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of 2-PAM were eva I uated I n

I eve I s were e I evated at 3

mlce recelvlng 2-PAM and atroplne (SO and 17.4 mg/kg; t.p.. or

s.c. ) alone or 5 mlns af ter exposure to DFp (3 mg /kg; l.p. ).
No slgnlf lcant dlfferences ln serum 2-PAM levels were seen at

the later sampl lng tlmes

The serum el lmlnation half-t lfe values for 2-pAM (50

mg/kg; l.p.) admlnlstered alone by elther the l.Íì., l.p. or

s.c. routes of admlnlstratlon were not slgnlf lcantly dlfferent
than for 2-PAM admlnlstered ln comblnatlon wlth atroplne (17.4

mg/kg; l.p.). The serum ellmlnatlon half-llfe value of 2-pAM

admlnlstered wlth atroplne 5 mtns after DFp (3 mg/kg; t.p.)
was slgnlf lcantly (p < O.05) shorter than values obtalned for
the admlnlstratlon of 2-pAM ptus atroplne (50 and 17.4 mg/kg;

l.p.) alone or 5 mins prior to DFp and 2-pAM (5o mg/kg; t.p.)

admlnistered 5 mlns after DFp.

Serum and braln 2-PAM concentratlons obtained from

the adm I n I strat I on of I ncreas I ng doses of 2-pAM (25-125 mg/kg;

ABSTRACT

The effects

flcacy and toxlclty

Serum 2-PAM

l.P.) alone

(3 mg/kg; I

d I f ferences

tween the

of DFP and atrop I ne on the dlsposltlon, €f-
m lce.

7 and 10 mlns in

or 5 mins prlor to or after admlnlstratlon of DFp

.p.) to mlce were dose dependent. No slgnlflcant
were found ln serum and braln concentratlons be-

acety I -
and 125

treatment groups. Reactlvatlon of serum

chol lnesterase was found to occur only at the lOO

mg/kg doses of 2-PAM. No signlficant reactivation

tlt

of braln



acetylchol lnesterase

At rop I ne ('17 .4

was seen

mg/kg; I

2-PAM.

p. ) was demonstrated to I n-

crease the tox I c I ty of The LDSO va I ue was found to I n-

crease from 141.8 mg/kg (2-PAM; l.p.) to 86.3 mg/kg (2-PAM

plus atroplne; l.p.).

A dose dependent hypothermla was demonstrated ln mlce

fol lowlng ?-PAM (50-125 mg/kg; l.p.) admlnlstrat lon alone or 5

mlnutes prlor to or after challenge from DFP (3 mg/kg; l.p.).

The adminlstratlon of 2-PAM after exposure to DFP was not as

effectlve ln reverslng the DFP-lnduced hypothermla as was lts

admlnlstratlon prlor to exposure to DFP. A hypothermlc

response was seen ln mlce recelvlng DFP (3 mg/kg; l.p. and

s.c.) and atroplne (17.4 mg/kg; l.p.) themselves. Adminlstra

tlon of 2-PAM and atroplne (50 and 17.4 mg,/kg; l.p.) ex-

hlblted a faster onset and recovery from the hypothermia. The

ef fect of the hypotherm I a was found to be add I t I ve, but not

dose dependent.

After 21 days exposure to DFP (1-3 mg/kg; l.p.), the

quantlty of 2-PAM found ln the serum and bralns of mlce was

not slgnlflcantly dlfferent from control values. Serum and

brain acetylchollnesterase activlties were found to be 74% and

84o/o lnh lb lted at 21 days.
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1

l. lntroductlon

OrganoPhosPhorus compounds

denoted bY the genera I formu I a

( 3,89,99 ,1O7 ) .

R1 o

(OP,organoPhosPhates) are

as indlcated ln Figure 1

P

R2

Figure 1

General Structure of Organophosphorus Compounds' R1 and R2 represent

atcohots, phenols, mercaptans, amides or alkyl or aryl groups. x represents an

acyl radical such as fluoride, chloride, paranitrophenol, cyanide' thiocyanate'

enol. carboxylate, or almost any phenoxy or th¡ophenoxy'

organophosphorus compounds comprise a group of compounds wlth

varying toxiclties to dlf ferent forms of llfe. The most com-

mon use of these compounds iS as lnsecticides' ln this usage'

organophosphorus compounds of relatively hlgh toxlclty to ln-

sects and low toxic¡ty to man and other mammals are chosen'

I n contrast, SOme organophosphorus compounds have been used

medicallyforthemanagementofmyasthenlagraVlsand

X



2

glaucoma. Thls use, however, has decreased ln recent years

because of the narrow marg I n between therapeut I c and tox I c

doses. The most toxlc organophosphates, the so-cal led "nerve

agents " , have been cons I dered as chem I ca I war fare agents be-

cause they are powerful lnhlbltors of carboxyllc esterase en-

zymes whlch lncludes acetylchol lnesterase (AChE, true

cho I I nesterase) and pseudocho I I nesterase (p-ChE,

butyrylcho! lnesterase, BuChE). ln man, most chol lnesterase

(ChE) ln the nervous tlssue and erythrocytes ls AChE whereas

ChE ln the llver and plasma (or serum) ls mostly

pseudocho I I nesterase.

A I though not a I I the answers are present I y known

regardlng the mechanlsm of blologlcal actlon of organophos-

phorus compounds, lt ls general ly agreed upon that the toxlc

effects of the organophosphates are prlmarl ly due to lnhlblton

of AChE (58,60,71). The resultlng accumulatlon of acetyl-

chollne (ACh) at the synapses lnltlally stlmulates and then

paralyzes transmlsslons in chol lnerglc synapses; adrenerglc

synapses remaln unaffected.

Because of the potent I a I use of organophosphorus com-

pounds as chem I ca I war fare agents, research I nto f I nd I ng a

prophylaxls and/or therapy unlversal ly effectlve agalnst the

toxlc effects of the organophosphorus compounds has been an

ongolng process slnce World War I l. Of the numerous compounds

whlch have been lnvestlgated as posslble antldote(s) for
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organophosphate lntoxlcatlon, atroplne ln comblnatlon wlth an

oxlme or carbamate have shown the most promlse ln allevlatlng
the s I gns and symptoms of organophosphate po I son I ng

(3,89,99, 107). The currently recommended emergency therapy

agalnst accldental or lntentlonal organophosphate polsonlng ls

the use of atroplne ln comblnatlon wlth the oxlme, pyrldlne-2-

aldoxlme methochlorlde (2-PAM, ?-PAMCl, Pral ldoxtme,

Protopam) ( 1, 51,74, 156, 158) .
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A. Normal Chol lnerglc Neurohumoral Transmlsslon

A revlew of the actlons of the

transmltter acetylchol lne ls necessary

the complexltles lnvolved ln the

ub I qu I tous neurohumora I

I n order to understand

search for ef fect I ve

prophy I axes and/or theraP I es

poisonlng.

aga I nst organophosphate

1. Acetylchol lne

Chemical ly, acetylchol lne (Ach) ls a quaternary am-

monlum compound that contalns three spatlal ly separated cen-

ters which are of lmportance for ltS blologlcal actlvlty: the

posltlvely charged nltrogen atom, the carboxyl oxygen carrylng

a relatlvely negatlve charge and the relatlvely electron-poor

esteratic oxygen (Flgure 2)(25,71). However only the f irst

two of the three react i ve s i tes found i n ACh are necessary for

the varlous actions of the compound.

cHs o

tll
HsC - N@ - cïz-cHz - o - c - cHs

I

cHg

Figure 2

Structure of AcetYlcholine (ACh)
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2. Role of Acetylchol lne ln Normal Chol lnerglc

Neurohumoral Transmlsslon

(ACh) I s the maJor neurohumora I

parasympathet lc

additlon, ACh

pathet I c nerve

glands (71).

Acetylchol lne

transm i tter when both the pre- and postgang I i on of

nervous system are stlmulated (Flgure 3)

ls the neurotransmltter for pregangllonlc

flbers as well as skeletal muscle and

SYNAPT¡C TRANST!4|SS|ON ¡N
PEFIPHERAT NIRVOUS SYSTEM

ACFTYI.CHOLINE MEDIATED f CHOLINERGIC I NOREPINEPHRINE
f\lÊDIA'f ED I ADFÊNEFGIC I

the

ln

sym-

sweat

I
MUSCARINIC ACTIONS

POSTGANGLIONIC
PARASYMPAIHET¡C
{ HEART, SMOOTH MUSCLES,
EXOCRINÉ GLANDS I

NICOT¡NIC ACT¡ONS

PARASYMPATHETIC
AND
SYMPATHETIC
IINCLUDING ADRENAL MEDULLAI

S KFLETAL
MEUROIJIUSCULAR

POSTGANGLIONIC
SYT\4PATHETIC

I

GANGLIONIC

SYMPATHETIC ACh MEDIATED_ - I SWEAT GLANDS. SOME BLOOD VESSELS I

Figure 3

Cholinergic and Adrenergic Neurotransmission

NEIL JOHN MACL$,AN hUÅITH $CIEN0Ë$ UBAÁAY
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When ACh blnds to a cholinerglc receptor, the mul-

t I tude of ef fects I nvoked are dependent upon the type of

receptor that ls stlmulated (Table 1 ) (2OB). The two classes

of chol lnerglc receptors are nicotlnlc and muscarinic.

Stlmulatlon of the muscarlnlc receptors mlmlcs the actlon of

the alkalold muscarlne (Flgure 4) and has predomlnant effects

on the secretory glands and smooth muscle (Flgure 3)..

Alternately, stlmulatlon of the nlcotinlc receptors mlmlcs the

actlon of nlcotlne (Flgure 4) and has predomlnant effects on

the autonomlc gangl la and skeletal-neuromuscular Junctlons

(Figure 3).

HO cHs

cHg

I

CHz-r!@-cHe
I

cHs

N

I

N

Hgc o

MUSCARINE NICOTINE

Figure 4

Principal Cholinomirnetics
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Table 1

Responses of Effector Organs to Autonomic
Reproduced from Gilman, Goodman and

Nerve lmpulses
Gilman ( 71 )

ADRENERGIC IMPULSES CHOLINEBGIC IMPULSES

EFFECTOR ORGANS
FECEPTOß

TYPE
RESPONSES RESPONSES

EYE

Rad¡al muscle ir¡s
Sphincter muscle iris
Ciliary muscle

o

it

p

íl

Contrac¡ion I mydriasis I

Relaxation lor fa¡ vision
(sl¡ght eflectl

lncrease in heart rale

lncrease in conlractility and
conducl¡on veloc¡ty

lncrease in conduct¡on velocity

lncrease ¡n contraclil¡ty,
conducl¡on velocily, aulornat¡c¡ty
and rate of idiopathic pace-akerc

D¡latalion
Constr¡ct¡on
Constriction; dilatation
Conslrict¡on ( sl¡ght )

Conslr¡ction
Constriction; d¡lalation
Conslrict¡on

Relaxation
lnhibition ( ? )

Dec¡ease { usually)
Contraction {usually}
lnh¡bition I ? )

Decreaæ
Contraction ( usually)
lnhib¡tion ( ? I

Belaxation

Relaxat¡on (usually)
Contraction

lncrease ( usually)

Variable

Eiaculation

Cónlraction
Slight, localized secrelion

Contract¡on

Glycogenolysis

a Thick, viscous secrel¡on

Contraction ( mios¡s l

Conlract¡on lor near vision

Decrease in hean rate;
vagal a¡rest
Decrease ¡n conttacl¡lity, and
{usually} increase ¡n conduct¡on
veloc¡ty
Decrease ìn conduction
velocity; A-V block

HEART

S.A node

Atr¡a

A-V node and conduction system

Venl¡icles

BLOOD VESSELS

Coronary
Skin and mucos
Skeletâl muscle
Cerebral
Pulmonary
Abdominâl viscera
Sal¡vary glands

LUNG

Bronch¡al muscle
Eronchial glands

STOMACH
Mot¡lity and tone
Sphincteß
Secret¡on

INTESfINE
Mot¡lily and rone

Sphinctem
Secret¡on

GALLBI.ÂDDER AND DUCTS

UR¡NARY BLADDER
Detrusr
Trigone and sph¡ncler

URFTER

Motil¡ty and rone

UTEFUS

SEX ORGANS

SKIN
Pilomotor muscles
Sweat glands

SPLEEN CAPSULE

ADRENAL MEDULT-A

0

o
O,B
a
a

a,p
o

fi

a
a

a,p
a

p
o

a. [)

Dilatation
D¡latat¡on
Dilatat¡on
O¡latat¡on
Dilatãt¡on

D¡lalation

Contract¡on
Stìmulal¡on

Contraction
Relaxat¡on

lncreaæ
Relaxation ( usuallyl
Stimulation

lncreas
Relaxation (usuallyl
Stimulation

Contract¡on

a
o

o

Generali¿ed secretion

Sec¡et¡on of epineplrrine and
norepinephrine

lncrease ( ? l
Variable

Erection

Secrel¡on

Profuse, wâtery sec,etiÀn

Secre¡ion

Secretion

LIVER

PANCBEATIC ACINI

SALIVARY GLANDS

LACßIMAL GLANDS

NASOPHARYNGEAL GLANDS
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3. AcetY lchol I nesterase

Acetylchollnesterase (AChE) ls a naturally occur-

ring and wldely dlstrlbuted enzyme present ln all anlmals'

Acetyl-chol lnesterase ls a glycoproteln whose unlt is a

g I obu I ar monomer of mo I ecu I ar we I ght 80, OOO Da I ton

(60,111,197). The actlve centers of ACþE consist of an

anionlc slte whlch ls speclflc for the quaternary ammonlum

molety of ACh and an esteratlc slte which provldes for

nuc I eoph I I i c attack on the acy I carbon of the substrate

(F i gure 5) .

CH¡ ÍJ

cH2 - cH2
o

H

I
N

N

O=C
a

¡
I

t-Lc
5

o
I
CH

H

d+o
I

H
ð-

*/t"
* ¡\ cHs

histidyl

o

tyrosyl

(-)
o
I
C=O
i

cHz
seryl

ESTERATIC SITE

glutamyl

ANIONIC SITE

Figure 5

Active Sites of Acetylcholinesterase
Reproduced from Hodgson and Guthrie (95 )
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lf lt were not for the enzyme acetylchollnesterase,

chollnerglc receptor stlmulatlon by acetylchollne would per-

slst lndeflnltely untll death of the organlsm occurred. The

anlonlc slte of acetylchol lnesterase ls negatlvely charged and

attracts the posltlvely charged nltrogen atom of ACh and binds

the attached rnethy I groups by Van der Waa I s forces. The es-

teratlc slte of AchE, where nucleophlllc attack occurs on the

acy I carbon of the substrate, I S compr I sed of two bas lc

groups, serlne and hlstldlne, and one acld group, the hydroxyl

of the amlno acld tyroslne. The esteratlc slte comblnes wlth

the carbonyl carbon (or phosphoryl phosphorus ln the case of

organophosphorus compounds) atom of the substrate and forms a

cova I ent bond w I th the enzyme ( 95 ) .

The speclflcltles of mammal lan acetylchol lnesterase

towards selected substrates are I I lustrated ln Table Z.



Table 2

Specifications of Mammalian AChE Towards Selected Substrates Relative
to ACh = 100. Values are Based on Optimal Substrate Concentrations (95 )

SUBSTRATE AChE SOURCE OF ENZYME

Acetylcholine

Butrylcholine

Benzoylcholine

( D, L) Acetylcholine-B-
methylcholine

Propionylcholine

Acetylthiocholine

Phenyl Acetate

Tributyrin

100 Human Serum Bu ChE

Human Erythrocyte

Human Erythrocyte

Human Erythrocyte

Human Erythrocyte

Bovine Erythrocyte

Bovine Erythrocyte

Human Erythrocyte

2

1.5

33

87

83

1i3

2

o
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4. Hydrolysls of Acetylchol lne by Acetylchol lnesterase

The hydrolysls of acetylchollne (ACh) takes place

ln three steps and ls lllustrated ln Flgure 6 (25,71,89,99).

ln the case of acetylchol lne, the flt of the substrate to the

enzyme ls so preclse that the ACh molecule ls spllt at the

ester bond to form acetlc acld and chollne. Nelther of these

two compounds has any slgnlflcant blologlcal actlvlty at the

ACh receptor. The net effect of the lnteractlon of ACh wlth

AChE ls the cessatlon of chol lnerglc receptor stlmulatlon.
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CHzH¡C

N

./@\
H¡C CH¡

o N: H-O

oz
CH¡

60
c/
'.} 

""'
...

cHz c

ANIONIC
SITE

ESTERATIC
SITE

HISTIOINE SERINE

OH CHOLINE

o

o

ACETYLATEO ENZYME

ACETYTCHOLINE

ACETYLCHOLIN ESTERASE

STEP 1

FORMATION OF ENZYME - SUASTRATÉ
COMPLEX. PRINCIPAL BONOS FORMEO
WITH THE CATIONIC SIIE OF ACh AND
THE CARBONYL AÍOM OF IHE ESTER
GROUP

STEP 2

STEP 3

H"C

.H¡C

HsC cHz

N

,/@ \
H¡C .cHs

o

CHa --: -zo \cHe

@
N -H O

\./
cHz

cl
l\"n'

ACYL TRANSFER THROUGH NUCIfOPHILIC
AITACK ON THE ESIEB CAÂBONYL BY Â
SERINE RESIOUE IN THE ÊNZYME

ñe

+ H2O

o

Ho-cy'
cHs

N H-O

REGENEHATEO €NZYMÊ

Figure 6

Hydrolysis of ACh

ACETIC
ACtO HYDßOLVSIS OF ACYL ENzYME INAl€

LIMIfING STEP I- YIELDS ACEIAT€ AND
HYOROGEN IONS THUSLY AEGENEÂ.AIING
THE ENZYME
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B. Effect of Antlchol Inesterase Compounds on Normal

Neurohumoral Transmlsslon

1. Organophosphorus Compounds

Most organophosphorus compounds belong to the lrre-

verslble class of chol lnesterase lnhlbltors (135,145,146,159,

185, 188, 189) . Al though organophosphorus compounds react wl th

AChE ln essentlally the same manner as ACh, the enzyme-

organophosphate comp I ex that I s formed I s much more stab I e

than ls the ACh-enzyme complex. Thls ln turn causes a delay

of the hydrolysls of ACh resultlng in lts accumulatlon at

chol lnerglc receptor sltes subsequently causlng lntense and

continuous stlmulatlon whlch can eventual ly lead to

respiratory paralysls and death due to anoxla.

Emphasls wlll be placed on dllsopropylphos-

phorofluorldate (DFP) ( Flgure 7> ln ensulng dlscusslons be-

cause i t was chosen as the cha I I enge organophosphorus compound

ln the present study for lts 3 maJor qual ltles:

1 s I ow spontaneous

lnhlbltlon);
good react I vat I on

react ivat ion ( I rreverslble

character I st I cs when 2-PAM I s2

3

utl I ized as

exper imenta I

to the more

the ox lme, and;

aval labl I lty for whlch comparlsons

potent "nerve agents" can be made.
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HTCaO

HTCaO F

Figure 7

Structure of Diisopropylphosphorofluoridate ( DFP)

CL Absorption and distrlbution of Organophosphorus

Compounds

Absorpt I on, the process whereby a tox i cant

moves through the body membranes and enters the clrculation,

and dlstrtbutlon, the process whereby a toxlcant ls dlspersed

throughout the body, are dependent upon a number of factors

(95). ln general, the absorptlon and distrlbutlon of or-

ganophosphorus compounds throughout the bocty occurS very

read I I y.

o

P
/
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The blodlsposltlon of DFP ls characterlzed by

very rapld uptake lnto tlssues. Martln showed that wlthln 1

mlnute of an 'lntravenous ( l.v. ) lnJectlon to mlce (1 mg/kg;

3H-DFP) the hlghest levels of radlolabel were ln braln, lung,

heart and kldney (139). Peak levels of radlolabel tn llver,
d I aphragm and fat occurred w I th I n

flrst hour, tlssue levels decreased

for -6 hours and was c I eared I n -3

extracted from tlssues was found to

f I ve m I nutes. Dur I ng the

rema I ned constant

The amount of I abe I

lrreverslble blndlng or aglng. Martln found

t lme suggest-

that 7OoÁ of

label was extractable at 1 mlnute ln the braln and 30% ln

20-40%,

days.

decl lne wlth

other tlssues at the same tlme lnterval (139). Only 20% and

1OoÁ were extractab le f rom bra ln and other t I ssue at 30

accumulate ln most

lng

the

m I nutes.

t I ssue

however,

I lver.

