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Sixteen compounds of the general structure {HON: CH.C,H,N+ LCH,],, R+}2Br- have been
synthesized in which the position of the oxime group in the pyridine ring, the second charged
group R+ and the number of methylene groups between the charged atoms have been varied.
The rate at which these compounds reactivate cholinesterase inhibited by ethyl pyrophosphate
has been studied and a number have been found which are more active than 2-hydroxyimino-
methyl-N-methylpyridinium methanesulphonate. Since considerable variation in structure
was found among those compounds which are better reactivators than the latter, the concept
that 2-hydroxyiminomethyl-N-methylpyridinium salts are unique in their ability to fit the
surface of the inhibited enzyme is no longer tenable. The reactivating power of these oximes
correlated well with their ability, when given in conjunction with atropine, to save the lives of
mice poisoned by ethyl pyrophosphate. The most effective compounds, NN’-trimethylenebis-
(4-hydroxyiminomethylpyridinium bromide) and NN’-hexamethylenebis(2-hydroxyiminomethyl-
pyridinium bromide), contained a further oxime group in R+, but the second oxime group was
not essential for high activity. These new oximes were also superior in saving the lives of mice
poisoned with sarin (isopropyl methylphosphonofluoridate), but the improvement was not as
dramatic as when the mice were poisoned with ethyl pyrophosphate. The toxicity of the com-
pounds varied with both » and R+ and was unrelated to the therapeutic potency.

Oximes derived from pyridinium aldehydes
have been shown to be potent reactivating agents
for cholinesterase inhibited by organophosphates

and of considerable value in treating organo-
phosphate-poisoned animals, especially when
given in conjunction with atropine. Until recently,
the most effective compound in both these
respects was 2-hydroxyiminomethyl-N-methyl-
pyridinium iodide (pyridine-2-aldoxime methio-
dide; P2AM) or the methanesulphonate (P2S)
(for review see Davies and Green, 1959).
Poziomek, Hackley and Steinberg (1958) and,
independently, Hobbiger, O’Sullivan and Sadler
(1958) have described a new group of oximes,
NN’ - polymethylenebis(4 - hydroxyiminomethyl -
pyridinium) compounds, with general structure
(I) which were reported to be at least as effective,
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or even better, both as reactivators and as
antidotes to organophosphates. We have examined
sixteen compounds with the more general
structure (II), in which we have varied the
number of hydroxyiminomethyl groups and
their positions in the pyridine ring or rings,
the number of carbon atoms between the two
charged atoms, and the nature of the second
charged group R+. These compounds have been
tested for their ability to inhibit cholinesterase and
to reactivate cholinesterase inhibited with organo-
phosphate, for their ability to save the lives of
poisoned mice, and for their intrinsic toxicity. A
moderately good relationship has been shown
between life-saving properties and ability to
reactivate, whereas none can be seen between
either of these properties and intrinsic toxicity.
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METHODS

Preparation of Oximes. — 2-Hydroxyiminomethyl-
N-methylpyridinium methanesulphonate was prepared
as described by Davies, Green, and Willey (1959).
Symmetrical compounds of the formula (I), but in
which the position of the hydroxyiminomethyl groups
in the rings was varied, were obtained by the
method of Poziomek et al. (1958) from the
appropriate pyridine aldoxime. For compounds with
the hydroxyiminomethyl group in the 2-position in
the pyridine ring, acetone was preferred as a solvent
to ethanol, but even so yields were only about 1 to
29,. Unsymmetrical compounds (II) in which R+
was a charged group such as  pyridinium,
isoquinolinium, or triethylammonium, were prepared
by either of two routes. Yields by both methods
were generally satisfactory.

(i) The tertiary nitrogen compound was boiled
under reflux with 4 mol. equivalents of the poly-
methylene dibromide in anhydrous benzene. The
N-g-bromoalkyl compound crystallized out on
cooling. This compound (in some cases after
recrystallization from ethanol) was dissolved in
anhydrous ethanol and was boiled under reflux for
16 hr. with 1 mol. equivalent of 4-hydroxyimino-
methylpyridine. Sometimes the diquaternary oxime
crystallized out on cooling, but in some cases,
especially when the second base was aliphatic, the
product was obtained on evaporation of the solvent
as a deliquescent gum which solidified only after
prolonged drying over P:Os.

