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INTRODUCTION

Cholinesterase is the name suégested bj Stedmen (1) in
1952 for the enzyme or enzymes which hydrolyze choline esters.
In view of the importence attached to acetylcholine, whioh is
beliieved by many 1nvest1gators to be the humoral agent by which
the parasympathetlc nerves transmlt their impulses to their
respective end organs, the fundemental importance of this enzyme
iﬁ limiting the action of a nerve to its end organ snd constantly
protecting the body against possible acetylcholine éoisbning
becomes obvious. ' o |

In spite.of numerous rsééarches on the action, specificity,
distribution and physiological function of the enzyme, there are
meny observations which hafé not been ;xplained.

The author began the study of chollnesterase as o result
of the observutlon that when the isolated heart of the marine
clam, Vonus Mercenarla, was bathed in sea water contaznzng a
small quantlty of acetyichollne (from .001 to .000001 mg. per
milllllter) the heart would momentarily stop beating. Vhen
eserine was added (.01 mg. per ml.), vhich is ordinarily assumed
to be suffioieﬁf to inhibit cholinesterase activity completely,
no increase. in sensitivity to a;étyloﬁoline was noted. Dr. David
Glick very kindiy invited me to %isi% his laboratory and to-

gother we studied the distribution of cholincstorase in several
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marine forms. The results of the study, the first of its kind
on species of marine invertebrates.common to the New England
coast around Woods Hole, Massachusetts, will be presented as

the second portion of this thesis.

From the summer of 1938 to the present timo, a large number
of determinations of cholinesterase cctivity have been made,
Several methods have been tried. Because of the difficulties
and limiéatiqns attached to all of the methods which have been
desoribed to date, the scemingly simple method published by
Rinkel and Pijosn (2) was tried. Their method used the Van
Slyke menometric apparatus end in their summary they stated that
the method was, “simple and accurate’.

Preliminary experiments wero performed using their exact
procedure on the cholinesterase activity of rabbit, dog, horse,
and human sora. In the light of previous experience in meuasuring
cholinesterase activity it was soon recognized that determinations
made as they suggested were no real measure of the true enzyme
activity, since the authors apparently failed to recognize all
the chemical reactions upon which their determination depended.
Full consideration of these facts will be taken up later.

It is the purpose of the first portion of this thesis to
pregent a method vhere by the Van Slyke manometric apparatus can

be used to obtain as accurate measurements of cholinesterase
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activity as the design of the apparatus permits.
The rosults obtained by this new procedure will be com-
pared with other accepted methods and advantages and limitat-

ions of each will be disousscd.
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A New Method for Determining Cholinesterase Activity.

{
+A. Chemistry of Cholinesterase Determinations.

The enzymatic decomposition of acetylcholine .proceeds as

follows:

"choline-

Acetylcholine —sx57ass

oholine + moetic acid (1)

‘ Since ucet&icholine is ten thousand times as active |
physiologically as choline itself, the early methods measured
the ectivity of the remaining acetylcfholine on some sensitive
orgen or oserinized-animel. These methods are subjeéf to con-
siderable error and have, for the most part, been abandoned for
more precise and accurate chemical mot@ods. No discussion of
them will be undertaken here.

The eight chemicel methods of enzyme assay (1, 2, 3, 4, 5,
6, 7, 8,) except the colorimetric method of Abdon and Uvnas,
(9) depend on the fact that acetic acid is one of the products
of the hydrolysis (See oquation 1 above). They differ greatly
with regard to details of time, temperature, pH, substrate used
ond concentration of enzymo and:substrate employed.

The simplest procedures are tho direct titration mothads
of Stedman, (16) ot al., Glick, (6) Roepke (11) ond Alles and
Hawes (12). The best procedure of this type socms to be that

of Alles and Hawes, in which fhe ascetic acid liberated is
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. continuously titrated with standard alkali to a constent pH
by the assistance of a glass electrode.
ihe.othe; type is the manometric methods of Ammon, (3)
Stedman end Stedmen, (4) Linderstrgm-Lang ond Glick, (5) end
Rinkel and Pijoan (é). All §f these @epend on the reaction
of the acetic acid produced, wiéh sodium bicarbonate present
in the resction mixture. The CO,; so produced, is measured man-

ometrically.

CHsCOOH + NaHCOz—> CH5COONa + GO, + H50:  (2)

Since these procedures (see page, 56for deteails) ﬂtilize 8 geas
mixture oonsisting of 95% Nitrogen and 5% carbon dioxide to keep
tﬁe reaotion anserobic and saturated w?th carbpn dioxide, the
CO, rosulting from equation 2 will diffuse to the vepor phase end
exert pressure on & menometer. The method has general application
to esterases since it can be epplied validly whenever the acid
released by the hydrolysis of the ester used as the substrate,
is sufficiently ionized to react with the bicarbonate in%olution
and release CO,. Obviously,eunough, bicarbonato ion must be pre-
sont to .eact with the acetic (or other acid) és fast as it is
liborated, otherwise the second reaction becomes the limiting

. factor, ‘

In general, the following oriteris can be gpplied to test

the adequacy of the various chemicol methods:
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1. The enzyme activity e.i., the acetylcholine split or
CO, produced,should give & -straight line function with

1

time.

2. Total hydrolysis figures should be corrected for the
coincident non-engymatic or alkaeline hydrolysis of the

ester.

3. Thé pH ‘and temperature of %“he enzyme soiution should be
kept as nearly constont as possible..
. Examinetion of the method and results of Rinkel and Pijoen
(2) show that their method not.only did not fulfill the .three
gbove mentioned requirements but also included certain other

points of criticism among which the following are most apparent.

4. No-exéerimentul data are presented to prove that the
enzyme is not partiully inhibited by the mercury with

which presumabiy it comes into direct contact.

6.The constants for the Ven Slyke apparatus (19) which they

used dous not apply in their prooeduré.

6. Since the only source of bicarbonate for equation 2 in
their method, is the 1 ml. portion of blood vhich they
use, and this in many pathologic cases may be far below
the normal, tho limiting factor in their procedure may be

the bicarbonate content of the Blood.
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A low result might be due to low bicarbonete rather thaen
toce loy cholinesterase.
In order better to appreciate these difficulties, the
author has taken the libefty of quoting their, originel method

in order that o clearer discussion of the six difficulties can

be presented.

