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SUMMARY

Methods are presented for preparation of extracts from
cultured cells from the nervous system and for study of
choline acetyltransferase, acetylcholinesterase, glutamate
decarboxylase, and catechol O-methyltransferase activities.
These enzyme activities are markers that can be used for
studying gene expression in neurons. The methods are
sufficiently sensitive so that all assays can be performed with
protein harvested from one Petri dish. Activities of the
marker enzymes were assessed in surface cultures of new-
born mouse brain cells, and in glial and nonbrain cell lines.
Low activities of choline acetyltransferase, acetylcholines-
terase, and glutamate decarboxylase were detected in all
the cells tested. All of these activities, and particularly
glutamate decarboxylase, were higher in cultured brain cells
from newborn animals than in non-neuronal cell lines.
Glutamate decarboxylase activity in glial cells and in brain
cells was inhibited more than 95% by 1 mM amino-oxyacetic
acid.

Technigues have been developed in thix laboratory and others
for culture of differentiated neurons (1-10). Activities of en-
zymes important in neuronal cell metabolism are useful param-
eters for following cell maturation and exploring steps in differ-
entiation in such cultures,

The purpose of this communication is to describe a set of
method= used to explore the expression of genes that determine
the metabolism of molecules involved in intercellular communi-
cation in the nervous systeni.  Simple, convenient methods are
presented for preparing cell-free extracts from surface cultures
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and for assayvs of acetylcholinesterase (EC 3.1.1.7), cutechol
O-methyltransferase (KC 2.1.1.1), choline acetyvltransferase
(EC 2.3.1.6), and glutamate decarboxylase (EC' 4.1.1.15)
activities. The assays presented are extensive modifications of
previously published procedures.

Activities of the marker enzymes were assessed in a variety of
glial and nonbrain cell lines as well as in surface cultures of new-
born mouse brain cells. The results document properties and
usefulness of the methods presented and also show that newborn
brain cells in surface culture attained levels of glutamute de-
carboxylase activity significantly higher than in non-neuronal
cell lines. A preliminary report of this work has been presented

(11).
METHODS

Isolatron and Culture of Newborn Mouse Brain Cells

Whole brains from newborn Balb/c¢ (National Institutes of
Health stock) mice were placed in Solution 1) (137 mm Na(l,
5.4 my KCl, 0.17 mM Na:HPO,, 0.22 mm KH.PO4, 5.5 mu glu-
cose, and 5.9 mm sucrose) pH 7.2, 340 mosm (modified Puck's
D1 solution (12)) at 0-4°, weighed, washed several times with
Solution D, and minced to about 1-mm? pieces with iris scissors.
The minced tissue was subjected to two 15-min treatments with
0.25¢ erude trypsin (Nutritional Biochemicals 1:250 or Difeo
1:300) in Solution I (100 ml per g of tissue) at 37° with con-
stant mild swirling.  After each treatment, tizsue pieces were
allowed to sediment and the dissociated cells that remained sus-
pended were collected by decantation. Tryptic activity in both
the cell suspension and undissociated tissue was inhibited by the
addition of an equal volume of growth medium containing 100,
(v/v) fetal bovine serum (Colorado Serum Co.). The undis-
sociated tissue was then triturated five times by gruvity flow
through a 10-ml serological pipette and ecells were again recovered
by decantation. Cells were pooled and sedimented at 230 x
Gmax for 10 min at 3° and resuspended in Solution 1. Cell num-
ber and viability were determined by counting in a hemoevtom-
eter with 0.5¢, (w/v) nigrosin (Allied Chemical, Morristown,
N.J.). Only those cells which excluded the dyve were considlered
viable.  Usual cell recoveries for dissociation of newborn brain
were 90 to 100 X 10° cells per g of tissue (98 to 1007, viable).
Cells were noculuted at 107 viable cells per 150-mm Tileon
polvstyrene Petri dish (145 em? surface area) in 20 ml of DNIN
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(90°.¢ Dulbecco-Vogt modification of Eagle’s medium, 107 fetal
bovine serum with 30 units of sodium-penicillin and 10 ug of
streptomyein-R0; per ml).  Dishes were maintained at 37° 1
an humidified atmosphere of 10¢;, CO£90¢; air.  Changes of
medium were performed on the 3rd day of culture, every 2nd
day thereafter, and 16 to 20 hours before enzyme ussay.

Other Cell Lines

The (-6 rat astroeytoma cell line wax obtained from the Amer-
ican Type Culture Collection (No. CCL 107). HeLa cells were
from Flow Laboratovies, Rockville, Md. The 3T3 and Balb/C
313 cell lines were from Dr. George Todaro. The RG-179 line
was i permunent cell line obtained after multiple puassages of
brain cells from 5-day-old Fisher rats.  The human astroeytoma
CHB and rat glioma (2, were provided by Dr. S. Pfeiffer and
Dr. 11 Schein, respectively. The €2, cell was originally de-
veloped by Dr. G. Benda.

