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ABSTRACT

Anthrax toxin depressed the cerebral corrical electrical activity of
both anesthetized and nonanesthetized mc:.kevs and anesthetized chimpanze(-s.
Recordings on a physiograph recorder revealed changes in electrocardiegram
and hypoxic hypertension that progressed wizh the degree of intoxication
to final cardiovascular collapse. Changes in cortical electricjl activity
were either partial or complete, and in some cases cortical a tivity was
depressed in cyclic patterns that appeared independent ot other observed
physiological changes. Subcortical changes in electrical activity
occurred similtaneously with the surface cortical changes. The protective
antigen component of tile Loxin alone (a-ed the initial changes in surface

cortical activitv. Those arimals that died showed a respiratory failure __ _...
that appeared to be of central nervous sys'em origin involving the
respiratory center of the brain. Survival with no changes in physiological
or c:rtical electrical activity occurred in monkeys pretreated (30 min)
or post-treated (up to 8 hours) with specific antiserum.

I.!
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TRODUCcT:ON

DeMoulirll observed that tire central and pcripheral nervous systems

were involved and damaged in animals dying cf anthrax. Aside from

Scatred references bearing on possible nervous system involvement due
to atithrax, little attenti 9n wzs paid to thib subject. until the reviewof inol e a. 2  hosmried the expe~rimnental observations that
indicate central nervous system (CNS) involvement after- challenge with
either spores or sterile anthrax toxin. "hese authors proposed a model
of acltion for anthrax based on the direct effect of toxin On the CNS.
They considered that most of the observations on this disease, Such as
numerou~s cellular and chemizal cbangc-s i . the blood and Scdden death
in h-nians and animalis, could mcst readil\ be explained by i.1volvement
of the CNS.

The gross Symptoms in animals and many of the pathophysiologicala
chang~es following the administration of toxins such as botulinum, E. col
endotoxin, and snake venom appear remarkably similar to changes observed
following challenge with anthrax toxin. .k, Ciuchta, and Polley.3

and Poliey Pt al.4 have Shown depression of cortical electrical activity
in experimental animals challenged with bu:ulinum toxin or snake venoins.
They alsv have shrewn th~at the respiratory failure associated with
botuli-Um intoxication is characterized b,, interference with transmission
over rho neurcmnuscialar jintion of the diaphragm. The techniques used by
Vick and colleagues were applied in this stu.dy to further elu idate the
possible acdcn ui anthrax toxin on tht CC:cral nervous system and to
correlatc this, change Wich those o--urriaig in other physiological para-
meters. This Study furcishecs i-Jurmatiin on the mechanism of the "sudden

death" phero;,renon commonly cbserved with anthrax.

1'. .HMAEERIALS AND THJODS

Anthrax toxin was prepared by the method of Haines, Klein, and
Lin~lf6.concenitrated by freeze drying, and resuspended So that 25 ml

con::Ained 10,000 rat units of coxir * a-. aimount Selected to cause death
berweer 24 aAd 36 hours. The characteristics of the crude toxin are given
in Table 1. The com'ponents, protectivre ar.trgen (PA), lethal factor (117)
anid edema factcr (bF) were separated by the moithod of Beall, Taylor and
1hre! Ilie eluates cortai- Lng E'" were co'nbtned and passed through

di(,hylax..-oet- I 'DEAE) cel'_l:--e 'lmrt:, remove traces of UI. The I
comp T-ertL5 wer dia' zed using LK,~fcr ('k,:-6300 A ultra filter, LKBProdukter A'51 S LOC1khulr. Sweden) and Cc;.zen~rated by freeze deying. 7
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TABLE 1. CHARACTERISTICS OF THE COMPLETE TOXIN MOLECULE

Ouchter1onyXi
ProteinA /  Dry Weighthi Rat Lethality,d / Guinea Pisj/ Titers

Lot mg/ml mg/ml units/ml Edema Titer LF PA

1.24 15.8 32 1:50 1:8 1:32

2 1.46 17.4 36 1:8 1:8 1:64

3 1.07 13.6 37 1:16 1:8 1:16

4 1.36 12.9 21 1:32 1:8 1:32

1.41 14.0 28 1:4 1:8 1:64

a. Protein was determined spectrophtometrically by the method of Wadde!l.8

b. Dry weight of uninoculated medium components is 7.5 mg/ml including
2.2 mg/ml of glucose.

c. Rat lethality was determined the method of Haines et al.5

d. Guinea pig skin edema was titered by the method of Thorne et al.9

e. The Ouchterlony procedure of Thorne and BeltonI0 was modified with an
azocarmine stain? Two lines corresponding to protective and lethal

factor were observed. Edema factor could not be detected.