METHOD AND PROCEDURE OF RINKEL AND PIJOAN (2)

‘“ REAGENTS. Acetylcholine chloride C.P.; COp-free dis-
tilled water; 1 N KOH.

PROCEDURE. The Van Slyke extrection apparatus having
been cleaned several times with distilled water, with the
reaction chember filled with mercury, 1 oc. of serum is
admitted into the ocup from a pipette. The serum is allowed
to run into the reaction chamber neck and the stop-cock
sealed with mercury. Lower the bulb until the surface of
the mercury(gﬁ—the—merouny end serum is first below the re-
action chember. Close stop-cock e (see Van Slyke und Neill
for directions of gas extraction) and shake for 3 minutes.
Open stop-cock e and allow the mercury to rise into the.
chember. Allow tne serum to rise in deliver cup. Place
loc. of C0;-free distilled water conteining 50 mgm. of
acetylcholine into delivery cup and allow it to run into
reaction chamber with the serum, teking care not to wallow
eny air to cuter-into reaction chamber. Seal with mercury,
Shake for 10 seconds end teke Po reading in manomcter scale
with the level of serum at the 2 mark. Lower to half wuy
in reection chamber. Do not shake, and take readings with
serum level at the 2 mark overy five minutes for 20 min-
utes, (P, Py, Pg, Pz, Pg). It is well to keep the water
temperature in the mantle surrounding the recaction cham-

Uber.at 29°-30°C. After readings have been tuken for 20
minutes the mercury level is brought to the half way mark
once more end 1 cc. of 1 N KOH ure admitted into the re-
action chamber. This will absorb the CO, evolved. A reading
with the serum level at the 2 mark will agroe within 2 to
8 per cent of the initial Po rcading.”
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A study of their procedure shows that an undetermined
portion of the bicarborate content of the serum is removed by
their initial’gus extraction. This tends to make the reaction
mixture more alkaline. Also they do not sheke the enzyme mix-
ture nor do they:lower to the fifty coc. mark. ‘ﬁccording to
Ven Slyke and Sendroy (13) the fectors which they use do not apply
unless the mercury is lowered to the S0cc. mark and the solution
sheken 200 times or more per minute.

The euthor performed 25 initial doterminations on rabbit,
dog, horse end humen precisely as these authors (2) state. A
typical curve is showvm in Fig. I. For cggparison, a éurve show=-
ing & determination of’cholinesteras? uetivity by the direoct

titretion procedure (1), end also a curve typical of the Warburg

manonmetric procedure of Ammon.(3) are shown.

’
\,

It can be seen that WHéreas the second and third methods
give straight liﬁéé, the first gives a curve whose slope changes
rapidly. The rote changes during each 5 minute intevaly.

Expressed as mm. of mercury, the rate varied as follows:

K

* 0-5 mlnutes 51 mm. 15-20 minutes 20 mm. .
5-10 minutes 82 mm. 20-25 minutes 1O0mn.
10-15 minutes 44 mm. 25-59 minutes 1.5 nm.

Rinkel and Pijoan used the reading at 20 minutes as the rate

but comparison of several curves determined on different semples
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showed that this procedure for esteblishing rates might lead

to errors as great as 20j7.
i

Realizing that to moke the method usable would necessitate
the introduction of serious chang';'c"s in the pro;:edure, {:he guthor
began en orderly study of the entire method,. including the fund-
ementel Henderson-Hasselbelch equation upon which the determine-

tion is based.
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“B. Experimentel Verification of a Method for

Calculeting the pH.

‘
Before eny satisfactory answers to the other problems could
be obteined, a method for determining the ;H auring the course
of the reactgon hed to be devised. In the previous discussion
of the chemistry of the method it was shown thet when cholin-
esterase acted éﬁ acetylcholine salts, acetioc acid was formed.
This in turn reacted with the sodium bicarbonate in the snlution
to form sodium acetat§4and carbonic acid.. In this case the sodium
bicarbonate-carbonic acid equilibrium is acting as a buffer system,
This system has been intensively studied because of its importance
in acid-base balence in physiological solutions.
In order to explain the action of ocertain buffers which
tend to meintain the pH of phyéiological solutions close to ﬁhe
neutral point, Henderson (14, 15) used the well known mass

action equation

] Kfgal = (5] = (o] (3)

in which [Ha] is the concentration of the undissociated weak acid,
) [H+]the concentration of hydrogen ions and[k’]the concentration
of the anion. K is the constant of proportion or dissociation.

He showed that Ostwald’®s dilution law

K[ie] = [5]” o o

which holds for pure solutions of wesk acids, can never be

]
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epplied in biological solutions since they always contain elkali
salts of the acid. Thereforo, for the most part, the {a ]

does not ‘come from the dissociation of the ﬁeak ecid according
to equation 3 but rather from the alkali salts. Thesc salts

erc partially ionized, and we express their ionization by the

equation

[a;] = Y[B&] (5)

where‘:Bq] representé the total molar concentration of the
salt and Y, representing the fraction ionized, has a value
between 0.6 and 0.9. By substituting y[Ba}:in place of [a”)
in equation 3, Henderson obtained equation 6 to which his

4

name is at@ached.
K[Ea] = [#*] x y(Bg] (6)

Now if we rearrange this equation snd let K/ = k'

we ‘get the usual form of the equation
] = ¥ fga_ (7
[ ] [Be]

K’ is sometimes called the "appnrént dissociation constant’.

If we invert equation 7 we get

1 = 1 a
e Q
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Taking the logarithm of each side and using the connotation of
Soérensen, - log HY = pH, eto., Hasselbalch (16) obtained the

following equation

/ Ba
pH = pK + log%-ﬁ]j' (9)
which we lmow as the Henderson-Hasselbalsch equation. In the

example which we are considering this becomes
H = pk’ + log SHOO 10
P pK 4 g H;gag (10)

In this case, to Le exant, one should use the symbol pK{
since Buytenduyk (17) has shown that the value of X in the

L4

equation
k [H00,] = [cos) = [0 (1)

is so high that only a fraction of a percent of the free ocarbonic
acid in water solution is in the form of HyCOx3 over 99 per cent

remains as anhydrous CO,.