I t was conc I uded that

wlth chronlc exposure.

wl I I most I lkely result

DFP wlll

Acute and occas I ona l exposure

I ung andln concentratlon ln

ln mlce, a comparlson of routes of admlnlstra-

tlon after lnjectlon of 32P-DFP showed that l.p. admlnlstra-

tlon resulted ln hlgher levels of radloactlvlty ln the I Iver

(168). Pretreatment of the anlmals wlth 2-PAM and atroplne

dld not lnfluence the amount of tlssue bound radlolabel. 1t

appears that DFP lnteracts wlth and ls absorbed to llver
mlcrosomal esterases. There was no correlatlon between bound

32P ln any organ and the onset of death.
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A study of the b I od I spos I t I on of 3H-DFP ad-

mlnlstered l.v. to gulnea plgs (O.1 to 6 mg/Rg') showed that at

hlgher doses, the radlolabel was dlstrlbuted unlformly

throughout the body tlssue wlth the hlghest accumulatlon ln

the I lver and kldneys (84). DFP was found to be metabol lzed

to dllsopropylphosphate wlth both compounds belng excreted

pr lmar I ly through the ur lne and bl le (84,85).

The pr lmary d I str I but I on mechan I sms for

toxlcants appears to be ln assoclatlon wlth plasma protelns

(95,97). Plasma protelns are also known to lnteract wlth or-

ganophosphorus compounds. At O.1 uM, DFP has been found to

blnd almost entlrely to plasma protelns; the blndlng belng

prlmarlly to albumln (178). However, ât O.1 mM less than 2%

ls bound to serum protelns suggestlng that a saturatlng effect

can occur. Means and Wa have shown that DFP reacts wlth a

tyroslne resldue of bovlne serum albumln and that the blndlng

is reverslble wlth a Ka = 2.8 x loe M (147).

¡t has been shown that admlnlstratlon of 5% of

an LDSO of DFP s.c. for 1O consecutlve days In rat resulted ln

decreased AChE actlvltles ln erythrocytes (3O%), tlblalls

muscle (3O%) and braln (4O%)(1O9). Katklewlcz et Al- showed

that these I eve I s returned to 80, 80 and 50% respect I ve I y 7

days after the lást exposure (1Og). Hlstologlcal examlnatlon

of the treated an ima I s revea I ed degenerat I on of neuronS,

necrotlc changes ln the hypothalmus, degeneratlon of the



myelln sheath ln the sclatlc
succ I nlc dehydrogenase act lvl ty.
a 1OoÅ loss of AChE act ¡v lty I n

m I n I strat I on of 1 .8 mg/kg DFp s.

levels at 60 mlnutes (68).

returned to normal ln -16 hours.

found that wlthtn

cortex, h I ppocampus

admlnlstratlon of 1.1

3 hours, AChE

and strlatum were

mg/kg DFP s.c

AChE levels

17

nerve and a decrease ln nerve

Fonnum and Guttormsen found

the bra ln 15 m I nutes 'af ter ad-

c. to rats wlth lncreased ACh

found that AChE I eve I s

contrast, Menequz et a I

actlvlty ln the cerebral

decreased 60-80% after

They

ln

to rats ( f54). Recovery

requ I red

12 days

to 60% of the basel lne ln that lnstance
-48 hours ln the cerebral cortex and hlppocampus and

ln the str latum.

b. The Blndlng of Organophosphorus Compounds to

Acetylchol lnesterase

The b I nd I ng of organophosphorus compounds to
acetylchol lnesterase (AchE) ls a three step process and ls I 1-

lustrated ln Flgure 8 by the potent lrreverslble chollnes-
terase lnhlbltor dl lsopropytphosphorofluorldate (DFp)

(25,7 1,89,99). The flrst step ls a blndlng step whlch ls ln-
fluenced by the attractlon of a portlon of the organophosphate

to the anlonlc slte of the enzyme. The second step ls a phos-

phorylatlon step ln whlch the organophosphate ls known to
phosphorylate the actlve serlne hydroxyl group at the
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H rcao
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esteratlc slte of the enzyme. lf wholly analogous to the

blndlng of acetylchol lne to acetylchol lnesterase, the thlrd

step I n the b I nd I ng of organophosphorus compounds to AChE and

related enzymes would be hydrolysls. However' phosphorylated

AChE tends to be more stab I e than e I ther the acety I ated or

carbamylated AChE. Therefore, unl lke the acetylated form of

AChE, the phosphory I ated AChE I s extreme I y res I stant to spon-

taneous reactlvatlon resultlng from hydrolysls by water. Some

eventgal hydrolysls of the ester bond by water does occur

however but thls hydrolytlc step ls extremely Slow and un-

measureab I e for some organophosphate cho I I nesterase

lnhlbltors.

There ls a wtde varlatlon ln the stabl I lty of

phosphorylated AChE. The stabl I lty of and extent to which

phosphory I ated ACþE can be regenerated I S dependent upon a

number of factors Such aS the nature of the groups attached to

the phosphate, the ease of carbon I um I on format i on,

temperature, ÞH, the source Of the enzyme and tlme (70'89'

95,99,107). The order from hlgh to low spontaneous reactlva-

tion has been shown to be methyl > ethyl > secondary alkyl

groups > tertlary alkyl groups. The phosphorylatlon (Kp),

dissoclatlon (Kd) and rate constants of Some organophosphorus

compounds from varlous Sources are presented ln Table 3.
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Table 3

Phosphorytation lk2l, Dissociation (K¿l and Bimolecular Rate Constants lk¡l of
Some Organophosphate and Carbamate lnhibitors of Cholinesterases from Various

Sources. Reproduced from Hodgson and Guthrie (95 I

ENZYME COMPOUND
k2

(min -rl
K¿
rMl

TEMP

| "cl
k1

lM -l m¡n -rl

AChE (bovinel

BUChE lhumanl
AChE (bovine)

BUChE (horse)

AChE {bovinel

BUChE (humanl

AChE lbovine) CH3S

AChE lbovinel

o
¡

(Et)zN- CH2CH2-S - P-lOEt)2 90

INSECTICI DAL CARBAMATES

OH!t
=N-O-C-N-CHs 145

t.s x t0-5 5-B x 106 5

t x to-2 1.6 x toa

Malaoxon

Malaoxon

DFP

DFP

Noz

67

6.6

40-7

r45

2.7 x l0' '
6.2 x 10-r
l-2 x l0-3
2-6 x tO-s

2.4 x 105 5

Lt x t0{ 25

3.4 x 10{ 25

s.5 x lo6 25

12 3 1.44 x l0-3 2.1 x 703 5

Noz

12 o.8l 2-2 x 1o-a 3.7 x lo3 25

Noz o-
o
I
P - loErlz 4:l 3.6 x lo-a t2 x 105 %

o
t1

-P-

o
Io-P

OEr

OEr

l"'
-c-c

å*Å
( aldicarb I

PHARMACEUTICAL CARBAMATES

Eserine

* N - lcH3l3

10.8 3.3 x 10-6 3.3 x 106

o
ll 46.s r.2 x ro -6 4.0 x ro6

o-c-N-lcH3)2
AChE (electricall

I neostigmine)



21

Lanks and Seleznlc found that after DFP lnhlbl-

tlon of electrlc eet ACþE (94% lnhlbltlon of actlvlty), the

phosphorylated enzyme spontaneously dephosphorylated lf excess

unbound DFP was removed from the react lon mlxture by gel

flltratlon (121,122). Spontaneous reactlvatlon of the DFP-

enzyme had a free energy of reactlvatlon of 2O.1 Kcal/mol as

expected for a hydro t ys I s of a cova I ent bond.

c. Aglng

The most I lkely occurrence of the phosphory-

I ated AChE I s a Þrocess wh l ch has been des I gnated as "ag I ng "

or more aptly, dealkytatlon (95). ln aglng, loss of an alkyl

group from the d1-alkyl phosphorylated AChE occurs formlng a

much more stable rnono-alkyl phosphorylated AChE (Flgure 9).

I n the aged form, the AChE cannot be

regenerated and the rate of recovery after organophosphate

po I son I ng I s dependent upon the rate of synthes I s of new AChE.

Aglng fol lows flrst order klnetlcs under normal physlologlcal

condltlons and occurs by C-O or P-O flsslon (16). Varlous

models lnvolvlng the use of purlfied extracts of AChE from

varlous specles, whole blood, Þlasma or whole anlmal models

(anesthetlzed) have been used to study the lrreverslble inac-

tivatlon of AChE and aglng by dealkylatlon ln vltro and ln

vlvo ( 1O, 16,39,47,15O, 181, 190).
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Beauregard e-t al- showed that ag I ng of DFP-AChE

(bovlne erythrocyte) was due to dealkylatlon ( loss of 2-

propanol) rather than the f-ellmlnatlon product dllsopropyl-I
phosphorlc acld (16). Modlflcatlon of the ACþE actlve slte

hlstldlne wlth 2 nM dlethyl-pyrocarbonate resulted ln a slow-

lng of

bonate

Þy 2-3 tlmes. Slnce dlethylpyrocar-

actlvlty, lt appears that the actlve

ls lnvolved ln aglng.slte of hlstldlne ln

Coult

the ag I ng process

also lnhlblts AChE

AChE

el Al have shown that the t lme requ I red

bovlne erythrocyte AChEfor 50% ag I ng of

was 2140 mlnutes

DFP-enzyme comp I ex I n

(47).

Lanks and Seleznlc have observed that the aglng

of DFP-enzyme was dependent upon temperature (122). The per-

centage of reactlvated enzyme was 69, 29 and 3% at O, 25 and

37 degrees respect I ve I Y

The hatf-l lfe (T1/2) of converslon to the aged

form var I es from a m I nute or I ess to severa I days. For

example, the aglng half-llfe for dllsopropylphosphoryl AChE of

human erythrocytes I s 4.6 hours whereas the d I ethy I phosphory I

aglng half-llfe ls 41 hours. The rate of aglng ls known to

I ncrease aS pH decreases and temperatUre I ncreases. I n

addltlon, the rate of aglng ls known to be dependent on the

phosphory I group but not the I eav I ng group (23,47 ,75-77,95) .



24

B I nd I ng of Organophosphorus Compounds to Other

Enzymes

B I nd I ng of organophosphorus compounds to en-

zymes has been, and stl l l 1s, of conslderable lnterest from

both a pharmacologlcal and toxlcologlcal vlewpolnt. The most

clted organophosphate lnhlblted enzymes are the class known as

serlne esterases l.e. enzymes catalyzlng ester hydrolysls and

contalnlng an actlve serlne hydroxyl group (Bg,gg,107).

Ser I ne esterases I nc I ude ChE, chymotryps I n, tryps I n, thromb I n,

urok I nase and a I ka I I ne phosphatase. organophosphorus com-

pounds however can b I nd to and I nact I vate a var I ety of other

enzymes and protelns. Thls blndlng apparently lnvolves phos-

phorylatlon at hydroxyl groups slmllar to serlne esterase ln-
actlvatlon or alkylatlon of hydroxyl or sulfhydryl groups

whlch do not have to reslde at the catalytlc slte.
organophosphate-proteln complexlng at non-catalytlc sttes can

lnhlblt enzyme actlvlty by al losterlc lnteractlon.

d
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e. Klnetlc Parameters used ln deflnlng the lnter-

actlon of Organophosphorus Compounds wlth

Enzymes

The I nteract I on of organophosphorus compounds

wlth enzymes and the resultlng lnhlbltlon of the enzyme can

best be deflned ln klnetlc parameters by use of the

blmolecular (second order) lnhlbltlon rate constant (Kl) and

the I C5O va I ue wh I ch I s the concentrat I on of an organophos-

phorus compound requlred to lnhlblt enzyme actlvlty by 5O%.

These 2 parameters are most frequently reported ln the I ltera-
ture and allow for dlrect comparlson of studles lnvolvlng

organophosphate-enzyme lnteractlons. The blmolecular rate

constant ls based on the presumed 2 stage lnteractlon of or-
ganophosphorus compounds wlth enzymes whlch conslsts of an

lnltlal blndlng, deflned þy lts assoclatlon constant (Ka) and

then a phosphorylatlon, deflned by lts phosphorylatlon con-

stant (Kp)(3,52,133,134). ln general, lt ls found that as Ka

lncreases so dôes the afflnlty of the organophosphate for the

enzyme; as Kp lncreases so does the enzyme phosphorylatlon

rate and that the hlgher Kl lS, the stronger the lnh¡bltlon of

the enzyme by the organophosphorus compound. Factors such as

source and type of enzyme, ÞH and temperature are known to af-
fect the rate constants. Ut¡ I lzlng DFP as the representatlve

organophosphorus compound, the Ka for AChE lsolated from rat
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¿braln synaptosomes ls 5.6 x 10 M whereas for BUChE lsolated

from horse serum lt ls 2.o x 106 M (133,134,2o1,2o2). The

Kl's for the Same 2 examptes are f .54 x 10+ and 4.O x 106 M-'

_t
mln respectlvely (133,134,2O1,2O2). The Kp's for AChE lso-

lated from rat and monkey braln synaptosomes have been deter-

m lned to be A.7 and 9. O m lnut"='' .espect tve ly whereas f or BuChE

lsolated from human Serum lt ls 30 mlnutes-l (133,134,2O1,2O2r.

tt has been suggested that when all 3 parameters are reported,

b I nd I ng and phosphory lat lon are most lmportant þecause they

dlrectly affect the formatlon of phosphorylated enzyme. The

phosphorylatlon, dlssoclatlon and blmolecular rate constants

of some organophosphate and carbamate I nh I b I tors of chol I nes-

terases from varlous other sources are I I lustrated ln Table 3.

The |CSO values, I lke the rate

on the source, quantltY

constants,

and type of

are

en-found

zyme

ta I ned from

I n monkey

On the other

to be dependent

I nvo I ved. For lnstance, the DFP ICSO value f or AChE ob-

membranes var les from O.64 uMbraln synaptosomal

to 2.O uM I n rats uM ln gulnea plgs (2OZ).

for BUChE obtalned f rom

to 0.066 uM ln male rats

to 5.3

hand, the DFP ICSO value

from O.OO9 uM ln humansp I asma var I es

to O.O75 uM ln gulnea plgs (57). Utltlzlng ¡C5O values, the

most potent lnhlbltors of the organophosphorus class of irre-

verslble AChE lnhlbttors are soman (plnacolyl

methylphosphonof luor ldate, GD), sarln ( lsopropYl

rnethylphosphonofluorldate, GB) fol lowed by paraoxon and DFP.
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f . Detox I f lcat lon Mechan I sms for Organophosphorus

Compounds

The pr lmary detox I f I cat I on mechan I sm for or-
ganophosphorus compounds ls hydrolysls whlch may be enzymatlc

or non-enzymatlc (6,89,99,1O1,107,167). The general types of

blologlcal reactlons that are most promlnent ln the

detoxlflcatlon of organophosphorus compounds lnvolve the mlxed

functlon oxldases (MFo); transferases and hydrolases. ln cer-
taln cases, one or more of these reactlons may be lnvolved at

the same tlme on the organophosphate molecule. Hydrolase en-

zymes lnclude arylesterases, DFP'ase and c4rboxylesterases.

Arylesterases ls an A-esterase and preferentlally reacts wlth
organophosphates that contaln phenol lc esters l.e. paraoxonase

ls an .arylesterase whlch hydrolyses paraoxon to dlethylphos-
phor I c ac I d. Phosphory I phosphatases such as DFp'ase degrades

prlmarlly organofluorlne compounds to thelr respectlve acld

l.e. DFP to dllsopropylphosphorlc acld. Carboxylesterases (or

al lesterases) hydrolyze only esters of lower fatty aclds I lke

trlbutyrln but not the hlgher aclds llke palmltlc or otelc
aclds. Enzymatlc hydrolysls appears to fol low flrst order

klnetlcs under physlologlcal condltlons. Athough a number of

sources of organophosphate degrad I ng enzymes have been

reported, lnformatlon regardlng rates of hydrolysls are ln

most cases not ava I I ab I e.
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The pr I nc I pa I non-enzymat I c process for the

detoxlf lcatlon of organophosphorus compounds ls hydrolysls.

Non-enzymatlc hydrolysls has been shown to be lnfluenced by

temperature, pH and other lons present ln the water (6). ln

general, DFP ls most stable at pH 6-7.5 and as expected, lower

temperature lncreases stablllty. ¡t can also be Seen that

phosphate lons accelerate DFP hydrolysls. The oxlmes 2-PAM,

DAM, TMB-4 and toxogonln were found to accelerate hydrolysls

by lowerlng the half-llfe of DFP by 78, 64, A2 and 87o/o respec-

tlvely (167).

g. Consequences of Organophosphate lntoxlcatlon

-Ln v lvo, the consequences of I nh lb I t lon of AChE

by organophosphorus compounds I s an I ntense and cont I nuous

chol lnerglc stlmulatlon produclng general lzed perlpheral and

centra I cho I I nerg I c responses; the degree and appearance of

whlch are dependent on the degree of AChE lnhlbltlon and the

route of exposure (Table 4) (12). The most pronounced sys-

temlc effects are profuse sallvatlon, sweatlng, mlosls,

dlarrhea, muscular weakness and faslculatlons, mental confu-

sion and ataxla, and dlsturbances of ventl latlon culmlnatlng

ln resplratory paralysls and death due to anoxla.
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Iable 4

Signs and Symptoms of Organophosphate Poisoning
Modified from Namba, T., Nolte, C.T., Jackrel, J. and Grob, D. (158)

MUSCAR]NIC MAN¡FESTATIONS
NtconNtc

MANIFESTATIONS
CENTRAL NERVOUS SYSTEM

MANIFESTATIONS

Bronchoconstriction

lncreased bronchial secretions

Sweating

Salivation

Lacrimation

Bradycardia

Hypotension

Miosis

Blurring of vision

Urinary incontinence

Muscular fasciculation

Tachycardia

Hypertension

Restlessness

lnsomnia

Tremors

Confusion

Ataxia

Convulsions

Respiratory depression

Cirulatory collpase

There are at least four contrlbutlng causes that
I ead to resp I ratory fa I t ure:

1 . excess I ve secret I on

g I ands wh lch I eads

a I rway;

bronchoconstrlctlon

3. neuromuscu I ar b lockade

from sal lvary and bronchlal

to obstructlon of the

and I aryngospasm;

of resp I ratory musc I es,

2

and;

4. centra I resp I ratory fa I I ure
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I f the outcome of organophosphate I ntox I cat I on

ls not lmmedlately fatal, complete recovery may take several

days, weeks or months. For the most part the rate of recovery

ls then dependent on the rate of synthesls of new AChE.

Although recovery ls usually complete, there

are long term consequences to survlvlng an organophosphate

exposure. Delayed neurotoxlc effects may also occur whlch

could take three or more months to manlfest themselves (72).

Symptoms of delayed neurotoxlclty may lnclude polyneurltls
(lnf lammatlon of the nerves) wlth f laccld paratysts of the up-

per and lower extremltles and degeneratlon of myelln sheaths

and neurons ln the splnal cord, SClatlc nerve and medul la.

The mechanlsm of delayed neurotoxlclty due to organophosphate

lntoxlcatlon ls not wel I understood.
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2. Carbamates

Although not dlrectly related to the content of

thls thesls, ¡t ls noteworthy to mentlon the carbamate class

of chol lnesterase lnhlbltors

Most carbamate compounds belong to the reverslble

class of chollnesterase lnhlbltors. Carbamates react wlth

AChE in essentlally the same manner as ACh to form a

carbamy I ated-enzyme I ntermed I ate I nstead of an acety I ated-

enzyme lntermedlate (89,99,1O7,161). Unl lke the acetylated-

enzyme, however, the carbamylated enzyme ls relatlvely more

stable and free AChE ls only slowly regenerated by hydrolysls.

Thls slow regeneratlon of AChE from the carbamylated lnter-
medlate makes the carbamate class of compounds potentlally

usefu I as prophy I act lc agents aga I nst organophosphate

polsonlngs.

Because of thelr reverslble lnteractlon wlth

acetylchol lnesterase, the carbamate class of chol lnesterase

lnhlbltors have been lnvestlgated as potentlal prophylaxes

aga I nst organophosphate I ntox I cat I on for they are known to

delay the hydrolysls of ACh f rom 1 to I hours (24,25).



C. Theraples Utl I lzed
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I n Organophosphate I ntox lcat lon

effects of organophosphates were flrsttoxlcS I nce the

reallzed, there

would al levlate

cumu I at I on of ACh

lnvestlgatlon ln

ganophosphate

Armed Forces

po I son I ng and because

chemlcal defence klts

they are I nc I uded

(1,51,74, 156,158).

have been maJor attempts to flnd theraples

the symptoms that result from the excesslve

due to AChE lnhlbltlon. The 2 maJor areas

th I s regard have been to:

that

aG-

of

1. block the actlve chollnerglc receptor sltes; and/or;

2" reacttvate the phosphorylated enzyme.