Lethal preparations (10,000 rat units) were prepared by recombining PA
and LF in a ratio of 4:1. EF was combined in a 3:1 ratio with PA. The
characteristics of the toxin components are given in Table 2.

Sve .Ifi anLiserum, prcparcd in horses ginst the Sterne etrain of "
Racillus anthracis by the Sclavo method, was purchased from Institute
Seraterapico Tuscano, Sienna, Italy. Each milliliter of antiserum neu-
cralized approximately 7,000 rat units of toxin produced in vitro. L

Twenty rhesus monkeys (Macaca mulatta) weighing between 3.9 and 5.4 kg
and two chimpanzees (Pan troglodvtes) weighing 22 and 27 kg were used in
,his study. Simultaneous and continuous recordings of cerebral cortical
electrical activity (EEG), blood pressure, electrocardiograms (FKG),
heart, and respiratory rate were taken on unanesthetized animals, except
fnr the three animals on which phrenic nerve impulses were recorded.
The EEG was recorded with permanent electrodes surgically implanted 21 days
prior to challenge on the dura of the brain by standard stereotaxic
techniques. EEG recordings were made with a Model 5 Grass polygraph.*

w Grass Instruments, Quincy, Mass.

*- i
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Heart rate, EKG (precortical lead), and respiratory rate were monitored
with a pair of necdle-tip electrodes placed subcutaneously in either side

of the chest. Blood pressure was monitored with a Statham strain gauge
Iand an E and M Physiogr-ph recorder.* The Statham strain gauge was

connected to a fine polyethylene catheter filled with heparinized saline
insetted in the femoral artery and advanced iuto the distal abdominal
aorta. Venous catheters were placed in the sa ,henous vein to facilitate
injections.

1ABLE 2. CHAPACTER:S'ICS OF TODXIN COMPONENTS

Dry Rat
Com- Protein,- / Weight, Lethalityb/ Cuinea Pig-1 Ouchterlony- /

ponent mg/ml mg/ml units/ml Edema Titer Titer

EF 0.393 16.7S-/  0 1:40 1:2
0.039 12.1 0 1:10 1:1

PA 0.750 10.8V/  0 0 1:128
0.985 12.4 0 0 1:32
1.220 13.3 0 0 1:32
1.263 13.8 0 0 1:16

iF 0.157 15.2L /  70 0 1:32
1.090 28.7 7 0 1:8
620 29.9 94 0 1:16

0 422 29.5 142 0 1:16

-. 7roteir was determined spec~rophotor:atrically by the method ofI
E Waddell a

b. Rat letlality was determined by the method of Haines et al.

c. Cuinca pig skln edema wab titered by the method of Thorne et al.
d. The Ouchterlonv procedure of Thorne and Belton- was modified

with an azocarmine stain.' A single line corresponding to each
component was observed.

e. In some experiments 0.15 M 7arbonate buffer containing 14.3 mg/ml
of solids was used as eluting fluid; in later experiments 0.3 M
carbonate buffer was used.

f. Dry weight of uninoculated medium was 7.5 mg/ml including 2.2
grams per liter of glucose.

* E and M Irstrument C2., Hou.ston, Texas.I
I

I --



Nerve impulse traffic over the central end of the cut left phrenic nerve
was followed in three monkeys maintained at a surgical stage of anesthesia
with Brevital* (methohexital sodium). The peripheral end of the cut phrenic
nerve and the diaphragm were also stimulated periodically with a Grass
Model S4 stimulator.