Preparation of IHomogenates

Surface Cultures—The procedure was designed to wash cells
free of serum protein and to recover cell enzymes reproducibly
in high yield. Growth medium was removed from Petri dishes
and discarded and the cell monolayer was gently washed twice
with 10 ml of Solution T containing 0.14 mm CaCl, and once
with 10 ml of Solution D). The Petri dish was drained for 90
s at a 45° angle, then the dish was seraped with a spatula 5 em
wide (the end of a ilexible plastic ruler) covered with disposable
Teflon tape (Scientific Specialties Services, Ine., Randallstown,
Md.).  Cells were recovered by aspiration with a large bore
micropipette and transferred to a polyallomer tube, 3 x 0.5
inch.  The surface of the dish was washed twice with 0.1 to
1.5-ml portions of Buffer A (50 muM potassium phosphate buffer,
pII 6.8; 1 mm EDTA, potassium salt) at 3°. The amount of
Buffer A added was adjusted so that the final protein concentra-
tion was 2 to 10 mg per ml of homogenate. Cells contained in
the washes were recovered and combined with the scraped cells.
The tubes were stoppered and placed in cold HyO in the chamber
of an ultrasonic oscillator (Raytheon, model No. DF101); cells
were lysed by sonication at 1° for 5 min. Homogenate volumes
were measured; each homogenate was divided into small por-
tions which were frozen quickly in a Dry lce-acetone bath and
stored in the vapor phase of a liquid nitrogen freezer.

Mouse Brain—RBrain tissue from Balb/¢ mice was washed
with Solution D, blotted, minced in approximately 7 volumes of
Buffer A, and homogenized at 1° with a Potter-Iilvehjem ho-
mogenizer and then by sonicution as described above. The
homogenate was centrifuged at 35000 X guay for 15 min at 1°;
the supernatant fraction (4 to 12 mg of protein per ml) was
divided into 0.05-ml portions, quick frozen, and stored at — 100°.

Protein concentration was determined by a modification of
the method of Lowry et al. (13) with 3 to 20 ug of protein per
reaction.  DNA was determined by the spectrofluorophoto-
metric method of Kissane and Robbins (14). Histochemical
testx were kindly performed by Dr. Lloyd Guth,

Enzyme Assays

Homogenates in Buffer A were thawed shortly before use and
portions were diluted with appropriate modifications of Buffer
A to adjust the homogenates to the specific conditions of each
assay.  Homogenates were added to reactions last. FEach ho-
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mogenate was assayed at four concentrations; values were used
only if the rate of reaction was proportional to the homogenate
concentration. Triplicate homogenates were prepared and
assaved routinely; the average values are shown.

Acetylcholinesterase Assay

Acetyleholinesteruse activity wax assayed by a modification
of themethods of Reed et al. (15) and Ehrenpreis et al. (16). Neuw-
roblasxtoma clone N-18 homogenates were thawed immediately
before use and adjusted to the assay conditions by mixing 4
volumes of homogenate with 1 volume of Buffer A containing
1.0 M NaCl and 2.5 (v/v) Triton X-100. The radioactive
substrate, [2-*HJacetvicholine chloride, 250 mCi per mmole
(Amersham-Searle) or [1-"(acetylcholine iodide, 2.4 mCi per
mmole (New England Nuclear) was dissolved in HxO and ly-
ophilized for 16 hours to remove possible volatile contaminants.
The cation exchange resin AG 50W-X8 (H* form, 100 to 200
nmesh, Bio-Rad Laboratories) was converted to the Na™ form
with 2 ¥ NaOH at 25° for 45 min and then washed with IO
until the pH of the effluent was 6.0. Colurans (0.5 % 5.0 em)
of resin were formed over small plugs of glass wool in 9-inch
disposable Pasteur pipettes and washed with H,0.

Each reaction contained the following components in a final
volume of 50 pl unless stated otherwise: 2.8 mm [2-3H]acety]-
choline chloride (0.15 uCi per reaction, 1.08 mCi per mmole),
200 mum NaCl, and 0.5¢, Triton X-100 in Buffer A; and 0 to 40
ul of neuroblastoma homogenate, or Buffer A containing 200 my
NaCland 0.5¢7 Triton X-100, or both. TReactions in disposable
glass tubes, 10 X 75 mm, were incubated for 10 min at 37°, then
transferred to an ice-water bath and diluted rapidly by the addi-
tion of 1.0 ml of H,O at 1°.  Each diluted reaction was immedi-
ately passed over a column of the cation exchange resin; the
tube was washed with two 1.0-ml portions of HO at 1°, and the
washes also were passed through the column. The column
effluent was collected in a glass seintillation vial, then 10 ml of
Triton X-100-toluene-Liquifluor (333 g:666 ml:55 ml) scintilla-
tion fluid were added and radioactivity was determined with a
scintillation counter (329 counting efficiency).