(ii) During the preparation of the symmetrical
dioximes, some N-(o-haloalkyl)-hydroxyiminomethyl-
pyridinium halide was often obtained as a by-product.
These compounds, when boiled in ethanol with an
unsaturated heterocyclic base, gave the desired
unsymmetrical diquaternary oximes.

Table I shows the compounds prepared, and their
elemental analyses and melting points. For ease of
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reference the structures have been indicated by the
following code: The position of the hydroxyimino-
methyl group in the pyridine ring is indicated by the
first figure and, in the case of dioximes, also by the
third figure. The number of methylene groups
between the quaternary atoms is indicated by the
second figure. In unsymmetrical compounds the
nature of the group R+ (formula II) is indicated by
a terminal letter or letters. For example, NN’-

‘hexamethylenebis(4 - hydroxyiminomethylpyridinium

bromide) is designated C4.6.4, and trimethylene-1-
(3-hydroxyiminomethylpyridinium) - 3 - isoquinolinium
dibromide is designated C3.3.IQ. The initial letter
C denotes this particular series of synthetic
compounds.

Inhibition of Cholinesterase by the Oximes.—
Washed human erythrocytes suspended in an equal
volume of 0.99%  NaCl were used as the source of
true cholinesterase. Activity of cholinesterase in the
presence of most of the compounds was determined
by continuous titration at pH 7.4 and 25°. The acid
produced when 0.5 ml. of the enzyme preparation
was added to a stirred mixture of 4.4 ml of
0.3M-KCl, 0.5 ml. of 0.1M-acetylcholine iodide, and
0.6 ml. of oxime dissolved in 0.IM-KCl was titrated
with: 0.IN-NaOH.

Reactivation of Cholinesterase—Washed human
erythrocytes were shaken gently for 30 min. at 25°
with an equal volume of 099 NaCl containing
107%M ethyl pyrophosphate. The cells were washed
with ice-cold saline to remove excess ethyl pyro-
phosphate and were then suspended in an equal
volume of saline and stored in a refrigerator until
used. 10 ml. of the cell suspension was mixed with
10 ml. of a solution of reactivator in barbitone buffer
pH 7.4 (0.0lm barbitone sodium, 0.002M-KH-PO.
and 0.3M-KCl) kept at 25°. At suitable times, 1 ml.
samples were withdrawn and their cholinesterase
activity determined by the electrometric method

TABLE 1
COMPOUNDS PREPARED

Code numbers, empirical formulae, analyses, and melting points of the oximes tested Del.=
MP, 4-methylpyridinium; NEtg, triethylammonium; IQ, isoc

P, pyndlmum H

dellquescem, ST, S-thiouronium;
ion of code see text.

Analysis
Code No Empirical Formula C H N ]\;ICP
Calc Found Calc. Found Calc. Found
C4.3.8T C,0H4ONSBr, 30-1 301 38 43 205-6
C4.2.4 14H 1602 N4Br, 13-0 12-8 285
C4.3.P C;4H;;0N,Br, 10-4 103 212
C2.3.2 1sH130; N (Br, 40-4 40-0 41 4-4 226-8
C3.3.3 15H140: N Br, 40-4 399 41 44 203
Ca.3.4 16H1402N (Br, 404 403 41 43 126 12-1 222
C43.MP 1 *H, 0N, Br, 10-1 98 2056
C4.3.NEt, 15H2,0ON;Br, 42-4 421 6-4 7-0 Del.
C4.4.4 16H2002N (Br, 41-7 41-1 44 49 245-6
C3.31Q 1 H1yON,Br, 477 475 42 47 93 87 1.
C4.3.1Q 18H19ON3Br, 9-3 91 215-6
C2.3.1Q 18H19ONGI, 77 74 219
C2.6.2 CigH,40,N,Br, 44-3 435 50 53 11-5 11-0 205-7
C3'6.3 1sH3 40, N Br, 443 443 5-0 53 240
C4.6.4 18H2 4O N4 Br, 443 440 50 56 212-4
C4.10.4 C,,H3,0,N,Br, 10-3 9:6 210-2
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(Michel, 1949). In order to measure the total possible
extent of reactivation 2 ml. of inhibited enzyme
suspension was incubated with 2 ml. 0.02m hydroxy-
iminoacetone in barbitone buffer for 6 hr. at 25°,
when reactivation was effectively complete (Davies
and Green. 1956).

