3 determinations. |

Progressive irreversible inhibition of horse serum
cholinesterase by antx-a(s). Antx-a(s) |
concentrations. ug/ml: (A) - 0.331: (a) - 0.662;

(w) - 0.994; (%) -~ 1.325: (@) - 1.656. Each point

frepresents the mean of 3 or 4 determinations.

Plot of first-order rate constants versus antx-a(s).
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| Aunnual Progress Report for the Period September 1, 1985 to August 31, 1986
PRELIMINARY STUDIES WITH ANATOXIR-A

Drs. James Fikes and Lloyd Barr
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INIRODUCTION

Investigation of the cyanobacterial neurotoxin anatoxin-a, produced by
Apabsens flos-squae, was begun in the fourth quarter of this contract year.
One goal of this study was the establishmant of a dose-relp§n-e relationship
for anatoxin-a in rats. Previous studies have involved characterization of
vavious pathophysiologic effects of anatoxin-a in isolated systems. In
general, however, data, on the ability of the toxin to exert specific life
threatening eff{acts hen administered to intact animals, has not been
generated. A second goal, therefore, wvas the development of a method to
stimulate the phrenic nerves of anatoxin-a dosed animals to enable
detarmination of vhether phrenic nerve~diaphragmatic seuromuscular

transmission is blocked by the toxia,
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MATERIALS AND METHODS

s. Joxin

"Semipurified" anatoxin-a (antx-s) extract was used in all studies
taus far since purified toxin is ;u yet unavailable. The "semipurified"
toxin was extracted (see Figure 1) by adding lyophilized cells to ethanol
(pH 4.0, adjusted with acetic acid) and stirred for 18 hours. The
solution vas then centrifuged and the supernatant fluid was removed and
filtered. The filtrate wrs- then passed through a preparative cartridge,
Bond Blut (Apalytic Chem). The final filtrate was then dried down and
reconstituted with saline to & concentration of 0.1 g dry cell
material/ml of extract equivalence and frozen. The "semipurified™ antx-a
at this point is a clear green solution. Toxicity was verified by mouse
bioassay. Purity of the solution was not determined due to the
unsvailability of a pure toxin standard. All doses of "semipurified"
antx-a used in this phase of the study came from the same batch of
extracted cell material.
b.  Animsls

Male, Harlan Sprague Davliey SD rats weighing between 283 and 375

g¥|-l vere injected vith varying doses of the "semipurified" antx-a
intravenously (IV) as wvell as intraperitoneally (IP) for comparison.
c¢. Intravemously Dosed Rats

Five rats vere injected IV with antx-a via a catheter in the tail
vein. Doses ar; shown in Table 1. All 5 animals in the IV dosing group
ware anesthetized with methoxyflurane and weighed. A 26 gauge
Angiocathn vas then placed in ome of the tail veins. The rats wvere
alloved A5 to 75 minutes to recover from the anesthetic prior to dosing

with the "semipurified" toxin.
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d. Intraperitoneally Dosed Rats

Yor comparison effects after IV administration, 5 rats were iniected
IP with varying amounts of "semipurified™ antx-s with two of the rats
being injected twice. The necond-injections vere given after a recovery
period of 1 week.
e. Necropsy Procedure

Animals which died following treatment were immediately necropsied.
The skin, brain, skeletal muscles, thoracic and abdominal organs were

ezamined grossly. The lungs were fixed via intratracheal instillation of

.10% neutral, buffered formalin. Sections of tissues, including liver,

lung, small intestine, kidney, spleen, myocardium, spinal cord and brain,
were fixed by immorsion in 10Z neutral, buffered formalin. These tissues
vere routinely processed, embedded in paraffin, secticned at 6 unm, and
stained with hematoxylin and eosin.
£. im i Eva nic N

Stimylation in Agimals Given Aatx-A

Development of a technique to electrically stimulate the pL.emnic
nerve in the live~anesthetized sanimal was begun this quarter. Three rats
vere sanesthetized with IP injections of pentobarbital and four rats by IV
administration. A ventral midline incision was made beginning at the
sternui: and extending anteriorly approximately 2 1/2 cm along the ventral
neck. The phrenic nerve was exposed by sharp and blunt dissection at the
point it branches off the Vth cervical nerve and crosses the VIth and
Vilth cervical nerves. Initially used spade electrodes were replaced by

cuff electrodes.
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RESULTS

a. Intrgvenously Dosed Rgts

Survival d;ta is shown in Table 1. Animals that survived were
observed for 7 days postdcsing. fhe tvo animals which survived the IV
dosing (i.e. rats 1 and 4), showed clinical signs but appeared to
recover fully based oun clinical observations. Rat 1 was unable to walk
immedistely after the IV injection but could crawl. This appeared to be
dua to a moderate muscle wveakness. When the rat did move, its head and
liob motions were exaggerated. This animal could walk by 26 minutes
postdosing and appeared clinically normal by 30 minutes postdosing. At
Bo time did this rat appear unresponsive to external stimuli or exhibit
signs of labored breathing. Rat 4 was also unable to walk immediately
after dosing but was able to crawl., Immediately after injection, the
cat’s left hindlimb appeared paretic. Although the rat could move the
leg, it was extremely weak as compared to the other legs and had no pedal
reflex. At one minute after dosing, the rat had an increased respiratory
rate vith generslized muscle veakness. The rat had an intact righting
reflex at all times. By & minutes postdosing, the left hindlimb paresis
appeared to move anceribrly and partialiy affected the left forelimb.
The rat did not respond to needle pricks on tne left side either
laterally or dorsally from the hindlimb to the shoulder. At 9 minutes
poutdoying. the rat began to respond to pinching of the toes of the left
hindlimb and began steady improvement in the use of its left fore- and
hindlimb. The rat improved quickly during the next 10 minutes.
Improvement tapered off during the next 16 minutes but, by 35 minutes
postdosing, the rat appeared clinically normal.

The three rats given lethal doses IV (see Table 1) demonstrated a

fairly consistent progression of clinical signs. Rats 2 and 3 were
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unable to walk by the time the animals were placed in the box for
observation (approximately 5 seconds after the start of the injection).
Rat 5 vas able to walk for approximately 10 seconds after being placed in
the box but then it too began deﬁonstrating the generalized muscle
vaakness and quickly progressed to only being able to crawl. Each of the
three rats was able to crawl for only 15-60 secounds. Clinical signs
occurred fairly'conci:tently in the order shown in Table 2.
b. Iatraperitoneslly Dosed Rats

Four of the rats injected intraperitoneally once and ome injected
twice survived (see Table 3). The rats which survived demonstrated a
variety of clinical responses to IP dosing from no change to moderate
unresponsiveness to external stimuli and inability to walk.

After the first dosing, rats 6 and 7 did not exhibit any clinical
effects. Rat 9 began to experience ladbored breathing 12 minutes after
do.ingJ By 18 minutes postdosing, the rat could barely walk and, by 29
minutes postdosing, it could only crawl. Respiration continued to be
labored until 27 minutes after dosing when the dyspnea began to ease and
cravling activity began to increase. By 56 minutes postdosiug,
respiration appeared normal. Although the rat could walk, its limb and
head movements were exaggerated. Clinical recovery appeared complete by
6 1/2 hours.

Rat 10 sppeared normal until 9 minutes postdosing. At that time, it
began to valk with exaggerated motions of the limbs and had an increased
respiratory rate. The respiratory rate and abnormal limb movement
continued to increase for the next two minutes. This appeared to peak by
11 minutes postdosing, and then began to slowvly improve. At 36 minutes
postdosing, the rat was still somewhat unresponsive to stimulation and
had slightly exaggerated limb movement but normal respiration. By eight

bours postinjection, the animal appeared clinically normal.
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Rat 6 was injected a second time IP, 7 days following the first
injection. At six minutes postdosing, it exhibited a reduction in
spontaneocus movement. This decrease in activity progressed to moderate
unresponsiveness to stimuli during the next two minutes. At that time
the rat wvas extremely weak and could not walk but could crawl. The

Two rats died following IP injection (see Table 3). Rat 7 was
injected twice, the second IP injéction being 7 days after the first.
Both rats exhibited a similar progression of clinical signs with no
abnormalities noted for the first 5-6 minutes. The rats then became
weak, could not walk, but could crawl. The severity of the clinical
signs progressed during the next 6 minutes with the onset of and increase
in labored breathing, tremors of the neck and back muscles followed by
kicking of the backlegs. Death quickly followed the onset of violent,
rapid (every 2-3 seconds) hindlimb kicking and apparent respiratory
paralysis at 11-13 minutes postdosing.

c. ic N i ian i i Given Aptx-

In the study to assess phrenic nerve/diaphragm neuromuscular
transmission, problems encountered initially included excessive
hemorrhage in the first 3 rats and excessive stimulation and contraction
of the thoracic limb with little evidence of diaphragmatic contraction
noted.

Most of these problems appear to be corrected by altering the
surgical approach. Less tissue trauma occurs and all the local major

vasculature is avoided. This greatly decreases the amount of hemorrhage.

lﬂarvntd Subminiature Electrode, Harvard Apparatus Company, Inc., South

Natick, MA.
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By using small cuff clcctrodenl and cransecting the phrenic nerve

anterior to the electrodes, it appears chet the inadvertant stimulatioa

of local neural and muscle tissue with resultant contraction cau be

avoided. The new approach and eiecttodea have only been used in three

rats thus far. The surgical techniques involved will still require some

practice before using this technique in formal studies of antx-a.
DISCUSSION

The work completed in the investigation of antx-s thus far would suggest
that the toxin has a fairly steep dose-response curve. This is supported by
the fairly narrow IV dose range that produced clinical signs ranging from
fairly brief, moderate muscle veakness to death. The rapidity with which
clinical signs appeared and death resulted fnllowing IV injection would
suggest that antx-s is quickly distributed from the blood to its effector
site(s). Ictraperitoneally dosed rats required higher doses to produce
clinical effects and experienced a longer time until onset of signs. The time
to death wich IP dosing was in sagreement with other investigator’s
experimental findings. The differences in dose and time to clinical signs wmay
potentially be explained in part by the polarity of antx-a preventing its
rapid uptake from the peritoneal cavity by the vasculature.

No gross lesions vere found during necropsy of the rats that died. No
treatnent-related microscopic lesions were found in tissues from the two rats
that receivéﬁ’the largest doses 1V and IP (#2-1IV; #7-IP).

FUTURE PLANS

In the next quarter, the technique to electrically stimulate the
diaphragm via the phrenic nerves, will be perfected. The dosages employed in
the preliminary study will serve as a guide for use in this site of action
assessment. Approximately 30 ml of the "semipurified” antx-a used in this

study remains and will be employed in the following aspects of the study to
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maintain consistency. Once the technique is readily repeatable, antx-a will
be administered IV at a known lethal dose (determined in the laat quarter) and
the effect on the diaphragm will be roted. BRapid onset of diaphragmatic and
reapiratory pacalysis after dosing would suggest that the distributioa of
effector sites at laast partially includes the peripkeral nervous system. If
diaphragmatic contraction continues unaffected, the suggestion would be that
the antx~a effects on respiration are primarily in the central nervous system.
We anticipate immediate rcspiratory paralysi= which will not be particularly
responsive to phrenic nerve stimulation. This would support a hypothesis that

the peripheral myonmeural junction is the principle site of action of antx-a.
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Figure 1. Flow Diagram for and Clean up of "Semipurified"
Anatoxin-A.
5.0 g Lyophilized cell

200 to 250 ml 95% Ethanoi (pH 4.0)
stir 18 hr.

Centrifuge 3000 rpm 15 min
45 ym Filter pener ) .
+20 um Filter paper

Bond Elut C18

Dry down, reconstitute in 50 ml saline
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Freeze T
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Table 1. Data for Rats Given "Semipurified" Anatoxin-A
by Intravenous Administration.