Since reactions are not deproteinized, the column step must be
performed rapidly. The rate of acetyleholinesterase activity
after dilution at 1° was approximately 1.5¢, that of undiluted
reactions at 37°.  Therefore, the assay was performed in batches
of 20 tubes or less so that all reactions could be passed through
columns within 3 min.  In some instances distinction was made
between “true” and “pseudo’” cholinesterases by employing
1073 M BW 284(C51 dibromide.

Catechol O-Methyltransferase Assay

The assay described was a modification of the method of
Nikodejevic et al. (17). Neuroblastoma homogenates were ad-
justed to the conditions of the catechol O-methyltransferase
assay immediately before use by mixing 9 volumes of homogenate
with 1 volume of Buffer A containing 50 mm MgCl,. The 1-S-
adenosyl[methyl-“*Clmethionine, 58 mCi per mmole (obtained
from Amersham-Searle in approximately 0.001 ~ H,80,), was
extracted twice with 10 ml of toluene; the aqueous phase was
Iyophilized before use. Nonradioactive 1-S-adenosylmethionine
lodide and 3,4-dihydroxybenzoic acid were obtained from Cal-
biochem Cory.

Each reaction contained the following components in a final
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volume of 50 ul except where stated: 0.55 mm 1-S-adenosyl-
limethyl-*Clmethionine iodide (0.318 uC'i per reaction, 11.55 mCi
per mmole), 2.5 my dihydroxybenzoic acid, and 5 mm MgCl, in
Buffer \; and 0 to 40 ul of neuroblustoma homogenate, or Buffer
A containing 5 mm MeCl, or both,  Each reaction was incubated
in a 12-ml conical glass centrifuge tube with ground glass stopper
for 20 min at 37°, then transferred to an ice-water bath and 0.2
ml of 1.0 x HCT and 10 ml of toluene were added. Tubes were
shaken vigorously for 1 min, and centrifuged for 5 min at 250 x
g. Then 9 mlof the toluene phase were removed and transferred
to a scintillation vial containing 5 ml of toluene-Liquilluor (958
ml:42 ml) =eintillation solution and radioactivity was determined
(87¢¢ counting efliciency). A correction was applied =o that
each value reported represented the entire toluene phase. Au-
thentic  3-["*Clmethoxy-4-hydroxybenzoic acid and 4-[“('Jme-
thoxy-3-hydroxybenzoic acid were prepared with purified rat liver
catechol O-methyltransferase obtained from Dr. C'. R. Creveling.

Choline Acetyliransferase Assay

The assay described was a modification of the method of
Schrier and Shuster (18). Mouse brain extracts were thawed
immediately before use and adjusted to the choline acetyltrans-
ferase assay conditions by mixing 4 volumes of brain extract with
1 volume of Buffer A containing 1.0 m NaCl and 2.5¢; Triton
X-100. The [1-*Clacetyl-CoA (30 m(C'i per mmole) (New Eng-
land Nuelear) was Iyophilized for 16 hours before use. (Un-
labeled acetyl-CoA (trilithium salt, trihydrate, A grade) and
neostigmine methylsulfate were from Calbiochem; choline iodide
was from Schwarz.  The anion exchange resin AG 1-X8, (Cl™
form, 100 to 200 mesh, Bio-Rad Laboratoriex) was washed with
H.0 until the effluent was pH 5.5, and columns of this resin for
each assay were prepared as described for the acetyleholines-
terase assay.

Kach reaction contained the following components in a final
volume of 50 ul, except where stated: 0.21 mum [1-%Clacetyl-CoA
(6 mCi per mmole), 2 mum choline iodide, 200 mm NaCl, 0.1 my
neostigmine methylsulfate, and 0.5¢; Triton X-100 in Buffer A\;
and 0 to 40 pl of homogenate, or Buffer A containing 200 my
NaCl and 0.5¢ Triton X-100, or both. Reactions were incu-
bated in glass tubes, 10 X 75 mm, for 10 min at 37°, then trans-
ferred to an ice-water bath and diluted by the addition of 1.0 ml
of H,O at 1°. The contents of each tube were passed through
an anion exchange column; the tube was washed with two 1.0-ml
portions of 1.0 at 1°, and the washes were also passed through
the column.  The column effluent was collected in a glass scin-
tillation vial, then 10 ml of Triton-toluene-Liquifluor scintillation
mixture (see above) were added and radicactivity was deter-
mined at a counting efficiency of 879,

Glutamate Decarboxylase Assay

Two modifications of the method of Wingo and Awapara (19)
were employed.

Method a—Homogenates were thawed prior to use and ad-
justed to the conditions of the glutamate decarboxylase assay by
mixing 9 volumes of hiomogenate with 1 volume of Buffer A con-
taining 10 mM 2-mercaptoethanol, 5¢; Triton X-100, and 5 mm
pyridoxal phosphate. The 1-[1-1*Clglutamic acid, obtained from
Calbiochem, was neutralized with KOH and lyophilized before
use. Amino-oxyacetic acid was obtained from Sigma.