Although many compounds have been lnvestlgated wlth respect to

the lr b lock lng and react lva't lng capab I I lt les, the 2 compounds of

lnterest to thls work are the antlmuscarlnlc, atroplne, and the

oxlme, z-PAM chlorlde (Flgure 1O) because they are the current

antldotes of cholce ln the case of accldental or lntentlonal or-

I n some

cHg

N
@ CH = NOH
N

cHs

PRALIDOX¡ME CHLORIDE

l 2- PArr4, 2 - PYBIDINEALDOX¡ME

METHOCHLORIDEI

cl - zoHCH

I

c
I

H

o-c-
ll
o

ATROPINE

Figure 10

Structure of Principal Antidotes Against Organophosphate tnloxication
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1. Atroplne

Atroplne (dl-hyoscyamlne) ls a naturally occurrlng

alkalold whlch ls found ln a number of solanaceous plants ln-
cludlng Atrooa belladona (deadly nlghtshade) and Datura

stramonlum (Jlmson weed, Stlnkweed)(7t¡. lt ls an ester of

the complex organlc base troplne (tropanol ) formed ln comblna-

tlon wlth troplc acld. Atroplne ls a racemlc mtxture of equal

parts d- and l-hyoscyamlne. Although the l-tsomer ls more

potent both central ly and per lpheral ly than ls the d-form, the

racemlc mlxture ls preferred because ¡t ls more stable
chemlcal ly.

a. Absorptlon, Dlstrlbutlon and El lmlnatlon of
Atrop I ne

Atroplne ls wel I absorbed by al I routes of ad-

mlnlstratlon (5s,1os). Once ln the system, atroplne dlsap-
pears rapldly from the blood and ls dlstrlbuted throughout the

entlre body. conJugatlon and enzymatlc hydrolysls take place

ln the I lver (73,1o5). About Bs-9o% ts excreted ln ur lne

wlthln 24 hours, 5ooÁ excreted unchanged and the rest as troplc
acld esters or troplne (71,1O5).
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b. Role of Atroplne In Acetylchol Inesterase

lnhlbltlon

Atroplne ls a competltlve or surmountable an-

tagonlst of ACh at muscarlnlc receptor sltes ln smooth and

card i ac musc I e, exocr i ne g I ands and the centra I nervous system

(CNS) (25,71). The antagonism can be overcome by lncreasing

the concentratlon of ACh at the receptor sltes, for example,

by an antlcholinesterase (antlChE). Atropine produces a

highly selectlve antagonism of muscarinic receptors whlch is

greater agalnst the effects of lnjected chol lnerglc drugs than

for stimulatlon of chol lnergic postgangl ionic nerves. The

difference is most llkely due to the release of the chemical

medlator ln an area ln whlch lt has greater proxlmlty and ls

therefore present in hlgher concentration than is capable by

exogenous adml n I strat ion.

c. Direct Pharmacologlcal Actions of Atropine

Atrop i ne has w I despread act i ons once I t has

been introduced to a system (25,54,7'l ,106,108,179). lt acts

at the receptorS innervated by chol inergic compounds to an-

tagonize the effects of ACh. ln the cardiovascular (CV)

system, atroplne produces complex effects. Soon after its

administratlon, atropine ls known to produce a translent

bradycardia which is due to the stimulation of the medullary

cardioinhlbltory center. The maln effect of atroplne however
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ls to produce a tachycardla from blockade of the normal actlon

of the vagus nerve at the postgang I I on I c neuroef fector

Junctlon. Atroplne can reverse al I the cardlac effects of ACh

and vagal stlmulatlon l.e. lt lengthens the refractory perlod,

shortens the P-R lnterval, lncreases cardlac output and oxygen

consumptlon. The effect on cardlac output ls generally sllght

because of compensatory c I rcu I atory mechan i sms. Atrop I ne has

only sl lght vasoconstrlctlng propertles ln vascular beds

which ls not unexpected for parasympathetlc lnnervatlon and

the cholinergic sympathetic vasodllator flbers to vessels sup-

plylng skeletal muscle do not appear to be lnvolved ln normal

regu I at I on of tone

ln the

I ated drugs antagon I ze

actlvlty that follows

gastro I ntest I na I

the lncrease ln

atrop I ne and re-

muscle tone and

t ract ,

smooth

of chol lnerglc receptors.

the ampl ltude and frequencyGenera I I y, they decrease tone

of perlstalsls of all segments

I nh i b I t ion depends on the

(vagal) nerve actlvltY since

under parasympathetlc control .

Atrop I ne when

eye produces

actlvatlon

and

cally to the

paralysls of accomodatlon of the lens

creased I ntraocu I ar pressure.

of the I ntest I na I tract. Th I s

level of exlstlng chol lnerglc

these actlons are predominately

admlnlstered systemlcal ly or lo-

dl latlon of the pupll (mydrlasls),

(cycloplegla) and ln-

Fol lowlng admlnlstratlon of atroplne, bronchlol



and tracheal smooth muscles

pathetlc tone ls hlgh

muscarlnlc agents. The

results ln a larger

reslstance. Atroplnlc
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relax partlcularly when parasym-

muscle tone has been lncreased byor

bronchodl latlon produced by atroplne

v I ta I capac I ty and decreased bronch I a I

drugs also lnhlblt secretlons from the

bronchlal glands.

ln glands recelvlng chol lnerglc lnnervatlon,
prlmarlly sweat and sallvary, âtroplne reduces or abollshes

secretlons. There ls a rlse ln body temperature seen when

I arge doses of atrop I ne are adm I n I stered to an lma I s that

sweat. Suppresslon of sweatlng ls doubtless a conslderatlon

f actor ln th ls regard, espec la I ly when env lronmenta I temp,era-

ture ls hlgh. Other mechanlsms may be lmportant however when

I arge doses are adm I n I stered. I t has been suggested that

atroplne may exert a central effect on temperature regulatlon,
however, âñlmals that do not sweat, such as dog, do not ex-

hlblt lncreased body temperature after targe doses of atroplne
(71).

Atroplne ls known to stlmulate medulla at

hlgher cerebral centers resultlng ln a ml ld lncreased vagal

output. The rate, and occass I ona I I y the depth of breath I ng

are lncreased, but thls ls probably the result of bronchlolar

dllatatlon. When resplratlon ls serlously depressed, atroplne

cannot be relled on as a stlmulant. ln larger or repeated

doses of atroplne, further depresslon of resplratlon may
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occur. Wlth toxlc doses, central excltatlon becomes more

pronounced leadlng to restlessness, lrrltabl I lty,

dlsorlentatlon, hal luclnatlons and/or del lrlum. Wlth stl I I

larger doses, stlmulatlon ls followed by depresslon and medul-

I ary para t ys I s caus I ng death. Doses of atrop I ne requ I red to

lnhlblt perlpheral responses to chollne esters or antlChE

agents have themselves almost no detectable central effects.

However, âtroplne dlrectly depresses actlvatlon of varlous

types of neurons ln the cat splnal cord by acetylchol lne and

by nonchollnerglc stlmull, lndlcatlng that the drug has

central actlons other than blocklng chol lnerglc synapses.
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2. Ox lmes

The prlmary lntent ln the therapy of lntoxlcatlon

by organophosphorus compounds, past emergency I lfe support, ls

to reactlvate phosphorylated enzymes as rapldly as posslble.

Ear I y stud I es on organophosphate-enzyme comp I exes have shown

that nucleophlllc compounds such as hydroxylamlne (H¿NOH),

hydroxamlc aclds (RCONHOH) and oxlmes (RCH=NOH) reactlvate or-

ganophosphate polsoned enzymes wlth varylng degrees of success

(22,56,58,89,99,1C7). The deslgn and synthesls of 2-PAM

provlded a model for reactlvatlon drugs. Although other mono-

and bls-pyrldlnlum oxlmes are currently under lnvestlgatlon as

reactlvators, thls work wlll concentrate on 2-PAM for lt ls

wtdely used as a therapy ln comblnatlon wlth atroplne ln cases

of accldental or lntentlonal organophosphate polsonlng.

a Absorptlon and Dlstrlbutlon of 2-PAM

The reported

adm I n I stered dose of 2-PAM

was recovered I n the ur I ne

extent of absorptlon of an

ls low (136,183). Only 27%

after oral admlnlstratlon

of

oral ly

2-PAM

whl le 5-

35% was found ln the feces (102). lt ls posslþle that 2-PAM ls

Large varlatlons ln blood

the same dose were a I so

amount of unchanged 2-PAM

20-25% to 31 .9%

decomposed

levels of

observed.

by lntestlnal bacterla.

lndlvlduals recelvlng

Dlscrepancles wlth the

found ln the urlne are also reported from
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(102). Large dlfferences between effectlve oral and l.v.

doses have been attrlbuted to lncomplete absorptlon for oral ly

admlnlstered quaternary ammonlum compounds; lt has also been

shown that 2-PAM ls not transferred by an actlve transport

system and that lts dlffuslon through the lntestlnal wal I ls

also lndependent of the water transport whlch el lmlnates the

solvent-drug effect characterlstlc of smal I neutral molecules

(48,65). The extent of absorptlon dld not correlate wlth the

chloroform-water partltlon ratlo. The movement of 2-PAM

across the I ntest I na I wa I I was found to be dependent on I ts

concentratlon and the transmural potentlal dlfference. lt was

assumed that 2-PAM

through the aqueous

Duke

was malntalned ln the

to 2-PAM or P2S over a 30 mlnute

lntramuscular ( I .m. ) admlnlstratlon

crossed the mucosa I membrane by d I ffus lon

pores ( 102).

foundel a]:

blood

that a greater I eve I of TMB-4

of anesthes I zed rabb I ts compared

(55). Half

2 m I nutes

mlnlstered I

gested that

to why TMB-4

than e I ther

peak va I ues were

w I th the peak

.m. occurr lng at

per lod fo I lowl ng I .v. or

of equa t doses of ox lme

f n approx lmate ly 1 1/2 to

for a I I three ox lmes ad-

2-PAM or PzS. Askew,

rats, showed that

reached

va I ues

9-1O mlnutes. lt

the longer retentlon ln the blood

ls a better antagonlst to

uslng

DAM

some ant I ChE agents

dogs and rabblts, and

(d I acety I monox lme)

wlthln 1O

has been sug-

ls a factor as

Rut I and, us I ng

reaches max lma I concentratlons ln blood



mlnutes after t.p. tnJectlon

that 2-PAM was absorbed

duodenum but that absorptlon

stantlal (123). Less that

JeJuna I I oops rema I ned after
reason for

20% of drug

2 hours. They

poor plasma levels of 2-pAM

poor absorptlon but rather

rapld el lmlnatlon.

Distrlbutlon studies on

after
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Lemanowlcz et al found

from can I ne stomach or

small I ntest I ne was sub-

placed ln closed

conc I uded that the

ora I adm in lstra-

absorpt lon out-

(8,175).

negl lglbly

from the

t I on was not s low

paced by the

C14- I abe I ed 2-PAM ad-
mlnlstered lntraperltoneally to mlce have shown that after l

hour 64% of the labeled compound was recovered as follows: Zo%

of the act lv I ty was conta I ned by the I lver , duodenum, JeJunum,.

I leum, kldney, caecum and blood whl le the ur lne contalned the
remalnlng 44oÁ (180). lt has atso been found that 10 mtnutes

after the completlon of l.v. tnfuston of pAM to rabblts the
hlghest concentratlon was found ln the kldney whl le the least
amount was found ln the braln (1oz). lt has been suggested as

wel I that no 2-PAM enters the erythrocytes ln elther man or
dog subJects (58). However, prevlously lt has also been shown

that 2-PAM does enter the red blood cells (RBC,s) to some ex_

tent (59). The whole blood concentrat lon of 2-PAM was found to
be between 45-5oo/o of the p lasma concentrat lon I n human

vo I unteers.

One of the most urgent concerns with AChE reac_

tlvatlon ls drug penetratlon across the blood braln barrter



(BBB) lnto the braln

quaternary nltrogen ln

substance. Ox lmes I I ke 2-PAM

the pyrldlnlum rlng that alds

4'-\

possess a

ln at-

tachlng the molecule to the receptor's anlonlc slte. By the

same token belng lonlzed at physlologlc pH hampers the drug's

passage across the blood braln barrler (2-PAM wlth a pKa of

8.O ls about 8OoÁ lonlzed at pH 7.4).

Whether or not oxlmes enter the central nervous

system has created much controverSy. Much of the controversy

of whether or not 2-PAM penetrates the b I ood bra I n barr I er

ar I ses from the poor corre I at I on between react I vat I ng

óapaOllltles of 2-PAM centrally and the antldotal vatue of the

oxlmes (33,41,81,89, 132,143,173-175,195). Partlal reactlva-

tlon of AChE ln cerebel lum and paleocortex has been conflrmed

by some authors whereas extreme measures such as d I rect lnJec-

I ncom-tlon of 2-PAM lnto the have demonstratedcarot I d artery

cerebra I AChE act l v l ty ( 89,99 ,1O7 ,157 ,p I ete restorat I on

173-175,195). More

of

recent stud I es have demonstrated that a

I s found to have abls-oxlme such as toxogonln, whlch

7.8, ls only 65% lonlzed at PH 7.4

92% react I vat I on of bra I n AChE

and thereby

versus 49%

prov I des

for 2-PAM

pKa of

fora

under

ldentlcal condltlons (186). lt has been suggested that when

dlssoclated ln an aqueous medla, the non-lonlc molety of

toxogonln can assume a nonpolar qulnold conf lguratlon that al-

lows transmembrane paSsage lnto the central nervous system

( 186).

TþdK IJNIVffi}TSITV OF MANI ÇBÁ\ LINR.ARIffiS
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Recent ! y, the use of Pro-PAM , a 1 ,6-
dlhydropyrldlne precursor of 2-PAM whlch ls oxldlzed to 2-PAM

after tlssue entry, although exhlbltlng better central reac-

tlvatlng propertles on AChE than 2-PAM, has been shown to have

only marglnal therapeutlc beneflts. ln fact, Bodor et al and

Kenely el al have suggested that the systemlc toxlclty of

these tertlary Pro-oxlmes outwelgh thelr marglnal therapeutlc

beneflts (27-31,11O). Clement, although concurrlng wlth thelr
marglnal therapeutlc beneflts, found the toxlclty of Pro-PAM

to be lower than that of 2-PAM ln mlce (41).

Nonetheless, a revlew of the llterature wlth

respect to 2-PAM by E¡lln et al concluded that 2-PAM has some

ablllty to cross the btood braln barrler desplte lts quater-

nary character and to I nduce ef fects dependent upon the

presence of oxlme ln the braln (58,60). Thelr concluslons

were based ¡argely on dlrect assays I lke C14 dlstrtbutton
studles and dlrect measurement of 2-PAM ln braln substances

rather than on lndlrect assays such as central reactlvatlon of

po I soned

centra I

AChE. The mechan I sm(s) by wh lch 2-PAM enters the

nervous system has not yet been determlned (58).
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b, El lmlnatlon of 2-PAM

Because 2-PAM ls a h lgh ly

f rom

po I ar and water

the body. Thesoluble

pr lmary

resu I ts

drug I t

route tubular secretlon whlch

ln a rapld renal excretlon, the mechanlsm of whlch ls

not we I I understood. Enander el- al_ have found that go-go% of
lnJected 2-PAM ls unchanged ln the urlne of rats wlthln 24

hours (61). Besldes the unchanged 2-PAM, numerous other meta-

bolltes could be ldentlfled ln urlne.
The maln metabol lc pathways for Z-PAM are I l-

lustrated ln Flgure 11. When 2-PAM ls aeroblcally lncubated

wlth rat I lver homogenate lt ls found to be completety

metabollzed. Due to lts hlgh polarlty and the fact that tt ls

excreted largely ln lts unchanged form tndlcates that when

glven l.v. lt does not reach lts posslble sltes of metabol lsm

ln the I lver. Although z-pAM ls sl lghtly more extenslvely me-

tabol lzed when glven oral ly to rats, lñ whlch case lt must

pass through the portal system to the llver, lt ls stlll
mainly ellmlnated unchanged by the ktdney. Thls suggests that
ln vltro, 2-PAM can be metabol lzed by rat I lver homogenate.

l¡ vlvo, however, metabollsm by the tlver ls not a maJor con-

slderatlon for lt ls not a maJor route of el lmlnatlon.

ls rap ld ly e I lm I nated

of el lmlnatlon ls by
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c. D I rect Pharmaco log lca I Ef f ects of z-PAtIl

There are I nd I cat I ons that ox I mes have phar-

actlons whlch are lndependent of thelr reactlvat-
on Inhlblted AChE

I . Neuromuscu lar Funct lon

Oxlmes are known to antagonlze the effect
of ACh on mammal lan and amphlblan skeletal and smooth muscle

(128). Followlng exposure to AChE lnhlbltors, the slngle
stlmulatlon of a motor nerve results lf repetltlve release of

Ach and repetltlve dlscharge of the muscle ls contlnued. lt
was shown that soman-lndúced repetlttve depotarlzatlon of the

muscle could be blocked by z-pyr ldlne aldoxlme methyl trlch-
loroacetate wlthout reactlvatlon of the enzyme. The oxlme may

produce lts effect by an actlon on the motor nerve termlnal

resultlng ln dlrect blockage of the repetltlve dlscharge.

F I e I sher el Al_ found that 2-PAM ch I or I de

was superlor to Toxogonln ln reactlvatton of gulnea plg red

blood cell AchE whlch was Inhtblted by sarln but that

Toxogonln was a superlor antldote to GB polsonlng than z-pAM

chlorlde (67). An antlAchE actlon on lsolated organs and

neuromuscular structures has been postulated for TMB-4, z-pAM

and other ox lmes (67 ,92,93,98) .
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I l. Gastrolntestlnal

Kuhnen-C I ausen

Tract

PAM,

I ated

TMB-4

gu I nea

(Mecho ly I )

that there

and

plg

and

ls a

demonstrated that 2-PAM, 4-

Toxogonln antagonlzed the contractlons ln lso-

lleum by acetyl- Ê -methylchollne chlorlde
/

furthethonlum lodlde (119). Thls lndlcates

d I rect parasympathet I c act I on of these ox lmes.

mg/kg) caused

I I ¡ . Gardlovascular and

ln anestheslzed

a blphaslc response

be I ng attr I buted to

Respl ratory Effects

dogs, 2-PAM ( l.v.; 10

ln arterlal blood pressure;

gang I lon lc st lmu lat lon ac-

sustalned pressure plateau

the flrst splke

companled by bradycardla, the later

to the release of catecholamlnes (187,2O9). ln those dogs, 80

mg/kg of 2-PAM caused muscle twltchlng, whl le a slow lnfuslon

of 20 mglkg caused death by resplratory paralysls. However,

evldence to the contrary exlsts. lt has been shown that 2-PAM

( l.v.; 5-4O mg/kg) may have a dlrect effect on the actlon of

the heart at vascular smooth muscle of the dogs (9,34,35).

iv. Ocular Effects

The ocu I ar s I de ef fects

blurred and double vlslon, dlfflculty ln near

wel I known but have recelved I lttle research

of 2-PAM such as

accomodat lon are

ef fort ( 82,88) .

The posslbl I ltY

been put forth as

of a local effect on lntraocular dynamlcs has

PAM mesylate (PzS) has been found to enter
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the aqueous humor ln measurable amounts. However, the oxlme

does not accumulate ln aqueous humor and lt appears to be dls-

posed of as rapldly as lt enters the eye (15). Stnce ocular

slde effects ln man are known to become lntense and more

frequent wtth repeated doslng, lt has been suggested that thls

posslbl I lty represents a threshold curare-l lke paralysls of

the extraocular muscles brought about by chollnomlmetlc oxlme

effects on the neuromuscular Junctlon (176). Slnce dlstur-

bances of the v I sua I system are among the ear I I est man I festa-

t I ons of exposure to organophosphorus compounds (m I os I s,

dlplopla whlch ls the perceptlon of 2 lmages) and slnce the

slde ef fects of the oxlme antldote are slmllar, lt has been

suggested that further work be carrled out ln order to be able

to d I scr lm I nate between the two.

v. Central Nervous System Effects

The central effects of oxlmes as wel I as

organophosphate AChE I nh I btors are poor I y def I ned because of

the enormous urgency I n treat I ng the acute resp I ratory and

cardlovascular chol lnerglc cr lsls (36,89,99,107).

Organophosphorus compounds are known to

cause a decrease ln body temperature (40,46,11O,116,117,

127,149,151-153). Some quaternary oxlmes, whlch are þelleved

not to cross the b I ood bra I n barr I er , have been found to

reduce the hypothermla lnduced by organophosphorus compounds
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Th I s phenomenon has been used as an I nd I cat I on

penetrated the blood braln barrler and lnduced

(149,151-153).

that oxlmes have

central actlon.

forms of 2-PAM I n some spec I es

Chron lc tox lc I ty

d. Toxlclty of 2-PAM

Acute toxlc doses for some of the varlous salt

are lllustrated ln Table

stud I es of 2-PAM

they cou I d

admlnlstered I

lodlde

safely

v. f or

5 (7).