The 20 monkeys in this study were divided at random into three groups.
Group I consisted of five monkeys given 10,000 units ef toxin and observed
until death. Three of these five monkeys were studied fol phrenic nerve
activity. Group II consisted of five monkeys pretreated with 70 ml of
antiserum 1 to 2 hours prior to injection of 10,000 units of toxin. Group
III consisted of ten monkeys challenged with IG,OCO units of toxin, then
initially treated at 30 minutes to 14 hours post-injection with 70 ml of
antisera. Subsequent injections of 25 ml of antiserum were made at 4 and
8 hours following initial antiserum injection.

The survivors of Groups II and III, listed in Table 3, were re-challenged
10 to 52 days after the first toxin challenge with a second injection of
10,000 units of anthrax toxin.

An additional group of four rhesus monkeys and two chimpanzees were
anesthetized with Nembutal 30 mg/kg (sodium pentobarbital) to study the effect
of anthrax toxin on subcortical areas of the brain. DeFth electrodes were
placed in the amygdala, hippocampus, lateral gyniculote, and reticular
formation by standard stereotaxic procedures previously described in detail."
Continuous recordings of electrical activity were taken from these areas J
of the brain as well as from the cerebral cortex. In addition, blood pressure,
electrocardiogram, heart rate, and respiratory rate were recorded at 15-
minute intervals before and after the injection of toxin. Each monkey
received 10,000 units toxin intravencu.sly and each chimpanzee 100,000 units
toxin intravenously. At death seriai sections were made of the brain
tissues to confir= thcn omaa c icl placement ot each dCpth eleCtrode. V

* Ell Lilly and Co., Indianapolis, Indiana.

t .----- -_______

....
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TABLE 3. EEC ACTIVITY AND TIME TO D ATH OF TREATED
AND UNTREATED MDNKEYS9-

EEG Depression
Antiserum, at Indicated Survival

Monkey Therapy, hr Time, min-Lb / Time, hr

Group I: Untreated

None C at 7 34
2_9/ None C at 4 26
3 None P at 7 28
4- /  None C at 5.5 31
5 None P at 8 32

Group II: Pietreated at timLs indicated I
6 -1 None Sd/

7 -1 None S
8 -1 None S
9 -1 None S

10 -2 No7ne S

Group III: Post-treated at times indicated

11 +% lat 5 S
12 41 C 7 S
13 +2 P at 6 S
14 +4 P at 5 S
15 +8 P at 4 S
16 +8 C at 5 60
17 +10 P at 7 52
18 +!l P at 7 4J
19 +12 P at 6 44
20 +14 P at 7 46

a. The respcnse data refer to rhesus monkeys of 3.9 to 5.4 kg
challenged with 10,000 units of anthrax tozin. Group I shows
effects on untreated animals; Grcup II and Group III show

effects after treatment with specific antiserum.
Terminal apnea was observed in all animals that died.

b. C indicat.es complete, P partial loss of EEG activity at

indicated time.
c. Anesthetized,. phrenic nerve monitored.
d. Survived.

I
j
I
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II .SULT

Actual tracings representative of cortical electrical activity and
physiological changes in normal unchallenged an' toxin-challenged animals

are shown in Figure 1. In the anesthetized monkey (Fig. 1A) the heart
rate is shown as an integrated mean, the wider the line the slower the
heart beat. The EKG was normal with the exception of a slight:y elevated

T wave, a condition not unusual in anesthetized animals. The heart

rate was 140 and blood pressure approximately 130185. Right and left
cortical EEG were distinct as characteristic of normal brain activity.
Phrenic discharges occurred at the inspiratory phase of respiration.

Intermittent photostimulation showed the monkey capable of resjonding
to a light flash administered through the cornea of the eye as evidenced

by increased activity of the EEG.

Table 3, Group I, presents the effects of toxin on EEG and survival time
of the five untreated monkeys challenged with 10,00) units of anthrax

toxin. All animals that died showed terminal apnea followed by anoxic
cardioascular collapse at 26 to 34 hours. Immediately following the

administration of 10,000 units of toxin a transitory fall in the blood
pressure (20 to 30 m of nercury) occurred that quickly returned to normal.

At 50 seconds, intermittent photostimulation produced some minor following

that was erratic, showing from slight to increased activity of the EEG.