Each reaction contained the following components in a final
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volume of 50 ul, except where stated: 5 my -{1-"Clglutamic acid,
potassium salt (1.04 pCi per reaction, 4.16 mCi per mmole),
1 mM 2-mercaptoethanol, 0.5 mm pyridoxal phosphate monohy-
drate, and 0.5¢ Triton X-100 in Buffer A; and 0 to 40 ul of
homogenate, or Buffer A containing 0.5% Triton X-100, 1 s
Z-mercaptoethanol, and 0.5 my pyridoxal phosphate, or hoth.
Reaction mixtures in glass tubes, 10 x 37 mm, were sealed with
tightly fitting rubber stoppers that could be easily perforated
with a needle. Reactions were incubated for 10 min at 37° and
then transferred to an ice-water bath. Each tube was then
placed in a glass seintillation vial containing 5 ml of Hyamine-
toluene-Liquifluor scintillation solution (288 ml of 1 M Hyamine
hydroxide in methanol to 640 ml to 42 ml). The vial was sealed
with the reaction tube stopper; then 0.2 ml of a solution of 10
mum acetic acid in methanol was injected through the rubber
stopper into the reaction in the tube with a hypodermic syringe.
The injection needle was used to dislodge the glass reaction tube
from the rubber stopper <o that the tube fell to the bottom of the
seintillation vial.  The stoppered vial was incubated for 30 min
at 24° to allow absorption of M“CO,; by the Hyamine solution.
Then the reaction tube was removed from the secintillation vial
with forceps and the vial was eapped with a scintillation vial top.
Radioactivity was determined by scintillation counting at 80<;
efliciency.

Method b—This alternate method differed only in the technique
of 10, collection. Each reaction was performed in the 6-mm
diameter center well of a 10-ml Erlenmeyer flusk (Kontes)
equipped with a tightly fitting rubber stopper. Hydroxide of
Hyamine at 37° (Packard Instruments, Downer’s Grove, I1L)
was placed in the outer portion of the flask and reaction compo-
nents were added to the center well. The flask was sealed with
the stopper and incubated at 37° for 11 min. The reaction was
terminated by injection of 0.2 ml of 10 mm acetic acid in meth-

TaBLE I

Range and sensitivily of assays

Usual }
TARBE ‘A verage
Assay higﬁ]?:n‘;ft e blgél‘rl);n i Radioactive product a%:o}%;t 1 IEE?}?
| or 3l | .
| product 1y Srein
reaction
min pmoles | pmoles
Acetyleho- | Neuroblas- 10 [*H]Acetate 1,000-|75,000
linester- toma clone 14,000
ase N-18 [HClAcetate 75-175,000
14,000
Choline ace- | Mouse brain = 10 | [HClAcetyl- 5- 1,500
tyltrans- (age 35 choline 700
ferase days)
Glutamate Mouse brain 10 HCO, 20— 150
decarbox- (newborn) ‘ 3,000
ylase
Catechol O- | Neuroblas- 20 | 3-[“C]Me- 10- 75
methyl- toma clone thoxy-4-hy- | 1,200
transfer- N-18 droxybenzoic
ase | acid®

e Approximately 59 of the MC-product is 4-[1*C]methoxy-3-
hydroxybenzoie aecid.
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anol through the stopper into the center well. After an addi-
tional 90 min at 37° an aliquot of the Hyamine-*CO; solution was
transferred to a scintillation vial containing 10 ml of toluene-
Liquifluor scintillation mixture. Radioactivity was determined
by seintillation counting at 879 efficiency.

RESULTS

Assays for Marker Enzymes

The usual range and sensitivity observed for the four enzyme
assays are shown in Table I.  In evaluation of the assays neuro-
blastoma clone N-18 homogenate was used for acetyleholines-
terase and catechol O-methyltransferase assays; mouse brain ex-
tracts were used for evaluation of the assays for choline acetyl-
transferase and glutamate decarboxylase, although these assays
were also applicable to cell culture extracts.  The range of linear-
ity with protein for neuroblastoma choline acetyltransferase was
about half that obtained with mouse brain homogenates (20).

Conditions were selected so that a homogenate could be pre-
pared by harvesting a single Petri dish and stored frozen for
future use. About 30 mg of protein could be harvested {rom a
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Wo7s0} DECARBOXYLASE W 15,000~
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z . TRANSFERASE Zg

o
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Fig. 1. The relation between concentration of enzyme extract
and reaction veloeity for glutamate decarboxylase, choline acetyl-
transterase, and catechol O-methyltransferase (Panel 4) and for
acetylecholinesterase (Panel B). Reactions contained the com-
ponents deseribed under “Methods,” and enzyme extract protein
at the following coneentrations: 12.2, 1.06, 5.0, and 1.0 ug of pro-
tein per ul of extract for glutamate decarboxylase, choline acetyl-
transferase, eatechol O-methyltransferase, and acetyvlcholinester-
ase, respectively. Glutamate decarboxylase was determined by
Method a.