I n dogs

to I erate

as I ong

and rabb I ts demonstrated that

repeated da I ly doses of 30 mg,/kg

as 6-8 weeks (49)

e. Role of oxlmes ln Organophosphate lntoxlcatlon

The pr lmary ro !e of ox lmes ls the react lvat lon of

phosphorylated enzyme. Although advances have been made, Do

slngle oxlme has been found that ls an effectlve reactlvator

agalnst al I organophosphate chol lnesterase lnhlbltors. Conslder-

lng toxlclty and solublllty factors ln the deslgn of new oximes

has resulted ln 2 maJor classes of oxlme wlth regard to their

reactlvatlng capabl I ltles:

1. those based on a pyrldlne structure sub-

stltuted ln the 2-posltlon slmllar to 2-PAM,

and;

2. those bls-pyrldlnlum brldge compounds such as

H I -6, TMB-4, Toxogon I n.



Table 5

Toxicity of 2-PAM Salt Forms in Various Species

OXIME

2.PAM I

2-PAM CI

2.PAM I

2.PAM CI

2-PAM I

2.PAM CI

ROUTE OF

ADMlNISTRATION

l.v.

t.v.

SPECIES

Mouse

Mouse

Rats

Rabbits

Mouse

Rats

Mouse

Mouse

Mouse

Rats

Guinea Pigs

LD so

(mg/ks)

117

140 - 178

145

115

90

96

95

240

190

136 - 260

305

205

155

240

180

150

168

REFEHENCE

107

59

160

59,160

107

140

48

59

107

107

65

65

i.p, 07

55

59

59

107

i.p

t.m.

t.m.

À
(o
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2-PAM was des I gned as the s I te-

utl I lzed ln the reactlvatlon of or-

al-

by

conc I uded that

the organophos-

f unct I ona I

4-PAM have

stlll

2-PAM or

fal I one bond length

suggested that th I s

of the lnhlblted,

ganophosphorus lnhlblted AChE. Wllson et

the esterat lc s I te of AChE was occup I ed

phorus molety and that the anlonlc slte was

(206,2O7). They postulated compounds I lke

a nucleophl I lc oxygen molety whlch should

away from the phosphorus atom. lt was

orlentatlon would result ln reactlvatlon
unaged

t lon

enzyme and that 3-PAM whlch does not have thls orlenta-
wou I d not react I vate the enzyme. These postu I ates were

supported by the I r exper lmenta I resu I ts.

I n the react I vat I on of phosphory I ated enzyme,

the quaternary nltrogen of the pyrldlne rlng lnteracts wlth
the anlonlc slte of AchE. ln dolng So, the nucleophl I lc

cH=NoH group ls ln close proxlmlty to the phosphorus atom

whlch ls attracted to the serlne resldue at the esteratlc
slte. 2-PAM lnteracts wlth the etectrophl I lc phosphorus atom

leadlng to the formatlon of an oxlme-phosphonate whlch no

longer flts the enzyme template and thus ls released leavlng

unoccupled, reactlvated functlonal AChE (Flgure 1Z).

A number of revlews have addressed oxlme struc-
ture and reactlvatlon abl I lty (22,58r60,69,74,8g,gO,1OO,1 C 7).

ln lts caÞaclty as a reactlvator of phosphorytated AChE, z-pAM

has been shown to be most effectlve ln the perlpheral nervous

system (36).
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There ls stlll however, a great deal of controversy wlth

regard to lts effectlveness as a reactlvator of central nerv-

ous system phosphory I ated AChE. Exper lmenta I I y, Some I nves-

tlgators have shown there to be only mlnlmal reactlvatlon of

central AChE (30,41,109). Although oxlme penetratlon lnto the

braln may be low and reactlvatlon of cerebra¡ AChE sllght,

other lnvestlgators have demonstrated lmproved cerebral func-

tlon fol lowlng aggresslve treatment of organophosphate polson-

lngs by 2-PAM. ln a recent case of accldental organophosphate

polsonlng monltored by contlnual EEG, lncreased braln wave ac-

tlvlty and arousal occurred after Just 5 mg/kg of contlnuous

lnfuslon of 2-PAM (13O). Coma ls known to occur at a near

letha I oegree of bra I n AChE I nact lvat lon and any react lvat lon

of braln AChE actlvlty, however small, has been suggested to

be suff lclent to restore lmmedlate cerebral functlon. Oxlmes,

such as 2-PAM, are however not effectlve on aged enzymes.

Because of the vo I um I nous I nformat I on regard I ng

the effectlveness of oxlmes agalnst organophosphate polsonlng

the reader I s referred to the I I terature (8,21 ,22,32,33,41-

45, 50, 53, 56, 58, 60, 62, 66,7 1,7 4,7 5,79, 87, 89, 92, 93, 96, 98, 99, 1 04,

1 07, 1 1 3, 1 1 5, 12O, 124-126, 128, 13O, 1 3 1, 1 40, 1 43,156-1 58, 1 62, 1 63,

174,184,192,194,195,2O5-2O7). ln general, lt seems that ef -

fectlveness of oxlme(s) ls dependent upon a number of factors

lncludlng:
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1. the nature of

the part I cu I ar

I nvo I ved;

whether or not

whether or not

53

the ox lme;

organophosphorus compound

adJunct therapy ls aval lable;

a I ternate I I fe support were

3

4

aval lable; and;

5. other physlcal, chemlcal and envlronmental

factors.

Sufflce lt to say that the hydroxam¡c aclds and oxlmes have

been shown to reverse such actlons of AChE lnhlbltors as ef-
fects on smooth, skeletal and cardlac muscle and reduce

morta I I ty.

3. Non-Oxlme Reglmens Agalnst Organophosphate Polsonlng

Other drugs besldes oxlmes have been evaluated for

thelr prophylactlc and therapeutlc value ln organophosphate

polsonlng. Most notable of the other comÞounds under lnves-

tlgatlon are the carbamate class of antlChE lnhtbltors and the

antlconvulsants. Slnce thls toplc ls beyond the scope of thls

work, the reader ls referred to the I lterature regardlng non-

ox lme reg lmens aga I nst organophosphate po I son I ng

(24 ,71 , 76, gg , 107 ) .
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D. Alm of the Study

An evaluatlon of the t tterature has demonstrated that

the quest I on as to

central actlon ln the

ls stl I I debatable.

organophosphate

c I ear to what extent,

penetrate I nto the

whether or

therapy of

It ls not

not oxlmes have a slgnlflcant

I ntox I cat I on

I f any,

centra I

cent ra I

or by what mechanlsm(s) oxlmes

nervous system and whether thelr occurrence ln the

nervous system has any slgnlflcant contrlbutlon to the

therapeutlc efflcacy. As wel l, there ls I lttl" glarlflcatlon
as to what extent atroplne ls lnvolved elther ln the penetra-

tlon of oxlme(s) lnto the central nervous system or to lts
reactlvatlng capabl I ltles once ln the central nervous system.

The alm of thls study therefore ls to contrlbute to the

clarlflcatlon of thls controversy by lnvestlgatlng the

blodlsposltlon and evaluatlon of the effects of 2-PAM alone

and admlnlstered In a comblned solutlon wlth atroplne

prophylactlcal Iy and therapeutlcal ly agalnst the organophos-

phate chol lnesterase lnhlbltor DFP ln mlce.



chol lnolytlc

I n cases of

1. Selectlon of Materlals

2-PAM was se I ected as

because they

accldental or

are the

the ox lme and atrop I ne

current antldotes of

I ntent I ona I organophosphate

some Armed Forces
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as the

cho I ce

po I son-

chem I -lng

cal

and because they are I nc I uded I n

def ence k I ts' ( 1 ,51 ,74, 1 56, 158 ) .

DFP was chosen as the cha I I enge organophosphate be-

cause of lts slow spontaneous reactlvatlon ( l.e. lrreverslble

lnhlbltlon) and good reactlvatlon characterlstlcs when 2-PAM

ls utlllzed as the oxlme. DFP was also the organophosphate

avaltable experlmentally for whlch comparlsons to the more

potent and not readl ly aval lable nerve agents have been made.

2. Study Deslgn

The experlments ln thls thesls were deslgned to ln-

vestlgate the posslbl I lty that 2-PAM, admlnlstered alone or tn

comblnatlon wlth atroplne, elther prophylactlcal ly or

therapeutlcally agalnst DFP polsonlng, penetrates the central

nervous system and exerts centra I I y react I vat I ng effects on

AChE as we I I as to see I f there was any synerg I sm or an-

tagon I sm between atrop I ne and 2-PAM. Th I s was undertaken

us I ng 5 exper lmenta t approaches.
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a. Acute Studles

l. Routes of Admlnlstratlon/Half-l lfe

Th I s study I nvo I ved the determ I nat I on of

the serum el lmlnatlon half-l lfe and serum concentratlons for

2-PAM alone and ln the presence of atroplne by dlfferent
routes of admlnlnstratlon as wel I as for:

1. 2-PAM atone;

2.2-PAM plus atroplne alone;

3. 2-PAM glven prophylactlcal ty and

therapeutlcal ly agalnst DFP, and;

4. 2-PAM plus atroplne glven prophylactl-

cal ly and therapeutlcat ly agalnst DFp.

Thls work was carrled out to see lf atroplne or DFp had any

effect on clrculatlng levels of 2-PAM or lts serum ellmlnatlon
half-l lfe.

¡ l. lncreaslng Dose Study

The alm of thls work

posslbllty that 2-PAM could be detected

ln the braln fol lowlng admlnlstratlon of

was to exp I ore the

ln lncreaslng amounts

I ncreas I ng doses of

was des I gned to see ¡ f

the amount of 2-PAM

2-PAM.

cha I I enge

present

ln addltlon,

w I th DFP had

exper lrnent

ef fect on

the

any

I n the bra I n and/or the react I vat I on of centra I AChE

by 2-PAM fol lowlng admlnlstratlon of 2-PAM prophylactlcal ty or

therapeutlcal ly.
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I I l. Toxlcology

LDSO exper lments were des I gned to I ¡-
I ustrate what effect atrop I ne had on the tox I c I ty of z-pAM

and/or lts usefulness ln protectlon agalnst DFP lntoxlcatlon.
It was also suggested that some comment(s) regardlng the

central occurrences of 2-PAM and toxlclty could be made from

these exper lrnents .

lv. Hypothermla

Core body temperature measurements were

deslgned to provlde an alternatlve to HPLC and AchE measure-

ments ln determlnlng the central reactlvatlon and central
penetratlon of z-PAM admlnlstered wlth or wlthout atroplne,
prophylactlcal ly or therapeutlcat ty agalnst DFp.

It was suggested that the results from the

proposed experlments would allow concluslons to be drawn on

the posslble central presence of oxlme and a mechanlsm by

whlch lt ls/ls not transported there as wet I as to lts pos-

slble central efflcacy. ln addltlon, concluslons regardlng

the re I evance of synerg I sm or antagon I sm of the ant I dotes I n

the prophylaxls and therapy agalnst DFP lntoxlcatlon could be

made.



b . Chronlc Study

Thls study was

of DFP I ncreased

58

des I gned to see I f chron lc ad-

the amount of 2-PAM I n the bra I nmlnlstratlon

and whether or not 2-PAM had any reactlvattng propertles on

AChE.
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I l. Exper lmental

A. Mater lals

1. Chemlcals

Atroplne sulÞhate; Trlton X-1OO; sclntl I latlon grade

1,4,-d loxane and toluene were purchased from BDH Chemlcals. The

sodlum salt of 1-octanesulfonlc acld and 2-PAM methochlorlde were

purchased from Aldrlch Chemlcal Co. lnc.. DFP was purchased from

Slgma Chemlcal Co.. Sclntanalyzed bls-MSB; HPLC grade sodlum

acetate and acetonltrl le; 70% perchlorlc acld and tetramethylam-

monlum chlorlde were purchased from Flsher. Sclntlllatlon grade

PPO ( 2,5-d I pheny I oxazo I e) was purchased from the Amersham

Corporatlon. Pyrldostlgmlne was a glft from the F. Hoffman-

LaRoche and Co. Ltd.. Al I other chemlcals were reagent grade

qua I I ty.

2. Anlmals

Male mlce

R I ver Canada Ltd. ,

c I lmat lzed ln the

(CD-1 ; 2O-30

St. Constant,

an lma I

g) were obtalned from Charles

Quebec. The animals were ac-

the Facu I ty of Pharmacy,

one week fo I I ow I ng the I r ar-

on at OTOO hours at

Man I toba

facl I lty at

for at I eastUn I vers I ty ol

r lval there.

cycle startlng

21 oC for the

The an lma ls

wlth I lghts

durat lon of

were ma I nta I ned on a 12 hour I I ght /dark

a temperature of

to food and waterthelr stay. Access

admlnlstratlon was aval lable aSL I lbltum tobefore and after drug

all anlmals utlllzed ln al I the studles.
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B. Methods

1, Analytlcal

a. 2-PAM Quantltatlon by Hlgh Pressure Llquld

Chromatography

Serum and bra I n concentrat I ons of 2-PAM were

determlned uslng a modlfled procedure of Benschop et al and Llg-

tensteln (17,124-126). ln 6 X 50 mm glass tubes, lOO ul sample

(serum or 20% braln homogenate), 5 u¡ of 20 mg/ml pyrldostlgmlne

(lnternal standard), 45 ul acetonltrlle and 5 ul 70% perchlorlc

acld were added ln the order speclfled. Samples were mlxed on a

vortex mlxer and then spun down ln a Sl tencer Model H-1O3N serles

centr I fuge at 35OO rpm for 1 5 m I nutes. The resu I tant super-

natants were transferred by Pasteur plppette to 25O ul capaclty

polyethylene mlcrocentrlfuge tubes and an allquot lnJected

d I rect I y I nto the HPLC. The HPLC system (Waters Assoc I ates,

Mllford, Mass.) was comprlsed of a WISP 71OB automatlc lnjector,

a Model 51O solvent dellvery system, a Model 48O varlable

wavelength UV/Vls spectrophotometrlc detector set at 295 nM and a

Model 73O data module. For al I analyses, a Waters 30 X O.4 cm

Cl8 uBondapak steel column was used.

The mob I le phase ut I I lzed was 22oÁ aceton ltr I le In

a 78o/o O.1 M sodlum acetate buffer pH 2.6 contalnlng O.O1 M 1-

octanesulfonlc acld to form a palred lon and O.OO25 M

tetramethylammonlum chlorlde to reduce adsorptlon. The flow rate

was O.8 ml,/mln whlch eluted both 2-PAM and pyrldostlgmlne wlthln

15 mlnutes (Flgure 13).
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b. Acetylchol lnesterase AssaY

Acetylcho! lnesterase actlvlty ln braln and

serum was determ I ned us I ng the rad I ometr I c procedure of

Slakotos et al utl I lzlng Cl4-acetylchol lne lodlde as the sub-

strate (182). The reactlon was carrled out at 37 oC ln both

cases.

¡. Braln

The assay

chol lnesterase actlvlty ln

treated mlce contalned 195 ul

mlxture for determlnlng acetyl-

bra I n homogenates of contro I and

of a O.1

7.4); 5 ul of a 20% (w/v ) whole braln

M phosphate buffer (pH

homogenate and 1OO ul of

6 x 10 dpm per umol) ln

mlxture was vortexed and

C14-acetylchol lne (3 mM ACh;

a plastlc conlcal tube.

lncubated for 1O mlnutes ln

S.A o

The assay

a constant temperature water bath.

Blanks were run concurrently and contalned 2OO ul of a O.1 M

phosphate

ACh; S.A.

SmLofa

resln ln

was then

capped,

m I nutes.

buffer (pH 7.4> and lOO

= 0.6 x 10 dpm per umol).

The react lon was

ul C14-acetylchol lne (3 mM

stopped by the addltlon of

suspenslon of resln-dloxane (2O g Amberllte IRP-69

1OO mL 1,4-d loxane). The enzyme-resln-dloxane volume

brought up to 10 mL wlth 1,4-d loxane. The tube was

mlxed by lnverslon and centrlfuged at 5OO x g for 4

A 4 mL allquot of the resultlng supernatant was

wlth a Replpet automatlc dllutor to a sclntllla-transferred
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tlon countlng vlal. The dl lutor was rlnsed wlth 10 mL of

sclntl I latlon cocktal I (10 g PPO; 1 g bls-MSB) and 667 mL

Trlton X-1OO to 2OOO mL wlth sclntl I latlon grade toluene).

The samples were counted ln a Beckman LS9OOO Llquld Sclntl 1 la-

tlon Spectrometer at an eff lclency of 74oÁ for carbon-l4.

Acetylchol lnesterase actlvlty was expressed as nmoles ACh

hydrolyzed per mg tlssue per mlnute.

¡ ¡. Serum

The assay mlxture for determlnlng acetyl-

chollnesterase actlvlty ln the serum of control and treated

mlce contalned 190 ul of a O.1 M phosphate buf fer (pH 7.4); 10

ul of serum and lOO ul of C14-acetylchol lne (3mM ACh; S.A. =

0,6 x 10 dpm per umol) ln a plastlc conlcal tube. The rest

of the procedure was as descrlbed for braln wlth the exceptlon

that lncubatlon tlme was 5 mlnutes and acetylchol lnesterase

act I v I ty expressed as umo I es ACh hydro I yzed per mL serum per

m I nute.
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2. An lma I Stud I es

a. Acute Studles

¡. Route of Admlnlstratlon

Male mlce (2O-3O g) were glven elther 50

mg/kg 2-PAM or a comblned solutlon of 5O mg/kg 2-PAM plus 17.4

mg/kg atroplne ln sal lne by elther l.ñ., l.p. or s.c. routes

of admlnlstratlon. The lnJectlon volume was 1/1OO of thelr

body welght. One complete serum blood level curve was gen-

erated on one day. The sampllng tlme lntervals after lnJec-

tlon were 3, 7, 10, 15 and 20 mlnutes. At the approprlate ln-

tervals mlce were sacrlflced by decapltatlon. Whole blood and

braln samples were col lected for later workup and analyses.

The results of multlple runs were comblned

to obta I n serum ha I f- I I ves for the var I ous routes of

admlnlstratlon. Tukey's and Bonferronl's methods of analysls

were appl led to determlne any slgnlflcant dlfferences.

tt. Serum Hatf-l lfe Determinatlons ln the

Presence of DFP and atroP I ne

Groups of 5 mlce (2O-3O g) were glven DFP

elther 5 mlnutes prlor to or 5 mlnutes after(3 mg/kg; l.p.)

the adm ln I strat lon l.P.) or a com-

mg /kg

of the

blned solutlon of and 17.4

respectlvely;

anlmal's body

l.p

of elther 2-PAM (5O mg/Rg;

2-PAM and atroplne (50 mg/kg

.). lnjectlon volume was

we I ght.

't / 100



Contro I an lma ls

blned solutlon

respectlvely;

ta I exposure to

atrop I ne, the

samp I es were co I I ected for

Tukey's

analyses were appl led to the

s lgn I f lcant d I fferences.

recelved only 2-PAM (50 mg/Rg;

of 2-PAM and atroplne (50 mg/kg

l.p.). At 7, 10, 15, 20, 25 and

2-PAM or a comb I ned so I ut I on

mlce were

p

and

30

of
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) or a com-

17.4 mglkg

m I nutes to-

2-PAM and

braln

of

decapltated. Whole blood and

later workup and analyses.

and Bonferron l 's methods

resu I ts I n order to determ I ne any

l¡1. lncreaslng Dose Study

Groups of 10 mlce (2O-3O g) were treated
wlth 5 dlfferent doses of 2-pAM (ZS-125 mg/kg; l.p.) etther
alone or 5 mlnutes before (prophylactlcal ly) or 5 mlnutes

after (therapeuttcatly) treatment wtth DFp (3 mg,/kg; l.p.).
At 15 mlnutes after the z-pAM lnJectlon, the mlce were

decapltated. Whole blood and braln samples were collected for
I ater workup and ana I yses.