In order to avoid confusion the author hus adopted the

followYing ebbreviations and symbols.
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’ " Abbreviations and Symbols

pKyx  as the apparent first dissociation constant of
carbonic aocid; ;

H,C0z to represent all the unoombined carbonic acid
(H,CO0z + COy) in solutionm;

pC0, to represent the tension of CO; sbove a solution
in millimeters of mercury;

and gaseous phases after the solution has been
acidified, the content expressed in millimoles
per liter;

[c0z]  to represent the total O, content of the liquid

p[bOé] the totel CO, pressure above the solution after
acidifying expressed in millimeters of mercury.

In order to be able to calculate the pH in the enzyme mixture
by means of the Henderson-Hasselbalch equation,.the following

quantities must be determined.

1, The emount of bicarbonate ion present in the solution.
2. The amount of carbonic acid (CO, + HzCO0s) in the solution.

. The proper value of the constant pK{.

To determine the bicarbonate content of a solution containing
both bicarbonate ion and carbonic acid, the following procedure

was devised.

The total bicarbonate snd carbonic acid contont of the
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liquid is determined by the method of Van Slyke et al. Van

Slyke and Stedie (18) developed the equation

°o_ . ‘ ia ) ( §:£f) 1
Vo,760 = P T wemriroooserE) <Vt as/ (19

in which V is the required volume of gas at standard conditions;
P is the pressure of the gas in millimeters of merocury; 1 is
the reabsorption coefficient; a is the fixed gas volume at
which the pressure ‘is reads (l"+ 0.00384 t ) is tho correction
for the effect of temperature expanding mercury more than glass;
S is the volume of solution in the apparatus; _os'is the ratio
in whicﬁ carbon dioxide dis#;ibutes itself between equal ¥olumes
of aqueous and gaseous phases whfm extraction is complete; and
4 is the total volume of the gas chamber. o

Van Slyke and Neill (19) then, worked out a teble of factors
for various values of a, 1, and S at various temperatures by
which one can caloulate the [COQ], as defined on pagel7, if the
pressure of COy; above the acidified solution is known.’

Since
~ [c0z) = BHCOs(1iq.) + HaCOy (11q.) + COg (ges). (13)

then
BHCO = [COg) - [H,C0, + CO,J. (14)
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By means of equation 12,.the sum of the carbonic ecid content
of thse li'quid and the CO, in the vapor phase can be caloulated if
the.tension of €Oy, pCO;, above the solution is known. This
can be determined easily in the Van Slyke mono‘metric apparatus.

To got the amount of carbonic acid in solution we utilize
a variation of eggation 12, In equation 12, the last expression

/ e '
(1'+ %_%) . (15)
is a correction faotor for.the amount of carbonic acid in the
solution. If we represent this expression 15, ;y the symbol
U, then U - 1 is that part of the carbon dioxide which is dissolved
in the solution and which we shall call H,00;. Then U-1/U is
the ratio of the amount of €Oy in solution to the total CO.

’
Since o{ is & fumotion of the temperature(19)
o= oLx K& (16)

it follows that U=-1/U will vary with the temperature. The
numerical value of the fraction depends on the value of

the temperature, and the quantities S agd A-S. ‘When o= 0.84,
§=3,0ml,, and A-S = 47 ml., U-1/U is equal to 0.0545 at
20° C., and 0.0426 at 30° C. This factor will be refe;'red to
as faotor T. (Sec Table I.)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



~20-

Having computed factors for obtaining the bicarbonate content
and the c?rbonio acid concentration of the reaction mixture, the
only value required to celoulate the pH is the pK{. Van Slyke,
Sendroy, Hastings end Neill (20) calculated that with the
solubility coefficient,X, equal to 0.051, the value of pK,
should be 6.10, Some of the celouletions of a more probeble
value will be presented later but until such date were

availaeble the author accepted the value, 6.10.

To simplify the ocalculation of the pH, the author has used
the following symbols to designate the different factors.
pCO, x factor R = CO, in gaseous end liquid phases
in mM./1liter.

p[_002] x factor § = [COQ] in the solution after acidifying
in mM./liter,

CO, in m¥./liter
"x factor T = HyC05 in mM. /liter.

The values for these faotors for vArious temperatures appear
in Table I. An explanetion §f the detailed application of them
in the caloulation of the pH will be resorved for the section
on the proocedure. The six-step caloulation is as follows:

FORMULA A
1) pCOz x R = COy in mid./liter.
2) pleog]xs = [co.] in mit./1iter.
3) [COg)~ €Oy = BHCO; in mi./liter
4) CO; x T = HiCOz; in mid./liter,

5) pKy = 6.10 + 0,005(37-t)

/ BHCO. mM:/liter
6 H K + lo a .
) P = pa ® §,00, ml./Iitor.
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TABLE I

!

FACTORS FOR CALCULATING pH IN CHOLINESTERASE ASSAYS

BY FORMULA A -
S=3 ml., a=2 ml., i=1.017 $=6.5 ml., a=2 ml., i=1,017
Temp.| R S P R S iy
20 [0.0889 0.0%94 0.0545 0.0198  0.0195  0.119
21 10,0397 0.0392 0.0532 -| . 0.0197 0.0194  0.116
22 10.038¢ 0.0330 0.0518 0.0195 0.0192  0.113
25 (0.0392 0.0388 0.0501 0.0194  0.0191 . 0.110
24 10.0390 0,0386 0.0491 0.0195. 0.010  0.108
25 0.0388 0.0384 0.0477 0.0192 0.0189  0.105
26 |0.0387 0,0382  0.0466 0.0190 0.0188  0.103
27 10.0385 0.0380 0.0456 0.0189  0.0186  0.101
28 |0.0383 0.0379  0.0444 0.0188 0.0185  0.0981
20 0.0381 0.0877 0.0436 0.0187 0.0184  0.0962
30 [0.0379 0.0375 0.0425 0.0186 0.0185  0.0942
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During the.course of a determination the ratio of the bi-
carbonate content to the carbonic noid content in the solution
is constently changing. The acétic acid, liberated by the ester-
age, mekes the reaction mixture more and more ‘acid, This is of
course a disadvantage as the enzyme has its optimum activity at
o pH around 8.4.