T T
GLUTAMATE W !
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I16. 2. The relation between length of incubation and amount
of product formed. Each glutamate decarboxylase, catechol
O-methyliransferase, choline acetyltransferase, and acetyleholin-
esterase reaction contained the ecomponents deseribed under
“Methods™ and 488, 200, 42.4, and 8.0 uz of protein, respectively.
The dashed {ine in Panel B represents the theoretieal linear reac-
tion rate.  Glutamate decarboxylase was determined by Method
a.
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150-mm Petri dish (145 eny?) containing a confluent monolayer of
neuroblastoma cellx.  Routinely, less than 1.0 mg of protein was
used to determine the specific activity of each enzyme studied,
and 40 to 100 assays were performed per day.

Kinetics of Reactions

As shown in Fig. 1, the rate of each reaction was proportional
to concentration of homogenate protein within the range studied.
Conditions were adjusted so that the proportion of radioactive
substrate converted to product was <5<, in the case of choline
acetyltransterase and <10¢; with the other three enzymes.

The relation hetween tinme of incubation and reaction rate is
shown in Fig. 2. Under the conditions employed, reactions
atalyzed by glutamate decarboxylase, eatechol O-methyltrans-
ferase, choline acetyltransferase, and acetylcholinesterase were
linear for 60, 98, 20, and 90 min, respectively.

The relation between reaction mixture pH and enzyme activity
is shown in Fig. 3. At pH 6.8 the activities of glutamate decar-
boxylase and catechol O-methyltransferase were essentially maxi-
mal (the latter was inhibited by Tris); however, choline acetyvl-
transferase and acetylcholinesterase activities were 60 to 657, of
the observed maxima. Although these latter two activities were
optimal between pll 8 and 8.5, the four enzymes were routinely
assayed at pl 6.8 because acetyl-CoA and acetylcholine are more
stuble at plI6.8 thanat pIL8.  Inaddition, the same homogenate
could be used to determine the activity of each enzyme without
adjustment of pIl.

Enzyme Characteristics

Enzyme stability and product recovery is shown in Table 1.
Enzyme activity was not affected appreciably by freezing and
thawing homogenates or by keeping the enzyme extracts at 1°
for 2 to 3 hours prior to assny.  However, each enzyme tested
was completely mactivated after incubation at 100° for 10 min.

Although little or no activities of the other enzymes were de-
tected at 1°, acetylcholinesterase activity at 1° was approxi-

1,200 . . N 12,0000 . .
3 A ' 3 ACETYLCHOLINESTERASE
5,000t I 1 5i0000r Jo2haN
P GAD & i P ¢}
w i :

[24 o
<~ 800+ 1 ~ 8,000r f
[ = i
&3 L] 8} ! /
a a
S 600F CAT 1 S 6,000- /‘
v o
a o /
o) = ;
& 400 { w5,4,000 .
) » /
g g /
D 200t { 22000 ]
= =
- comt | &
i il gﬁlﬂ_‘_ ——
OE———" O3
pH pH

Fra. 3. The effect of pH upon reaction rates. Itach glutamate
decarboxylase, choline acetyltransferase, ecatechol €)-methyl-
transferase, and acetyleholinesterase reaction contained the com-
ponents deseribed under “Methods,” the specified buffer, and 122,
26.5, 50, and 10 pg of protein, respectively. Glutamate decar-
boxylase was determined by Method «. The formation of radio-
active products was determined with standard 50-ul reactions;
pH was determined in 0.5-ml reactions that were identical with
the 50-pl reactions except that unlabeled substrates were em-
ployed.  Solid symbols represent reactions with 50 ma potassium
phosphate buffers; open symbols represent 50 mm Tris-HC buffers.
The abbreviations used are: GAD, glutamate deearboxylase; CAT,
choline acetyltransterase; COMT, catechol O-methyltransferase.
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Tarue 11
Enzyme stabilily and product recovery

liach reaction contained the components described under
“Methods” and 40, 15, 366, or 60 ug of protein for choline acetyl-
transferase, acetylcholinesterase, glutamate decarboxylase, and
catechol  O-methyltransferase  reactions, respectively. The
amount of radioactive produet formed (picomoles) per complete
reaction corresponding to 1009, were 610, 11,300, 630, and 114 for
choline acetyltransferase, acetylcholinesterase, glutamate de-
arboxylase, and eatechol O-methyltransterase reactions, re-
spectively. Glutamate decarboxylase was determined by Method
a (see “Methods””). Produet recovery was tested by adding the
following compounds to reactions in place of radioactive sub-
strate: choline acetyltransferase assay, 28 nmoles of [1-14Clacetyl-
choline iodide (1.53 X 10 dpm); acetylcholinesterase, 208 nmoles
of sodium [#Clacetate (83.05 X 108 dpm); glutamate decarboxylase,
35 numoles of NaH"COy (397 X 105 dpm); catechol O-methyl-
transferase, 0.133 nmole of 3-[1C]methoxy-4+-hydroxybenzoic acid
(3.4 X 10® dpm) and 0.015 nmole of 4-[MC]methoxy-3-hydroxy-
benzoie acid (350 dpm).