At 5 to 8 minutes poatchallenge, 5 of 15 animals went into a coma; the
remainder appeared semiconscious and depressed. The coma was characterized

by an electrically silent EEG, the semiconscious state by increased amplitude

of EEG activity (Fig. 1B). The length and depth of depression were related.
The oLher phyaiological parameters measured at this time appeared unaffected,

except thet respiration rate decreased. The diaphragm and othei muscles
of respiration remained synchronous, with discharges over the p! "enic nerve

corresponding to the inspiratory phase of respiration. In those animals
tested. response to light flash durina this period of time appoared markedly

depressed.

At one hour postchallenge (Fig. iC) the animal appeared normal and was

able to eat and drink. EEG and blood pressure returned to normal. The

EKG was affected, however, and showed a prolongation of the PR interval

with c slight elevation of the QRS segment and a definite depression of
the ST wave. This change, along with a slowing of heart beat, indicated

that cardiac irregularities had developed. Respiration was irregular, the
phrenic nerve discharged not once but about three times per inspiration,
as recorded on the physiograph. This phenomenon was observed in only one

of the three animals with a cut phrenic ne-ve. This irregularity is

interpreted as an attempt to increase rear ration. Intermittent photo-
stimulation elicited a normal response to light.

- i
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Figure 1. PE(G, liIart Rate, EKG,, Rvmpiratioln ti Phreni Nerve Discharges in thc
Anethel.ized monkey afttr Challengu with Anthirax loxin.



12

In three of the five untreated apiwals a cyclic pattern of cortical
activity and depression occurred at intervals that varied from 5 to 8 minutes
to 18 hours after injections. These responses could appear and disappear

up to three times. The cyclic pattern did not appear related to the depth

of the initial depression or to the time of death. The cyclic phenomenon
has also been observed in monkeys challenged with botulinum toxin' but
not those challenged with snake venom or endotoxin.

3

At 18 to 24 hours postchallenge (Fig. 1D) a complete electrical silence
in EEG was experienced. Blood pressure dropped to 105/60 num H. Cardia
difficulties were evident as heart rate slowed and the EKG became grossly

abnormal, indicating early myocardial ischemia. Respiration was abnormal
and irregular. The phren!c nerve discharged in pairs, usually with some

response from the diaphragm.

At 24 hours postchallenge-(Fig. 1E) severe hypotension and respiratory
difficulties were experienced. There was a typical anoxic rise in blood

pressure with EKG showing progressive myocardiel.ischemia. Heart rate

ahowed irregularities due to the anoxia. The diaphragm responded to the

irregular phrenic discharges.

At 26 hours postchallenge (Fig. 1F) respiration ceased, followed by
anoxic myocardial failure. Discharges of the phrenic netve ceased as

respiration ceased. At death, stimulation of the peripheral end of the cut
phrenic nerve elicited a hyper-reactive response in the diuphrogm. The

re.ponse of the diaphragm indicated no block of neuromuscular transmission

with anthrax toxin such as has been observed with snake venom and botulinum
toxin. It appeared, rather, that the brain is depressed and no lunger

capable of initiating an electrical discharge. Forced ventilation was
attempted with two animals, which delayed their deaths for 2 or 3 hours;
death followed respiratory failure.

The two chimpanzees receiving whole toxin showed neurological and physio-

logical effects identical in all respects to those previously described il

the monkey. Groas and microscopic examination of tissues at time of death

revealed complete absence of pathological lesions.

Table 3, Group II, presents results from anim.als that were pretreated
with specific antiaerum prior to challenge with anthrax toxin. In none of
the pretreated monkeys were any changes observed. All animals survived.

It is apparent that pretreatment with antiserum either neutralized the
toxin in vivo or prevented its adsorption onto active sites.

0i
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In three of the five untreated animals a cyclic pattern of cortical
activity and depression occurred at intervals that varied from 5 to 8 minutes
to 18 hours after injections. These responses could appear and disappear
up to three times. The cyclic pattern did not appear related to the depth
of the initial depression or to the time of death. The cyclic phenomenon
has also been observed in monkeys challenged with botulinum toxin4 but
not those challenged with snake vencon or endotoxin.'