A Student Newman-Keu I 's ( SNK ) ana I ys I s of

the results determlned any slgnlflcant dlfferences.
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lv. Toxlcology (LD5O Determlnatlons)

Ten an lma I s per dose and 4-6 d I fferent

doses were used to construct LDSO curves. DFP (8-13 mg/kg);

atroplne (21O-33O mglkg); 2-PAM (9O-2OO mg,/kg) and a comblned

solutlon of 2-PAM (50-125 mg/kg) plus a constant dose of

atrop lne (17 .4 rng /kg) or a comb lned so lut lon of atrop lne ( 1 . 1-

17.4 mglkg) plus a constant dose of 2-PAM (130 mg/kg) were ad-

mlnlstered by l.p. lnJectlon. DFP (4-12 mglkg; l.p.) was ad-

mlnlstered 5 mlnutes prlor to elther 2-PAM (1OO mgl(g; l.p.)

or a comblned solutlon of 2-PAM (1OO mg/kg) and atroplne (17.4

mg/kg) glven by l.p. lnJectlon.

ln al I cases, the mortal lty at 24 hours was

recorded and the LDSO values calculated by problt analysls ac-

cordlng to the method of Flnney (63)

v. Hypothermla Stuclles

Groups of 10 mlce (2O-3O g) were treated

wlth 5 dlfferent doses of 2-PAM (25-125 mg,/kg; l.p.) elther
alone or 5 mlnutes before (prophylactlcal ly) or 5 mlnutes

af ter (therapeut lcal ly) treatment wlth DFP (3 mg/kg; I .p. ).
ln addltlon, groups of 10 mlce were treated wlth DFP (3 mg/kg;

l.p. ) and atroplne (17.4 mg/kg; l.p. ). A group of 10 control

anlmals r.é""ivlng only a sal lne lnJectlon was also lncluded ln

the study.
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lnltlal ly, the core temperature of each

anlmal ln the group was taken. Thls lnvotved lnsertlon of a

rectal thermlstor to an approxlmate dlstance of 3-4 cm. once

stabl I lzed, usual ly 1o-15 seconds, the core temperature was

read on a YSI Model 73ATA lndlcatlng controt ler. After al I

control temperatures were taken, the mlce were treated as ln-
dlcated above. core temperatures were taken startlng at lo

mlnutes after the last lnJectlon and contlnued to be taken

over a 24 hour perlod. The room temperature was malntalned

between 21-23 oC over the experlmental perlod.

Core temperatures for each t lme I nterva l

were averaged and plotted. An sNK analysls was performed to
ldentl fy any slgnl f lcant dl fferences.
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b. Chronlc StudY

on day 1 of the study a total populatlon of 50 mlce

(2o-3O g) recelved a dose of DFP (t mg/kg; l.p.). on day 3

and subsequent alternatlng days to day 21,5 mlce from the to-

tal populatlon were set aslde and recelved an l.p. lnjectlon

of a comb I ned so I ut I on of 2-PAM ( 50 mg /kg) and atrop I ne (17 '4

mg/kg ) . The rest of the popu I at I on cont I nued to rece I ve a

dally lnJectlon of DFP ( 1, ? & 3 mg./kg; 1.p. ) untl I the end of

the stucly. On day 7 and day 14 the dose of DFP was lncreased

to 2 and 3 mg/kg respectlvely. At 15 mtnutes after the 2-PAM

and atroplne lnJectlon, mlce were decapltated. Whole blood

and braln samples were col lected for later workup and

ana I yses.

Tukey's and Bonferron I 's methods of ana I yses were

applled to the results and ylelded signlflcant dlfferences.

3. SamPle PreParatlon

a. Serum SamPles

Whole blood was col lected dlrectly lnto
RMlcrotalner-- caplllary Serum Separators and spun at SOOO X g

in a Flsher Model 59 centrlfuge for 2 mlnutes. The resultant

serum was kept I n an I ce-bath unt I I AChE and HPLC measurements

were performed.
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b. Homogenate Preparatlon

Whole þraln was exclsed lmmedlately after
decapltatlon of the anlmal and was placed ln an lce-cold o.g%

(w/v) sal lne solutlon. The braln (mlnus cerebel tum) was then

blotted dry on fl lter paper to remove mlcroblood vessets/trace

resldual blood and welghed. A zo% (w/v) homogenate was made

utlllzlng a o.9% sallne solutlon. The homogenate was kept on

lce untl I AChE and HPLC measurements were performed.
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I I l. Results

A. Analytlcal

1. HPLC Quantttatlon of Z-PAM

Standard curves were obta I ned from peak he I ght

determlnatlons of known quantltles of 2-pAM tn water, lñ water
plus the cleanup procedure of perchlorlc acld and acetonltrl le

as wel! as from serum and braln splkes utlllzlng the
perchlorle and acetonltrl le cleanup procedure (Flgures 14 to
17\ . The standard curves obta I ned for each eva I uat I on were

found to be I I near and reproduc I b I e from day to day

(correlatlon coeff lclent=o.99). Determlnatlons of 2-pAM quan-

tltles ln serum and braln were subsequently made by dlrect
calculatlon from peak helght ratlo values of unknowns to the

standard curves.

2. Acetylchol lnesterase Assay

The results of the AchE actlvltles ln bratn
homogenates and serum are lnctuded wlth thelr respecttve
an lma I study group.
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B. An lma ¡ Study

1. Acute Study

a. Route of admlnlstratlon

Flgure 18 represents the serum level curves ob-

ta I ned from the adm I n I strat I on of 2-PAM or 2-PAM and atrop i ne

by either l.ñ., l.p. or s.c. routes of admlnlstratlon. At 3

mlnutes, there was no slgnlflcant dlfference ln serum levels

attalned by the l.rrì., l.p. or s.c. admlnistratlon of 2-PAM

(Table 6). ln addltlon, ât 3 mlnutes there was no slgnlf lcant

dlfference ln the blood levels attalned by the I.p. or s.c.

admlnistratlon of a comblned solutlon of 2-PAM and atroplne.

admlnlstered ln comblnatlon wlth

.c route was slgnlflcantly dlf-

However at 3 mlnutes,

atroplne by elther l.p.

ferent from (p <

2-PAM

ors
the 2-PAM adm I n I stered by e I ther route

alone. At the later tlme lntervals (7-2O mlnutes), the guan-

tlty of 2-PAM ln the serum whlch had been admlnlstered l.p.

was found to be slgnlflcantly dlfferent (p <

other routes of admlnlstratlon as wel I as when glven ln com-

blnatlon wlth atroplne.

It was found however that the serum ellmlnatlon

half-llfe for 2-PAM admlnlstered alone by elther the l.rn, l.p.

or s.c. routes of admlnlstratlon was no dlfferent than 2-PAM

admlnlstered ln comblnatlon wlth atroplne elther l.p. or s.c.

(Table 7; Flgure 18). Error bars were omltted ln Flgure 18

for clarlty.
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Table 6

Serum 2-PAM Concentrations (Fg/mLl from Mice Given 50 mg/kg 2-PAM or
50 mg/l<g 2-PAM Plus 17.4 mg/kg Atropine

TIME lminuteslROUTE OF

ADMINISTRATION

i.m.

i.p.

s.c.

Combo

s.c. Combo

22.90 * 1.351

(3f

20J2 t 1.17

(3)

25.69 x 1.23

{4)

38.16 t 1.43

(3)

40.76 t 1.21

l2t

13.73 t 1.43

(3t

9.61 r 0.86
(3)

19.89 r 1.07

(4)

29.06 t 1.25

(3)

29.35 t 1.32' tzt

10

12.17 t 1.54

(3)

5.88 t 0.42
(3)

12.68 !. 1.24

(4)

12.49 + 0.55
(3t

14.46 t 1.02

l2l

15

5.21 + 0.68
(3)

4.11 + 0.32

l3)

5.57 * 0.95
(4)

7.99 * 0.52
(3)

8,06 + 0.37

,t2t

20

4.47 + 0.76
(3)

2.24 + 0.53
(3t

2.95 r 1.13.

(4t

4.99 + 0.02
(3)

6.47 t 0.44

t2t

73 30

2.67
(1)

i.p

1 Mean t SEM
2 Number of Animals

\¡
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Table 7

Serum Elimìnation T'z Values (minutes) for 2-PAM in Mice

Following Different Routes of Administration

ROUTE OF
ADMINISTRATION

DOSE
(mg/kgl

SEBUM ELIMINATION Tl,2
(minutes)

t-m.

r.p.

s.c.

r.p.

s.c.

50 PAM

50 PAM

50 PAM

50 PAM + 17.4 AtroPine

50 PAM + 17.4 AtroPine

2.86 + 1.661

(3)2

6.96 + 2.15
(31

6.39 t 1.49

(4)

7.59 + 0.46
(31

8.61 + 0.03

t2l

1 Mean + SEM

2 Number of Trials
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The

determ I ned. There

tween contro I bra I n

AChE levels ln braln and serum were

were no slgnlf lcant dlfferences found be-

and serum AChE actlvltles and those deter-

mlned at the sampl lng tlmes after the admlnlstratlon of 2-PAM

or 2-PAM and atroplne (Tables 8 and 9).

b. Serum Half-l ¡fe Determinations

Table 1O represents the concentratlon of 2-PAM

determlned by HPLC analysls of serum as a functlon of tlme for
2-PAM and 2-PAM plus atroplne glven l.p. elther alone or

prophylactlcal ly or therapeutlcal ly agatnst DFp (3 mg/kg;

l.p.). Slgnlflcant dlfferences (p < O.05) were found between

the 2-PAM and 2-PAM p I us atrop I ne groups at t lme I nterva I s

from 3 to 15 mlnutes; no dlf ferences were seen for the later
tlmes.

Results ln

el lmlnatlon half-l lfe for

Table 11 demonstrate the serum

2-PAM or a comb I ned so I ut I on of 2-

PAM plus atroplne glven l.p. elther alone or 5 mlnutes prlor

to or 5 mlnutes after an l.p. chal lenge of DFP whlch were

determlned from the data presented ln Table 1O.

The serum ellmlnatlon 11/2 = 9.33 mlnutes f rom

2-PAM and atroplne admlnlstered l.p. 5 mlnutes after DFP l.p.
was found to be slgnlf lcantly dlfferent (p < O.05) from the

l.p. admlnlstratlon of 2-PAM and atroplne admlnlstered alone

(T1/2 = 11.98) or f rom the same reglmen admlnlstered 5 mlnutes



Table I
Acetylcholinesterase Levets (¡rmol/mL/min) in Serum from Mice Given 50 mg lkg Z-PAM or

50 mg/l<g 2-PAM Plus 17.4 mg/l<g Atropine

TIME (minutesl
GROUP

7 10 1530

Control

t.m.

r.p

s.c.

i.p. Combo

s.c. Combo

1 Mean * SEM

2 Number of Animals

2.61 t 0.071

(49 )2

2,75 t 0.03

(2t

2.81 r 0.16
(4)

2.72 t 0.24
(5)

2.85 t 0.27

(3)

2.49 + 0.20

QI

2.52 t 0.02

t2t

2.81 t 0.17

(6)

2.86. t 0.12
(10)

2.76 t 0.20
(3)

1 .73 * 0.15

t2t

2.48 t 0.25

t2t

2.94 t 0.09
(10)

2.82 t 0.11

(10)

2.31 t 0.26
(6)

2.37 * 0.18
(2t

2.29 * 0.18

l2t

2.61 t 0.11

(10)

2.89 + 0.18
(51

2.47 + 0.27

(7t

2.38 + 0.17
(2t

20

1.78 + 0.28

t2t

2.68 + 0.13

(5)

3.05 + 0.19

(5)

2.64 t 0.41

(3)

2,77 + 0.18

t2t

@o



Table 9

Acetylcholinesterase Levels (nmol/mg/min) in Brain from Mice Given S0 mg/l<g 2.pAM or
50 mg/lcg 2-PAM Plus 17.4 mg/kg Atropine

TIME (minutes)
GROUP

7 10 15

Control 10.27 * 0.281

t4sf

i.m.

30

r.p

s. c.

i.p. Combo

s.c. Combo

1 Mean È SEM

2 Number of Animals

11.28 t 0.55

l2t

9.27 t 0.62
(5)

11.06 r 0.49

(5)

10.91 r 0.68

(3)

9.27 t 0.45
(2t

11.52 + 0.48
(2t

9.43 r 1.06

(6)

10.42 r 0.29
(10t

10.67 + 0.25
(3)

10.32 r 0.60

l2t

10.75 * 0.38

l2t

10.11 + 0.32
(10)

10.87 t 0.21

(e)

9.43 t 0.72
(6)

9.99 + 0.40
(2t

11,25 t 0.46

l2t

9.60 r 0.46
(10)

10.50 r 0.39

t4t

9.89 r 0.66
(7)

10.06 r 0.35

t2t

20

11.89 t 0.53

t2t

9.31 + 0.79

(5)

11.35 t 0.38

l4)

10.83 * 0.75

{3)

12.35 + 0.80

t2t

@
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Table 10

Serum 2.PAM Concentrations (¡g/mLl in Mice

TIME lmlnutesl

10 15 20

TREATMENT

GROUP

PAM3

PAM + Atropinea

1 1.75 * 0.241

{5}2
ü

18.53 r 0.91.

(5t

9.02 * 1.12

(3)

13.13 * 0.35

t5t

8.76 * 0.25

(5)

14.41 * 0.80
(4)

8.92 * 0.40
(51

6.47 t 0.23

{13t

7.50 * 0.25

I 141

5.75 * 0.20
(6t

9.49 r 0.33

(e)

5,91 t 0.24
(6)

7.64 * 0.35

{e}

4.34 r 0.05

t3t

5.47 * 0.12
(3t

4,68 * 0.20
(51

6.57 * 0.41

(5t

5.86 r 0.55

{51

25

3.71 r 0.11

(41

3,55 * 0.13
(3t

4.45 r 0.19
(41

3.46 r 0.01

l2t

4.27 * Q.41

(3t

30

3.28 * 0.12

t3)

2.58 t 0.11

l2'l

3.48 r 0.13

l2t

PAM after DFP5

PAM + Atropine

after DFPs

PAM prior to DFP6

PAM + Atropine
prior to oitP6

*

1' Mean t SEM

2 Number of Animals

3 Dose = 50 mg/kg 2-PAM; i.p.

4 Oose = 50 mg/kg 2-PAM + 17,4 mg/kg Atropine i.p. as a combined solution

5 Dose of 2-PAM or 2-PAM + Atropine administered 5 min after 3 mg/kg DFP i.p.
6 Dose of 2-PAM or 2-PAM + Atropine administered 5 min prior to 3 mg/kg DFP i.p
| ? ¿o'os

@
N'
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Table 11

Serum Elimination Tttz Values (minutes) for 2-PAM

TREATMENT GROUPI
SERUM ELIMINATION Tr,2

lminutesl
95% CONFIDENCE LIMITS

PAM2

PAM + Atropine3

PAM after DFP4

PAM + Atropine
after DFP

PAM prior to DFP

PAM * Atropine
prior to DFP

10.60

11.98

11.78

9.33s

11.40

12.78

9.38 - 11.99

9.76 - 15.54

10.24 - 13.85

8.56 - 10.26

i0.06 - 13.16

10.03 - 17.63

1 Number of animals used in the determination of Trz was at least 5

2 Dose PAM : 50 mg/kg; i.p.

3 Dose PAM + Atropine = 50 + 17.4 mg/kg, respectively; ¡-p-

4 Dose DFP : 3 mg/kg
5 pAM * Atropine after DFP was found to be significantly different from

PAM * Atropine; PAM after DFP and PAM + Atropine prior to DFP;

p < 0.05. No other signîficant differences were found.



a4

prlor to DFP (T1/2 = 12.78). Add¡tlonally, the T1/2 = 9.33

mlnutes from 2-PAM and atroplne admlnlstered therapeutlcal ly 5

mlnutes after DFP was found to be slgnlflcantly dlfferent

(p < O.O5) from a T1/2 = 11.78 mlnutes determlned for 2-PAM

admlnlstered therapeutlcal ly 5 mlnutes after DFP. Flgures 19

to 24 represent the I I near regress I on ana I ys I s of the mean

data of the varlous treatrnent groups from whlch determlnatlons

of serum el lmlnatlon half-l lves were calculated. Statlstlcal

analyses of al I other treatment group comparlsons were not

slgnlf lcantly dlf ferent from one another.
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I ncreas I ng

The serum

elther alone or

mlnlstratlon of

F I gures 25 to 27

A

was found to be

mg/kg 2-PAM dose

concentrat i on for that

prophylactlcal ly (11.50

ug/m I ) after DFP (Tab I e

3 treatment groups were

another. ln addltlon,

when compar I ng the

homogenates from the 3

AChE

mg/kg dose of 2-PAM

found between the AChE

from admi n I strat I on of

91

Dose Study

and braln concentratlons of 2-PAM ob-

vary I ng doses of 2-PAM

after the I . p. ad-

c

talned after the l.p. admlnlstratlon of

5 mlnutes prlor to or

DFP are presented I n

respectlvely.

serum concentratlon of

sl gnl f lcant ly d I f ferent

admlnlstered alone when

Tab I es 12 and 1 3 and

1 4 . 38 ug/m I of 2-PAM

(p <

compared to the serum

same dose of 2-PAM adm I n I stered e I ther

ug/ml) or therapeutlcally (11.15

12r. All other comparlsons among the

not slgnlf lcantly dlfferent from one

no slgnlflcant dlfferences were found

amounts of 2-PAM present I n bra I n

dlfferent treatment groups (Table 13).

actlvltles, determlned from the same

for HPLC analyses of 2-PAM, demonstratedsamples as utl I lzed

that I ncreas i ng doses of 2-PAM prophy I act I ca I I y

cal ly had no reactlvatlng effect on serum

nlflcant dlfferences other than for the 1OO

pr lor to

5 m I nutes

doses of 2-PAM admlnlstered 5 mlnutes

admlnlstered

or therapeut I -

AChE. No slg-

and 125 mglkg

DFP and the 125

after DFP were

actlvltles present ln serum obtalned

2-PAM prophylactlcal ly or



Table 12

Serum Concentrations {Fg/mL) Obtained from lncreasing Doses of 2-Pl\M

DOSE OF PAM1

(ms/l(sl PAM

2.42 t 0.232
(8 )3

3.64 t 0.31

(8)

8,89 * 0.46
(7)

14.38 t 1,214

(5t

17.32 r 0.89

(8)

TREATMENT GROUP

PAM PRIOR TO DFP

2.47 * 0.?2
(el

3.42 x 0.27
(7t

7.49 r 0.30
(et

11.50 r 0.52
(4)

18.35 r 2,50
(3)

PAM AFTER DFP

2.52 X 0.17
(s)

4.23 t 0.33
(7)

8.09 t 0.44
(8)

11.15 t 0.75
(4)

15.68 r 0.85

17l

25

50

75

100

125

1 Do.e of PAM was administered i.p. alone or 5 min prior to or after the i.p. administration

of 3 mg/kg DFP to CD-1 male mice. Animals were sacrificed at 15 min exposure to PAM.

2 Mean * SEM

3 Number of Animals

4 Significantly different p < 0.05 than the other 100 mg/kg doses (f)
t\t



Table 13

Brain Concentrations (ng/mLl Obtained from lncreasing Doses of 2-PAM

DOSE OF PAMI

lmg/kgl PAM

58.89 t 6.112

(9 )3

148.00 * 17.72

(5)

204,29 t 37.15

l7t

232.50 * 31.46
(4)

412,50 r 18.49

(8)

TREATMENT GROUP

PAM PBIOR TO DFP

65.00 * 5.67
(8)

188.00 t 16.55

(5)

237.14 * 29.70

(7t

272.50 r 28.39

{4)

402.30 * 16.40

(3)

PAM AFTER DFP

68.75 t 5.49
(81

190.00 r 16.43

(5)

247.50 t 28.52
(8)

407.00 + 25.95
(10)

25

50

75

100

125

1 Dott of PAM was administered i.p. alone or 5 min prior to or after the i.p. administration
of 3 mg/kg DFP to CD-l male mice. Animals were sacrificed at 15 min exposure to PAM.

2 Mean * SEM

3 Number of Animals

4 No significant differences were found between the treatment groups (o
(¡)
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therapeutlcal ly than ln serum from admlnlstratlon of DFP alone

(Tables 14 & 15). The 125 mg/kg 2-PAM dose exhlblted a good

protectlon agalnst the chal lenge from DFP when admlnlstered

prophylact lcal ly however admlnlstered therapeut lcal ly, that

Same dose had a mlnlmal effect ln lncreaslng the serum AChE

actlvlty (Flgure 28). No slgnlflcant reactlvatlon of braln

AChE was found (Flgure 29).



Table 14

Serum Acetylcholinesterase Activities (Fg/mL/minl from lncreasing Doses of 2-PAM

DOSE OF PAMl

lmglkgl PAM

2.40 * 0.113

(914

2.50 t 0.11

(et

1.57 * 0.10

(9)

1.72 r 0.05
(5)

2.15 r 0.10

{ 101

TREATMENT GHOUP

PAM PRIOR TO DFP

0.39 t 0.032

(51

0.17 t 0.02
(el

0.45 r 0,07
(e)

0.44 r O.Og

te)

0.65 * 0.07s

t5)

1.24 * 0.085

( 101

PAM AFTER DFP

0.37 * 0.022

t5)

0.24 r 0.05

lsl

0,51 r 0.05
(8t

0.49 r 0.05
(et

0.56 t 0.08

(5)

0.69 t 0.075

(10)

0

25

50

75

100

125

1' Dose of PAM was administered i.p. alone or 5 min,prior to or after the l.p. administration
of 3 mg/kg DFP to CD-1 male mice. Animals were sacrificed at 15 min exposure to PAM.