I
Choline 2. Gluta- ICatechol
Modification scetyl- | Giopy  mate  Ometh-
ferase | ESterase boxylase, {erase
S % % % %
Fnzyme stability
Complete reaction. ............0 100 100 100 100
Minus enzyme. ........ ... ... 2 9 8 9
linzyme  frozen and thawed |
three times. ............. .. .. | 98 99 | 109 108
Enzyme held at 1° for 2-3 hrs. .| 100 100, 116 104
Iinzyme held at 100° for 10 min 2 ! 9 b b
Reaction incubated at 1°,... ... 9 31 | 10 7
Produet recovery ‘
tadioaetive product added in-
stead of substrate. . ......... 95 110 ' 94 83

mately 209 of that found at 37°. For this reason acetyleholines-
terase reactions were performed in batches (<20 tubes) so that
reactions could be chilled immediately after incubation, diluted,
and passed through the ion exchange columns in <3 min.

Radioactive product wus added to reactions instead of sub-
strate to determine the percentage of product recovered. Greater
than 9495 of the radioactive products of the choline acetyltrans-
ferase, acetyleholinesterase, and glutamate decarboxylase reac-
tions and 8347 of the radioactive product of the catechol O-meth-
vitransferase reaction were recovered.

The effect of reaction components and other compounds on the
rate of enzyme activity is shown in Table III.  Choline acetyl-
translerase from mouse brain was completely dependent upon
choline for activity and wax stimulated by 200 my Na('l. ¥En-
zyme activity was not affected appreciably by omission of Triton
X-100 or by the addition of 2 mm MgCl,.

Neuroblastoma acetyleholinesterase activity was reduced in
the absence of Triton X-100; however, omission of NaClor EDTA
in the presence or absence of MgCl, was without effect.  Marked
inhibition was ohserved by 1073 M BW 284(51, a potent inhibitor
of acetylcholinesterase (EC 3.1.1.7).

The activity of glutamate decarboxylase from mouse brain was
reduced slightly in the absence of pyridoxal phosphate but was
not affected appreciably by omission of EDTA or 2-mereapto-
ethunol. The reaction was stimulated slightly by omission of
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TasLe III
Assay conditions

Each reaction contained the components described under
“Methods,’" except as noted, and the following: 40, 15, 366, and 60
wg of homogenate protein for the choline acetyitransferase,
acetylcholinesterase, glutamate decarboxylase, and catechol O-
methyltransferase reactions, respectively. linzyme specifie
activities, in the order stated above were: 1,480, 64,400, 140, and
88 pmoles of product per min per mg of protein. Glutamate
decarboxylase was measured by Method ¢ with [1-H#C|glutamic
acid as substrate.

: Amount of

. radioactive
Modification " l;g::rixueflt Cel;et;ge
per min
i pmoles e
Choline acetyltransferase i
Clompletes . ;oogpipwnressipanmsrrrengs s e P64 . 100
Minus enzyne (mouse brain). ... ... ... . 2 f 3
Minus choline. . ... ... ; 2 ‘ :
Minus NaCl. ... ... . ... ... ... ... 40 62
Minus Triton X-100.. . ... ... ... ... 61 094
Plus 2 mm MgClo . . o oo 59 91
Acetylcholinesterase
Complete. ... ... ... .. . ... oo 1130 ¢ 100
Minus enzyme (neuroblastoma)........... ... 105 ‘ 4
Minus Tritonw X-100..... 0o CT0 0 66
Minus NaCl. .. .. ... .. ... .. ... ... ... - 1140 101
Minus EDTA. ... ... ... ... ... ... .| 1160 102
Minus EDTA, plus 1 mm MgCl,.. ... .. 1130 100
Plus 1075 v BW 284051 ... ... ......... 135 12
Glutamate decarboxylase
Complete. .. ... ... .. .. ... ......... 63 . 100
Minus enzyme (mouse brain). .. ............ i &
Minus pyridoxal phosphate. . ....... ... ... .. 55 ‘ 87
Minus EDTA.............................| 6 | 110
Minus 2-mercaptoethanol ... .. ... ... . . ... 60 .96
Minus Triton X-100. .. .....................;. &7 f140
Plus 1 my MgCL,. ... ....................... ) Po120
Plus 10 mwm iodoacetamide. . . ... ... .. ... ] 18 29
Plus 10 mm hydroxylamine............ ... ... 4 8 12
Plus 1 mm amino-oxyacetic acid. . ... ... .. | 8 12
Catechol O-methyltransferase ‘
Complete....... .. ... .. ... ... ... ‘ 5.7 , 100
Minus enzyme (neuroblastoma)........ ... .. \ 0.4 9
Minus dihydroxybenzoic acid. . ... ...... .. ; 0.69 12
Minus dihydroxybenzoic acid, plus 1 mm p- |
hydroxyphenyvlacetic acid. ......... ... ... 0.76 13
Plus 1 mm p-hydroxyphenylacetic aeid.. .. .. 6.5 115
Minus MgCls. ... ... ... . 0.98 17
Minus EDTA ... . .. 5.7 1 100
Minus MgCly and EDTA.. ... 0 . ... : 3.0 | 352
Plus 0.5% (v/v) Triton X-100............... ; 6.6 115
Plus 1 my 2-mercaptoethanol ... ... ... ... 7.9 140
Plus 0.25 mm dihydroxymethoxybenzoic acid. | 1.3 § 23
Plus 1 mwm tropolone. ............. ........ . 0.9 17

Triton X-100 or by the addition of 1 mm MgCls.  Marked in-
hibition was obzerved in the presence of iodoacetamide, hyvdrox-
ylamine or amino-oxyacetic acid, as expected (21).