Animal Experiments—All the experiments were
carried out on female mice weighing 15 to 25 g.
Saline solutions of ethyl pyrophosphate or sarin
(isopropyl methylphosphonofluoridate) were injected
in a volume of 10 ml./kg. subcutaneously into the
loose skin at the back of the neck. The oxime (for
doses see tables) and atropine sulphate, 17.4 mg./kg.,
were given intramuscularly in a volume of 3 ml./kg.
into the outer aspect of the hind leg, either 10 min.
before or 1 min. after injection of the organo-
phosphate.

REesuLTs
Inhibition and Reactivation of Cholinesterase

Table II shows the inhibitory effect of
diquaternary oximes on erythrocyte cholinesterase.
At 2 x107°M only those compounds in which the
two quaternary nitrogen atoms are separated by
six or more carbon atoms show any significant
inhibition. This increase of inhibitory power with
increase in chain length is similar to that found
with other diquaternary alkanes (Paton and Zaimis,
1949). Reactivation was carried out with an
oxime concentration of 2 x 107°M. For assay, the
solution was diluted tenfold, thereby reducing the
oxime concentration to 2x 10™°M. At this con-
centration, only C4.104 gave any measurable
inhibition and that only 40%, so any apparent
failure to reactivate could not have been due to
inhibition by the oxime during assay.

Interpretation of the reactivation experiments is
made difficult by the apparent complexity of the
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F1G. 1.—Reactivation of cholinesterase inhibited with ethyl pyro-
phosphate by oximes in concentrations of 2 x 105 M, pH 7.4 and
25°. A: C2.6.2. B: C43.1Q. C: C3.6.3.
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TABLE II

INHIBITION OF CHOLINESTERASE, AND REACTIVATION
OF DIETHYLPHOSPHORYL-CHOLINESTERASE, BY DI-
QUATERNARY OXIMES

The concentration used 2x10-5 M, pH 7-4 and 25°. Compounds
marked n.t., not tested.
Time
9% Requir"ed
Compound Inhibi- | for 257
tion :
vation
(min.)
2-Hydroxyiminomethyl-N-methylpyridinium
methanesulphonate .. . 0 60
4-Hydroxyxmmomethyl—N-methylpyndlmum
methanesulphonate . . 0 >300
Aldoxime i
Py Chain
Positions or
End Group Length
Group 1 C4.24 4.4 2 0 5
Polymethyl- | C4.3.4 4.4 3 0 5
ene C4.4.4 4.4 4 0 7
4,4'-diald- | C4.6.4 4.4 6 32 25
oximes C4.10.4 4,4 10 88 >300
Group 2 C2.3.2 2,2 3 0 120
Trimethylene {03 3.3 3,3 3 n.t. 220
dialdoximes | C4.3.4 4.4 3 0 5
Group 3 1. [C2.62 2,2/ 6 32 4
Hexamethyl- {03.6.3 3y 6 a3 180
d:aldonmes C4.6.4 4.4 6 32 25
Group 4
Mono-
aldoximes | C2.3.IQ 2 3 n.t. 30
with iso- C3.3.1Q 3 3 " >300
quinolyl- | C4.3.1Q 4 0 15
propyl
chain
Group 5 C4.3.4 Pyridinium-4-
Trimethylene - | aldoxime 3 1] 5
4-aldox- 4.4)
imes with | C4.3.P  |Pyridinium 3 n.t. 13
different C4.3.1Q |Isoquinolin- 3 0 15
end ium
groups C4.3.NEt,|Trietkyl-
ammonium | 3 0 130
C4.3.ST [Thiouronium| 3 0 >300