2 Control values; administratlon of DFP (3 mg/kg; i.p.l only
3 Mean t SEM

4 Number of Anímals

5 Signiflcantly differeht (p ( 0.05) from controle

(o
@



Table 15

Braln Acetylchollnesterase Actlvltles (nm/mg/mlnl from tncreaslng Doses of 2.pAM

DOSE OF PAM1

(mglkgl PAM

11.03 t 0.323
( 614

10.31 r 0.59
(8t

7.71 t 0.M
(et

7.41 t 0.12

{4)

6.71 r 0.29

t10)

TREATMENT GROUP

PAM PRIOR TO DFP

5.33 t 0.632

{5}

5.41 t 0,42

t6l

5.56 * 0.42

l7t

3.58 + 0.38
(et

3,08 * 0.71

(5)

4.41 * 0.50
(et

PAM AFTER DFP

5.39 t 0.282

(5)

4.27 * 0.32
(6)

4.43 r 0.30
(9t

2.86 * 0.36
(el

3.64 + 0.67

{4)

3.96 * 0.32

110)

0

25

50

75

100

125

Dose of PAM was administered l.p. alone or 5 min prior to or after the l.p. administration
of 3 mg/kg DFP to male CD-1 mice. Animals were sacrificed at 15 min exposure to pAM.
Control values; administration of DFp lg mg/kg; i.p.) only
Mean t SEM

Number of Animals

2

3

4

(o
(o5 No significant differences were found when compared to control values
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d. Toxlcology (LDSO) Determlnatlons

The LDSO values and 95% confldence I lmlts for DFP,

2-PAM, ãtroplne and comblnatlons of the aforementloned compounds

are glven ln Table 16.

Table 16

LDso Values and 95o/o Confidence Lim¡ts for DFP,

Atropine and 2-PAM in Mice

COMPOUND
LDo

(mg/kgl
95% CONFIDENCE LIMITS

DFP

Atropine

PAM

PAM + Atropine3

Atropine + PAM 4

11.6

226.7

141.8

86.3

10.7 - 12.7

166.8 - 252.7

128.9 - 157.6

74.O - 96.9

1.0 - 3.12.0

1 Route of administration for all compounds was i.p.

2 Number of animals per group : 10; 4 - 6 dosage groups

3 Compounds were injected as combined solutions. Atropine, 17.4 mglkg
4 Compounds were injected as combined solutions. PAM, 130 mg/kg



Admlnlstered as a comblned

constant dose of 17.4 mg/kg atroplne,

was found to drop slgnlflcantly from

the

103

lnJectlon wlth a

LDSO va I ue of 2-PAM

However, the reverse schedu I e of a constant

2-PAM and vary I ng doses of atrop I ne suggested

concentrat lon of atrop I ne (2 mg,/kg ) was

100

14',t.8 to

dose

t hat

86.3 mg/kg.

of 130 mg/kg

lf a lower

admlnlstered the

dosage of 2-PAM cou I d be I ncreased to a va I ue approach I ng the

LDSO value for 2-PAM ltsetf (Ftgure 30).

The mortallty curves for DFP and DFp fotlowed 5

mlnutes later by 1oo mg/kg 2-PAM or a combined solutlon of 1oo

mg/kg 2-PAM and 17.4 mglkg atroptne are I I tustrated tn Ftgure

31.

mg/kg

was

mg/kg

DFP.

found

dose

At

to

theDFP. ln

An expected mortal lty of O-1 deaths due to the

of 2-PAM was seen when cha I I enged w I th up to g

the 1O mg/kg dose of DFP, 2-PAM admlnlstratlon
of fer some protect I on aga I nst the tox I c i ty of

presence of 2-PAM, ño deaths were seen whereas

dose of DFP alone 2 deaths were seen.for a 10 mg/kg

ln comparlson,

mglkg DFP, an lncreased number

were seen I n the an lma I s wh I ch

and 17 .4 mg/kg atrop lne

whereas zero out of 1O

when cha I I enged w I th up to I
of deaths (3 out of 10 mtce)

had been glven 1OO mg/kg 2-PAM

as a comblned solution therapeutlcal ly

DFP a I one

mlce were dead from admlnlstratlon of
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e. Hypothermla StudY

The core temperatures of control and treated

m lce are presented I n Tab l.e 17 . Contro I m lce, those rece lv I ng

a sham lnjectlon of sallne, exhlblted a sllght but lnslg-

ntflcant decrease ln core temperature over 6 hours.

A dose dependent hypothermla fol lowlng ad-

mlnlstratlon of 5O-125 mglkg doses of 2-PAM ls I I lustrated ln

F I gure 32.

temperature

Table 17 for

sl,gnlflcant

tures at the

Error bars have been left out ln al I

f I gures for c I ar I ty. The reader I s

presentat I on of exper lmenta I errors.

dlfferences (pcO.05) were found among

varlous sampl lng tlmes and treatment

of the core

referred to

A I though

the tempera-

groups, the

general trend, âs lndlcated by evaluatlng the dlfferences at

the varlous samÞl lng tlmes, suggests that the curves generated

f or the 50, 75 and 1OO mg/kg doses of 2-PAM mlght be slg-

n I f lcant ly d I fferent from the curve generated for the 125

mg,/kg dose of 2-PAM. The same trend was seen for the

hypothermla data generated for the 50-125 mglkg doses of 2-PAM

admlnlstered prophylactlcally agalnst DFP (Flgure 33). The

50, 75 and lOO mg/kg doses of 2-PAM appear to be dlfferent

from the 125 mg/kg dose of 2-PAM. The hypothermla data

however, seem to lndlcate that the hypothermla observed after

the 125 mg/kg dose of 2-PAM ls not dlfferent from that ob-

talned by the admlnlstratlon of DFP alone.
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Core Temperatures (oC)

and lncreasing

( MINUTES )

Table 17

Obta¡ned for DFP (3 mg/kg), Atropine (17.4 mg/kg)

Doses of 2-PAM (50 - 125 mg/kg) in Mice

CORE TEMPERATURE ("C)1
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The hypotherm I a data obta I ned f rom the

therapeutlc admlnlstratlon of 50-125 mg/kg doses of 2-PAM was

from that seen for 2-PAMfound to I I I ustrate the reverse trend

admlnlstered alone or prophylactlcal 1y (Flgure 34). The data

for the 50 mglkg dose 2-PAM appeared to be dlfferent from the

75, lOO and 125 mg/kg doses of 2-PAM as wel I as from the data

obtalned from the admlnlstratlon of DFP alone.

Flgures 35 to 38 I t lustrate the hypothermla

data for a slngle dose of 2-PAM over the range of 5O-125 mg/Rg

admlnlstered alone, prophylactlcal ly or therapeutlcal ly 5

mlnutes before or after DFP as wel I as for DFP alone. The

data for the 50 mg/kg dose of 2-PAM adm I n I stered before or

after DFP I I lustrates dlfferences from the hypothermla lnduced

by DFP alone (Flgure 35). The hypothermla for the 75 and lOO

mg/kg doses of 2-PAM admlnlstered prophylactlcal ly lndlcates

dlfferences from the data obtalned for DFP alone. No dlf-

ferences cou I d be observed when those doses of 2-PAM were

glven therapeutlcal ly agalnst DFP. The hypothermla data for

125 mglkg 2-PAM g I ven before or after DFP I nd I cate no d I f-

ferences when compared to the data for DFP alone.
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F I gures 39 and 40 I I I ustrate what happened to

the core temperature when atrop I ne was adm I n I stered w I th Z-PAM

ln a comblned solutlon. As presented, both 2-PAM and atroplne

were found to lnduce a hypothermla ln mlce on an lndlvldual

basls produclng a core temperature drop of between 1-1.5 o C.

Thls hypothermlc effect was found to be addltlve when they

were lnjected aS a comblned solutlon. Wlthln 30 mlnutes the

core temperature was found to have droÞÞed 2-2.5 "C. Unl lke

the dose dependent hypothermla seen wlth 50-125 mg/Rg doses of

2-PAM on lts own, no dose dependent hypothermla was seen when

50 and 75 mglRg 2-PAM were admlnlstered as a comblned solutlon

wlth 17.4 mg/kg atroplne (Flgure 41).

ln addltlon, when admlnlstered as a combined

solutlon, 2-PAM (50 and 75 mg/k9; l.p.) and atroplne (17.4

mglkg) glven alone, prophylactlca! ly, or therapeutlcal ly

agalnst DFP were slml lar to one another (Flgures 42 and 43).

When compared to the hypothermla data obtalned from the ad-

mlnlstratlon of DFP alone however, those doses appeared to be

dlfferent from the DFP data. Thls was unl lke what was found

to occur for the admlnlstratlon of 2-PAM alone. ln addltlon

It ls noteworthy to mentlon that when admlnlstered as a com-

blned solutlon, 2-PAM and.atroplne seemed to have a faster on-

set to hypothermia (1O mlnutes) than that seen wlth 2-PAM

alone (2O-3O mlnutes). The recovery from the hypothermla as

wel I seemed to be more rapld for the comblned solutlon than

f or 2-PAM alone (Flgures 44 to 46).
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Figure 39

Core Temperatures ("Cl Obtained for the Combined Administration of 2-pAM
and Atropine (50 and 17.4 mg/kg, Respectively; i.p.l in Mice
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Core Temoeratures (oC) Obtained for 2-PAM (50 and 75 mg/kg; i.p.lAdministered

, as a Combîned Solution with Atropine 117.4 mg/kg; i.p-l in Mice
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Figure 42

Core Temperatures ("C) Obtained for Z-PAM Í50 mg/kg; i.p.l Administered
AIone or in Combination with Atropine 117.4 mg/kg; ¡.p.1 5 Minutes After

Exposure to DFP {3 mg/kg; i.p.l in Mice
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Figure 43

Core Temperatures ("C) Obtained for Z-PA.M (75 mg/kg; i.p.¡ Administered
Alone or in Combination w¡th Atropine 117.4 mg/kg; i.p.l 5 Minutes Ater

Exposure to DFP (3 mg/kg; i.p.l in Mice
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Core Temperatures (oC) Obtained from the Administration of a Combined
Solution of Z-PAM and Atropine (50 and 17.4 mg/kg, Respectively; i.p.l A,lone

or 5Minutes Before or After Exposure to DFP 13 mg/kg; i.p.) in Mice
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Core Temperatures ("C) Obtained from the Administration of a Combined

Solution of 2-PAM and Atropine (75 and 17.4 mg/kg, Respectively; i.p.). Alone

or 5 Minutes After Exposure to DFP (3 mg/kg; i.p.) in Mice
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2. Chronlc Study

The concentratlon of 2-PAM ln the serum and braln

of mlce chronlcal ly exposed to DFP for 21 days are glven ln

Table 18. Bonferonnl's method of analysls applled to the ex-

perlmentally determlned 2-PAM serum and braln concentratlons

suggested that
(p <

AChE

chronical ly

Slgnificant

actlvlties

there were no slgnlflcant

study per lod.

d I f ferences

the 21 day

actlvltles ln both serum and braln of mlce

exposed to DFP f or 21 days are glven ln Table 18.

dlfferences were seen in both serum and bratn AChE

however these were expected

were g I ven

show the

because lncreaslng

over the 21 day

and 48 relatlonshlp between

AChE actlvlty.

doses of DFP (1-3 mg/kg;

study per I od. F I gures 47

concentrat I on of 2-PAM and

l.p.)
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Table 18

Brain and Serum Acetylcholinesterase Activities and 2-PAM
Concentrations in Mice During Ghronic Exposure to DFP

AChE ACTIV¡TY CONCENTRATION OF 2-PAM
DAY BRAIN

(nm/mglmirJ
SERUM

(¡rm/mL/min)
BRAIN

(ng/mL)
SERUM
(FglmLl

0

1

3

5

7

12.7 + 0.41

t4f
8.3 + 0.4

l5)

5.2 + 0.5
(5)

4.8 + 0.5
(5)

3.6 + 0.4
(5)

2.7 + 0.2
(5)

2-1 t o-l
(5)

1.8 + 0.0
l2l

1.5 + 0.1
(41

1.6 + 0.1
(4t

1.9 + 0.5
t2l

2.5 + 0.1
(4)

1.5 + 0.1
(5)

1.3 + 0.1
(5)

1.2 + 0.1
(5)

1.1 + 0.0
(5)

1.0 r 0.0
(5)

1.1 + 0.1
(5)

0.7 + 0.1

t2t
0.7 + 0.1

(4)

0.7 + 0.0
(4)

0.7 + 0.0
t2t

167.9 + 68.6
17t

185.8 + 17.2
(5)

202.7 + 31.1
(5)

191.0 + 16.5
(5)

146.6 + 8.4
(5)

185.9 + 8.5
(5)

1&1.9 + 10.7
(5)

159.3 + O.7
(21

154.2 + 10.9
(4t

106.9 + 22.9
(4t

173.8 + 31.6
(2t

9.5 + 0.3
(e)

11.4 + 1.2
(5)

11.5 + 1.1
(5)

10.4 + 0.8
(5)

9.3 + 1.1

(5)

11.0 + 0.8
(5)

12.4 + :1.3

(5)

9.4 + 1.5
(2t

9.5 + 1.0
(4)

9.6 + 1.4

t4t

11.3 + 3.4
l2t

I

11

15

17

19

21

1 Mean + SEM
2 Number of Animals
3 DFP was administered daily by i.p. injection. lnitial dose was 1mg/kg. Dose

was increased to 2 and 3 mg/kg on days 7 and 14 respectively.
4 A combined solution of 50 mg / kg PAM + 17.4 mgl kg Atropine was administered

i.p. on alternating days starting at day 0 and continuing to day 21 to a group
of 5 animals. Animals were sacrificed after 15 min exposure to PAM.
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lV. Dlscusslon

A. Analytlcal

l. HPLC Quantltatlon of 2-PAM

The use of HPLC to determlne quantltles of oxlme ln

blologlcal speclmens ls not a novel concept (17,38,124,126,

1 96) . I n th I s work, the standard curves obta I ned for each

pre I lm I nary eva I uat I on of the procedure were found to be

reproduclble and linear throughout the study. Addltlonally,
they were not slgnlf lcantly dlfferent from one another even

though the sensltlvlty of the HPLC method was chat tenged. Be-

cause the standard curves for the prel lminary trials in water

and water plus the cleanup procedure of perchlorlc acld and

acetonitrlle as compared to braln and serum splked samples

were found to be reproduclble, llnear and not signlficantly
dlfferent from one another over tlme, subsequent determlna-

tlons of 2-PAM quantltles ln serum and braln were made by

d I rect compar I sons of peak he I ght rat I o va I ues of unknowns to

the standard curves.

2. Acetylchol inesterase Assay

The use of the radlometrlc procedure of Slakotos et

al to determine acetylchol lnesterase actlvltles ls a standard

procedure utl I lzed for lnvestlgatlonal purposes ln the area of

organophosphate lntox lcat lon ( 182) . Acetylchol lnesterase ac-

tlvltles are determlned ln the I lnear portlon of the enzyme
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actlvlty versus enzyme concentratlon curve. The lncluslon of

b I ank and contro I samp I es prov I des the necessary I nformat I on

wlth respect to the efflclency of the assay. ln addltlon, al I

determlnatlons of slgnlflcance are made dlrectly to control

samples whlch are lncluded ln each run of the assay and whlch

provlde for any shortcomlngs the assay rnay have.

B. Anlma! Study

The va I ue of ox lmes for treat I ng organophosphate

polsonlng was suggested lnltlally by experlments lnvolvlng

hydroxylamlne (8,58,60). ln conJunctlon wlth atroplne, oxlmes

have been demonstrated to be the most ef f I cac I ous ant I dotes

for the protectlon agalnst several doses of most organophos-

phorus compounds. whereas the mode of action of oximes as

reactlvators has been attrlþuted to thelr ablllty to dlsplace

the phosphorus-contalnlng molety from the tnhlbited AchE,

thelr effect as antldotes ls not whol ly ascrlbed to thls
mechan I sm ( 58,94) .

I t has been shown

ant I dotes. However, when

whlch by itself ls also a

that ox lmes themse I ves

ln comblnatlon wlth

are poor

atroplne,glven

weak ant I dote

po I son I ng, they are ab I e to protect

ganophosphate pol son (8,58,60,94) .

an

for organophosphate

animal agalnst an or-

Th I s potent I at I ng ef fect

I s not we I I understood but I t has been suggested that the
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central antlmuscarlnlc ef fects of atroplne act to prolong llfe
as well as provlde more tlme for the oxlme to exert lts ef-
fects (58,60,94).

Ox lmes, because of the I r I on I zed nature, do not appear

to be able to penetrate the blood braln barrler to any ap-

preclable extent and consequently thelr effects have been

ascrlbed to be predomlnantly perlpheral (36,112,128). Thts ln

Itself has lead to a degree of dlscrepancy. central reactiva-
tlon of AchE, lñ past, has been used as a measure of oxlme ln
the bra I n. I t has been demonstrated that there I s poor cor-
re lat lon between centra I react I vat I ng character I st I cs of the

oxlme wlth the amount of oxlme shown to be present central ly
and the degree of recovery of the anlmal models (27-31 ,41,90,
132,143,173) .

The use of oxlmes as therapeutlc agents does presuppose

the phosphorylatlon of AchE fol lowlng exposure to organophos-

phorus compounds. oxlmes, however, have also been shown to
Interact dIrectIy wlth organophosphorus compounds thereby

reduclng thelr half-llves from several hours to a few mlnutes

(138). ln addltion, óxlmes and organophosphorus compounds are

known to exert direct pharmacologlcal effects on their own.

As esterase content may be llmlted, lt ls not clear how an

anlmal can survlve a quantlty of organophosphate whlch ls more

than sufflclent to lnhlblt and saturate alt the esterases I n

how much thesethe body. There ls dlfflculty ln determlnlng

"other" actlons contrlbute to the recovery of the anlmal
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The mechan I sm by wh I ch ox lmes protect aga I nst the tox I c

effects of organophosphate esters ls complex and may be the

net resu I t of at I east 3 factors:
1 . react I vat I on of phosphory I ated AChE ;

2. d I rect chem I ca I react I on between the ox lme and Op,

and/or;

3. certaln pharmacologlcal actlons whlch the oxlmes

exert dlrectly on tlssues other than by reactlvatlon
of ACh.

Factor I I s cons I dered to be the predom I nant mechan I sm of
protectlon agalnst organophosphate lntoxlcatlon whl le factors
2 and 3 are consldered to be subsldlary ln thls regard.

1. Acute Study

a. Route of admlnistratlon and Half-l lfe

Duke and deCando I e have shown that TMB-4 was

slmllarmalntalned at a hlgher blood level when compared

doses of PAM chloride or P2S by etther the l.v. or

of admlnlstration (55). ln addltlon, they found

was no dlfference ln the speeds of absorptlon from the musc I e

following l.m. lnjectlon. They dld ftnd however, that after

l.v. lnJectlon, blood concentratlon fell rapldly for ap-

proxlmately 3 mlnutes and slowly thereafter. lt was suggested

that there was an estab I i shment of an equ I I I br i um between

to

I .m. routes

that there
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lntravascular and extravascular oxlme and that the slow fall
was due to excret I on of the ox lme. I n add I t I on, they sug-

gested that TMB-4 was a more superlor reactlvator than PAM

chlorlde and P2s ln antlchE polsontng because of lts longer

retentlon ln blood. They found a T1/2 = 35 mlnutes for pAM

chlorlde after an 18 mg/kg dose ln rabblts. Jager e! Al
found a T1/2 = 54 mlnutes for pAM after a 1s mg/kg t.v. lnjec-
t lon ln man (1O2) .

Green el a_L have shown that ln gulnea plgs, the

plasma levels of 2-PAM were elevated ln a dose dependent man-

ner followlng lncreaslng doses of sarln (79). They

demonstrated that at 2 ml nutes af ter I .m. lnJect ton of 2-pAM

and atrop I ne that max lma I p I asma concentrat lon of pAM

occurred. Green el al_ also suggested that a reasonable ex-
planatlon for the elevated 2-PAM levels was that followlng
AchE lnhlblton by sarln, tlssue and btood levels of Ach ln-
creased which caused profound changes ln blood flow to varlous

organs (78) . They have a I so suggested that there I s a

decreased volume of dlstrlbutlon (vD) of 2-pAM whlch is com-

mensurate wlth changes ln the pattern and rate of blood flow

to the varlous organs (78). They concluded that 2-pAM plasma

levels lncreased as blood flow to the sltes of distrlbutlon
and excret I on decreased.