Weight .Volume of Toxin
Rat (in grams) (in milliliters) Dose (ml/kg) Results
1 295.0 0.5 1.69 Survived
2 283.0 1.0 3.53 Died
3 302.7 0.8 2.64 Died
4 295.4 0.6 2.03 Survived
5 299.5 0.7 2.34 Died
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Table 2
Usual Time Course of Effects in Rats Dosed Intravenously with Anatoxin-A

Time
{Seconds Postinjection) Effects

0-30 weakness, inability to walk, crawling

30-60 limp tail, srching of neck, kicking of backlegs

60-90 slight to moderate contraction of back muscles
(sometimes involving the gemeral musculature),
increased frequency of kicking with backlegs, no
evidence of respiration

*90 death

*Rat 5 died at 150 seconds postdosing. The onset of each of the above groups
of clinical signs was delayed approximately 30 seconds, ss comparedc to rats 2
and 3.
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Table 3. Data for Rats Given an Intraperitoneal Injection of
*Semipurified™ Anatoxin-A.

: Weight VYolume of Toxin
Rat (in grams) (in milliliters) Dose (ml/kg) Results
6 312.4 0.74 2.37 Survived
7 296 .4 0.77 2.60 Survived
8 310.8 1.10 3.54 Died
9 355.4 1.10 3.10 Survived
10 349.4 1.15 2.29 Survived
*6 323.9 1.15 3.55 Survived
*7 324.0 1.20 3.70 Died

*Dosed tvice, the second injection followed the first by 7 days.
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BLUE-GREEN ALGAE (MICRCCYSTIS AERUGINOSA) HEPATOTOXICOSIS

IN A HERD OF DAIRY COWS

Y. D. Galey, DVX*, V. R. Bessley, DV, PhD", W. W. Carmichael, ran",
G. Kleppe , DVM, 8. B. Hooser, DVM', W. M. Baschek, BVSc, PhD

Key words: Blue-green algae, Cyanobacteria, Microcystis aeruginosa,
Hepatotoxicosis.
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SUMMARY

Twenty cows from a dairy herd consisting of 60 adult, healthy, lactating
Holstein dairy cows developed signs of snorexia, mental derangement, )
dehydration, recumbency and ruminal atbny after the ingestion of water
containing blue-green algae. Nine of the cows died. The algal bloom, which
developed in a stagnant pond during hot, dry weather, was positively
identified as the cyanobacterium Microcystis seruginoss, a potentially
hepatotoxic algae. One veek after the incident, previously affected cows
appeared healthy although liver—associsted enzyne activities were elevated.

Intraruminal administration of tke intact wet bloom to an apparently
healthy 125 kg heifer was followed by hepatic necrosis and death. The liver
wvas enlarged, friable and gummetsl blue in color with microscovically evident
hepatocyte dissociation, degeneration and necrosis. The ingesta of
the animal gon:ained typical clumps of cells which were identified as M.
Aeruginoss.

The intraperitoneal (IP) administration of lyophilized cell material
from that bloom to ICR Swiss male mice caused marked hepatic enlargement. The
1P LDg, of the dried bloom was estimated to be 10 mg/kg.

A cyclic peptide toxin purified from the algae appears to be
structurally similar to toxins from other previously characterized

hepatotoxic blooms of M. seruginoss.
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Poisoning due to the blue-green alga (cyanobacterium) Microcystis
2eTuginoss has been reported in livestock from various parts of the world

1,2,3 A cyclic peptide

including Australia, South Africa, and Canada.
produced by toxic blooms of this alga causes massive hepatotoxicosis when
ingested in sufficient l-ounc..1’2’3 Potentially toxic blooms of
Microcystis tend to form in water vhen dry weather and high nutrient
concentrations are coupled with slow water -oveuen:.l Poisoning is more
likely vhen animals have access to an area vhere vind or water flow have
concentrated the bloom near the edge of s lake, pond or streanm,

The present report describes: (1) envirommental, clinical and serum
chemistry findings associated with a naturally occurring outbreak of
Microcystis seruginoss toxicosis in a herd of dairy cattle; (2) the clinical,
serum chemistry asnd pathologic findings in a heifer given the suspected algal
bloom from the dairy farm; (3) the isolation and characterization of the
toxin; and (4) a field diagnostic technique for confirming exposure to a
Microcystis bloom.

Materials and Methods

Field investigation--On September 26, 1985, toxicologists from the
National Animal Poison Control Center, College of Veterinary Medicine,
University of Illinois at Urbana-Champaign investigated a suspected
blue-green algae toxicosis wvhich began one week previously in a herd of dairy
cattle near Monroe, located in Green County of southern Wisconsin. The site
vas inspected and historical information was recorded. Serum samples for
biochemical assessment (including serum albumin, alkaline phosphatase (AP),
arginase, gamma glutamyl transpeptidase (GGI), aspartate smino transferase
(AAT), bilirubin, blood urea nitrogen (BUN), creatine phosphokinase (CPK),
crestinine, lactate dehydrogenase (LDH), calcium, glucose and electrolytes)

were obtained from the tail veins of seven cows that had been clinically

~f
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affected, seven cows that had been exposed to the algae but were not
clinically affected and three animals that had not been exposed to the algae.
Tventy gallous of algal bloom (approximate dry weight of the cells was 20 g/l)
were collected from the pond, overfloﬁ and drainage ditch for further study.
Fresh and formalin fixed samples were sent (to W. W. Carmichael) for algal
identification and toxin characterization.

Experimental protocol--Because postmortem examinations had not been
performed on the cows that died in Wisconsin, s trial was conducted using an
spparently healthy, 125 kg black Angus ruminant heifer in order to support
the field disgnosis and document blue-green algse toxicosis in cattle. The
equivalent of two grams (dry weight basis) of Microcystis cells per kilogram
body weight was administered intraruminally to the heifer via a stomach tube.
RBight liters of the wet bloum were divided into two doses given one hour
apart in order to avoid excessive distension of the rumen. The dry weight
dosage selected was similar to that which was experimentally lethal to
clxeep.1 The animal was continuously observed for clinical signs. Samples
for hematology and serum chemistry analysis were obtained from the jugular
vein twice during the week prior to, immediately before and every 3 hours
after dosing.

GCross necropsy vas performed immedistely after the heifer died. Tissues
vere fixed in 10X neutral buffered formalin, imbedded in paraffin, sectioned
at 5 um and stained vith hematoxylin and eoein. Samples of bloom and ruminal,
omasal and abomasal contents were refrigerated and wvet preparations were
exsmined under a coverslip with a light micrescope.

Algae and Toxin Identification-~The cell material was freeze dried and
sonicated to release the suspected water soluble toxin. The aqueous extract
vas then purified using gel permeation chromatography and reverse phase high

performance liquid chromatography (HPLC).
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An approximate intraperitoneal LDSO of the freeze-dried bloom for ICR
Swiss male mice (15-25 grams) was determined. Body weights and liver
weights as a percentage of body weights were obtained immediately after
death.

High pressure liquid chromatography (HFLC) correlation profiles wece
studied for the purified Monroe toxin with two cyclic peptide toxins,
ARERTOXY (a toxin produced by a Norwegian M. aeruginoss water bloom’) and
the toxin produced by laboratory M. gerugiposs strain 7820. HPLC was done
using an Alltech® C-18 column, 25 cm x 4.6 wm inside diameter with 10
micron packing and a liquid phase of 287 acetonitrile plus 10 mM ammonium
acetate (pH 1.0) at a flov rate of 1 ml/min at 22 C. Toxins were detected
with & Gilson Holochrome ultraviolet detector set at 240 nanometers. Ratios
of amino acid constituents for the toxin were obtained by hydrolysis with
6N HC1 . precolumn derivatization with phenylisothiocyanate and analysis with
a Waters Picotag HPLC system and UV detection at 254 nn.f

Statistical analysis--Clinical pathologic parsmeters of the groups were
compared using the unprotected Least Significant Differences (LSD) Hethods
at a significance level (alpha = .05).

Eesults

Bavirommental findings-~The weather had been hot £nd dry for several
months prior to the incident and a thin, grainy, green film had formed on a
stagnant, spring-fed pond (Fig 1). On September 17, 1985 wind had
concentrated ths bloom near the pond overflow pipe and it began to rain. By
the¢ next day, one inch of rain had fallen, filling the pond which then began
to drain. A large amount of the thick, concentrated algal bloom was carried

out of the pond and deposited along a shallow ditch in a pasture where

lactating dairy cows were often kept.
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Exposure history and clinical findings--On the evening of September 18,

after the rzin had subsided, 60 healthy adult lactating Holstein dairy cows

(in all stages of lactation) were turned into the pasture. Twelve hours !'V,
later, twenty covs vere anoreric and three recumbent. Some of the affected H‘
cows had the green, grainy algal material on their backs, which, when sampled
on September 19, was confirmed (by light microscopy) to consist of the same | ;
clumps of cellular material as found in the pond and outflow. The cows ':
exhibited clinical signs resembling milk fever (anorexia, unresponsiveness, i

reluctance to move and occasional derangement). Recumbent cows rapidly

became dehydrated. Ruminal atony and mild bloat developed. ;
The three cows that first went down had low pretreatment blood calcium ‘
concentrations of 6.4, 7.5 and 7.4 mg/dl, and initially responded to
intravenous calcium trent-enr..h All of the animals were removed f£rom the

pasture. Ten other severely affected snimals were later given calcium "; N
intt;veﬁoully along with oral activated charcoal. Two of the animals that‘ ‘ﬁ';
had earlier responded to the calcium treatment became recumbent and died later :,g‘;
that day. PFive more cows vere dead the next morning and two additional ‘2
R <
animals died the following day. Unfortunately, postmcrtem examination was not
conducted on any of the nine cows that died. One week after exposure the ‘:3'

remaining affected animals appeared healthy and were returning to their normal ﬁ ’
feed consumption and lactation rates.
The experimentally dosed heifer became slightly less responsiva seven ‘
hours after exposure to the toxic bloom and at eight hours postdosing, the ".
calf vas recumbent although it would reluctantly rise when stimulated. The g?;
heart rate incressed from 2 predosing rate of 90 to 114 beats per minute ::s
(bpm); the respiratory rate increased from 42 to 66 breaths per minute and ;
the rectal temperature rose from 38.5 C to 40.5 C. Profuse, watery diarrhea '33‘:
developed which continued until death. The heifer was anorexic, less ge%
M
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responsive, and wveak. The rumen contraction rate slowed from ome contraction
per minute (predosing) to one comtraction every three minutes.

The heifer’s condition rapidly deteriorated during the subsequent two
hours. The mucous membranes became paie and the capillary refill time was ;;
prolonged. The heart and respiratory rates continued to rise with the former w
exceeding 200 bpm. The calf became laterally recumbent, unresponsive to
external stimuli, snd died tenm hours after dosing.

Serum chemistry findings——The dairy covs from the farm that had shown

evidence of toxicosis had significantly elevated AP, GGT, AAT and LDHE

activities as compared to those from unaffected exposed and non-exposed &
covs (Table 1) seven days after exposure to the algae. The total bilirubin
concentrations for three of the seven previously affected cows were
marginally elevated. Serum electrolytes and renal parsmeters were all within
normal ranges for cattle.
Por the experimentally dosed heifer, the AP, arginase, GGT, AAT and LDH
enzyme activities progressively increased after exposure (Table 2). In
addition, the activity of creatine phosphokinase steadily rose to almost 3-4
times the predosing value. The total bilirubin concentration showed a slight
increase late in the toxicosis. Glucose rose early from a predosing
concentration of 88 mg/dl to 276 mg/dl at 8 hours and then dropped to 42
mg/dl ten hours after exposure. Other parameters were unchanged.
Gross pathologic findings—-The liver from the heifer was markedly
anlarged, purple-black it color and on cut section was friable and severely
congested. The gall bladder contained dark red bile. The wall of the gall
bladder was markedly thicke@ed due to edema. This edema extended into
adjacent pancreatic and mesenteric tissue. All mesenteric lympk nodes were
enlarged (2 X normal size) and cortices bulged on cut section. Ingesta from N

the rumen, reticulum and abomasum was vatery greea vith a grainy texture much"
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like the algal bloom itself (Pig 2). There was scant evidence of ingesta in
the intestines. The jejunum contained a small amount of thick dark-red
material. A smail amount of clotted blood was present in the colon. The
kidneys were slightly pale. .