kinetics (Fig. 1). Many of the compounds caused
fairly rapid reactivation during the first few
minutes of contact with the inhibited enzyme, but
then reactivation apparently ceased or continued
only very slowly (Curve B). The level of this
apparent plateau in the rate curve for reactivation
varied with the concentration of the oxime. Even
with those compounds which gave complete
reactivation and showed pseudo-unimolecular
kinetics (Curve A) the apparent second-order rate
constant varied with concentration as was found
earlier with 2-hydroxyiminomethyl-N-methyl-
pyridinium iodide (Green and Smith, 1958). It
was thus not possible to use normal kinetic
constants as a measure of comparative reactivating
power. It was necessary instead to choose some
arbitrary parameter to give some indication of the
actual relative reactivating potencies. A fixed
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reactivator concentration of 2x 107°M has been
used, and the parameter selected was the time
required for 259% of the total inhibited enzyme to
be reactivated. With all the compounds that gave
a plateau effect, as in Curve B, the level of the
plateau at this concentration was above 25%, and
no reactivators which give only an initially rapid
reactivation have been excluded by choosing this
parameter. It is probable that 259% recovery of
the cholinesterase activity in vivo would be more
than sufficient to maintain life (Kewitz and
Nachmansohn, 1957; Rutland, 1958). The
times taken for 259% reactivation are given in
Table II.

The effect of the methylene chain length upon
reactivating power varied with the position of the
hydroxyiminomethyl group in the pyridine ring.
In the 4,4-dioxime series (C4.n.4) reactivating
power fell as the chain length increased ; in the
3,3’-dioxime series (C3.n.3) changing the chain
length from 3 to 6 carbon atoms had no
significant effect, whereas in the 2,2’-dioxime series
(C2.n.2) increasing the chain length to the same
extent very greatly increased the reactivating
power. The compounds with the hydroxyimino-
methyl group in the 3-position in the pyridine
ring were in general very much inferior to those
with the hydroxyiminomethyl group in the 2- or
4-position. This might be expected from earlier
work with the simple hydroxyiminomethyl-N-
methylpyridinium iodides (Green and Smith,
1958). :

The Toxicity of Diquaternary Oximes.—Table
1II shows the approximate maximum non-lethal
dose of most of the oximes given subcutaneously.
The toxicity generally increased with increasing
methylene chain length, although even with a
fixed chain length there was some variation which
depended on the nature of R+, No obvious signs
of poisoning were noticed at 5 mg./kg. with any
of these compounds, while some of the more
promising compounds were not toxic at 50 mg./

TasLE IIT
TOXICITY TO MICE OF SOME DIQUATERNARY OXIMES
The dose recorded is the maxnmum nt }whlch no deaths occurred.

The oximes were given sut o groups of 5 mice.
Dose (mg./kg.)
5 10 20 50
C4.10.4 C4.6.4 C4.24
C4.34
C2.6.2 C2.3.2
C3.6.3 C3.3.3
CA4.3.1Q C3.3.1Q
C4.3.NEt; C4.3.P
C4.3.MP
C4.3.ST
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kg. As with 2-hydroxyiminomethyl-N-methyl-
pyridiniom methanesulphonate (Davies and
Willey, 1958), lethal doses caused muscular
tremors, convulsions, cyanosis and death within
15 to 30 min.

TABLE 1V

EFFECT OF OXIMES ON THE TOXICITY OF ETHYL PYRO-
PHOSPHATE TO MICE

5 mg./kg. of the oxime plus 17-4 mg./kg. atropine sulphate were given
intramuscularly 10 min. before subcutaneous ethyl pyrophosphate.
Number of deaths/group of 6 mice is recorded. Ethyl pyrophosphate
alone caused no deaths at 0-25 mg./kg. and 6 deaths at 0-5 mg./kg.

Dose of Ethyl Pyrophosphate
(mg./kg.)
1 2 4 8 16 | 32 | 64
Oxime
2-Hydroxyiminomethyl-
N-methylpyridinium
methanesulphonate 0 2 5
4-Hydroxyiminomethyl-
N-methylpyridinium
methanesulphonate 5 6
C424 .. [} 3 6
C4.3.4 1 1
Group 1 C4.4.4 1 4 5
C4.6.4 0 3 6 5 5
C4.10.4 2 4 5 6
C2.3.2 3 5 6 6
»w 2 {C3.3.3 1 3 5 4 6
C4.34 . 1 1 4
C2.6.2 . 0 0 2 2
» 3 {C3.6.3 . 1 2 6
C4.64 . 0 3 6 5 5 6
C2.31Q . 1 5 4 6
o 4 {CS.S.IQ . 5 6 5 6 6
C4.3.1Q . 1 3 4 4
C4.34 . 1 1 4
C43.P . 1 3 4 6
5 | C43.MP 0 2 4 6
»” C4.3.1Q .. 1 3 4 4
C4.3.NEt, 1 5 6 6
C4.3.8T .. 6 6