Since 2-PAM ls prlmarl ly excreted from the body

by renal actívlty, alterations ln blood flow or active
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transport mechanlsms ln the kldney would yleld lncreased

levels of oxlme ln the plasma (18,193,2oo). There have also

been suggest I ons wh I ch have I nd I cated an I nteract I on between

Ach and rena I funct I on produc I ng ef fects as J ust descr I bed .

The dlrect lnhlbltory effect of sarln on renal enzymes or al-
teratlon ln tlssue dlstrlbutlon of 2-pAM by endogenous com-

pounds can not be precluded as well. ln relatlon to the level

of exposure to oP compounds, I t must be taken I nto cons I dera-

tlon that any lnteractlon whlch lnf luences the plasma level of
2-PAM (whlch ls dependent upon the toxln and antldote) wlll be

contrlbutlng to and compllcatlng any ef fects whlch may be seen

experlmental ly.

DFP ls known to penetrate all types of tlssues
freely. The dlrect chemlcal reactlon between oxlmes and DFp

cannot completely account for the hlgh protectlng effect of
oxlmes. Although the exact reactlon between oxlme and DFp ls
not known, lt ls assumed that oxlmes themselves are decomposed

I n the react I on (141 ,1 66) . Ramachandran has shown that loo

umol/kg of oxlme ls able to protect mlce agalnst several LDSO

values of DFP (168). He suggested that even lf the whote

amount of lnJected oxlme takes part ln the chemlcal reactton,
not more that 18.4 mg/kg (1OO umoles) of DFp can be decomposed

when 2-PAM is the oxlrne. Doses of DFp very much above these

levels have been demonstrated to be "safe" to mice whlch have

been admlnlstered atroplne elther prophylactlcally or
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therapeutlcal ly.

It ls often hard to vlsuallze a sltuatlon ln

whlch an anlmal contlnues to llve even after complete lnhlbl-
tlon of all AchE tn tts system whlch ls assumed to happen tn
the presence of DFP. Some authors have expressed doubt about

reactlvatlon of AChE being the sole mechanlsm of oxlme-lnduced

antldotal actlon (93,94,169). oxlme antldotes are known to
shleld or protect AchE and/or other vltal receptors.
Ramachandran has suggested that funct I ona I AChE I s externa I

and present on cel I membranes ( 169). DFp ls known to be

freely permeable to those membranes but quaternary oxlmes are

not as freely permeable and atroplne makes them even less so.

Consequently, there ls much more oxlme aval lable external ly to
protect or reactlvate the functlonal AchE whl le rapld enzyme

degradatlon of DFP ls occurrlng wlthln the cetl. Ramachandran

found that the capaclty of the cell to blnd DFp ls llmlted and

that the amount bound to mlcrosomes ls flxed lrrespectlve of
the dose of DFP lnjected, the excess belng found ln other
fractlons (168). He showed that the rate of ellmlnatlon of
32P from mlcrosomes was slow but ln the toxogonln treated
group that excretlon of 3zp was extremely rapld. He suggested

that hlgher el lmlnatlon of organophosphate ln thls group was

not a result of any reactlvatlng process slnce that DFp had

not taken part ln enzyme phosphorylatlon but had been

hydrolyzed by naturat detoxtfylng mechanlsms (DFpase) tn the
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anlmal. lt was also suggested that lf the lntracellular dls-
tr lbut lon of DFP ln the braln cel ls was analogous to the I lver

cells lt was llkely that small amounts of oxlmes would be suf-
flclent to protect the vltal centers from the lethal effects
of DFP (Flgure 48).

Berndt et a I have shown that an I ncreased ur I ne

flow assoclated wlth decreased lnul ln clearance and lncreased

renal blood flow was a dlrect effect of DFP on renal tubular
functlon whlch dld not appear to be related to lnhlbltlon of

chE ( 1 9,2o) . They suggested that DFp may react w l th rena t

tlssue sltes whlch were lnvolved wlth normal homeostatlc renal

mechanlsrns ?nd through thls lnteractlon coutd alter or produce

a modest, S€lf-l lmltlng, acute renat damage. Thls may exert

an effect on the tlssue levels of 2-pAM for as has already

been mentloned 2-PAM ls prlmarlly eilmlnated by tubutar

secret I on .

paraoxon

Vetterleln

I nfus I on I nto rats

the kidney, Skeletal muscle,

(199). No changes were seen

test I ne and I I ver. When

e-t Al- have shown that 15O ug/kg

decreased the per fus I on rate of

skln and spleen wlthln 15 minutes

ln the heart, braln, stomach, lñ-

atrop I ne or ob I dox lme ( toxogon I n)

were glven during lnfuslon of paraoxon, al l perfuslon rates

were hlgher and some flow rates even exceeded control values.

The known effects of ACh at vascular smooth muscle sltes and

lndlrectly the lncrease of glandular secretlon of the lntes-
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tlnal organs favor a rlse ln blood flow. on the other hand,
paraoxon ls known to lncrease sympathetlc actlvlty and thus
would counteract vasodllatlon (199). tncreased blood pressure

and decreased flow rate to skln, skeletal muscle, spleen and

k I dney were suggested to be I nd I cat I ve of I ncreased sym-
pathetlc actlvlty. Adverse lnfluences of lncreased sym_

pathet I c and parasympathet I c act I vat I on were suggested to be

responslble for the lack of changes ln myocardlal and

splanchnlc blood flow durlng paraoxon lnfuslon (1gg).
Atrop I ne was found to counteract the decreases I n per fus I on

rates I nduced by paraoxon. I n heart and I ntest I ne I ncreased
blood flow was found to lncrease 2-fold.

Ramachandran has shown that DFp depresses blood
pressure and slows the heart rate (164,16s). He suggested
that accumu I at I on of DF32p may resu I t from a decreased
glomerular fl ltratlon of DF32P as wel I as the cardlovascutar
effects produced by DF32P. Atroplne was found to correct thls
s I tuat lon. Ramachandran suggested that an lma I s w I th depressed

clrculatory rates may show oxlme concentratlons ¡n blood
hlgher than normal but they may not be ctrculatlng raptdty
enough to effect a reactlvatlon of AChE.

Animars grven atroprne rn conJunct ron wrth an

oxime prophylactlcally agalnst challenge f rom organophosphorus

compounds have a prolonged I lfe but ultlmately were found to
dle from doses not much more above normal LD5o,s (165).
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Potentlatlng effects of atroplne on oxlmes may be due to:
1 . protect I on aga I nst organophosphate I n

lnltlal cruclal hours;

2. restorat I on of the c I rcu I atory rate thereby

effectlng a hlgher turnover of oxlme at
greater pressure, and/or;

3. malntalnlng a hlgher concentratlon of oxlme

ln the blood.

The resu I ts of th I s present work found z-pAM

levels to be elevated at 3 and 7 mlnutes ln mlce recelvlng a

50 mg/kg dose of 2-PAM and 17 .4 mg,rkg dose of atrop tne ad-

mlnlstered as a comblned solutlon over those Just recelvlng z-
PAM by elther the t.n., l.p. or S.c. routes of admlnlstratlon
(Table 6). The same was found to be true for 50 mg/kg 2-pAM

or 50 mg/kg 2-PAM and 17 .4 mg/kg atrop I ne adm I n I stered I . p.

alone or prophylactlcat ty agatnst DFp (Tabte 1o).

Addltlonal ly, ln the present study, serum 2-pAM el lmlnatlon

half-llves were determlned not to be dlfferent from one

another (Tables 7 and 1l). Dlstrlbutlon was apparent I y un-

when DFP and/orchanged but an I ncrease I n seen

admlnlstered. I eve I s of 2-PAM seen

could posslbly be due to the comblned effects of
DFP and atrop I ne on factors such as

atrop I ne was

ln this work

absorpt I on was

The e I evated

blood flow,

ln addltlon totransport and card I ovascu I ar c I rcu I at I on

rena I
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effects normal ly

themse I ves.

found to be occurr I ng w I th the ox lmes

b. lncreaslng Doses of 2-PAM

The ef fect I veness or nonef fect I veness of 2-pAM

ln reverslng the effects of organophosphate antlChE compounds

has been a long ongolng controverslal dlscusslon whlch has

glven rlse to a maJor secondary questlon of whether or not z-

PAM penetrates into the brain. conf licting oplnlons and ln-
conslstent evldence has arlsen ln the llterature regardlng

these I ssues (27-31 , 41 ,64 ,1 12,129 ,132,143 ,172) . Ear I I er

studles have lndlcated that there ls no reactlvatlon of braln
AchE ln anlmals whlch have been polsoned by varlous or-
ganophosphorus compounds whl le other studles have demonstrated

some reactlvatlon of braln AchE by 2-pAM ln rabblts, rats and

mlce (92,93,112,113,158,175,177). Reactlvatlon of AChE ac-

tlvlty has also been found to be greater when the actlvlty was

measured ln intact or sliced braln tissues rather than ln

braln homogenates (109,114). Some studtes have lndlcated a

low concentratlon of 2-PAM ln the brain of experimental

anlmals after systemlc admlnlstration whi le others have lndl-
cated greater concentratlons ln braln slmllar to those con-

centratlons found ln sketetal muscle (1Sg). ln rabbits, EEG

changes due to sar I n or physost I gm I ne have been prevented by
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admlnlstratlon of 2-PAM, trlmedoxlme and obldoxlme. ln

add l t l on, convu l s l ons due to TEPP have been reduced by ad-

mlnlstratlon of 2-PAM (158).

The effectlveness of 2-PAM ln the management of

organophosphate po I son I ng I n man has been successfu I I y

demonstrated for a wlde varlety of organophosphorus compounds

(156,158). lt has also been found that 2-PAM ls effectlve ln

the management of I ntox I cat I on by quaternary ammon I um ant I ChE

compounds such as neost I gm I ne, pyr I dost I gm I ne and ambenon I um

whlch are used ln the management of myasthenla gravls (158).

Another use of 2-PAM has been to reverse the systemlc effects
of DFP and the I oca I I ntraocu I ar ef fect of DFP and

echothlophate when excesslve amounts are used ln the manage-

ment of glaucoma (158). The most strlklng support however for

the actlon of 2-PAM on the central nervous system comes from

cl lnlcal observatlons whlch demonstrate prompt recovery from

coma and convu I s I ons due to parath I on po I son I ng where 2-PAM

therapy was admlnlstered and no lmprovement of resplratlon or

b I ood pressure was seen wh I ch cou I d be attr I buted to 2-PAM

(14O,158). On the other hand,2-PAM has also been shown to be

lneffectlve agalnst polsonlng from a dlfferent range of or-
ganophosphorus compounds .

The dlscrêpancles ln the llterature seem to be

due to the small number of polsonlngs lnvolvlng varlous or-
ganophosphorus compounds as wel I as dlfferences ln dose and



the tlme of admlnlstratlon of 2-PAM. ln addltlon,

contr I butor towards the d I screpanc I es reported I n the

ture has been the correlatlon of 2-PAM penetratlon

braln wlth reactlvatlng effectlveness as determlned

actlvlty ln serum and braln. Certalnly many results

ln the llterature lndlcate that when glven ln large
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a maJor

I I tera-

I nto the

by AChE

reported

doses at

the proper

ef fects of

forced to

the blood braln barrler desp I te

as wel I aspo I ar character I st I cs

a centra I and per I phera I

stud I es of

I ocat I on

serum and the bra I n (Tab I es 12

Th I s part I t I on I ng was found not to

PAM was utl I lzed prophylactlcal ly

challenge from DFP. Llttle or

serum AChE was demonstrated above

DFP up to a 75 mg/kg I .p. dose

t lme 2-PAM antagon I zes the centra I nervous system

organophosphorus compounds.

conc I ude that 2-PAM has some

One I s therefore

abl I lty to penetrate

I ts quaternary, I on I c and

to exert some effect both at

The C14-radlolabel led

dlstrlbutlon 2-PAM whlch have been carrled out have

shown the presence of 2-PAM ln the braln, albelt ln very small

quant I t les (64,102,129,18O,181 ).

The resu I ts of th I s present study show

dependent appearance of 2-PAM I n serum and bra I n wh I ch

to lndlcate a partltlonlng or concentratlon gradlent

and 13; Flgures

be dlsturbed even

a dose

appear s

between

25 to 27).

though 2-

aga I nst

braln or

J ust

15;

and therapeutlcal ly

no react lvat lon of

levels attained wlth

of 2-PAM (Tables 14 and

mg/kg doses of 2-PAMFlgures 2A and 29). The 1OO and 125
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adm I n I stered I . p. were found to react I vate serum AchE by so%

whl le no appreclable reactlvatlon over admlnlstratlon of DFP

alone was seen ln the braln. ln fact 2-PAM ltself was found

to have an lnhlbltlng effect on AchE ln the braln at those

doses. certalnly thls work ls conslstent wlth the work of

Mayer and Baln whlch emphaslzed the lmportance of a

concentratlon gradlent between the blood and braln ln the

penetratlon of quaternary compounds across the blooct braln

barrler and Llgtenstein's study whlch demonstrated that Hl-6

was found ln braln ln a dose dependent manner (124,144).

The concept of a blood braln barrler has been

conso I I dated through approx lmate I y a century of research by

demonstratlon of lmpeded access to the braln, when compared to

other organs, of varlous substances clrculattng ln the blood.

The pharmacologlcal and physlologlcal slgntftcance of thls
barrler ls generally accepted although there ls some question

as to the exact nature, permeabl 1 lty and locatlon(s) or the

blood braln barrler (2,4,5,86,'137,170). Certaln areas of the

braln such as plneal body, tuber clnereum, hypophysls, area

postrema, have been clalmed to be more accesslble to clrculat-

lng substances such as dyestuffs, sllver salts, lnorganlc 3zp-

phosphates, quaternary n I trogen compounds and prote I ns than

the brain general ly (2,4,27,28,31,36,169,170). There are ln-
dlcatlons of local areas of lncreased permeablllty for ln-

stance the tuber clnereum, supraoptlc crest and area postrema.
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Recently, evldence obtalned uslng horse radlsh peroxldase

(HRP) as a tracer suggests that a blood braln barrler exlsts

at the level of caplllarles and arterloles ln the braln but

not I n the med I an em I nence of the hypotha I amus (37) . However,

open Junctlons between medlan emlnence ependymal cel ls have

been shown to permlt a bldlrectlonal exchange of other sub-

stances between the med I an em I nence

ventrlcle cerebrosplnal f luld (CSF)

caplllarles and the thlrd

( 170).

the bra I n wh I ch have a

bra I n barr I er, other factors

Apart from

ex I stence of

areas of

a b loodquestlonable

are known to enhance the permeabl I lty of the blood braln bar-

rler (80,103,169). The blood braln barrler at cerebrat

vessels ls due to a contlnuous layer of endothellal cells
are connected by tlght Junctlons (169,170). Rapoport has

gested that these Junct I ons deform and I ncrease the I r

meablllty when subJected to tenslte stresses (169,170).

pertonlc solutlons have þeen shown to reverslbly open

blood braln barrler by shrlnklng the endothellal cells

blood

that

sug-

per -
Hy-

the

and

wldenlng the tlght Junctlons. Convulslons, hypercapnla

(excess carbon dloxlde ln the blood) ano acute hypertenslon

have also been shown to open the blood braln barrler by as-

soclated cerebral vasodllatlon, increased blood pressure ln

small cerebral vessels and lncreased blood flow. lt has been

specu I ated that

changes and that
endothellal cells are stretched by these

tlght Junctlons wlden thereby lncreaslng
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permeablllty of the blood braln barrler. Many noxlous stlmull
are also known to lnduce alteratlons ln the blood braln bar-
r I er funct I on I ng. Damage of the cerebrovascu I ar endothe I I um

can also occur from trauma, dlsease tumors or cytotoxlc agents

ln experlmental and pathologlcal condltlons. These tnsults
can lrreverslbly destroy the cel lular lntegrlty of the blood

braln barrler and thereby open the blood braln barrler.
Hervonen el Al_ have recent I y shown that Z_

methyl-4-chlorophenoxyacetlc acld (McpA), a herblclcte, causes

reverslble blood braln barrler damage whlch leads to the ab_

normal entry of serum protelns and the herblclde ltself lnto
the braln (91). At the outset of thls present work, lt was

postulated that damaglng of the blood braln barrler occurs ln

the presence of organophosphorus compounds and that th I s I s

responslbte for al lowlng quaternary oxlme compounds I lke 2-pAM

I nto the bra i n. Th I s present study does not support that
hypothesls but does support the hypothesls that 2-pAM enters
the braln due to a partltlonlng from blood to bratn. other
factors may a I so have an I nf I uence on the amount of 2-pAM

cross I ng the b I ood bra I n barr I er .

Llgtensteln ln hls doctoral thesls lnvestlgat_
I ng the synerg I sm of the cho I I nesterase react I vat I ng

blspyrldlnlum oxlme Hl-6 and atroplne ln the treatment of or-
ganophosphate po I son I ng found that the concentrat I on of H I -6
ln the braln was dose dependent but concluded that slmple
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lncreases In Hl-6 concentratlon ln the blood was not the only

cause of the I ncreased amount of H I -6 I n the centra I nervous

system (125). He suggested that damage to the blood braln
barrler provoked by selzures and by mere AChE lnhlbltlon ln

the central nervous system contrlbuted to the entry of Hl-6

lnto the braln as wel I . ln the present work, a def lnlte dose

dependent partltlonlng of 2-pAM between the serum and braln,
whlch was malntained ln the presence or absence of DFp, was

seen and th ls part lt lon lng was of pr lmary lmportance for
transport 2-PAM lnto the braln. There was an lndlcatlon that
the same mlght be occurrlng for a comblned solutlon of 2-pAM

and atroplne, however only z doses (5o & 75 mg/Rg) were ob-

talned because of enhanced toxlclty of z-pAM by atroplne l.e.
s lgn I f lcant deaths occurred at the 75 mg,/kg dose of 2_pAM ln

the absence of DFP.

Certalnly other factors, such as lncreased AChE

lnhlbltlon resultlng ln accumulatlon of Ach ln the central
nervous system, hypercapnla, blood pressure, selzures and tem-

perature are known to I ncrease or decrease the permeab I I i ty of
the blood braln barrler. These factors are secondary effects
of ox lmes and organophosphates and shou I d be cons I dered as

secondary lmportance ln the passage of 2-pAM from serum to
braln. Although all the parameters wlll be hard to maintaln,

certalnly further work conslderlng thelr lnvolvement wlth Z-

PAM and lts passage lnto the braln from serum wl I I be
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completely understand how all are

of the I lterature does glve

few exp I anat I ons

the presence or

wel I as provldes

occurr I ng. Some

of why some of the

absence of 2-PAM I n

some suggest I ons as

dlscrepancles

the braln have

rlse to a

regard I ng

ar I sen as

posslbly be

the I I terature

to what may

of the controvers I es found I n

wlth respect to the central effectlveness or noneffectlveness

of oxlmes can be attrlbuted to the dose and tlme of ad-

mlnlstratlon of the oxlmes. ln some lnstances low doses glven

wel I after the aglng of the enzyme AChE has occurred have

ylelded poor reactlvatlon results. Other varlables such as

the nature of the organophosphorus compound, Þresence or ab-

sence of other drug therap I es and/or I I fe support I ng

treatment(s) have al I alded ln the confuslon regardlng the ef-
fect I veness or nonef fect I veness of 2-PAM.

The work of Sundwall, whlch concluded plasma

levels of 4 uglml P2S counteracted the neuromuscular blockade,

bradycardla, hypotenslon and resplratory dlstress of sarln
polsoned anlmals, placed a lot of emphasls on obtainlng that

level of oxlme for protectlon (191). Sundwal I dld say that

lower concentratlons of P2S may be utl I lzed lf atroplne was to

þe used as a support I ng therapy. Th I s suggest I on has recent I y

been supported by Jovanovlc et al who found that a serum con-

centratlon of 2.7 uglml Hl-6 obtalned by an osmotlc mlnlpump



't 47

lmp I ant I n the presence of atrop I ne and d I azepam was ap-

proxlmately 3-fold more protectlve (LD5O = 62.2 mg/kg) than

atroplne and dlazepam alone (LD5O = 162.5 mg/kg) when chal-

lenged wlth sarln (1O4). ln addltlon, a plasma level of 2.5

uglml 2-PAM ln the presence of atroplne and dlazepam support-

I ng prophy I ax I s was found to be 2-fo I d ( LDSO=27O mg/kg) more

protectlve. They found that there was good perlpheral reac-

tlvatlon of sarln-lnhlblted AChE and that reactlvatlon of the

CNS AChE was lncreaslng wlth tlme. Wlth the level that

Jovanovlc et al descrlbed and the level found ln thls study

one cou I d extrapo I ate from th I s work and suggest that ap-

proxlmately 60 nglml 2-PAM would be found ln mouse braln.