Bistologic findings--ruminal, omasal, and abomasal contents from the
heifer contained large numbérs of clumped Microcystis aeruginosa cells
similar to those seen in the pond (Fig 3).

In the liver there was severe hepatocellular dissociation, degemeration
and pecrosis involving the entire lobule except for a rim of periportal
bhepatocytes a fev cells wide. The affected hepatocytes were widely separated
by a large number of red blood cells with a few scattered neutrophils (Fig
4). Central veins vere frequently obliterated or contained free hepatocytes.
Severe subserosal edema was pregent in the gall bladder. The lymph nodes
were edematous and red blood cells along with a mixed population of
inflammatory cells were present in the sinuses. Hemorrhages were present in
the ltning propria of the inteatines.

Other lesions, presumably present before dosing and therefore not
related to toxin administration, included moderate subucute multifocal
interstitial nephritis, miid multifocal suppurative bronchiolitis and
moderate enteritis.

Algse and toxin identification--The green clumps of cells were
positively identified as Microcystis aeruginossg (Fig 5) based on microscopic
worphology. When administered intraperitoneally to mice, ‘he lyophilized
bloom caused death with massive hepatic enlargement (liver weight was 9% of
the body weight as compared to 5% for control) and dark red discoloration.
The murine LDSO for the lyophilized bloom was determined to be 10 mg/kg.

The purified compound, like toxins previously purified and characterized

from strain 7820 and AKERTOX, is & cyclic peptide and contains several
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similar smino acids (equimolar ratios of alanine, arginine, glutamate,
leucine and beta methyl asparta:e).j The purified toxin from the Monroe
bloom exhibited similar BPLC retention times as AKERTOX and the toxin
produced by strain 7820 (Fig 6). Alsé, when equal amounts of Monroe toxin
and une of the other toxins were combined, the resultant peak was doubled in
sizz, symmetric and at a similar location. This purified material was shown
to retsin the toxicity of the lyophilized cells as it caused hepatic
enlargement and death vhen injected intraperitoneally in mice.

Biscuesion

This report illustrates the potential hazard of M. gerugiposs as a
hepatotoxin in dairy cattle. The diagnosis made following the field
investigation vas supported by experimentally reproducing of the syndrome.

The hot, dry veather and stagnant water apparently supported the growth
of the toxic blue-green algae bloom as previously described.l The signs of
anorexia, unresponsiveness, variable hyperthermia, recumbency, rumen atony,
shock and death seen in the field and/or in the heifer dosed experimentally
are consistent with those reported for sheep orally dosed with large amounts
of nig;ggglgig_bloon.l These signs are alsc consistent vith massive liver
damage.

Elevations of AF, arginase, GGT and AAT activities all suggest a primary
problem of liver damage. The elevations of CPK and LDH, which are less organ
specific, could have been due to recumbency as well as to the liver damage.

The gross and light micros-~opic evidence of M. aerugiposa cells in the
ingesta of the exposed animsls is an important finding for two reasoms.
First, examination of wet preparations of ingesta by light microscopy at low
to medium magnification can be easily and quickly used in the field to

confirm bloom consumption. 8econd, the intact clumps of cells could be a

source of prolonged exposure of the animal to the toxin throughout the

.
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gastrointestinal tract. This evidence suggests, therefore, that attempting
to remove the toxin, or prevent its absorption viz activated charcoal
adsorption, may be of potential benefii in the clinically exposed animal.

The intraperitoneal LDSO ox 10 mg]kg estimated in mice for the
lyophilized bloom material vas lover than the approximate LD., of 40 mg/kg
found for mice usihg other M. serugizysa blooms in this laboratory. The
prominent hepatic enlargement was tyj ical of experimental M. aerugiposa
toxicosis in mice.b

Gross and histologic evidence of hepatic necrosis has been reported in

1 and nice3 exposed to M. seruginoss blooms. The pathologic effects

sheep
in the calf dosed in this study wvere coasistent with those previous zeports.

The HPLC correlation profile of the Monroe toxin indicates that it is
very similar or identical to the hepatotoxins of strain 7820 (studigd in this
laboratory) and sznroxi isolated from another toxic M. geruginosa bloom.

The retention times and symmetrical peaks for the combined toxins provide
further evidence that the tcxins are similar. The initial sxino acid profile
of the Monroe toxin vas also quite similar to that of previously characterized
cyclic polypeptide hepatotoxins.j Yieids from freeze-dried calls of the
Honto; bloom consistently were about 4 mg of toxin per gram of cells. This
compares vwith about 1 mg of toxin per gram of cells for the laboratory strain
7820 and is thought to explain the difference in toxicity between the two
(i.e. 40 mg/kg for 7820 and 10 ng/kg for the Monroe toxic cells).

M. seruginosg toxicosis occurs under conditions favorable to the growth
and concentration of a toxic bloom, such as wvarm ambient temperatures,
stagnant wvater, high water nutrient concentrations and wind. Toxicosis should
be suspected when appropriate clinical signs, clinical pathologic and
postmortem lesions of massive hepatic necrosis along with evidence of bloom

consumption are present. This evidence may be apparent when animals have
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access to a potentially toxic bloom of algae and/or when clumps of Microcystis
cells found in the ingesta. For confirming a diagnosis, samples of the
ingesta and bloom should be split and a smcll portion (i.e. 5 ml) preserved in
an equal or larger volume of 10% neutr‘al buffered formalin or dilute Lugcl”’a
solution «od the remsinder (i.e. 500 ml) refrigerated (not frozen) and rapidly
shipped to a lsboratory. These samri:s can then be used for positive alga
id¢ntification and for proof of toxigenicity by mcuse Licassay along with
toxin isolation and ideutification.

At preseat, recoamended therapy cent.:rs on prevention of absorption and
support. Poisoned animals should immediately be removed from the source to
prevent furfier exposure., Rumen lavage follovgd by orsz! administration of
activated charcoal may reduce absorption of the toxin although the benmefit of
activated charcoal remains to be proven. TIluids, glucose and calcium given
intravenously may benefit the clinically affected anima)l. Serum enzymes

(especially tLose reflecting liver status) should be monitored.
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TABLE l--Serum enzyme activities found to be significantly (p<.05) elevated in
dairy cows seven days after ingestion of M. gerugiposs as compared to

unaffected but exposed and nonexposed groups of cows (Mean + S$.D.).

Aspartate
Ganma Amino
Alkaline Glutamyl Transfer— Lactate
Group Phosphatase Transpeptidase ase Debydrogenase
Exposed~shoving 195.1426.8 201.3+28.8 138.9+15.5 1996.6+77.9
clinical signs (n=7)
Bxposed~no clinical 70.6+10.11 19.4+ 1.7 56.1+ 4,2 755.1+49.3
signs (n=7)
Not exposed (n=3) 123.0+49.5 16.0+ 1.0 46+ 4.7 787.7459.5
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TABLE 2--Serum enzyme sctivities in a heifer crally dosed with M. geruginosa.

. Aspartate
Ganma Anino Lactate

Alkaline Glutamyl Transfer- Dehydro- Creatine

Phosphatase Transpeptidase ase genasge Phosphokinase Arginase
hpla
Predosing
4 days 213 26 63 1636 188 6
2 days 146 22 47 1264 92 1
At dosing 120 19 46 1067 181 2
Postdosing
3 bours 122 16 49 1058 286 : 4
6 hours 151 35 65 1101 295 11
9 hours 253 59 ND 1744 359 180
10 bours 488 65 ND 2015 631 135
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FIGURES SUBMITTED FOR PUBLICATIOR

Fig 1--The pond in Monroe, WI contained a green grainy film of blue-green
algae that was wind concentrated to one side (A). The grainy materisl from
the pond vater in a 100 x 15 mm petri dish (B).

¥ig 2--Photographs of concentrated blue-green algae (M. seruginosa) bloom
illustrating rac pasty, granular appearance of the material from the poud (A)
and from the bovine rumen 10 hours after exposure to the toxic bloom (B).
100 x 15 um petri dish.

¥ig 3—Characteristic cluster of M. seruginoss cells from the pond (A).
These cluaters give the bloom its grainy appearance. There was a lucent
calyx surrounding the clusters of round cells. Similar clusters from
material obtained from the rumen of & heifer 10 bours after bloom ingestion
(3). Wet preparation under coverslip; X 20.

FPig 4-——Bovine liver from experimental M. geruginosa toxicosis showing -
heptocellular dissociation, degeneration and necrosis. Affected heptocytes
are separated by large numbers of red blood cells. Note disruption of
lobular architecture which is most severe in the centrilobular regiom (left)
with a lesser effect in the periportal area (right). BHematoxylin and eosin;
x 20.

?ig 5-—-Scanning electron photomicrographk from a colony of Microcystis
aeruginoss cells (each cell is about 5 u in diameter) from the algae bloom in
Mounroe; x 2500, SEM by A. S. Dabholkar.

?ig 6~-The purified Mource blue-green algae toxin has the same retention time
and correlates well with previously isolated M. aeruginosa hepatotoxins
AKERTCX (A) and strain 7820 (B). Arrow = injection time.
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EFFECTS ON MALE MICE OF ONE OR TWO INTRAPERITONEAL DOSES
OF A HEPATOTOXIN PRODUCED BY MICROCYSTIS AERUGINOSA

Randall A. Lovell, DVM, Val R. Beasley, DVM, PhO,
Wayne W. Carmichael, PhD, Andrew M. Dahlom, BS

INTRODUCTION

Microcystis aeruginosa, a freshwater cyanobacterium, produces a hepato-
toxin which causes livestock and wildlife poisonings in both northern and
southern temperate latitudes (1). Animal poisonings often follow ingestion of

wind-alded accumulations of toxic cyanobacterial blooms along shorelines of

ponds and lakes (2). Strains of Microcystis aeruginosa produce a cyclic hepta-
peptide, termed "microcystin,™ which is comprised of 2 variant L-amino acids,
3 fnvariant D-amino acids, a N-methyl a, B-dehydroamino acid, and an extremely
nonpolar 20 carbon B-amino acid known as ADDA (3). The microcystin used in

this experiment was derived from Microcystis aeruginosa laboratory strain 7820

and contained leucine and arginine as the 2 variant L-amino acids (3). Thus,
“7820 microcystin® 1is chemically equivalent to cyanoginosin-LR (4). Although
the exact mechanism of the hepatotoxic action of 7820 microcystin is unknown,
it has been postulated that the hepatotoxin may destabilize the liver cyto-
skeleton (8,9). It has been suggested that animals given this toxin die from
hemorrhagic shock due to acute liver hemorrhage (5).