Effect of the Oximes upon the Toxicity of Ethyl
Pyrophosphate to Mice.—Table IV shows the effect
of 5 mg./kg. of the oximes, given with 17.4 mg./
kg. of atropine sulphate 10 min. before various
doses of ethyl pyrophosphate. With few excep-
tions the compounds were at least as effective
as 2 - hydroxyiminomethyl-N-methylpyridinium
methanesulphonate and C4.3.4 and C2.6.2 were
outstandingly good. The effect of increasing the
methylene chain length varied with the position of
the hydroxyiminomethyl group. In the series
C4.n.4 (Group 1) the best had a 3-carbon chain,
whereas with both series C2.n.2 and C3.n.3 (Groups
2 and 3) six methylene groups were better than
three. Of the unsymmetrical oximes (Group 5)
those in which the second charged group R+ is a
quaternary nitrogen heterocyclic group were much
better than those in which it is a thiouronium or
triethylammonium group.
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TABLE V

EFFECT OF OXIMES ON TOXICITY OF ETHYL PYROPHOS-
PHATE TO MICE

10 mg. /kg. of the oxime plus 17-4 mg./kg. of atropine sulphate were

given intramuscularly 1 min. after ethyl pyrophosphate, subcutane-

ously. Number of deaths in groups of 10 animals is recorded.

Ethy] pyrophosphate alone caused no deaths at 0-32 mg. /kg., 10 deaths

t 0-50 mg./kg. At 10 mg./kg. the animals collapsed before oxime
and atropine could be given.

Dose of Ethyl Pyrophosphate
(mg./kg.)

08 16 32| 63 80

Oxime ..

2-Hydroxynmmomethyl-N-
methylpyridinium methane—

c:ulphonate .. 0

C43P .. .. II II 3

o
ww
b

The oximes have been given 1 min. after
ethyl pyrophosphate in only a few experiments
(Table V). Very good results were again
obtained, particularly with C4.3.4. With large
doses of ethyl pyrophosphate in excess of
twenty times the LD50, the animals collapsed or
died before the oxime could be administered. Of
those animals which had not collapsed within the
first minute, a considerable proportion recovered
after treatment.

Effect of Oximes on the Toxicity of Sarin to
Mice.—A few of the more promising compounds
in the treatment of ethyl pyrophosphate poisoning
were also given to mice 10 min. before sarin.
Although they were better than 2-hydroxyimino-
methyl-N-methylpyridinium methanesulphonate
(Table VI) the improvement was not as marked as
after ethyl pyrophosphate.

A more extended series of tests was carried out
giving the oximes one minute aftér poisoning by
sarin (Table VII). Most of them were slightly
better than 2-hydroxyiminomethyl-N-methyl-
pyridinium methanesulphonate, but none was
outstandingly superior.

TABLE VI
EFFECT OF OXIMES ON THE TOXICITY OF SARIN TO MICE

10 mg. /kg. of oxime plus 17-4 mg. kg. atropme sulphate were gwen

intramuscularly 10 min. before sarin, The

of deaths in groups of 6 mice is recorded. Sarin alone caused 1 death

at 02 mg./kg. and 6 deaths at 0-4 mg./kg. C2.6.2 was tested at
5 mg./kg., since 10 mg./kg. killed all mice in 10 to 12 min.

Dose of Sarin
(mg. /kg.)

0-2 04 08 1-6 32

Oxime

2-Hydroxyiminomethyl-N-
methylpyridinium methane‘

sulphonate .. . 0 2 5
C434 .. . .. 1 |13 5 5
C43.P .. .. .. .. 0 5 5 6
C4.3.NEt, .. .. .. 0 1 5 6
C2.6 .. .. .. 1 3 2 3
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] TasLE VII
EFFECT OF OXIMES ON TOXICITY OF SARIN TO MICE

10 mg. /kg. of oxime plus 17-4 mg. /kg. of atropine sulphate were glven

intramuscularly 1 min. after sarin, The of

deaths in groups of '10 mice is recorded. Sarin alone caused 1 death
at 0-16 mg./kg. and 10 deaths at 0-32 mg./kg.