At 18 to 24 hours postchallenge (Fig. ID) a complete electrical silence
in EEG was experienced. Blood pressure dropped to 105/60 Mm i1g. Cardiac
d.fficulties were evident as heart iate slowed and the EKG became grossly
abnormal, indicating early myocardial ischenia. Respiration was abnormal
and irregular. The phrenic nerve discharged in pairs, usually with eome
response from the diaphragm.

At 24 hours postchallenge.(Fig. jE) severe hypotension and respiratory
difficulties were experienced. There was a typical anoxic rise in blood
pressure with EK showing progressive myocardial.ischemia. Heart rate
showed irregularities due to the anoxia. The diaphragm responded to the
irregular phrenic discharges.

At 26 hours postchallenge (Fig. IF) respiration r.eased, followed by

anoxic myocardial failure. Discharges of the phrenic nerve ceased as ..
respiration ceased. At death, stimulation of the peripheral end of the cut
phrenic nerve elicited a hyper-reactive response in the diaphragm. The
response of the diaphragm indicated no block of neuromuscular transmission
with anthrax toxin such as has been observed with snake venom and botulinum
toxin. It appeared, rather, that the brain is depresoed and no longer
capable of initiating an elecrrical discharge. Forced ventilation wqs
attempted with two animals, which delayed their deaths for 2 or 3 hours;
death followed rebpiratory failure.

The two chimpanzees receiving whole toxin showed neurological and physio-
logical effects identical in all respects to those previously described in
the monkey. Gross and microscopic examination of tissues at time of death - ....
revealed complete absence of pathological lesions.

Table 3, Group II, presents results from animals that were pretreated

with specific antiserum prior to challenge %ith anthrax toxin. In none of
the pretreated monkeys were any changes observed. All animals survived. I
It is apparent that pretreatmen, ,;;th antiserum either neutralized the

to:in in vivo or prevented its adsorption orto active sites.

~1
) . -
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In order to determine how long anim-ls could remain untreated and
survive, animals were administered antiserum 30 minutes to 14 hours
after challenge. Results are shown in Table 3, Group III. All animals
of this group underwEnt the initial change in EEG and other parameters

previously described showing ei.ther a partial or complete loss of EEG.
One of cwo animals treated at 8 hours and all that were treated later
died. The animals that recovered showed early signs of respiratory
difficulties, then stabilized and made a complete recovery. The EEG
rapidly returned to normal and all physiological parameters became
normal. Those animals that died (antiserum administered after 8 hours)
developed terminal apnea in spite of the amount of antiserum administered

even though their times to death were markedly extended.

Table 4 includes those animals that survived initial challenge from
Groups II and III of Table 3. At 10 to 52 days after initial challenge
and treatment, the monkeys were again challenged with 10,000 units
of toxin. Those challenged within 10 to 23 days were unaffected. However,
dL' 30 days the animals lost resistance, which we assume to be due to

passive immunity. The toxin now produced death, with an extended survival
time. The three animals challenged at 30, 47, and 52 days showed the
typical physiological changes and characteristics of anthrax toxicity
except that the changes appeared milder. There was no evidence of active
immunity being developed.

TABLE 4. RE-CHALLENGE OF SURVIVORS OF GROUPS II AND Ill, TABLE 3

EEG Depression

Days after Initial at Indicated Survival
Monkey Challenge Time. min Time i. r

U

11 10 None
12 14 None S

13 18 None S
14 is None S
15 20 None S

6 21 None S
7 23 None S
8 30 P at 5h/  96
9 47 P at 5 104

10 52 P at 5 84

a. Survived.
b. P indicate! partial loss of EEG activity at indicated time.

L k +

- - ~ ---.-.-- -- -- ~- -~
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Recordings of right and left cortical and six subcortical areas (Fig. 2)
in the monkey and chimpanzee were comparable. Figure 2 shows the effect of
a lethal injection of anthrax toxin on a chimpanzee that is considered
typical of the gioup. Prior to challenge, all animals exhibited electrical
activity characteristic of the primate under a light stage of berbituste
anesthesia. Within 30 to 90 seconds after toxin was administered abrupt
changes in cortical and subcortical activity occurred. There was an
initial slowing of high frequency waves, followed by complete or almost
complete cessation of all electrical activity (Isoelectric trace) at 5
minutes. Some return of attivity was noted at approximately 2 hours with
no further change until just prior to death (30 hours) at which Lim. all
activity ceased. In both monkeys and chimpanzees, a simultaneous cessation
of cortical and subcortical activity always preceded the respiratory
difficulties and ultimate apnea. As with the animals described in Figure 1,
cardiovascular failure follow-.A respiratory arrest. The four monkeys expired
at an average of 31 hours (range 27 to 36 hours) and the two chimpanzees
at 59 and 83 hours postchallenge.