Thls seemlngly unlmportant quantlty of 2-PAM found tn the

braln mlght be of lmportance ln the braln afteral l. Green has

suggested that a "mlnlmal" level of AChE actlvlty ls necessary

for the I lfe or death of an organlsm and that thls level be

between O.1-1O% of control values (75,76,77). Kewltz and

Nachmansohn determlned thls mlnlmal level to be approxlmately

2 .5o/o of norma I AChE act I v I ty of the whole

the mlnlmal

bra i n homogenate

I eve I suggest I on(112). BaJgar gE. al_

a llttle further ln

level is dlfferent

have carr I ed

that they have

for dlfferent

suggested that the m i n lma I

parts of the brain wlth the

pontomedullar area belng most lmportant (13,14).

results, the mlnlmal level of AChE actlvlty ln the

lar area was proposed to be 2o'6 of norma I actv lty.

From the I r

pontomedu I -
The factors
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effectlng blood braln barrler penetratlon as dlscussed pre-

vlously coupled wlth the dlfference ln concentratlon of

homogenates on a welght per volume basls could have also af-
fected centra I react I vat I on resu I ts. Th I s may have been the

case ln the present lnvestlgatlon for no central reactvlatlon

of AChE was found even though a level of approxlmately 4OO

ng,/m I

that a

2-PAM was found ln the braln. However, lt ls posslble

some central reactlvatlon dld occur ln local lzed

area(s) of the braln but slnce

used, th l s

examlnlng

amount of

cou I d not be eva I uated

d I screte areas of the

as any clots
braln. ln

wh lch may

exclslon of the whole a recent

whole braln homogenates were

I n th I s study. Further work

braln wlth regard to the

have formed after

report by Llg-

ln rat braln, h€

2-PAM present versus react I vat I on propert I es needs

questlon. ln addltlon, the

2-PAM obta I ned after I nject lon

to be carr I ed out to answer that

2-3 rn I nute peak serum leve I of

and d I screte bra I n area amounts of 2-PAM and the react I vat I ng

capabl I ltles of the central 2-PAM need to be tnvestlgated to
determ I ne whether or not the presence of nanogram quant I t I es

of 2-PAM centrally offer that small protectlon ln a dlscrete

area of the braln whlch ls necessary to malntaln I lfe.
Conslderatlon of resldual blood content ln the

bra I n was a I so taken I nto account. Care was taken to remove

any traces of blood due to mlcrovessels on the surface of the

whole braln as well

tensteln looklng at the concentratlon of Hl-6
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employed a correctlve measure for resldual blood ln rat braln
by cons I der I ng the b I ood content of the bra I n as measured by a

hemoglobln assay (126). For rat braln, the blood content ln

the braIn of exsanguInated anlmaIs ranged from 16.g to 24.z

ul/g w/w and was not dependent upon the Hl-6 concentratlon.
He concluded that braln tlssue levels after correctlon for Hl-
6 content of resldual blood ln braln are measurable but was

unab I e to conc I ude whether or not the concentrat I on of H I -6
found ln braln was contrlbutlng to the therapeutlc effect ln

the case of organophosphate polsonlng. lt was found that ap-
plylng the correctlon factor Llgtensteln obtalned for the
resldual blood ln rat braln to the mouse bralns utlllzed ln

the present work that 2-pAM wou I d st I I I be present I n

measurable quantltles ln the mouse braln. As has already been

mentloned, although no prophylactlc or therapeutlc effect, âS

measured by AChE reactlvatlon, was demonstrated ln the present

study, lt does not mean that a smal I reactlvatlon occurrlng ln

a locallzed part of the braln, whlch would have been masked by

measurement of whole braln AchE actlvlty, has not occurred.
Some reactivatlon of serum AchE actlvlty was found but only at
the hlgher doses of 2-pAM (Tables 14 and 15). Thts result ls
cons I stent w I th the theory that per I phera I ef fects of 2-pAM

may be more important than lts central effects. lt must be

kept ln mlnd however that 2-pAM has been shown to enter the
central nervous system and lts actlon there must be clarlf led
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ln order to determlne lts slgnlflcance ln the overal I efflcacy

aga I nst organophosphate po I son I ngs.

Llgtensteln also noted that loadlng of the

central nervous system wlth Hl-6 occurred rapldly (wlthln z

mlnutes) when the concentratlon gradlent over the blood braln

barrler was large enough to provoke passage lnto the central

nervous system (126). Several authors have shown the exlst-
ence of a rapldly equlllbratlng compartment ln the braln be-

hlnd the blood braln barrler and I lnk the measured compartment

to a physlcally extsttng raptdty equiltbrattng space (126).

Llgtensteln also found that after loadlng of the equl I lbratlng
spaces, H l -ô was further d l str l buted over l arge areas of the

central nervous system and suggested that most of lt wlll be

located ln the cerebrosplnal fluld as has been documented for
cl4-obldoxlme. The mean resldence tlme of a molecule of Hl-6
ln the

than I n

central nervous system was found to be 3.S tlmes

the b I ood I n the present

by atrop I ne

As Llgtensteln

work, a peak tevel of

I onger

2_PAM

was obtalned at 3 mlnuteswhlch

(Tables

level

nervous

was enhanced

6 and

may be

system

10) . has suggested, that peak

sufflclent to provoke passage into the central

on I ts own.
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c. Toxlcology

lnltlal ly, lñ order to explaln why an lncreased

numþer of anlmals were explrlng from lnJectlon of a comblned

solutlon of atroplne and lncreased doses of 2-pAM, toxlclty
stud I es were undertaken. The resu I ts of the stud I es have

slnce been determlned to be conslstent wlth the small amount

of I lterature aval lable on thls subJect (Tabte 16). ln a

paper by Sanderson and Edson, lt was found that slmultaneous

admlnlstratlon of 17.4 mg/Rg atroptne t.p. reduced the l.p.
LDSO of 2-PAM ln femate rats from 4oo to 15o mg/kg (177). At-
though they excluded thls "anomalous" result to the chemlcals

whlch had been used, al I deaths were not attrlbutable to the

quallty of the chemlcals. ln thelr dlscusslon, Sanderson and

Edson referred to the work of Fournel who had also lndlcated a

sllght mortallty lncrease of atroplnlzed mlce when the total
PAM dose was lncreased from so to too mg/Rg. Davles et al

have shown that the l.m. admlnlstratlon of a comblned solutlon
of P2s and 17.4 mg/kg atroplne lhcreased the LDSO tn mtce to
218 mg/kg f rom 231 mg/kg found for P2S adm i n I stered a I one

(5O). A siml lar lncrease ln toxlclty for P2S and atroplne was

demonstrated ln gulnea plgs but was not found to occur ln the

rat. They have suggested that s I nce the prob I t/ I og dose

regresslon I lnes were found to be essentlal ly paral lel for a

g I ven spec I es I n the presence and absence of atrop I ne and

provided it ls known ln whlch dlrection atroplne lnf luences
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toxlclty ln a glven specles, an approprlate adJustment ln such

estlmates of "safe" doses could be made. Boskovlc e! a_L have

obtalned slml lar results ln rat, mouse and gulnea plgs for the

admlnlstratlon of PAM and 14.4 umol/kg atroplne (32¡. They

found that atrop I ne af fected the acute tox I c I ty of ox lmes I n

two opposlng ways, l.€. lncreased toxlclty ln mouse and guinea

plg but decreased toxlclty ln rats.
As has been I I lustrated there ls a pauclty of

lnformatlon regardlng the acute toxlclty of oxlmes ln the
presence or absence of atroplne. Results ln thls work whlch

utlllzed the mouse as the anlmal model are conslstent wlth the

avallable references. The LDso for z-pAM l.p. ln mlce was

found to lncrease substantlally to 96.3 mg/kg from 141 .a mg/kg

when coadmlnlstered wlth atroplne (Table 16). Thls occurrence

may posslbly be connected to the bel lef that low concentra-
tlons of 2-PAM potentlate the actlons of Ach at nerve endings

and so posslbly lncrease the toxlc ef f ects produced by Ach ac-

cumulatlon (32). Thls effect may also occur for atroplne
wh lch does have centra I muscar I n lc effects and a short dura-

tlon of actlon. PAM, although actlng prlmarily at perlpheral

nlcotlnlc receptors, may also be exertlng some effects
central ly for thls work, âs wel I as others, have demonstrated

the presence of 2-PAM ln the braln. overal l, both the centrat
and peripheral effects of 2-PAM and/or the accumulatlon of ACh

may be involved ln the lncreased toxlc effects seen ln the
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presence of atroplne. Although thls work does not dlspute the
eff I cacy of the comb I ned use of 2-pAM and atrop I ne I n the
treatment of accldental or lntentlonal polsonlngs by or_
ganophosphorus compounds, lt does suggest that care be taken

when admln lster lng large doses of ox tme, ln part lcu lar 2_pAM,

ln the presence of atroplne for the acute toxlclty of 2-pAM ln
dogs, LDSO = 75 mg/kg, and ln mlce, LDSO = g6.3 mglkg (32;
thls study). These resurts pornt to the need of carefur ad-
m I n I strat I on to humans who have been exposed to organophos_
phorus compounds because the h I ghest recommended dose of z-pAM

I n that r nstance has been suggested to be 5o mg/kg

( 1 ,74, 156, 159 ) .
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d. HyPothermla

The coord I nat I on of sympathet I c and parasym-

pathetlc responses ls shown ln the regulatlon of temperature.

Thls complex functlon lnvolvlng wldespread physlcal and cheml-

cal processes ls medlated by 2 hypothalamlc mechanlsms, one

concerned with the dlsslpatlon of heat and the other wlth lts

conservat I on. Both mechan I sms are antagon I st I c to each other

but do functlon lndependently wlth contlnual lnterrelatlonshlp

and counterba I anc I ng. The anter I or hypotha I amus I s concerned

wlth mechanlsms for dlsslpatlon of heat whl le the posterlor

hypothalamus ls concerned wlth control mechanlsms for conser-

vatlon and lncreased heat productlon.

It has been shown that chol lnomlmetlcs lnJected

lnto the anterlor hypothalamus lnduce a short lastlng

hypothermla ln the rat whlch could be prevented by atroplne
(149,151-153) zeltler has observed hypothermta ln mtce fol-

lowlng admlnlstratlon of central ly actlng chol lnerglc

stlmulatlng drugs and concluded that lt was the result of
central muscarlnlc stlmulatlon because hypothermla was found

to appear ln perlpherally protected anlmals and was an-

tagonlzed by atroplne(21o). Meeter and wotthuls found that

sublethal doses of ChE lnhlbltors evoked a hypothermla tn the

rat (151). Subsequent lnvestlgatlons by Meeter and Wolthuls

regardlng the mechanlsm of hypothermia concluded that lt was

the result of chollnerglc excltatlon of synapses ln the
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anterlor hypothalamus whlch leads to a lowerlng of the set
polnt for heat release (SPHR) of the hypothatamlc thermostat
so that heat ls lost by vasodl latatlon and a reduced heat
productlon probably caused by a decrease of metabol lsm ln the
llver (149). ln further lnvestlgatlons, Meeter and wotthuts
concluded that antlchE hypothermla coutd be used ln the
evaluat lon of central effect tveness of ant ldotes ( l49). They

found that after t hour there were hypothermla-reduclng ef_
fects of P2S ( 1 SO mg/kg; | .p. ) I n rats that had been
pretreated w lth DFP (1 .2 mg,/kg; I . p. ) . A tso when tntroduced
ln to the subarachnold space, hypothermla-reduclng abllltles
of P2s, tr lmedox lme and ob ldox lme were seen w I th vary I ng

abl I itles- Thrs suggested that the drfferences rn effrcacy
known for the 3 oxlmes followlng l.p. lnJectlon may be due to
thelr hypothermla-reduclng abllltles. Kenely et a.L have shown

a dose dependent hypothermla for the l.p. admlnlstratton of
DFP to rats whlch was found to be antagonrzed by a combrned

s.c. lnjectlon of atroplne and 2-pAM for a 10 mglkg dose of
DFP l'p' ( 110). No antagonlsm of hypothermla however was seen

wlth a 2 mg/kg dose of DFp admlntstered by l.p. lnjectton when

2-PAM was admlnlstered by a s.c. lnJectlon. They also found
that a sl lght hypothermla was present for the s.c. admlnlstra-
t I on of atrop I ne and 2-pAM a I one.

There are a number of studles whlch have sug_
gested that an artlflclal ly lnduced hypothermla as opposed to
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a voluntary hypothermla (ln hlbernators) ls accompanled by an

lncrease ln blood braln barrler permeabtllty (117). The

resu I ts of those I nvest I gat I ons are far from cons I stent . For

example the temperature at whlch the barrler becomes permeable

appears to be d i f ferent between stud I es and between spec I es.

ln addltlon, the duratlon of hypothermla lnsult requlred to
"open" the barrler remalns unclear and may reflect varlablllty
ln the condltlons of lnduclng and malntalnlng a hypothermlc

state and ln the measurement technlques employed.

I n the present study, I nc I us I on of appropr I ate
controls and conslstency of methodology were careful ly
ma I nta I ned. A dose dependent hypotherm I a was found for the

l.p. admlnlstratlon of 2-pAM (5O-125 mg/kg; Tabte 17; Ftgure
32). Thls dose dependent hypothermla corretated well to the

dose dependent nature seen when the concentratlon of 2-pAM ln
serum and braln were determlned by HpLc anatysls. ln addltlon
some hypothermla-reduclng effects were seen when 2-pAM or 2-
PAM plus atroplne were admlnlstered prophylactlcal ly or

therapeutical ly ln mlce chal lenged wlth DFp (Tabte 17; Ftgures

33 to 46). Utlllzlng the suggestlon of Meeter and Wolthuls

that hypothermla can be used to evaluate the central effec-
tlveness of oximes, the results of thls work correlate wel I

(151). ln additlon the posslblllty of the barrler lnsutt due

to hypothermla lncreaslng the permeablllty of the blood braln
barrler cannot be lgnored for certalnly a low dose of DFp
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and/or I ncreas I ng doses of 2-pAM can I nduce a substant I a I

hypotherm I a themse I ves.

Cons I derat I on of the ef fects of hypotherm I a of
norma I rnetabo I lc occur rence must a I so be taken I nto cons I dera-
tlon for they may account for 2-pAM,s presence ln the þraln as

wel I as the enhanced toxlclty of 2-pAM ln the presence of
atroplnè and the lncreased levels of 2-pAM ln the presence of
atroplne. Atroplnewas found to lnduce a sllght hypothermla
by ltself that was found to reach a maxlmal effect sl lghtly
faster than 2-pAM or DFp. when comblned wlth 2-pAM, the ef_
fect of the I nd I v I dual hypotherm I as from 2-pAM and atrop I ne

was found to be addltlve. Kalser el Al- have found ustng C14_

atroplne that hypothermla prlmarl ly reduces the blotoglcal
transformatlon of atroplne and secondarl ly decreases the rate
of lts excretlon (1OS). The prolonged presence of atroplne
may account for lts efflcacy, when admlnlstered alone, âs wel I

as the enhanced protectlon when admlnistered ln comblnatlon
w I th an ox lme. The rap I d onset of hypotherm I a and faster
recovery from the hypothermla may also afford the greater
protect lon seen when both an ox lme and atrop i ne are ad-
mf nlstered therapeut lcal ly agalnst organophosphate polsonlng.
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2. Chrontc Study

The data obta r ned from the chron r c stud r es sup-
ports the data obtalned from the dose dependent partltlonlng
of 2-PAM f rom serum to bratn and the hypothermla studles. 2_

PAM was detected ln the braln ln nanogram guantltles but no

slgnlflcant dlfferences were found when comparlsons from day

21 to control (Table 1g). Thls suggests that 2_pAM was not
enterlng the braln by an altered permeablllty of the blood
braln barrler due to a presence of DFp. Rather, srnce serum
concentrat ¡ ons of 2-pAM were cons r stent over 21 days, one

would expect the braln concentratlons to be conslstent ln vlew
of the fact that partltlonlng from the serum to the braln (as
has a I ready been d I scussed) was occurr I ng.

S r nce the DFp dosage was r ncreased week r y to guard
agalnst development of tolerance, reactlvatlon of AchE could
not be determrned. rt can be suggested that a mrnrmar AchE

actlvlty ls necessary to malntaln I lfe. However the lower
I imlt was not chal lenged because the study was termrnated at
21 days. At 21 days , 74% lnh lb lt ion of the serum AchE and g40/o

lnhlbltlon of braln AChE was found.
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V. Conc I us I ons

Regard I ess of the parentera I route

the amount of 2-PAM I n the serum and I ts
half-llfe were not slgnlflcantly dlfferent.

of admlnlstratlon,

serum el lmlnatlon

The admlnlstra-
tlon of 2-PAM and atroplne as a comblned solutlon was found to
elevate the peak levels of 2-PAM whlch were

serum at 3 minutes but dld not effect lts

obtalned ln the

serum e I lm lnat lon

half-llfe. Thls data suggests the lmportance of obtalnlng a

peak serum level wlthln the flrst few mlnutes after
therapeutlc admlnlstration of oxlme. lt appears that the

rapld absorptlon of 2-PAM may be affordlng the lnltlal protec-

tlon necessary both central ly and perlpheral ly to malntaln
llfe whlch can then be subsldlzed by other therapeutlc agents

and llfe supportlng technlques. Experlments examlnlng the
value of the peak concentratlon versus malntalnlng a constant
serum level need to be carrled out to determlne the lmportance

of the exper lmenta I f I nd I ngs.

The mechan I sm for the I ncreased tox I c I ty of 2-pAM I n

the presence of atroplne, the lncrease ln serum level of 2-pAM

when atroplne ls admlnlstered cojolntly and its slgnlficance
ln the role of therapy have lncomplete explanatlons at
present. lt ls paramount however that further work addresslng

those areas be carrled out for when humans are to be the

reclplents of

be taken not

the aval lable oxlme-atroplne therap I es care must

wh I ch may beto lnduce further toxlc events
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occurr I ng from the ant I dotes themse I ves.

The presence of 2-PAM ln the braln has long been ques-

tloned ln the I lterature. lt was determlned that z-pAM does

penetrate the blood braln barrter because of a concentratlon
gradlent whlch ls establ lshed between the serum and the braln.
There ls some lndlcatlon from the hypothermla studles carrled
out ln thls thesls that there ls some central effectlveness of
the 2-PAM that ls present. euestlons regardlng what level is

necessary to cause reactlvatlon, what speclflc braln area ls

most vltal to be reactlvated and/or what overall ef fect of the
presence of low level quantltles of 2-pAM ln the braln have to
be addressed. The effect of the hypothermla tnduced by or_
ganophosphorus compounds and oxlrnes themsetves as wel I as the

determ I nat I on of the per I phera I versus centra I effect I veness

ln comblnatlon wlth other theraples and ,llfe support tech-
nlques remaln to be carrled out. certalnly the phar-

macoklnetlc mechanlsm(s) regardlng the functlonlng of oxlme

and atroplne ln a hypothermlc model would be helpful ln

determlnlng how they may be functlonlng ln an organophosphate

po I soned system. As most authors now agree, react I vat I on may

not be the only mechanlsm by whlch oxlmes exert thelr antldo-
tal actlon. A careful ly control led study examlnlng most of

the varlables mentloned such as dose of oxime, particular
oxlmes ln response to partlcular organophosphorus compounds,

presence or absence of supportlng therapy(s), mechanlstlc
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r esÞonses

know I edge

have been

of therapy(s)

of the var lous

af fected wou I d

to hypothermlc condltlons as wel I as

organs affected and ln what way they
prove beneflclal to the understandlng

ox lmes ln the protect lon aga lnst or_
ganophosphate po I son I ng.

It seems most evldent that one unlversal antldote whlch
would be effectlve agalnst all organophosphorus compounds ls
not forthcomlng. lt ls thls author,s feel lng that a fut I ln_
vestlgatlon of theraples lncludlng partlcular oxlme functlon
wlth regard to part lcular organophosphates at var lous t lmes

after exposure and doses be carrled out so that a I lstlng of
the best posslble treatments are at hand should one be con-
fronted wtth the posslblilty of havlng to treat a case of ac_

cldental or lntentlonal organophosphate polsonlng. tt ls
hoped however that future rnvestrgatrons wourd provrde a more

unlversal emergency treatment, lf not prophylaxls, whlch would
be ava r r ab r e for rout r ne use aga r nst organophosphate
lntoxlcatlon.

of the mode of act lon of
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