It occurred to the author early in this.study that it would
be much simpler and more accurate if the pH could be kept con-

- stant by means of a suitable buffer as in the other two methods,
namoly, titration end the Warburg menometric procedures. Such a
buffer would have to be the salt of an acid with an ionization
constant lower then the first apperent ionization constant of
carbonic acid. Otherwise the stoichiométric reletionship be=-
tween the quentity of acetic acid liberated and the increase in
CO; pressure above the liquid would be altered. If the ion-

ization constent were hlgher blcarbonate would react with the

buffer. An illustration of this is. the well known reaction
N8H2P04 + NB.HCOa "“"") NQBHPO4 + HzCOs (17)

Obviously, any CO; so produced would not depend on the activity
of cholinesterase.
If the buffer chosen was the salt of an acid wesker than

carbonic acid, such as sodium phenolate, then HQCOG already
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formed would reect with it.
HpCOp + NaCgllg0' ——) NaHCOs + CgligOH (18)

There may be some solution to this apparent dilemma
but so fér none nf the attempts to maintain the pH constant
have been successful. The problem in the case of the Van
Slyke memometric apparatus is entirely different than in the
other two procedures already referred to.

The calculated pH was compared.with the pH as determined
by a glass electrode. .The glass electrode, ( Leeds and Northrop)
was stendardized before and after each determination against
a 0.05 M solution of specially purified potassium acid phthalate
which has been shown to have a pH-of 4.600.

The determination of the pH was made alternately by the two
methods on & stenderd mixture containing:

7 ml. sodium bicarbonate solution (containing aﬁout

: 8 mg. NaCOy.)
8 ml, human serum

33 ml, Ringer solution
48 ml, Total volume

In ench of the experiments in'the group No. 221- No. 250,
é ml. of this standard mixture was used. In those in which the
pH was to be caloulated, the liquid was introduced into the
Van Slyke menometric chamber, and shcken under vacuum ( using

regular Van Slyke gas extraction procedure) until a constant
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pressure reading was obtained. This 'reading is the pCO, to
be substituted into formula A. Then 0.5 ml. of 1 N lactic acid
was introduced and p[@Oé]was determined in the usual technigue
for manomsetric blood gas analysis:. Finally the CO, was ebsorbed
by introducing 0.2ml. of S N NaoH. From these three readings
the pH ocen be calculated and was calculated by means of formula
A. The readings wére corrected by blenk detorminations on the
reagents, These will not be described since they were cerried
out according to the directions given in Peters and Van Slyke. (21)
In those analyses in which the pH was determined by glass
electrode, the liquid (3 ml.) was extracted as beforc and when
constant pCO; readings were obtainéa, the liquid was allowed
to rise s owly from the 50 ml. mark until sbout half of the
extraotion chamber was filled with mercury. Theun the stop-cock
at the top of the extraction chember was cerefully opened until
the zontents of the chember came into equilibrium with the atmos-
phere. The liquid was then transferred by means of an Ostweld-
Folin pipette directly into a special chamber so designed that
a pH determination cculd be meie on 3.0 ml. of fluid without
appreciebly exrosing it to air. This procedure made it possible
to remove the liquid from the chamber and yet retain the same COp
vension above the solvtion that was present during the gas ex-

traction.
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The results of these paired determinations are shown in

the chart below..

TABLE II

Determination pH as calculated Detormination pH by glass

Number from COg5 content Number electrode
221. o 8.17 : 222 8.38
224 8.13 223 8.27
226 8.29 220 8.356
228 8.31 : 2217 8.36
230 8.30 229 | 8.35

Determination No. 222 was probably in error since the pH
reading fluctuated very much during the determination. The first
reading taken was below 8.30. This is more in agreement with the
next determination, No. 223, made only 30 minutes later on an-
other portion of same solution, which gave a pll reading of 8.27.

Because of the t?chnical diffioulties of handling S ml.
of fluid and the need of a special chamber which perhaps intro-
duced some error, & similar series of experiments were performed
using a volume of 6.5 ml. instead of 3 ml. used before. This
permitted us to use the regular glass electrode chamber. The
fluld was transferred more quiockly to the glass electrode und with

even less contact with air. However, to protect the glass
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electrode, no oil or mercury was used to maintain anaerobio
conditions.. No appreciable change was noted when subseqguent
determindt;ons of tho pH were made on the same solution. Since
the ténsion of COz sbove the solution is so much lowsr than in
blood, the precautions egainst loss of €O, are not necessary
(22, 23).

For this series, thé folloviing mixture was made und 6.5
ml, of it was used for each experiment:

60 ml. bicarbonate Ringer (Glick) (5)

20 ml, human serum (J.d.)
180 ml. Ringer solution (without bicarbonate)

260 ml. Total volume

Using the same technique as desoriéed before,pairs of
determinations were performed, and the pH, as determined by
calculation from COgz content, was compared with the pH as deter-
mined by glass electrode. The r 1ts of *hese experiménts are

given in Table III on the following page.
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TABLE IIX

Determination pH as calculated” Determination pH by glass

Number from CO; content Number - electrode
254 8.27 233 8.30
236 82T 235 8.54
258 8.27 237 8.36
241 7.68 242 7.70
243 7.69 . 244 7.79
246 7.74 247 7.84
250 7.82 25% - 7.92
252 7.83 253 , 7.95
255 7.81 245 7.90
259 7.86 260 7.96
262 7.89 261 7.98

In Fig. 2 the pH values, as determined by glass electrode,
ere plotted against the pl as calculated from GO, determinat-
ions. It ocan be seen that all tho determinations lie. on the
right side of o line comnnecting equal pH velues, when pK{ v‘G.lO
is used.

This may perhaps meen that the pK{ used, namely, 6.10,
vwhich vus determined for blood at 38°. does not abply exactly.
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According to Cullen,Keeler and Robinson (J.B.C. Vol. €6,
301 (1925) the!pKi, of carbonic acid decreases as the temperature
rises and the decrease 15 equal to about 0.005 unit per degree
centigrade. From the graph Fig. 2, it can be seen that most of
the points fall very close to the line which comnects points of
equal pH value if pKj is assumed to be cqual to 6.16 for 25°C.
instead of 6.10 which was the value used in the calculations,

On the basis of the close correspondence of calculated
pi values with those determined by the glass electrode if ome
assumcs pKi equal to 6.16, all subsequent celculations were made
using this velue for the spparent first dissociation constant
for cerbonic acid. ' .

An excellent review of  the work of various authors concern-
inp the use of the Henderson-Hasselbalch.Equation,’the theory
of the dissociation cf carbonic acid and determination and -
variation of the constents used is included in Peters and Van
Slyke Vol.l,pa;es874-817. The entire Chapter XVIII, “Cerbonic
Acid and Acid - base Balanée”, is recommended by the author eas
a most concise exposition of the whole problem.