Dose of Sarin
Oxime (mg./kg.)
032 0-40 0-50 063
2-Hydroxyiminomethyl-N-
methylpyridinium methane-
sulphonate . 4 8 9
g o331
Group 1 4 c4i64 . 1 1 1 7
(C4.10.4 .. 4 7 9 7
C2.3.2 . [\} 4 7 9
,» 2 4C33.3 .. 0 2 4 8
C4.34 .. 0 2 4 8
(C2.6.2 .. 4 7 9 7
» 3 <C3.63 .. 2 2 7 7
ic4.6.4 .. 1 1 1 7
C4.34 .. 1} 2 4 8
C43.P .. 0 3 5 8
5 J C43.MP 3 3 6 8
C4.3.1Q 1 1 6 8
| C4.3.NEtg 2 5 6 9
[ C4.3.ST 8 10
DIScUSSION

Many oximes derived from aw-diquaternary
alkanes have been shown to be better than
2 - hydroxyiminomethyl - N - methylpyridinium
methanesulphonate, when given at the same dose
and with atropine, in saving the lives of mice
poisoned with ethyl pyrophosphate. The best of
these, C4.3.4 {NN’ - trimethylenebis(4 - hydroxy-
iminomethylpyridinium bromide)}, at only 5
mg./kg. raised the LD50 of ethyl pyrophosphate
about one hundred fold, whereas the former
substance at this dose raised the LDS5S0 only
fivefold. In mice, these new oximes are
much less effective against sarin poisoning than
against ethyl pyrophosphate poisoning, but by
analogy with 2-hydroxyiminomethyl-N-methyl-
pyridinium methanesulphonate this may not be the
case in other species: the latter is far more effec-
tive against sarin in rabbits and guinea-pigs than
it is in mice (Davies et al., 1959).

Using the time required for recovery of 25% of
the enzyme activity (t,;) as a basis of comparison
many of these newer oximes are better reactivators
than 2-hydroxyiminomethyl-N-methylpyridinium
methanesulphonate. Among the best are the
trimethylene 4,4’-dioxime (C4.3.4) and the hexa-
methylene 2,2’-dioxime (C2.6.2), which are also
the most effective in treatment. This relation-
ship between life-saving and reactivating proper-
ties is fairly general to all the compounds
investigated. Fig. 2 shows the relationship
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Log LD50 of TEPP (mg./kg.)
.

v

| 2 3
Log (1,000/t,,)

FIG. 2.—Relationship between life-saving and reactivating powers of
diquaternary oximes. LD50 of ethyl pyrophosphate (TEPP)
calculated from Table IV; ty4 taken from Table II. <+ Indicates
results for 2-hydroxyiminomethyl-N-methylpyridinium methane-
sulphonate.

between log (LD50) of ethyl pyrophosphate when
given 10 min. after the oxime and atropine, and
log (1,000/t,,).

There appears to be no simple relationship
between these biological properties and chemical
structure. It is clear, however, that the belief that
the 2 - hydroxyiminomethyl-N-methylpyridinium
salts are unique, owing their high reactivating
power to their ability to fit precisely on to the
surface of inhibited cholinesterase (Nachmansohn,
1958) is no longer tenable, since in the series
examined here considerable variation in structure
may be made without affecting their superiority as
reactivators.

The good relationship between the therapeutic
activity of these oximes and their reactivating
powers strongly suggests that the reactivation of
inhibited cholinesterase is the primary therapeutic
action of these compounds. There are, however,
two other properties which could contribute to this
therapeutic action. Firstly, these compounds are
inhibitors of cholinesterase, and if this inhibition
is reversible, as would be expected from their
structure (Austin and Berry, 1953), they may have
a protective action against irreversible inhibitors
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similar to that displayed by eserine (Koelle, 1946).
However, the lack of any correlation between
anticholinesterase and therapeutic action in the
present series (see Tables II and IV) makes this
unlikely. Secondly; because these oximes have
a diquaternary structure, they may block
acetylcholine as does hexamethonium, which has
bzen used successfully as an adjuvant to atropine
(Parkes and Sacra, 1954). The present compounds
have not yet been tested for such actions, but, as
the therapeutic activity and reactivating power
have been shown to be closely related, it is unlikely
that such actions would be of more than
secondary importance in this group of compounds
as a whole.

We are indebted to Mr. G. L. Sainsbury for the
preparation of some of the compounds used ; to Mr.
J. D. Nicholls for assistance with the reactivation
experiments, and to Miss June Petts and Mr. W.
Pearce for help with the animal experiments.
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