The activity of neuroblastoma catechol O-methyltransferase
was almost completely dependent on the substrate, dihydroxy-
benzoic acid.  p-Hydroxyphenylacetic acid did not serve as a
substrate for the enzyme and did not inhibit methyl transfer to
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dihydroxybenzoic acid.  Hence, the enzyme was capable of dis-
tinguishing between mono- and dihydroxy substrates.  Omission
of MgCly markedly reduced the rate of reaction; omission of
EDTA was without effect.  Enzyme activity was markedly in-
hibited in the presence of compounds known to inhibit catechol
O-methyltransferase, such as dihydroxymethoxybenzoic acid (17)
and tropolone.

Produet Identification

The radioactive products of the choline acetyltransferase, ace-
tylcholinesterase, and catechol O-methyltransterase reactions
were characterized by thin layer or paper chromatography s
shown in Table 1V.  Virtually all of the radioactive product of
the acetylcholinesterase reaction was chromatographically indis-
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tinguishable from authentic =odium acetate added as cavrier.
Greater than 73¢, of the applied radioactive produet was recov-
ered after chromatography,

Similarly, virtually all of the radioactive produet formed in the
choline ucetyltransferuse reactions with a mouse brain homoge-
nate was chromatographically indistinguishable from authentic
acetyleholine chloride. It has been <hown (20), however, that
with some homogenates possessing low choline ucety ltransferase
activity, values may be spuriously high due to the formation of
radionetive products other than acetylcholine.
axs deseribed is valuable as a rapid screening technique, but must
be validated by product identification.

AMost of the radioactive product formed in the presence of
neuroblastoma catechol O-methyltransferase preparations co-

Thus, the assay

TasLe IV

Chromatographic  systems—=Solvent 1, ethanol-HyO-concen-
trated NH,OH (8:1:1) (Reference 22), thin layer chromatography
with MN Polygram Cel 300; Solvent 2, 1-butanol-cyclohexane-
ethylene glyeol-H,0-concentrated NH,OH-cyelohexylamine (30:
30:10:3.7:0.07:0.05), thin layer chromatography with MN Poly-
gram Cel 300; Solvent 3, 1-propanol-0.1 ~ acetic acid (3:1) (Ref-
erence 23), Whatman 3MM paper; Solvent 4, l-propanol-formie
acid-H>0 (8:1:1) (Reference 23), Whatman 3MM paper; Solvent
5, 1-butanol-1-propanol-1L,0 (4:2:1) (Reference 23), MN Polygram
Cel 300 thin layer; Solvent 6, l-propanol-benzyl aleohol-H,0
(5:2:2) (Reference 23), MN Polygram Cel 300 thin layer;
Solvent 7, 2-propanol-coneentrated NH,OH-H,O (8:1:1), Silica
Gel GG thin layer; Solvent 8, 1-butanol-formic acid-benzene-1L,0
(15:25:5:1:1.5), Silica Gel G thin layver; Solvent 9, benzene-gla-
cial acetic acid-methanol (10:1:5), Silica Gel (; thin layer.

Acetylcholinesterase— The reaction contained the components
described under “Methods” except that 2.78 mm [2-*H |acetyl-
choline chloride (0.43 xCi) and 48 ug of neuroblastoma clone N-18
protein were present (61,200 pmoles per mg of protein per min).
The column effluent was collected and NaOH was added to a final
concentration of 0.18 M. Authentic sodium ["Clacetate was
added and portions were applied to thin layer chromatograms.
The chromatograms were developed by ascending chromatogra-
phy, dried, covered with cellophane tape, cut into 0.5-em hori-
zontal strips, and each was placed in a scintillation vial with 20
ml of toluene-Liquifluor scintillation solution (see ‘“Methods’’)
for determination of radioactivity at efficiencies of 545, (14C) and
169 (*H).

Choline Acelyltransferase—The reaction contained the compo-
nents described under “Methods” except that 8.1 nmoles of
[2-*H]acetyl-CoA (1.24 Ci per mmole) were used as substrate,
choline chloride was added in place of choline iodide, 168 ug of
homogenate protein from mouse brain were added, and the reac-
tion was incubated for 20 min at 37° in a final volume of 0.1 ml.
Authentic ["Clacetyleholine chloride was added to the reaction
after incubation. Acetic acid was added to the column efifuent
to a final concentration of 0.06 M. Portions of the column effluent
were subjected to ascending paper or thin layer chromatography.
Developed chromatograms were cut into 1.0- or 0.5-em strips and
each was placed in a seintillation vial containing 20 ml of toluene-
Liquifluor scintillation solution for determination of radioactivity
as described above.