The author discovered thut there was u logurithmic relation-
ship betwoen the carbon dioxide tension, before referred to us
pCO,, the total bicarbonate and CO, content, for vhich we have

used the symbol [?Oé], end the pH. This discovery, which might
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have been deduced from the work of Peters (24, 25) is very use-
ful since it eliminates the need of calculating the pH. Petors

had pointed out that the equation
[cog = 0.1506« (10pE - pk{ + 1) p (19)

can be reduced to the following simple equation [:00%] = constant
x p if the pH is kept constent. Taking the log of both sides it

becomes

log [_COQ = log Constant + log p. (20)

This is a rectilinear equation of the form y = a + x in
which the slope of the line is ;5;.”

The author discovered this fact quite accidentally while
trying to get a graphic method which would permit one to read
off the pH directly when the pCO; and p [?Oé]are known.

Such ; graph is shovn in Fig. No. &, To construct such a i
chart relating CO; tension, [90;] content and pHyit is necessary
to lay off on x and y axes of logarithmic paper values of the
[?Oé] content in millimeters of mercury and CO; tension respect-
ively. Then substituting kmown values into the formula A page
18, the following table (See Table IV) was calculated. This
ohar%fgbnstructed from Table IV applies exactly when the total

volume is 6.5 ml., and the temperature is 25° C.
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TABLE IV

pH Values Corresponding to Various pCO, end p [COz| Readings.

Volume of solution = 6.5 ml. .
Temperature a 256.0° C.
pK1 at 25° C. = 6.16
p[CO%
pCO2 100 mm. Hg. 200 mm. Hg. $00 mm. Hg.

pH © pH pH
10 mm. Hg. 8.10 8.42 8.61
20 mm. Hg. 7.75 8.10 8.29
30 mm. Hg. 7.52 7.90 8.10
40 mm. Hg. 7.33 7.75 7.96
50 mm. Hg. 7.15 7.62 7.84
60 mm. Hg. 6.98 7.52 7.75
70 mm. Hg. 6.79 7.42 7.66
80 mm. Hg. 6,57 B Y R 7.59
90 mm. Hg. 6.25 - 7.24 7.52
100 mm. Hg. 7.15 7.45
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In order to determine what effect temporature has on the

pH when pCO;

and p[_"co.;l are kept constant, the pH at various

tomperatures, 20° - 30°,C., was calculated when pCO; = 10 mm.

Hg. and p[COz] = 100 mm. The effect of temperatu.s on pH end

1$
pK;, &r® shown in Fig. No. 4. As can be seen from the chart the

pK;’_ decreases with increasing temperature, while the pH as cal-

culated increases. The following corrections to the reading

£iq.3, *
apply when the graph/\srelating CO; tensionm, [002] content and pH

is used at some temperature besides 25°.

TABLE V
Temp., Correction Factor ' Temp.’ COrr.ection Factor
20° ~0,026 I2G° . +0.0056
21° ~0.022 27° +0;009
22° ~-0.016 28° +0.016
23° ~-0.009 29° +0.019
24° -0.005 30° +0.023
25° 0,000
Thus at 30°, the pH read from-the chart would be 0.023
pH units too low, while at 20°, the pH as read from chart would

be 0.026 too

graph oan be

high. By meens of these corrections the log-log

used for any pC0, from 4-400 mm. end p[C0g from
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10-1,000 mm. at any temperhturé from 20“-50" C., although for

practical‘purposes only pCO, pressures from 4-200 mm., ond p[CO,-_;]
pressures from 80-500 mm., arc used bscause of-the limitations of
the height of ‘the mercury-manome?er from which the pressures ure

read.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-36=

C. Non-enzymatic Hydrolysis. of Acetylcholine Salts

{

It has long been recégnize& that in acourate determinat-
ions of the amount of acid liberated whon écetyLoholine salts
are hydrolyzed by cholinesterase, a correction faotor should
be applied for the amount of acetylcholine which is decompos-
ed by the alkaelinity of the enzyme solution. It is surprising
that Rinkel and Pijoan (2) reported no such corrections. But
perhaps this may be explained by their procedure in which the
pH could not be determined. Obviously, if the pH of the enzyme
reaction is not known, no acourate porrection for the non-
enzymatic hydrolysis would be possible.

Since there was now available a for;ula by whioch the pH of
the solution could be determined, the problem of applying
acourate corrections for alkaline hydrolysis of tﬂe ester was
greatly simplified. '

It is assumed that anyone using the method would wish to
make one or more blank determinations to he certain about the
correction factors at the temperature, pH sand substrate conoen-
tration being used. For this reason the author has not attempt-
ed to determine the amount of the alkaline hydrolysis at all
possible pH values and all possible temperatures.

~ When one controls the temperature in the Van Slyke man-

ually, 25° U, isa very convenient temperature to use. Sinoe,
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this temperature was the one most used in this study, values
for the nqn-engymatio hydrolysis at this temperature wefe
determined at various hydrogen-ion concentrations. The chart
" below gives the corrections which should be applied at various
pH values when the total volume of solution is 6.5 ml. con~

taining 50 mg. acetyloholine iodide.

TABLE VI
pH  Correction Factor pH Correction Factor
7.0 .67 cmm./30 min. 7.8 5.6 cmm./30 min.
7.2 .80 cmm./30 min. 8.0 * 8.8 cum./30 min.
7.4 1.33 omm./30 min, 8.2 12.8 omm./30 min.
7.6  2.67 omm./30 min. 8.4 18.0 cmm./30 min.

The effect of temperature on the non-enzymatic hydrolysis
was also studied. Thc same concentration of substrete was used,
and the pH was about 8.30. The results are shown in Fig. No. 5.

In general, the results agreenﬁith those of Glick (6, 8)
and Alles and Hawes (12). It is noteworthy to point out that
using the same concentration of substrate and the same tempera-
ture, Glick reports figures for alkaline hydrolysis which differ

among themselves as much as 20%. For this reason it is customary
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to include a determination of the alkeline hydrolysis each

time a series o;f menometric determinations are made on the Var-
burg apparatus. Solutions of acetylcholine val1:Ech have been stored
in the ice box not infrequently give somewhat different values

for the non-enzymatic hydrolysis than solutions freshly made.