The major purposes of this experiment were: (a) to establish a é4—hour ipP

LDso, a “consistently lethal" IP dose, and a “consistently sublethal but toxic"
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IP dose following a single administration of “"purified” 7820 microcystin; (b)
to assess whether a sublethal dose of 7820 microcystin provides a protective
effect from a subsequent, “consistently lethal" (on a single-dose basis) IP
dose of 7820 microcystin administered approximately 48 hours later; and (c¢) to

compare liver and combined kidney weights, survival time, clinical signs, and

gross nécropsy findings of control mice with those of mice following 1 or 2

hepatotoxin administration(s).
MATERIALS AND METHODS

Doses were based on the weight of the 75% pure material, rather than on the
weight of the toxin present. High doses of the contaminants present were test-
ed in our ladb by IP administration to mice, and did not demonstrate significant
toxicity.

The day before dosing (Day 0), 0.15 ml of a stock solution (which cor-
related to 75.0 ug of 7820 microcystin of approximately 75% purity) was placed
in a volumetric flask; physiologic saline was added to total 50 mi. The dosing
solution was transferred into a 75 ml dark vial, capped, and stored in the re-
frigerator. Stability studies in our laboratory indicate that the hepatoxin
does not significantly degrade for several days under these conditions.

The study used 60 male Balb/C mice weighing 20 to 35 g. After a 2-week ac-
climation period, each animal was randomly assigned to 1 of the following 6
beginning treatment regimens: tap water control or 20, 25, 30, 35, or 40 ug of
7820 microcystin/kg (n = 10 for each treatment g~'wp). Mice were weighed to
the nearest 0.01 g immediately prior to dosing. ~He dosing solution concentra-
tion (1.5 pg 7820 microcystin/ml) was chosen so that correct IP doses could be
delivered despite the small differerces in dosage (5 ug 7820 microcystin/kg)

between treatment groups.
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On Day O, all 60 mice were dosed. Mice that died within 24 hours (in
treatment groups a, b, and c; Table 1) following a single microcystin admin-
Ystration were necropsied and comprised the single dose lethal response group.
In addition, five randomly chosen contrcl mice (treatment group f; Table 1)
were killed and necropsied.

On Day 1, 12 mice were killed and necropsied to assess the sublethal ef-
fects of 7820 microcystin. These 12 mice were randomly chosen from the 6
beginning treatment groups containing greater than 5 survivors. These 12 afice
(of treatment groups ¢, d, and e; Table 1) comprised the single dose sublethal
response group. Five mice remained from each of the above-mentioned treatment
groups for the repeated exposure study.

On Day 2, 48 hours after the initial dosing, all remaining mice were re-
dosed using the same techniques and dosing solutions used on Day O to examine
the effects of repeated 7820 microcystin exposures. The surviving hepatotoxin-
treated mice were reweighed and gtiven 40 ug 7820 microcystin/kg. The remaining
5 control mice were reweighed and again given tap water at a volume equivalent
to that of the 40 ug 7820 microcystin/kg dose. All mice that died (if moribund
mice were assessed as dead) within 24 hours following repeated microcystin ad-
ministratioﬁ were necropsied and comprised the second dose lethal response
group (in treatment groups h. 1, 3, and k; Table 1). The S remaining control
mice (treatment croup g; Table 1) were killed and necropsied.

On Day 3, all mice stiil alive 32 hours after the second IP hepatotoxin
dosing were killed and necropsied. These 3 mice (treatment group i; Table 1)
comprised the second dose sublethal response group.

Monitoring for clinical signs was conducted for 10 hours after the Day 0
and Day 2 hepatotoxin dosings. At the start of Day 1 and Day 3, clinical signs

were also recorded for the survivors.
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All mice killed were subjected to cervical dislocation. Necropsies were
performed within 30 minutes of death or euthanasia. Liver and combined kidney
weights were obtailned. The gallbladder was considered part of the liver
weight; and perireral fat was removed from the kidneys prior to weighing;
Kidneys, liver, heart, lung, and spleen were preserved in 10% buffered forma-
1in for histopathologic examination.

One mouse in the 35 ug/kg treatment group died unexpectedly during the
night of Day 1. His organ weight results are not shown since more than 30
minutes likely elapsed after death before a necropsy was performed. This mouse
was alive for the 24-hour LDs, calculations.

STATISTICAL ANALYSIS

To assess whether overall control observations could be combined, student's
t-test (a = .05) was used to compare liver and combined kidney weights ex-
pressed as percentages of 1ive body weight (%L BW) between the 2 control groups
given 1 or 2 IP tap water doses (treatment groups f and g; Table 1). Covari-
ate analysis will be used in the evaluation of the data generated to assess the
fnteractions between dose, survival, organ weight, etc. Some of the methods
described below represent preliminary data assessment only. Student's t-test
(a = .05) was used to compare survival times (following the most recent hepa-
totoxin administration) of the single dose lethal response group (combined
treatment groups a, b, and c; Table 1) and the second dose lethal response
group (combined treatment groups h, 1, J, and k,; Table 1). A one-way analysis
of variance (e = .05) was used to compare li?er and combined kidney weights (as
% BW) between freatment groups within response groups (to compare treatment
groups a, b, and ¢ with.i., the singie dose lethal response group; to compare
treatment groups ¢, d, and e, within the single dose sublethal response group;

+ and to compare :-eatment groups h, 1, 3}, ard k, within the second dose lethal
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response group). A one-way analysis of variance (a = .05) and Duncan's New
Multiple Range Test (a = .05) were used to compare ‘iver and combined kidney
weights (as % BW) from the 5 distinct response groups: (1) single dose lethal,
(2) single dose sublethal, (3) control, (4) second dose iethal, and (5) second
dose sublethal. The method of Miller and Tainter was used to calculate the
LDso + its standard error (6).
RESULTS

Typical clintcal signs observed in mice that ultimately died from the
effects of 7820 microcystin included “normal behavior* for at least 20 minutes
after the most recent hepatotoxin administration followed by reductions in
activity and responsiveness, piloerection, pallor of ears and eyes, and siernal
recumbency with intermittent attempts to rise. These were followed by a mori-
bund appearance and death. Survival times are shown in Table 1. No seizures
or hyperexcitability were observed. No clinical effects (other than equivocal
mild depression and anorexia) were noticed in any control or sublethally dosed
mice during tﬁe observation periods.

Necropsy Findings

No gross lesions were found in livers of the control and single dose sub-
lethal response groups. Multifocal pinpoint reddened areas were seen in the
livers of the 3 mice in the second dose sublethal response group. These were
particularly evident near the margins of the liver lobes. Livers of the single
dose lethal and second dose lethal response groups appeared similar on gross
examination. The livers were greatly swollen, dark red in color and exuded

blocd when cut. No significant lesions were detected in the lungs, kidneys,

heart, or spleen of any mice on gross examination.




- 136 -

Organ Weights
Table 1 il1lustrates the organ weight data obtained from the 11 treatment

groups (a through k) and the 5 distinct response groups observed in this ex-
periment. There were no statistically significant differences between the 2
control groups (treatment groups f and g; Table 1) for liver (p = .068) and
combined kidney weights (p = .5094) (as % BW). Thus, the 10 control obser-
vations were pooled to provide the best estimate for these 2 parameters. From
the initial dosing portion of this experfment. we established a 24-hour IP
LDso of 32.5 + 1.2 ug for the 75% pure 7820 microcystin/kg, a 24-hour consist-
ently lethal (10 of 10 died) single IP dose of 40 pg/kg and a 24-hour consist-
ently sublethal (0 of 10 died) single IP dose of 25 ug/kg for male Balb/C mice.
Interestingly, Table 1 indicates that each response group mean for liver weight
(as % BW) significantly differed from those of the 4 other response groups when
analyzed by the conservative Duncan's New Multible Range Test (a = .05). Con-
trol animals had the lowest 1iver welght (as % BW) and mice that died had the
highest liver weights. Table 1 also indicates that combined kidney weights (as
% BW) in both the lethal response groups were significantly greater than those
fn the control and sublethal response groups. Combined kidney weight data for
the single dose lethal and second dose lethal response groups as a function of
survival time are presented in Figure 1. Assessment of the combined kidney
weight data (as % BW)) from the 10 mice with the shortest survival time (after
the most recent hepatotoxin administration) revealed that 7 of them had values
Tess than 1.56% (less than 2 standard deviations above the mean value for the
control mice). All of the remaining 24 mice from either lethal response group

had values for combined kidney weights (as % BW), greater than 1.56%.
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A “protective effect” was seen in 3 of S mice which survived a 40 ug/kg IP
dose of 7820 microcystin approximately 48 hours after being given 30 ug hepa-
totoxin/kg IP. This 40 pg/kg dose had been consistently lethal in 10 of 10
“virgin mice." Also, mean survival time (in minutes after the most recent he-
patotoxin dosing) of the 14 mice comprising the second dose lethal response
group was approximately 2.1 times greater than that of the 20 mice in the
single dose lethal response group (392 vs. 189 winutes), although the dif-
ference was not statistically significant (p = .1501).

DISCUSSION

Although covariate analysis is needed, for preliminary use in this report,
the data were statistically analyzed by response groups and not by treatment
groups for the following reasons: (1) Each animal within a particular response
group underwent the same pathophysiologic process (death or sqrvival) fo)lowing
1 or 2 doses of hepatotoxin. (2) There were no significant (a = .05) treatment
differences between treatwment groups within a response group for liver weight
(as % BW): single dose lethal respdnse group, p = .0735; single dose sublethal
response, p = .9092; second dose lethal response group, p = .9309 when analyzed
by a one-way analysis of variance. (3) There were significant treatment dif-
ferences between treatment groups within a response group for kidney weight (as
%L BW): single dose lethal response group, p = .0047; single dose sublethal
response group, p = .3983; second dose lethal response group, p = .3353 when
analyzed by a one-way analysis of variance. However, Figure 1 clearly i1-
lustrates that the differences in combined kidney weights (as % BW) were likely
associated with differences in survival time between treatment groups. (4)
There was no apparent association between decreasing hepatotoxin dosage and

increasing survival time in the mice of the single dose lethal response group.
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The mean survival time of the 3 mice that died from a single 30 ug hepato-
toxin/kg dose was actually less than that of the 10 mice dying from a single
40 ug/kg 7820 microcystin dose (107 vs. 132 minutes). Thus, for the hepato-
toxin dosages used in this experiment, 1t was felt that comparisons between
response groups and not between treatment grcups provided the most meaningful
analysis of the data. This is likely to be demonstrated using covariate
analysis.

An extremely steep LDso curve was evident in this experiment. A similar
dose-response curve was previously observed in sheep following intraruminal he-
patotoxin administration (7). The single consistently sublethal IP dose in the
mice of our experiment was 76.9% (25/32.5) of the LDs,. The consisteatly sub-
lethal dose in the above-mentioned sheep.study was greater than 90% of the
LDso. On a pg/kg basis, 7820 microcystin is one of the most potent compounds
known to man (6).

Liver weight (as % BW) increased dramatically in this experiment. The
single dose lethal response group had an average increase of 64% in liver
weight (as % BW) when compared to the control group (8.45% of BW vs. 5.15% of
BW). This marked increase in liver weight within hour(s) following hepato-
toxin administration, appears to be caused primarily by hemorrhage and fis
1ikely to account for death in mice from hemorrhagic shock. The significant
increase in liver ueiéht (as L BH) for the single dose sublethal recnonse group
(x = 5.59), when compared to the control group (x = 5.15%) (Table 1), suggests
the following: <(a) The IP single dose no effect level for "purified" 7820
microcystin is likely less than 20 ug/kg, even though no clinical signs or
gross necropsy lesions were observed in the S mice of treatment Group e (Table
1); (b) the significantly higher liver weights of the second dose lethal res-
ponse group as compared to the single dose-lethal response group may be due to

the additive effects of the single dose sublethal response upon the second dose

lethal response.
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Figure 1 suggests that the longer a mouse lives (especially between 70 and

200 minutes) following a lethal IP dose of hepatotoxin, the greater the oppor-

tunity for an increase in kidney weight (as % live BH). Since 7 of the 10 mice
which died in less than 120 minutes (Figure ') had “normal" kidney weights
(less than 1.56% of the live body weight), then acute death caused by hepato-
toxin administration s not necessarily associated with an increase in kidney
weight in mice. The tire course of changes in organ weights and gross necropsy
findings suggests that the liver is the primary target crgan and that the kid-
neys are secondarily affected following administration of 7820 microcystin. The
mechanism by which the increase in kidney weight (as % liver BW) occurs is un-
known. Histologic examination of kidneys, liver, and lung may provide a better
understanding of the mechanisms by which these reported increases in organ
welghts occur. Despite the intuitively obvious trend in the data, the wide
variation in times of death between animals treated with the hepatotoxin,
caused simple linear and multiple regression analyses to fail to identify a
statistically significant (« = 0.5) trend in the data in ?1gurg 1.