The administration of PA produced an initial effect much like that
observed following challenge with whole toxin (Fig. 3). Within 30 to 60
seconds a marked decrease in cortical electrical activity was noted followed
in some animals by complete electrical silence at approximately 3 to 5 minutes.
This change was accompanied by a slight transient drop in arterial blood
pressure and increase in heart rate. At 2 to 4 hours, cortical activity
increased, reaching control levels at 8 hours post-injection. No further
change in physiological parameters was observed following challenge with
component PA. None of the animals in this group died.

When LF was administered 30 minutes after the P/ component, the cortical
electrical activity was once again depressed and remained depressed until
death at 28 and 34 hours for the two animals of this treatment. No significant
change in physiological parameters was noted until onset of acute respiratory
failure resulItir'n in death.

In contrast with PA component, the intravenous injection of LF produced
no change in cortical electrical activity or in the physiological parameters
monitored (Fig. 4). On administration of PA (30 minutes after LF) both
monkeys showed a marked decrease in fortical activity that persisted until
death. Terminal tracings show the characteristic isoelectric cortical
trace, complete cessation of respiration, and progreisive failure in
electrocardiographic activity. Death occurred at 24 and 31 hours, respec-
tively.

Intravenous administration of EF produced no change on any of the
parameters monitored. The following controls were used in this study:
(i) toxin inactivated by boiling for 30 minutes; (ii) toxin neutralized by
antiser-., rtio 1:3 toxin to anitibtum; (iii) antisera alone; (iv)
uninoculated medium processed as was the toxin; (v) nonlethal lot of toxin
(inactivated during freeze-drying); (vi) phosphate buffer, 0.1 M; (vii)
carbonate buffer, 0.08 M.
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Nc changes in the neurological and physiological parameters were observed
following administration of these materials.

IV. DISCUSSION

Death cauoed by antnrox toxins is actributable to respiratory failure
of CNS origin, probably involving the re spiratory center of the brain and
not peripheral at the neuromuscular junction as has been shown with
botulinum toxin. It appears that the EKG changes, anoxic hypertension,
and tachycardia that occurred and progressed to cardiovascular collapse
were nonspecific and compatible with changes associated with progressive
anoxia due to CNS-initiated respiratory difficulties.

Initial changes in EEG activity observed after challenge with anthrax
toxin have been demonstrated also with snake veeoms.3  No initial EEG
changes occurred upon challenge with anthrax toxin in animals pretreated
with specific antiserum. If the animals were treated with antiserum after
the initial EEG changeb and within 8 hours postchallenge no further EEG
changes occurred and all animals survlved. Therefore, this initial as well
as the later change in EEG is associated with the anthrax toxin and may
suggest its ability to pass the Slood-brain barrier.

Studies in which depth recordings were made following lethal injections
of toxin indicate that subcortical, as well as cortical, areas of the
brain are directly affected by toxin. Depression of activity appeared to
occur simultaneously in each area. This change in cortical and subcortical
activity always preceded the observed changes in respiratory function.

The whole L.xi uL the .obined --umponexts PA plus IS are required r M
produce lethality. However, in this study, PA, when administered alone,
produced the initial changes in electrical cortical activity observed with
whole toxin.

This work shews that anthrax toxin or a lethal combination of its
components causes death by respiratory failure of CNS origin. The site of
action of the toxin in the CNS is most likely the respiratory center
itself because the intact corneal reflexes (photostimulation) indicate
little damage in the functional organization of the brain. Thus, the model
proposed by Lincoln et 8l.2 adequately describes the intoxication that
occurs in this disease, and it is highly applicable to the treatment of
anthrax. The reversal of the described syndrome by antiserum Accounts
for the success in treating pulmonary anthrax by a combination of
antibiotics and antiserum.

1 2
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