The reason for this has not been explained. Alles and Hawes

also mention this phenomenon ia regard to one of the compounds

they used.
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D. The Effect of Mercury on Cholinesterase.

)

Having found e method for determining the pH, which made
it possible to epply accurate corrections for the non~enzymatic
hydrolysis, a further impqrtant detail before out-lining the
general procedurc was & study of the effect’of meroury on cholin-
esterase activity.

EBerly in this study a series of determinations of the effect
of mercury on cholinesterase activity in normal horse serum was
made. At that time it wes found thet metallic mercury did not
produce eny apprecisble inhibition of cholinesterase activity.
of normal horse serum. Later, however, when the method was tried
at Vioods Hole, results on the esterase ogntent of Limulus ganglia
led the euthor to question the validity of the method.

Consequently, a more thorough study was made of the effect
of mercury on the chdlinesterase activity of various tissuo extracts

The general procedurc was identical with that of Glick (24).
The fresh organ was minced, & small sample ground finely with
sand, the extract diluted with sufficient Ringer-bicarbonate (5)
solution to give good readings on the manometer. Then a small
portion of the whole extract was pipetbed into the side arm of the
Warburg vessel. An appropriate amount of acetylcholine lodide or
chloride dissolved in bicarbonate-Ringer solution was introduced

into the main vessel. In half of the chambers, & small amount
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of metallic mescury was introduced. "After the usual pro-
cedure of -attaching the flasks, saturating with the gas mixture
consisting of 95% N, and 57 COg, end equilibrating in the con-
stant temperuturé bath, the taps werc closed and readings were
taken at convenient intervals depending on the activity of the
extract. The pH of the fluid was about 7.3. |

. From the results in table VII, it can be seen that in serum
and ell the crude extracts the effect of mercury on the enzyme
vas almost negligible. For a time the author considered that
metallic morcury did not appreciably effect cholinesterase act-
ivity. Recently certein specielly purified enzyme preparatious
have been measured on the Van Slyke manoéetﬂc apparatus and from
preliminary experiments it wsppears thaé purification takes away
from the enzyme something which previously protected it against
poisoning by mercury. A typicel ourve of the activity of a puri-
fied enzyme preparation from humen serum is given in Fig.'No. 6.
The curve shows an ebrupt leveling which is quite different from
that of the normal serum. The results of these experiments are
similar to those of Sumner (25) who-showed that purified urease
could not be used in the manometric detormination of uree.

No oxplanation of this will be attempted here. The author

is studying the effect of adding the various constituents of

normal serum in an attempt to find out something about the nature

of the substance, or substancos responsible for the differencs,
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TABLE VII

Effect of Mercury on Cholinesterase Activity

Enzyme Source Amount Concentration Activity cmm.CO,/30 min.

used of Without  With 0.5 ml.107%
Extract Mercury Mercury Extract
Horse serum 0.5 ml. 10% sol. 150.0 148.0 148.0
Horse serum 0.5 ml. 5% sol. 63.0 . 62.7 125.5
Horse serum 0.5 mi. 2.5% sol. 45.0 38.0 . 152.0
Humen
placentea 0.5 ml. 10% ext. 3.0 2.88 2.85
Beef heart 0.5 ml. 207 ext. 1.50 °  1.50 1.50
Calf brain 0.5 mlL. 20% ext. 29.0 29.0 29.0
Beef liver 0.5 ml. 3% ext. °1.48 1.50 Z 0.45
Bee{' kidney 0.5 ml. 53% ext. 16.9 15,7 4.71
Celf spinal
cord 0.5 ml. 20% ext. 54.6 35.6 16.8
Sheep muscle 0.5 ml. 207 ext. 1.75 1.70 0.85
Rabbit brain 0.1 ml. 2% ext.. 94.7 93.4 145.6
Rabbit submuax- | ‘ '
illary gland 0.2 ml. 8.3% oxt. 8.65 8.4 25.2
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E. New Method and Recommended Procedure

{
In the discussion that has preceded, certain fundeméntal

problems have been discussed. The solutions to these problems
were a means by which it was hoped the best procedure for
determining cholinesterase activity by the Van Slyke méan-
ometric apparatus-could be determined. In the light of these;

findings the procedure finally adopted is as follows:

Procedure
Reagents:
1. Acetylcholine iodide (or chloride) C.P.

2. Ringer®s solution containing 0.2 g. sodium
bicarbonate per liter.

. 1 N lactic scid.
4. 5 I NeOH.

5. Boiled distilled water.

Into the well-cleened extraction chamber of the Ven Slyke
manometric apparutus, the sample to be assayed is delivered by
means of a rubber tipped pipette. According to the size of the
sample, enough gas-free distilled water is added to make a total
volume of 3.5 ml. Then 2 ml. bicarbonate-Ringer solution and
1l ml. of ecetylcholine solution (containing either 32.5 mgm.
acetylcholine chloride or 50 mgm. acetylcholine iodide) are de~

livered successively into the chember, meking a total volume
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of 6.5 ml. The upper stop-cock is sealed with mercury and the
chember evgcuatéd until the mercury meniscus is lowered to the
50 ml. mark, end shaken for one minute. In the case of'extracts
containing considereble protein some foaming may'be encountered.
It has been found by experience-that rapidly raising end lower-
ing the level of ?he mercury in the extraction chamber will quick-
ly break the bubbles and permit an accurate reading of the gas-
preésure. The mercury is then admitted to-the .chamber (sec
Peters and Ven Slyke Vol. II, page 277, for specific directions
for €0, snalyses) and the gas volume brought to 2.0 ml. A read-
ing is taken on the menometer, and the mercury meniscus quickly
lowered to the 50 ml. mark and the contents shaken for 3 minutes.
Subsequent pressure readings are taken at each 3 minute interval,
care being taken to keep.the temperature in the water jacket
constant.

Readings are made at '3 minute intervals for a sufficicnt
number of intervels to determine the rate in mm. of mercury per
3 minute period. Usually 6 or 7 readings are sufficient, but
more may be necessary when the enzyme activity is small.

When the rate has been established, the liquid is left at
the 2 ml. mark and 0.5 ml. of 1 N lactic acid is delivered into
the chamber through the upper stop-cock. Then the stop-cock is
again sealed with mercury and the mercury meniscus again lowered

to the 50 ml. mark. The contents of the chumber are sheken for
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3 minutes., Then mercury is admitted into the chamber and a
reading made ox the menometer, when the gds volume has been
brought to'2.0 ml. as before. ihen two successive readings
agree within 1 mm., the fluid is left at the 2 ml. mark and
0.2 ml. of 5 N NaOH introduced into the reaction chamber.