During a prelimrirary trial, a "protective effect” was seen in 2 mice which

survived a 30 ug/kg IP hepatotoxin dose and 3 days later survived a 35 pg/kg

. or 40 pg/kg IP dose. In this experiment we 2yain observed a "protective

effect” in 3 of 5 mice which survived a 30 ug/kg IP hepatotoxin dose and 2
Jays later survived a 40 ug/ky dose. Similarly, survival of toxin LR-injected
mice was improved when super: .osed on carbon tetrachloride-induced sublethal
hepatic damage.(10) However, in the present study, 3 treatment groups which
survived the first IP hepatotoxin dosing (Day O)Idid not have any mice that
exhibited protection from the subsequent (40 ug/kg) 7820 microcystin dose (see
treatment groups h, J, and k in Table 1). Large variations in survival time

coupled with relatively small numbers of observations per response group may
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have prevented the statistical recognition of an increase in survivaf time for
the second dose lethal response group when compared to that of the single dose
lethal response group. In single-dosed mice, 10 of 10 died after a 40 ug 7820
microcystin/kg dose. In contrast (counting preliminary and formal study) 4 of
18 mice “pretreated” with 7820 microcystin survived a subsequent 40 ug/kg dose.
From the limited numbers in the rcpeated exposure portions of these experi-
| ments, it 1s suggested that a minimal “"protective effect" from a “consistently
Tethal® dose of 7820 microcystin is likely to occur only in mice surviving a
high (approxinateiy 90% of LDso) sublethal dose of hepatotoxin given 48 hours
earlier. Deoxycholate, cholate, bromosulphophthalein and rifampicin given
prior to hepatotoxin (microcystin) administration were found to prevent hepa-
tocyte deformation in a dose-dependent manner (11), which suggested that a
bile acid carrier was likely to be active in microcystin entry into hepato-
cytes. Damage to the bile acid active transport carrier system from the first
hepatotoxin dose is therefore a possible mechanism for the “protective effect®
observed in the present study.

In conclusion, following a single IP 7820.m1crocyst1n dose in mice, there
is an extreme dichotomy of values for liver weights (as % BW). If mice survive
a single hepatotoxin dose, liver weights ranged from 4.82 to 6.04% of live body
weight. However, if mice died following a single hepatotoxin dose, liver
weights ranged from 7.84 to 9.16% of 1ive body weight. This dichotomy in liver
weights, an extremely steep LDso curve and no definitive trend for increasing
survival time with decreasing dose of hepatotoxin suggests a tendency toward

an all or none type response.
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TABLE 1
IP Dose of
70% pure No. Died No. Killed Mean Liver Mean kidney
Hepatotoxin After Most After Most Mean Survival Weight as HWeight as
Treatment uq/kq Recent Recent Time + SN % Live 3ody % Live Body
~Group _ Day O Day 2 1P Dose JP Dose {Minutes) weight + SO Weight & SL
Single Dose Lethal Response Group
A 40 - 10 -— 131 # 32 8.66 + .44 1.80 +# .15
8 35 - 7 - 308 + 160 8.26 + .21 1.67 + .17
¢ 30 — 3 - 107 +_ 8 8.24_+ .33 1.41_+ 12
Combined Group Response 20 189 + 129 8.45 + .40 D** 1,706 & .20 B**
Single Dose Sublethal Response Group
t”:'
¢ 30 - - 2 *1554 + 105 5.40 + .14 1.32 + .10 "§
) 25 - -— 5 *1572 + 49 5.62 + .25 1.36 + .13 ey
E 20 - - 5 *1601 & S0 5.59 + .48 1.46 + .15 ;;?
&
Combined Group Response 12 1581 ¢+ 56 5.59 + .33 B 1.40 + .15 A .
Control Group ) ”’:
F 0 - - 5 *270 + 80  5.31 + .30 1.34 + .14 Ko
6 0 0 - S *342 + 9 4,99 +-.17 1.39 + .04 &3
oy
Combined Group Response 10 306 + 66 5.15+ .28A  1.36 + .10 A 'ézf,‘;
A
Second Dose Lethal Response Group i
;{-»,.
H 35 - 40 2 - 227 + 206 9.07 + .96 1.46 + .36 .
I 30 40 2 -— 839 + 965 8.93 + .40 .70 + .13 '
J 25 40 5 — 529 + 558  8.95 + .71 1.83 + .18 o
K 20 40 S -— 142 + 58 8.74 + .39 1.74 ¢ .26 0
Combined Group Response 14 392 + 488 8.88 + .54 L 1.72 + .24 B ,g
- . - —_—— K
Second Dose Sublethal Response Group ‘::ﬁ
2%t
1 30 40 - 3 C *1934 + b 6.67 + .29 C 1.33 + .06 A c:‘:;:
by
_ == - - 3
* = Killed by cervical dislocation ;‘;;;
kv{
** = Means with different letters were significantly different (o = 0.05). .;’:
. . :c
VRB: 11b:bcb/593 3
11/11/86 3
n*ﬁ‘:“
3
s
Q:l_f
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Figure 1

Kidney

21}
® = Second dose lethal response group
O = Single dose lethal response group

20

18 -
17 @ -

16 |- - 0 . N )

As % Live Body Weight *

1.5

14

.
AT
 wats
1N
A
R P
4
i
\
b s
L Nl
X
»
I
;‘1$
a1
»
S T
5
r U
R
g
Ll 318
o
9
2

S
0 @ Ny @ CAED  GEIED © SEEL © IS © THIS § AU G G ¢ SELS F WNID @ CUED ¢ NS § GHLD ¢ VTP § CU M ¢ WD § ANID § GEIS ¢ GAVS § GNP @ SN § N Q\?
o

13}

s

s
Bt

-

=

12 - ©
1 1 [l ] { - 1 /7 [ 1 I
0 100 200 300 400 500 600 ‘4 1400 1500 1600

-

A

~ Survival Time (minutes)

-—- Two standard deviations above mean kidney weight of controls BE. .
— .— Tap water control response group mean kidney weight :m

¥

W a0 e g 0T g 1t A T e 4 Ve s A . e ist nat Tty S— — . ’ ¥
‘ Sl o e o LA T 1 O N (g N A B EOO0ONCI, oy




- 145 -

DETERMINATION OF ARGINASE ACTIVITY IN IWELVE TISSUES AND
SERUM FROM MARKET WEIGHT SWINE BY A DIRECT COLORIMETRIC METHOD
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Valter E. Hof fwann, DVM, PhD
Lisa A. Lund, DVM
Val R. Beasley, DVM, PhD
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JINTRODUCTIOR

In all ureotelic organisms, srginase is an important hepatic enzyme that
catalyzes the hydrolyai; of the guanidino group of arginine to generate
ornithine and liberate ures as an end product of nitrogen ;etnbolic- (1,2).
fhc'atginntc catalyzed resction is also the first in a series of feactions by.
vhich some microorganisms mobilize arginine as a nitrogen source(2).
Manganese forms tight complexes with arginase, provides ltability-and
functions in the catalytic center(2). Ornithine and lysine are poteﬁt
competitive ;nhibitois of the reaction of arginine with arginase(l). Ia the
r;bbit liver, arginase has a molecular weight of 110,000 and is located in the
cytosol(3). The half-life of arginase in the rat livet is around 96
bours(1,2). | |

Regulation of liver arginase can involve a change in either synthesis or
dcgrldagién. Liver arginsse activities increase in starved or glucocorticoid

dosed animals due to reduced degradation of the enzyme. Provision of a diet

tic) in protein is associsted with incressed synthesis of argivase(l).
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Although arginase has been shown to be slmost exclusively liver specific
in the ox, sheep, horse, rat and dog(3), no quantification of arginase
sctivities of various body tissues and f£luids could be found for swine.
MATERIALS AND METHODS |
a. Anizsl Specimens
The tissues of six market weight (.75-220 1bs.) Yorkshire and
Yorkshire cross gilts were kindly donsted to us. Four of the six
gilts(2,3,4,6) had been spleenectomized and all six had been used earlier
in various research trials. The gilts were fed a corn/soybean based
diet. Befors qualifying for use in the arginase study each gilt was
required to: a) live more than 100 days and gain more than 125 lbs. after
termination of their involvement in other trials b) be judged as
clinically healthy immediately prior to the present study and c) bear no
gross lesions observed during tissue collection. Immediately before
euthanasia a blood sample wvas collected from the jugular vein, placed on
ice, and allowved to clot. Serum was harvested following centrifugation
at 5000 x g for 10 minutes at 4°c.

All gilts vere killed by captive~bolt stunning followed immediately
by exsanguination. Within 40 minutes of death of each gilt, the
following tissues had been placed on ice in tightly closed plastic bags:
liver, kidneys, adrenals, pancress, lung, jejunal mucosa, heart (RAL
ventricles), brain (cerebrum and cerebellum), salivary glands (parotid
and/or maxillary), spleen (gilts 1 & S only), diaphragm (gilt 2 only) and
quadriceps muscle. The tissues from gilt 6 vere divided into two groups,
“fresh” and "frozen".

b. Iissua Processing and Anslvsis
Yollowing completion of tissue collection, all tissues from gilts 1

through 5 and the "frozen™ tissues from gilt 6 were chopped into small
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pieces, sealed in plastic bags and stored at -12%. The “fresh™
tissues from gilt 6 were then chopped into small pieces, rapidly frozen
in liquid nitrogen and then blended into a fine homogenous powder using a
tissue blender. This “fresh" tiiaue powder (gilt 6 only) was held on ice
in a sealed plastic bag for same day analysis. Within two days of tissue
collection, the frozen tissues from gilts 1 through 6 were placed in
liquid nitrogen and blended into a fine homogenous powder. The powdered
tintuci were sealed in plastic bags and returced to the ~12°C freezer
for storage. FYor all gilts, serum, quadriceps, diaphragm, spleen and
salivary gland samples vere analyzed for arginase activity 12 days after
tissue collection; adremal, brain, lung and heart vere analyzed on day 13
and kidney, liver, pancreas and jejunal mucosa were analyzed on day 14,

On the day of arginase analysis one gram of the frozen tissue powder
was weighed into a tissue pulverizer. Nine ml of physiologic saline vas
added to the tissue to aid in its disruption by manusl force using a
glass rod. After complete disruption of visible tissue structure, the
tissue homogenate was poured into a test tube. The tissue homogenate vas
centrifuged at 4°C for 10 minutes at 500 x g, for removal of
eqthzﬁcytu, puclei, conmnective tissue and residual intact cells(4).
For all tissuss, except liver, kiduey and pancress, 20 ul of this tissue
homogenate supernatant was used in the arginase analysis. PFor kidney and
psncress a 10:1 and for liver a 50:1 dilution of the supernatant vith
saline vas required to obtain activity in the range of our standards.
Reagents were prepared and the assay performed according to tﬁa
method of Mis & Koger(S). ‘
c. Computation of Activity

Simple linear regression analysis of the five standard curves run

during days 12, 13 & 14 of this study provided five estimates of the
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slope and y intercept.
To convert meaa absorbence into IU/g for each specimen, the

following determinations and formulae were used:

Mean absorbence — the average of each sample run in triplicate and
averaged over duplicate blanks.

A meat y intercept of .0198 was calculated from the five standard curves

lmmole/ L
___ = slope of the calibration curve which was calculated

.190 absorbence units from the five standard curves

sow/L
= conversion factor of m mole / L to enzyme units under

l mmole /L these test conditions

L is a conversion factor to allow for the amount of tissue
x grams of tissue anslyzed and is calculated from adding 9 mls of
physiologic saline to one or less grmms of tissue so that
that x = 111.1 for brain, heart, lung, spleen, disphragm, quadriceps, salivary
glands, adrenal and jejunal mucoss; x = 11.11 grams tissue per liter for
kidney and pancress, due to the necessary 10:1 dilution and x = 2.22 grams
tissue per liter for liver, dus to the necessary 50:1 dilution.

According to the definition of international units (IU) for enzymes, 1 IU
of arginase would produce 1 u mole of ornithine/minute. Thus an ornithine
standard of 1 m mole / L is equivalent to 1 m mole / L X 1,000 u mole/ m mole/
20 minutes = 50 u mole per minute per liter = 50 IU / L of serum under the
test conditions(5).

Therefore, [mean absorbence - y intercept] X

1 mmole /L S0 10/ L L
x _________x = 10/ g
<190 absorbence units lmmole/ L x grams of tissue

To convert mean absorbence into IU / L for each serum sample, the following
formulae were used:

l1mmole /L S0/ L
[(mean sbsorbence - y intercept] x x = I0/L
<190 absorbence units 1l m mole / L
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RESULTS
The arginase calibration curve prepared with ornithise standards was
calculated to have a slope of .190 + .0146 absorbence units per m mole per
liter and a y intercept of .020 :,.031'absorbence units. All five standard
curves had a correlation coefficient of greater than .99%.
The mean, standard deviation (SD) and range of the arginase activity in

tvelve tissues (IU/g) and serum (IU/L) from the six gilts are presented in

Table 1.
Table 1

Tissue Mean + 8D (1U/g) Range (IU/g) n
Liver 30.64 & 22.95 12.33 ~ 67.47 6
Pancreas 4.89 + 2,00 2.34 - 8.33 6
Kidney 2.91 &+ 1.42 : 1.01 - 5.22 6
Salivary Gland 44 + .28 0.07 - 0.88 6
J.jml Mucosa 42 hd 14 0.21 - 0.57 6
Ql‘dri.ccp. 0077 : 0080 -0.05 - 0017 5
Brain 0004 s 0015 -0.01 - 0.03 6
Adrenal 003 &+ .068 -0.07 - 0.10 6
Spleen 002 + .067 -0.05 - 0.05 2
Diaphragm 026 1
Serum - .10 * 6.35* =9.76 = 5.24*» 6
* = TU/L

DISCUSSION

Mo data is presented from the Day 1 analysis of the "fresh" tissues of
gilt 6 for the following reasons: (a) this was the first time the assay was
r.4 in our laboratory for pigs; (b) the correlation coefficient of the
standard curve vas less than our acceptance limit (.985); (c¢) the liver,
pancreas and kidney absorbence readings were greater than the highelt'
absorbence reading on the standard curve; (d) the difference between

abeorbence of the reagent blanks was 2 1/2 times greater than our acceptance
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limit (.0165. This “practice run" nevertheless proved invaluable, since ve
learned the intricacies of the method and which tissues would need to be
diluted and by roughly what smount for the analyses on Days 12, 13 and l4.

The twelve tissues collccted fro‘ the 6 pigs in this study contained
arginase activity in the following descending order: 1liver >> pancreas >
kidney >> salivary gland = jejuoum >> quadriceps, lung, diaphragm, brain,
adrenal, spleen and heart.

Gilt 6 was the only animal in this study with more arginase activity per
gram of kidney than per gram of pancreas and the only gilt with significant (>
06 IU / g) arginase activity in lung tissue. These results were present in
both the fresh (Day 1) and frozen (Days 13 and 14) tissue analysis of Gilt #6.
Prom Table 1 it is evident that only the liver, kidney and pancress contain
apprecisble amounts of arginase. The liver contains approximately 6 times
more arginase activity per gram of wet weight tissue than the pancreas and
approximately 10 times more than the kidney. The salivary glands and jejunal
mucnsa contain minimal smounts of arginase activity. The large variation seen
in salivary glands could be due to differences between maxillary and parotid
glands as we collected parts of both during tissue collection. The quadriceps
probably contains a very minute smount of arginase activity since 4 of the 5
samples had a mean activity of between .062 and .17 IU/g while the fifth
sample showed a negative mean activity. The serum, brain (cerebrum and
cersbellum), adrenal and heart (R&L ventricles) contained inconsequential
amounts of arginase activity in the swine of this study. Why the lung tissue
of gilt 6 was the only one to show significant arginase activity is unknown.
The activity observed wvas, however, only a very small percentage of that found
in the liver, kidney and pancreas. From the very limited sample size it
appears that the spleen and diaphragm aiso contain negligible amounts of

arginase activity.
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Arginase activity appears to be much lower in swine liver (30.64 1U/g) in
comparison to the five species (dog, rat, horse, ox and sheep) in which its
activity has been reported. In Boyd’s r?viev (3), liver arginase activity
ranged from 110.0 IU/g in sheep to 445.0 1U/g in the dog. Despite this lower
activity, the results of this study indicate that arginase activity in swine
could easily be called "liver specific.” Although renal and/or pancreatic
damage could conttibut§ to or cause a moderate elevation in serum arginase
activity in svine, liver damage is by far the most likely source of elevated

arginase activity in swine, especially if one takes organ wveights into

account.
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INTRODUCTION

Suspected poumn; by freshwater algae was reported over a century
ago.l Livestock and vildlife desths due to consumption of toxic blue-green
-11;.1 bloom are most frequantly reportad i.n northern and southern temperate
: zonu,z of th; algae reported to produce toxic effects, Microcystis
aeruginoes is probably the most frequent offcndct.s -

. The major goals of the first year of this study wers a) to gather
prelizinary physiologic, pnthologic. clinical pathologic and toxicologic
information in swine foliovin; intravenous administration of purified 7820
microcystin, b) to become proficient in placing catheters in the left atrium,
pulmonary artery, aorta and inferior vena cava in anesthetized gilts, c) to
purchase and learn the intricacies of operating a state-of-the-art blood gas

and electrolyte machine and s cardiovascular analyzer umit, and d) to develop

techniques vhereby the temperature pulse decay probe system can be safely

utilized in unsnesthetized amimals.
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JALS oD

Two littermate gilts were dosed with hepatotoxin to gather initial
dose-response and pathophysiologic information. One gilt was dosed orally
with whole algal cells and another vas dosed intravenously with "purified”
7820 microcystin.

Four gilts bave been utilized in the temperature pulse decay (TPD) probe
rerearch. While under anesthesias, tvo gilts were implanted with TPD probes in
the liver and kidney; and blood flov vas monitored before and after
hepatotoxin administration. Two gilts were involved in developing techniques
aimed toward using the TPD probes in avake animals.

Bxperiments were conducted on 11 healthy gilts (Table 1) weighing 24.0 to

55.5 kg in order to evaluste hemodynamic and blood chemistry alterations

induced by 7820 microcystin. Blood gas, serum cye-iatty and complete blood
count (CBC) parameters vere measured and clinical signs observed in each gilt.
Hemodynsmic measurements included aortic systolic, diastolic and mean
pressures; left atrial, pulmonary srtery and jugular vein mean pressures and
cardiac output. Monitoring of heart rate and ECC wvas also conducted.
Sixteen and eighteen gauge Iygon? catheters for hemodynamic monitoring
were surgically implanted in-thece 11 gilts while under halothane anesthesia
using methods previously deccribed.a’s Before qualifying for hepatotoxin
dosing, these 11 gilts were required to be at least two weeks post-thoracic
surgery, 6 kg heavier, and healthy on physical examination. On the day of
dosing, all gilts had their subcutanecusly buried catheters exteriorized
following local infiltration of 2% lidocaine. At least 2 1/2 hours elapsed
between the lidocaine injections and iv hepatotoxin administration. Fifteen
to eighteen ml of a 7820 microcystin-ethanol-physiolngic saline solution was

injected into the puinontty artery over a 40-90 second period.
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In the TIPD probe study using anesthetized gilts, liver perfusiom rapidly 3
declined approximately 10 minutes after toxin administration and approximately ‘
10 minutes prior to an sbrupt fall in arterial blood pressure. In contrast,
local kidney perfusion appeared to be directly correlated with changes in ;

arterial bdlood pressura.
Striking hypoglycemis, life-threatening hyperkalemia and markedly

elevated phosphorus concentrations vere revealed by anslysis of serum samples
collected at the time of death in the seven catheterized gilts which died

following hepatotoxin administration. Elevated serus bile acid concentrations

appear to be the first indicator of liver damage. Elevations in c.rutinine
phosphokinase, aspartate amino transferase (SGOT), arginase and total
bilirudbin concentrations consistently followed the rise in bile acids. Table
2, from gilt # 1583, typifies above mentioned incresses/decreases in parsmeter
values. A slight decrease in platelet numbers was observed in gilts 1261 and
1360.

Although the time course and degree of changes in blood-gas parameters
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varied, the direction of change was consistent in the seven catheterized gilts

that died following 7820 microcystin administration. Arterial blood pH,

LA

r.coz. base excess, -!!003. and total coz'decreued in a manner highly "

suggestive of metabolic acidosis. Body temperature and Pa0, levels appear iE
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to increase with time after dosing. g:

LY

Every catheterized gilt which died following hepatotoxin administration i

[

developed marked hyperpnea, lethargy, cool extremities, cyanotic mucous '5

K

merbranes and apparent abdominal pain with multiple vomiting/retching episodes Y

. W
often preceded by bruxism (teeth grinding).
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DRISCUSSION

The results of changes in hemodynamic parameters will hopefully be
presented in our next quarterly report. An "artificial spike™ has led to a
complete reevaluation of previously teﬁorted sortic systolic and pulse
pressures. We believe further review of this preliminary hemodynamic data is
needed before presenting an interpretation.