The etop-cock is again sealed with mercury. The fluid con-
tents are allowed to rise into the neck of the chamber in order
to thoroughly mix with the alkali. The mercury meniscus is lower-
ed to the 50 ml. merk end the reaction chamber sheken for 3
minutes. The gas volume is again reduced to 2.0 ml, by admitt-
ing mercury and a reading taken. 6

The addition of the lactic acid end NaOH have nothing %o
do with determining the activity of the properation being

' assayed but permit the calculetion of the pH to be made.

In order to correct the pressure readings for the cffect
of change in volume and dissolved gases, a blank detorminat;on
on the reagents is made. Introduce 6.5 ml. acidified Ringer
solution into the chamber us before, and repeat the exact pro-
cedure as in the esterase determination. Aifter constunt
pressure readings are obtained, 0.5 ml. of 1 N lactic acid is
introduced and ufter sheking, a preséure rcading is made with
the gas volume at 2.0 ml. mork. Thon 0.2 ml. of & E_Naoﬁ is
introduced and the pressure reading made as bofore.

Tho first reading in the blank is called P{, the reading
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after introducing the lactic acid is qalled P and the reading
after adding the NaOH is culled Pj.

YThen ;alculating the pH, the reading of the €O, tension
at the point in the assay where the pH is desiréﬁ is ocalled Py,
the reading on the manometer after the lectic acid has been added
is called P,, and the final reading after adding NaCH is called

Ps.

To apply the correotions, the values are substituted in

the following formulse:

FORMULA B

pCOz = Py - [Py + (P{ - P5)]

P[COQ] = [Pz - (P2 - P&)} - [Pa + (P - Péﬂ

In order to illustrato the method, a typical aééay (No.
267) is reproduced in full.

First exactly 0.5 ml. of diluted horse sorum (1 ml. horse
serum + 4 ml. Ringer solution) was pipetted into the cup. This
was washed into the chember with 2.5 ml. of CO, -free distilled
water, added in small portions., Next 2.0 ml. of Licarbonate-
Ringer solution are introduced and finally 1.5 ml. of acetyl-
choline chloride solution containing 32.5 mg. The stop-cock was

‘sealed und the contents mixed at 1:16.
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ANALYSIS NO. 267

{

Time Temperature Reading Differcnce
1:19 25.0° 159.8
9.2
1:22 25.0° 169.0
8.0
1:25 25.0°. 177.0
8.0
1:28 25.0° 185.0
8.0
1:31 25.0° 193.0
: 8.0
1:34 25.0° 201.0
8.0
1:37 25.0° 209.0
7.5
1:40 25,0° 216.5
9.0
1:43 25.0° 225.5 ’
' 6.5
1:46 26.0° . 232.0
8.0
1:49 25.0° 240.0

S ml. 1 N degassed lactic acid is added
1:59 25.0° 510.5

.2 ml, 5N NaOH is added
2:13 25.0° 144.7
2:16 25.0° 145.0
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Then, at the beginning of the anqusis, Py = 1569.8 mn.,
vwhile at the end of the assay, Py = 240.0 mm.; P, = 510. 5 mm.;
while Py = 145.0 mm.

A blank determination on the reagents gave‘Pi = 96,7 mm.; -

P, = 99.8 mm.; and Py = 98.9 mm.

(Pla - 1)1)'= 202 mm.

(P, - P1) = 3.1 mn.

To calculate the initial pH value then

pCO; = 159.8 - [145.0 + 2.2]

i

pCOQ 12.6 mm.
p{cos] = [510.5 - 5.1] - [145.0"+ 2.2]

p[C0g = 360.2 mm.

The factors from Table I for formula 4 on page 18, have

the following values at 25° C.

Factor R = 0,0188
Factor S = 0.0192
Factor T = 0.105

Substitﬁting the sbove values and these factors in formula A

CO, = 12.6 x 0.0189 = 0.2376 mM. COp /liter.
[cog = 360.2 x 0.0192 = 6.899 mi. [cogl /riter.
6.899 ~ 0.238 = 6,661 mil. biocarbonate /liter.

'
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Substituting these values in the Henderson-Hasselbalch

equation we get,

- 6.661
pH = 6,16 + lOg m )
pH = 6.16 + 2.43
pH =

= 8,59

By the same ésries of calculations the pH at the end of
the assay when.Pl = 240.0 mm., is 7.62:

Since these calculations are rather lengthy, thé‘gruphic
method using the log-log chart; Fig. 3, though a little less
accurate, gives results sufficiently close for ordinary pur-
poses. | C,

To calculate the rate, one'ﬁaf use the factors in Teble
VIII which permit: one to expres§ his answer in mM./liﬁer, volumas
pér cent, or in oubic millimeter of CO, produced in unit time.
Pijoan and Rinkel (2) expressed their results in volumes per cent.
In order to compere the results of this method with the results
of the other two methods (1, 3) which have been referred to, it
is convienient to express the rate in cmm. COp produced in some
unit time, such as 30 miﬁutés.

If, in deotermination No. 267, we take the average increment
per 3 minute intervel as 8 mm., then the rate would be

8 x 10 x 0,1245 = 9.96 mid./liter/30 min.
8 x 10 x 0.2972 = 25.776 volumes per cent /350 min.,
8 x 10 x 2.726" = 218.58 cmm./30 min.

*he fuctor for converting mm. of Hg. into omm. is calculated

by equation 1a.
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TABLE VIII

, . .
Feotors for Converting Pressure Readings in mm. Hg.

into mM./liter, Volumes Per Cent, or Cubic mm. CO

vhen a = 2, 1 = 1.017 and When a = 2, 1 = 1,017 and
S = 3 ml. S =6.5ml.