Daspite minor difficulties (result interpretations, recovery from surgery
and learnirng to use new equipment) much has been accomplished in the first
year of this project. From these preliminary gilts we have a very good idea
of the consisteantly lethal and consistently toxic sublethal iv dose of
purified 7820 microcystin which will be used in our formal study. We believe
that the liver is the primaryy titge: organ of 7820'-iéiocyltin and that pigs
die from a combined effect of hemorrhagic shock following pronounced
centrilobular hepatic henorrhlgé. hypoglycemia, and hyperkalemia. We now have
an adequate supply of > 95% pure 2780 mmicrocystin, have worked out several
problems in surgical techniques and have purchased state-of-the-art
computerized equipment. Finally, wve believe that SPF gilts will provide a

highly satisfactory model for studying the effects of a purified toxin

produced by the blue-green algas, Microcystis serugiposs.
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Table 1
§
Dosage of - Survival
Hepstotoxin Z Purity Time Weight
Pig ¢ {ug/kz) i i s
863 492 75 oW 29.8
807 64 75 *1240 30.7
874 128 75 257 43.2
1061 96 75 195 30.0
1032 64 75 1046 31.1
1193 0 7Y *1600 28.6
1261 64 75 510 55.5 :
1560 32 >95 243 28.75
158 24 >95 325 24.0
1662 16 95 *1600 24.75 '
1672 16 >95 *1600 24.5
*Lilled by electrocution
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Table 2

Bile Acids crx Arginase Total Bilirubin SGOT
Time (u/1) (u/1) (1u/1) (mg/dl) (u/1)
Predose 4.8 627 0 0.2 47
30 min. 9.3 615 1 0.2 45
60 min. 6.2 337 1 0.3 47
120 mix, 55.8 649 8 0.5 68
240 min, 60.7 1164 460 0.6 451
325 min. 110.0 3100 1432 “1.1 2090
(term)

: Glucose Potassium Phosphorus

Time (mg/dl) (meq/1) (mg/dl)
Predose 89 4.0 8.3
30 min. 108 3.3 8.0
60 min. 135 R 3.4 8.0
120 min. 83 4.2 8.5
240 min. 49 4.8 9.4
325 min. 3 9.1 13.5
(term)
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THE EFFECTS OF 7820 MICROCYSTIN, A CYCLIC HEPTAPEPTIDE TOXIN
FROM MICROCYSTIS AERUGINOSA, IN THE RAT

Stephen B, Booser, Wanda Haschek-Hock, Val R. Beasley
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Discussion
The hepatotoxicity of the cyclic heptapeptide produced by the blue-green
algs, Microcystis serugiposs bas been documented from field cases involving
sheep and cattle, has been implicated in human toxicoses following growth in
reservoirs, and has been experimentally reproduced by dosing sheep, mice, and
rats vith whole cells or crude cell extractn.l-a However, the pathogenesis
sod exact mechanism of action are not known. It has been hypothesized that
liver damsge, which begins centrilobularly and progresses periportally, may be

due to venous hypcrten.oion caused by massive pulmonary ubolim7

or due to a
direct hepatotuxic effect. Death is postulated to be caused by hypovolemic
shock sssocisted with hepatic necrosis and hemorrhage 6: ‘due to pulmonary
embolism and subsequent venmous hypertension, reduced cardiac output, and

circulatory collapse.
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Yor our studies, rats and mice were chosen as test animals because of
their uniformity and their convenient size and cost. Also, their normal
values over a wide range of parameters and their responses to a wide variety
of substances have been established, liloving comparison to the effects of the
toxin being studied. In addition, many in vitro procedures utilizing rat
hepatocytes in cell culture and suspension have been developed which will be
utilized in the course of future experiments.

In the present study, we characterized the acute toxicity of the purified
heptapeptide hepatotoxin, microcystin, produced by the laboratory strain 7820
of Microcystis serugiposs with respect to clinical signs and morphologic
changes. We compared the toxicity of purified hepatotoxin; (a) in male and
female rats; (b) at lethal and supralethal doses; and (¢) in mice and rats.
In addition, we chsracterized the ”uquontinl notphorlozric;;dﬂ clinical | H
pathologic changes occurring in msle rats with the hepatotoxin «t the lowest
dose found to produce 100Z lethality (160 ug/kg).

MATERIALS AND METHODS

1. Animals
Male and female, virus—free, 175 to 200 g Sprague Dawley rats were

obtsined from Harlan Sprague Dawley, Inc. (Indisnapolis, IN) and allowed
to acclimate for two weeks or longer before use. Adult, female, Balb/C,
mice, raised in our own colony, wvere also used. Apnimals bad free access
to a commercial lab chow and water, and vere maintained ou a 12-hour
light-dark cycle. |

" Rats and mice were randomly assigned to the various dose groups
ismediately before dosing and given free access to water until

termination of the study.
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2. Iathologic examination

Animals dying spontanecusly or killed following treatment were
immediately necropsied. Animals were snesthetized with ether and killed
by exsanguinstion. The liver, kidneyl (with adrenals), and spleen were
weighed. Lungs vere fixed by intratracheal instillation of 10Z neutral
buffered formalin. 8ections of liver, lung, kidney, spleen, and thymus
from all animals as well as bfain. heart, adrenal gland, smsll and large
intestine, pancress, urinary bladder, skeletal muscle, ané eyes of rats
from the acute toxicity study were fixed by immersion in 10X neutral
buffered formalin. The tissues were then processed routinely, embedded
in paraffin, cut at & to 6 um, stained with hematoxylin and eosin and
examined by light microscopy.

3. Agute toxicity of and ID., determipation for 7820 microcvstin in rats

All snimals were weighed immediataly prior to use. 7820 Microcystin
from strain 7820 of Microcystis seruginesg, of approximstely 957 purity,
was provided by Dr. Wayne Carmichael of Wright State University. Msale
rats vere given an intraperitoneal injection of 7820 microcystin,
dissolved in 0.9 NaCl at the following doses (number of rugl in
parentheses); 20 (3), 40 (3), 80 (3), 120 (3), 160 (8), 180 (3), 200 (3),
240 (2), snd 400 ug/kg (3). The actual volumes of toxin ‘nd.lalinc
administered ranged from 0.1 to 1.0 ml. Animals were then observed for
clinical signs of toxicosis for at least 24 hours. Similarly, female
rats (three per group) were given an ip injection of 7820 microcystin at
0, 40, 80, 120, or 160 ug/kg. Animals dying spontanecusly were
ismediately necropsied. The remaining animals were killed by ether
anesthesis and necropsied five days sfter treatment. Male rats dosed
with 20 ug/kg of the toxin vere killed and necropsied 12 days post douing

to serve as rough controls.

N R e A I I PN A oy NP R TR O I ) R A WYY S aal
i A D TR S S e YA T P S A A G I S S e

-




4.

3.

- 163 -

In sddition, the clinmical course and toxic effects of very ::igh
doses of 7820 microcystin ware determined in male rats. Rats (three per
group) were given a single ip injection of 7820 at the following doses:
0 (2 ml of the vehicle, 0.92 laC].i) 400, 800, or 1200 ug/kg. All animals
were necropsied immediately after death, the controls being killed 24
bours after saline administration.

Ssawantial morrhbologic and serum chemisgxy alterations in male rats

Rats vere given am ip injection of 160 ug/kg of 7820 microcystin
dissolved in 0.92 MaCl and killed and at the following times (number of
snimals in perentheses): 5 (2), 10 (2), 20 (5), 30 (5), 40 (S5), 50 (2),
and 60 (7) mins, and 3 (5), 6 (5), 9 (5), 12 (5), 18 (2), or 24 (2)
bours. Control rats were injected ip with 0.5 ml of 0.9 NaCl and killed
at 60 mins (3), and 12 (3) and 24 (3) hours. Blood samples vere
collected by cardisc puncture and immediately ylagcd in serum tubes or
tubes containing EDTA as an anticoagulant, and put on ice. Clotted serum
ssmples were centrifuged within one hour, the clot was removed, and the
samples vere frozen until anslyzed. Serum chemistry evaluaticn included:
crestinine (mg/dl), blood urea nitrogen (BUN, mg/dl), total protein
(T.P., gu/dl), albumin (gm/dl), calcium (mg/dl), phosphorus (mg/dl),
sodium (mEq/dl), potassium (mBq/dl), chloride (mEq/dl), glucose (mg/dl),
slkaline phosphatase (ALP, u/L), alanine sminotransferases [(ALT)=serum
glutsmic-pyruvic transaminase (SGPT)] (u/L), gsmma glutamyl transferase
(GGT, u/L), total bilirubian (mg/dl), albumin to globulin ration (A/G) and
sodium to potassium rati.o;

. icol " ial hologic al . in mice doged
with 7920 mi i
Female mice vere given an ip injecticn of 100 ug/kg of 7820

microcystin dissolved in 0.9X MaCl, and killed (2 per group) at 1S, 30,
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6. Statistical snalyeis
Serum chemistry data vere uﬁlyud using a one-way analysis of
nrhncab.
RESULYS ,
1. Mcute tomicity of snd LD., determization for 7820 microcystin in rets
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60, and 90 minutes, with three mice surviving the 90 minute period

necropsied immediately following spontanecus death.

Male rats dosed at 20, 40, or 30 ug/kg and female rats dosed at 40
ug/kg did not show any abnormal clinical signs and had no gross or
histologic lesions. All snimals which showed clinical signs died and had
similar gross and histologic loiiom irrespective of sex or dose.
Clinical signs in affected animals were li.nited.to severe depression and
lethargy vhich began several hours after toxin administration and
progreesed in severity until the time of death. The time from injection
of the hepatotoxin to death varied from 20 to 32 hours in males and
females and was independent of dose. Deaths (nmmber which died/number
treated) in males were as follows: 120 ug/kg, 2/3; 160 ug/kg, 7/8; 180
ug/kg, 3/3; 200 ug/kg, 3/3; 240 ug/kg, 1/2; and 400 ug/kg, 3/3. Deaths
in females wvere as follows: 80 ug/kg 1/3; 120 ug/kg, 2/3; 160 ug/kg, 3/3.

Rats given at very high doses of 7820 microcystin [400, 800, or 1200
ug/kg (3 animals per group)] died 6 to 8 hours following administration.
Clinical signs of toxicosis consisted of extreme depression and lethargy
beginning 4 to 5 hours after dosing and progressing until death. The
livers from all rats which died after administration of the hepatotoxin
were markedly dark red and appeared enlarged, particularly in those

receiving higher doses of the toxin (Table 1).

P 248 Institute, SAS Circle, Cary, XC.
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Microscopic exsminatiom of the liver revesled severe centrilobular
and midzonal necrosis which was characterized by severe disassociation,
degeneration, n.ccto-i.l, snd loss of hepatocytes within each 1§M1¢ except
for a rim of periportal hqutocytio 3 to 6 cells wide. Some of these
periportal hepatocytes sppeared normal, vhile others showed signs of
degeneration (pyknotic nuclei and eosinophilic cytoplasm). Degenerating
and necrotic hepatocytes in centrilobular and mid-zomal regions were
separated by numercus erythrocytes and abundant grasular to homogeneous
material (cillular debris). Moderate numbers of neutrophils infiltrated
the affected areas. Occasional degenerate and necrotic hepatocytes were
seen in central veins.

Microscopic exsmination of the kidney revealed that glomerular
capillaries were frequently dilated and contained small plugs of
eosinophilic, finely fibrillar to homogeneous material which was often
finely stippied with basophilic deposits. Cortical, tubular epithelial
cells were moderately vacuolated in many areas. Numerous tubules within
the cortex wers -iidly to moderately dilated, contained moderate amounts
of homogeneous, basophilic msterisl. With very high doses there wvas
moderate tubular necrosis characterized by numerous, multifocal areas of
epithelial degeneration and necrosis with smsall smounts of luminal
necrotic debris. Many tut.mlcl within the cortex contained moderate
smounts of homogeneous basophilic material.

On microscopic exsmination of the lung, many capillaries and
somevhat larger vessels vere widely dilated and contained eosinophilic
globular debris or intact cells which were often emmeshed within an
eosinophilic, finely fibrillar material. These cells, wvhich appeared to
be hepatocytes, were _hrgo and rounded with abundant eosinophilic

cyfoplu- and small, dense, dark, ran7rally located (pyknotic) nuclei.
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Sequantial morvhologic and serum chemistry slterstions in msls rats
adrdnistered 7820 microcystin

Beginning approximately 40 to 60 minutes after treatment, the livers
from all hepatotoxin treated rats vere very dark red and appeared
enlarged. Although liver weights varied throughout the study, after 40
to 60 min., the livers of all microcystin treated rats grossly appeared
laxger. Over the 24 hr. time period, the liver weights (as I of body
weights) from trested rats were significantly greater than thosa of the
saline treated controls. (Figure 1). Bo other gross lesions were noted
at any time, however, kidney weights (as I of body weights) began to
incresse at approximately 3 hours poctdosing. This increase continued to
the end of the study (Figure 2).

¥o microscopic changes were seen at 5 or 10 minutes following
treatment. Ian the liver at 20 ni.m.. in the liver there vas mild
disassociation and rounding 2 of centrilobular hepatocytes with mild
sinusoidal congestion. A few scattered hepatocytes were shrunken with
dark eosinophilic cytoplasm and clumping of suclear chromatin. By 30
nins thers was moderate centrilobular hepatocyte disassociation with mild
hemorrhage involving the msjority of cemtrilobular regions. Numerous
hepatocytes were undergoing degeneration or necrosis, with cellular
fragmentation and karyolysis. Central veins were intact. By 40 mins, in
centrilobular and midzonal regions, hepatocyte disassociation,
degeveration, and necrosis was more marked with moderate bepatocyte loss.
There wvas moderate centrilobular and mid-zonal hemorxhage with occasional
loss of central veins. These lesions progressed and, at 60 mins, there
was massive hepatocyte disassociation, degeneration, and necrosis with

severe hepatocyts loss and severe hamorrhage throughout the entire liver

lobule except for aress approximately 6 to 7 cells wide, surrounding
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portal regioms. Periportal hepatocytes occasiomally were disassociated,
and showed mild degenmeratios.

From 3 to 9 hours, the lesioms progressed to iaclude all of the
liver psreanchyma axcept for a layer of periportsl bepatocytes 1 to 3
Culls vide. From 9 to 24 hours, there was a progressive reduction in the
sumber of cells and cellular dedbris within the hepatic psrenchyma. Large
areas of hemorrhage were present xirom 12 %o 24 hours.

Ia the kidney, occasiomal tubules withia the cortex contsined small
amounts of homogeneous, basophilic material bdeginning at 60 minutes, and
ptqpu:in.g uatil, 18 and 24 bours, at which tixs omrerous cortical
tubules contained moderate amounts of this materisl. At 9 and 12 hours,
small amounts of eosinophilic, fibrillar material with !lne basophi.i-
stippling (mineralization) were presemt withia scattered glomerular
capillaries and; by 18 and 24 bhours, swmerous glomerular capillaries
contained moderate amounts of this ssme material.

Ia the lung, beginming at 1 hour, scattered capillaries and
arterioles contained eosimophilic gramular debris or imtact rounded cells
with abundant ecsinophilic cytoplasm and pykmotic meclei. These appeared
to be hepatocytes. From 3 to 9 hours, numerous capillaries and
arterioles contained increasing numbers of these intact cells while from
9 to 12 bours, the ammber of cells was decreased, but large amounts of
globular, eosinophilic waterial (presumably mecrotic cellular debris)
were present. At 18 and 24 hcurs, fewer intact cells vere seen
intravascularly and the smount of eosinophilic, globular material als.o
decrassed.

Serum Chemistxy Altorations
Statistically significant »incrnun from control values were seen in

liver related enzymes aad in parameters evaluating remal functionm.




A,

- 168 ~
lqinning at 40 minutes, there was & marked increase in ALT which
continued until the end of the study (Figures 3 and 4). ALP was markedly
elevated commencing at 6 to 9 hours (Figure 5). Total bilirubin was
elevated at 6 hours and vas urkédly incressed by 9 to 12 hours (Figure
6). The BUN and creatinine wvere moderately elevated beginning at 9 to 12
bours and increase until the end of the study (Figures 7 and 8). The
blood glucose concentration markedly decreased over time and
phosphorous, although altered in a manner such that significant

differences were seen at individual time points, did not vary in a

consistent pattern over the 24-hour time period.

Mice which were killed, or died at or after 30 minutes, had livers
which were dark red and markedly enlarged. Livar and kidney weights
incressed with time (Table 2). Histologic lesions were similar iu all
affected animals at the same time points., Mice killed at 15 uinutes had
no significant microscopic lesions. At 30 minutes postdosing, mild
centrilobular disassociation (pavementation) of hepatocytes was seen, and
was occasionally accompanied by subcapsular congestion. By 60 minutes,
the hepatic lesion had progressed to severe centrilobular congestion with
disassociation and rounding up of hepatocytes, and individual cell
necrosis. Hepatocyte degeneration wvas characterized initially by
swelling, followed by increased cytoplasmic eosinophilia and nuclear
pyknosis. One~third to oue-half of the lobules were affected. A few
peutrophils and lymphocytes v;re noted in affected areas. Free
hepatocytes were seen in several central veins. In the kidney, mild
lesions were first observed 60 minutes postdcsing and became more severe

by 90 minutes. These were characterized by mild dilation of cortical

- tubules, and many containid eosinophilic granular to fibrillar material.
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Similar material wvas occasionally noted in Bowman’s space and in

glomerular capillaries. No treatment related lesions were seen in the

lungs.
DISCUSSION

Based on our studies and those of others, the liver is the major target
organ of 7820 microcystin. The marked hepatocyte disassocistion and massive
necrosis which occurred in rats in our experiments is similar to that reported
in mice and sheep. No difference was noted in the response of male rats as
comparcd to females, with no effect being seen below 80 ug/kg and virtually
1002 lethality seen above 160 ug/kg. There is little apparent gradation of
hepatic Tesponse in either mice or rats. After single exposure, animals are
either clinically affected and die with massive liver destruction and
hemorrhage, or the animals are clinically unaffected and no gross or
histologic abnormalities are seen. In both rats and mice following ip
injection, histologic lesions are present centrilobularly in the liver as
early as 20-30 minutes. At 60 min., the histologic lesions in rats are as
savere as those seen in mice at 60 min. EHowever, mice die at 60 to 90 ain.
postdosing, but rats survive for 18 to 32 bours. Even with very high doses of
7820 microcystin the survival time in rats is atill 6 to 8 hours.

A correlation exists between the initial histologic lesions seen via
light microscopy, and a marked increase in ALT, beginning w.ninutu
postdosing, which progresses to the end of the study. The early appearance
and subsequent magnitude of the elevation in this ensyme’s activity in the
serum are indicators of, not only the brief interval between dosing and
datcct;blc liver injury (30 to 40 minutes), but also of the massive hepatic
necrosis which ultimately occurs. In addition, there are marked increases in
the 8AP and total bilirubin. Although these are often correlated more with

” " " bilisry obstruction, in this case they are also :nlited to the massive
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necrosis which occurs. Although serum glucose concentrstions are initially
very high, they fall precipitously to abnormally low values over the 24 hr.
course of the study. This marked decrease in serum glucose may be due to
the inability of the damaged liver to: 1) comvert glycogen to glucose or 2)
to syuthesize glucose from precursor molecules.

In the liver, endothelial damage is evident by the massive hemorrhage and
loss of conﬁul veins and sinusoids. Whether the initial effect is to
endothelial cells in the liver, or to hepatocytes, with subsequent endothelial
damage is unclear at this time. However, in vitro work utilizing hepatocytes
and endothelisl cells in culture will attempt to clarify this question. This
breskdown in endothelial integrity, in conjunction with massive hepatocyte
disassociation, appears to allow intact hepatocytes and mecrotic celliular
debris into the venous circulation and subsequently into the pulmonary artery.
In rats, necrotic debris and intact cells, which are apparently degenerate
hepatocytes, are seen in the pulmonary vasculature as early as 1 hour

. postdosing. The oumber of intact cells in the pulmonsry vessels increases to
a maximom st 6 to 9 hours, then beginning at 12 hours, they start to be
gradually replaced by necrotic cellular debris until at 24 hours, very few
intact cells are seen. It must be noted, however, that severe hepatic lesions
precede the finding of intact cells and significant smounts of necrotic
cellular debris in the pulmonary vasculature. To date, we have not seen such
intsct cells in the pulmonary circulatioa of mice although this has been

Renal lesion- in mice and rats are suggestive of glomerular damage with
protein leakage into cortical tubules. These lesions are more extensive in
‘rats than mice. This may be due to the presence of necrotic cellular debris
eimhting'in glomerular capillaries. In rats, the presence of large amounts

of this £ibrillar material within glomerular capillaries at 18 and 24 bours
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coincided with incressed smounts of the homogeneous basophilic material within
the lumena of rensl cortical tubules. Renal cortical tubular necrosis was
evident in rats at very high concentrations of 7820 microcystin. This may be
due to a direct effect of the toxin onA the tubular epithelium or on local
renal circulation or be secondary to the effects of abnormal metabolic
products and physiologic alterations resulting from shock induced by the
massive hepatic necrosis and hamorrhage.

The time at vhich renal lesions vere seen was roughly correlated to an
elevation of the BUN and crestinine. These increases could be due to direct
renal damage, a decressed rate of glomerular filtration from shock, or
obstruction of glomerular capillaries with debris from the liver.

While the exact mechanism of action of the toxin produced by Microcystis
acruginoss remains to be determined, death in affected animals is presumably
due to massive hepatic destruction and hemorrhage resulting in shock and loss

of the -yriadi of liver functions necessary for the maintenance of life.
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Table 1. Average liver and kidney weights (as X body weight) of rats
given intraperitoneal injections of 7820 microcystin.
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Dose Liver Kidney
ug/kg n X +_8.D (2) Z 2+ 8.D (%)
o 3 4.93 0.51 0.9 + 0

20 3 6.23 0.93 1.07 : 0.25
40* 3 3.70 0.26 0.77 : 0.15
80 1 420 + 0 1.00: 0
120 2 4.70 0 1.05 : 0.07
160 7 4.73 0.39 1.01 : 0.97
200 ‘ 3 5.17 0.49 1.03 : 0.06
240 1 4.10 0 1.40 : 0
400 .3 6.13 0.050 1.10 : 0.12
800 3 6.33 1.29 1.03 : 0.21
1200 3 6.70 0.44 1.20 : 0.10

*A1]1 animals at these doses survived and were killed by ether inhalation at

2 to 12 days following treatment.
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‘Table 2. Sequential liver and kidney weights (as X body veight) of mice
injected intraperitoneally with 100.ug/kg of 7820 microcystin.

Time after dosing (min.) . Liver (I BY) Kidney (X BW)
Controls (saline) 5.37 0.76
15 5.37 0.75
30 ' 5.63 0.75
60 9.01 0.82
90 ' 10.48 0.97
Spontaneous death (>90) 9.69 1.00
T e T L N 0 £ T ey ";r’.‘}:!’»’f*‘f'»':P"‘i:*fvf37’.,*,;“:_'x?’;"",‘$:'t-»";w’.':?'.?i‘;if"‘;?%?:if":ﬁ";ﬁ’%‘ﬂﬁ';i?ﬂﬁﬁ‘;‘;)ﬂ% i
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Pigure 1: Relative liver weights (as X body weight) in rats (n = 2 to 7) ?
, injected ip with 160 ug 7820 microcystin/kg 5
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Pigure 2: Relative kidney weights (as X body weight) in rats (a= 2 to 7)
- injected ip with 160 ug 7820 microcystin/kg
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Yigure 3: Alanine amino transferase (ALT, SGPT) in rats (n = 2 to 7) for
the first 60 min. after ip injection with 160 ug/kg 7820
microcystin/kg
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Yigure 4: Alanine smino transferase (ALT, SGPT) in rats (n = 2 to 7)
over the entire 24 hrs. period after ip injection with 160
ug/kg 7820 microcystin/kg
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Figure 5: Serum alkaline phosphatase in rats (a = 2 to 7) after ip
injection with 160 ug/kg 7820 microcystin/kg
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Yigure 6: Total bilirubin in rats (n = 2 to 7) after ip injection with
160 ug/kg 7820 microcystin/kg
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with 160 ug 7820 microcystin/kg

BUN )

Figure 7: Blood ures nitrogen (BUN) in rats (n = 2 to 7) injected ip
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Figure 8: Serum creatinine in rats {n = 2 to 7) injected ip with 160 ug
7820 microcystin/kg
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