Temp.| md. per Volumes - cubic | md. per. . Volumes  cubic

C. liter per cent mm. liter per cent mm,

20 | 0.1%64 0.2628 2,628 | 0.1464 0.2820  2.820
21 | 0.1358 012616  2.616 | 0.1454 ., 0.2802  2.802
22 | 0.1351 0.2603  2.603 | 0.1445 0.2784  2.784
23 | 0.1344 0.2589  2.569 | 0.1434 0.2765 2,763
24 | 0.1338  0.2577  2.577 | 0.1425 0.2746  2.746
25 | 0.1331 0.2565  2.565 | 0.1416 0.2729 2,729
26 | 0.1325 0.2552  2.552 | 0.1404 0.2706  2.706
27 | 0.1319 0.2541 . 2.541 | 0.1399 0.2696  2.696
28 | 0.1312 0.2529  2.529 | 0.1391 0.2779  2.679
29 | 0.1307 0.2518 2,518 | 0.138% 0.2665  2.665
30 | 0.1301 0.2507  2.507 | 0.1375 0.2650  2.650
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The average correction factor for the non-enzymatio
hydrolysis of acetylcholine at that témperature and substrate
concentration is 8.8 cmm./30 min., therefore the corrected rate
would be 209.5 cmn./30 min. for 0.10 ml. of normel horse serum.

From the results of the last enelysis, No. 267, (See Fig. 7)
it can be seen that the primary objectives of this thesis have
been accomplished.’ 4method has been devised for assaying serum
and crude enzyme preparations to determine their cholinesterase
activity using the Van Slyke manometric apparatus. The method
fulfills the requirements outlined on page 9.

If the anolyses are made according to the precautions
given when the Van Slyke menometric apparwtus is used for blood
gas enalyses, duplicate determinations will agrec within + 1%.
Alles ond Hawes state that the titrimetric method using the glass

electrode has an accuracy of about + 2%. The accuraoy usually

claimed for the manometric method of Ammon is about + 57.
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F. SUMMARY

1. The method of Rinkel and Pijosn hes been critically
examined end a new procedure has been devised which avoills the

-

inherent limitations of their original method.

2. A formula and set of factors are given by which one cen
calcﬁlate the pH from determinations of the total CO; and H,CO4
content of the reaction fluid. A graphic method for determin-
ing the pH is also described. The oaloulated values agree closely
with the values obtained with e standardized glass electrode if
the value of the apparent first dissociation constant of carboniec
acid at 256° C. is assumed to be 6.16. This value agrecs with the

.

accepted value for this temperature.

3. Mecasurements of the non-enzymetic hydrolysis at diff-
erent pH values, and at various temperatures have bcen made and

corrections for the non-cnzymetic hydrolysis are given.

4, The effect of metallic mercury was almost negligible on
crude cholinestorase preparations and did not inhibit the cholin-
esterase activity of normel sera. Mercury did eppear to poison

the enzyme in purified preparations.

9. The new method end procedure sare described in detail.
It is more nccurate than proviously described methods, the accur-

acy being + 1%.
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II. THE CHOLINESTERASE ACTIVITY OF EXTRACTS OF SOME

‘ INVERTEBRATE TISSUES

A. Introduction.

-

In the course of experiments on the effect of cholinergic
drugs on invertebrate tissues, it was found that.in the case of
the heart of Venus mercenaria, which is extremely sensitive to
choline esters, no potentiation of the inhibition normally pro-
duced by the addition of various choline esters occurred when
the heart was eserinized in the usual manner. This observation
suggested that perhaps the clem heart contained little or no
cholinesterase sotivity.

A study of the literature revealed the fact that to date
determinations of the cholinesterase activity in invertebrates
had been entirely confined to European species. It was the
purpose of these experiments to provide some data concerning the
distribution of cholinesterase in the hearts of some of the in-
vertebrates common to'the'region around ‘Yloods Hole, Massachusetts,
as & besis for further studies on their physiology. A more com-
plete study of Limulus.polyphemus was made since this animal has
been the object of important studios in invertebrate neurophy-

siology.
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B. Experimentsal Part.

METHOD. "The method used was essentially thet of Ammon
(3) and Glick (24). The tissue to be used was removed, washed
once with bicarbonate-Ringer, dried quickly on filter paper and
weoighed in a closed tared vessel. The tissue was then quickly
ground with send until a smooth suspension wus obtained when a
calculated emount of bicarbonate-Ringer (5) as showr in the
Tebles 9 and 10, wus added. In some experiments the suspension- °
wes centrifuged end the aotivity of the supernataent flﬁid’and'
the residuc were determined separatelf. Precautions;were taken
to keep the materials as cool as possible.

The substrate used in eéch 0¥perimont consisted of 15 mg.
of acetylcholine chloride dissolved in 1.5 ml. of bicarbonufe— o
Ringer. The substrate‘was piaced in ths mein vessel, end 0.5 ml.
of the enzyme suspension was plaeced in the side arm. The vessels
a;e then attached to the manometers and saturated with a moist
gas mixture containing 96 parts nitrogen wnd 5 parts‘carbon dio-
xide. The final pH after sﬁturation is 7.2. The contents of the
flasks were mixed and piaced in the constant temperature bath.
After equilibration, the taps are olosed and readings of the pre=-
ssure made at convenient intervals, usually each 5 minutes for 30
minutes or longer.

A4 summary of the results is given in Tebles 9 and 10, ond

in Fig. 8 end 9.
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DISCUSSION  The concentration of ocholinesterase activity
seems to parallel, in general, the amount of nervous tissue pre-
sent. This is nell illustrated by the fact that considerably
higher activities were noted in the § -~ 6 segments of the Limulus
heart as compared with the 1 - 2 segments. The 1 -~ 2 segments are
knovm to have fewer nerves and genglia then the 5 - 6 segments.
The activity ofhextracgs of @he Venus heart sgrees with its

‘ histology and explains certein interesting observations on its
pharmacology. No explanation can be given for the very high act-
ivity fougd in the Modiolus demissus hoart. Further experiments
on its physiology are planned. . |

The results sgree well with the findings of other investi-

gators who have measured tho cholinestorase activity of a large

number of EBuropean merine and fresh water invertebrates.

" SUHAMARY

1. Assays of 12 different tissue oxtracts froﬁ a total of
six speéieé of marine invertebrates shows that all extracts studied
heve cholinesterase activity. The highest activity vwes found in
nervous tissue; the lowest, in the muscle extracts.

2. The activity of the various extracts seemed to parallel
the amount of nervous tissue found there.

3. Tho observetion that the heart of the clam, Venus mer-

csenaria, is not sensitized to acetylcholine by eserine can be ex-

plained perhaps on the besis of its low cholinesterase content.
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