Catechol O-Methyliransferase—The reaction mixture contained
the components described under “Methods’ in a final volume of

0.25 ml with 750 pg of neuroblastoma N-18 homogenate protein.
The reaction was incubated for 60 min and extracted with toluene;
the toluene phase was evaporated to dryness under a stream of
nitrogen at 24° and the residue then was dissolved in 0.35 ml of
methanol.  Of the radioactivity originally present in the taluene
extract, 819 was recovered in the methanol solution. Authentic
3-methoxy-4-hydroxybenzoic acid and 4-methoxy-3-hydroxy-
benzoie acid were added and portions of the extract were subjected
to aseending thin layer chromatography. Chromatograms were
dried at 24° and marker compounds were located by exposure to
ultraviolet light. Chromatograms were cut into strips, 1 X 3
em, and each was placed in a seintillation vial containing 10 ml
of Triton-toluene-Liquifluor scintillation solution for determina-
tion of radioactivity.

Percentage !
of radio-  Percentage
Chromato- active of applied
Enzyme graphic product radio- Ry
solvent  with Rp of | activity
authentic | recovered
compound
o Ty g -
Sodium
i 3H]acetate
Acetyleholinesterase 1 72 73 0.70
2 90 90 0.25
[*H]Acetyl-
choline
chloride
Choline acetyltransferase 3 80 2 0.66
4 80 81 0.77
5 86 87 0.49
6 103 104 0.89
0.65¢
3,[14(‘]]_
Methoxy-
4-hydroxy-
benzoic acid
Catechol O-methyltrans- 7 84 92 0.38
ferase S 73 78 0.91
G 76 81 0.86
1[C-
Methoxy-
3-hydroxy-
benzoic acid
Catechol O-methylirans- 7 5 92 0.76
ferase b 4 78 0.75
9 5 81 0.75

* With Solvent 6 two peaks of radioactivity were found, both with authentic [“CJacetylecholine chloride and with the tritiated
reaction produet. This phenomenon has been attributed to the effect of salts on the chromatographic mobility of acetylcholine

(23).
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chiromatographed with authentic 3-methoxy-4-hydroxybenzoie
acid; 4 to 5¢; of the reaction product exhibited the e¢hromato-
graphic mobility of 4-methoxy-3-hydroxybenzoic acid.  Greater
than 787 of the applied radionctive material was recovered alter
chromatography.  No discrete contaminants were detected.

Charaeterization of the produets of the glutamate decarboxyl-
ase reaction is shown in Table V. In addition, the amounts of
y-amino[U-MClbutyric acid and MCO, formed during ineubation
with L-[U-HClglutamic acid as substrate are compared. The re-
sults show that y-amino|U-HClbutyric weid was formed during
incubation and also that similar amounts of y-aminobutyric acid
and COy were formed.  However, as shown below, this 1:1 ratio
of products was not found with all tissues assessed. Because of
the possibility that ¥CO. may not accurately reflect production
of y-aminobutyric acid, quantitative identification of the latter
product is required to validate the glutamate decarboxylase
assay.

Substrate Concentration

The relations between substrate concentrations and enzyme
activities are shown in Fig. 4. The apparent Michaelis con-
stants, determined by the method of Lineweaver and Burk (24),
were s follows: acetylcholinesterase, 9.1 X 107 M acetylcholine-
chloride, choline acetyltrunsferase, 1.5 x 1075 M acetyl-C'oA
(with 2 > 107* m choline iodide), and 9.1 X 10™* M choline iodide
(with 2.1 X 107* m acetyl-CoA); glutamate decarboxylase, 3.7 x
107 m L-glutamie acid; and catechol O-methyltransferase, 2.3 X
107" » dihydroxybenzoic acid (with 5.5 X 107* M L-S-adenosyl-
wethionine), and 4.0 X 107° u L-S-adenosylmethionine (with
2.5 x 107% M dihydroxybenzoic acid). Substrate inhibition was
detected only in the case of acetyleholinesterase, similar to ob-
servations that have been reported with that enzyme from other
tissues (25).

In stundard reactions (Fig. 1) substrates were present in con-
centrations well above their respective enzyme K., values and
less thun 1097 of the radioactive substrates were converted to
produet during reactions. High substrate concentrations were
used to maintain zero order kineties and to reduce error due to
endogenous substrates or inhibitors and other reactions compet-
ing for substrate.

Recovery of Protevn and Enzyme Activity from Petri Dishes

The effectiveness of the harvesting procedure was examined
by compuring the protein yield obtained by harvesting replicate
plates by the scrape-wash method with the amount of protein
recovered by the addition of 0.1 x NaOH to dishes (Table VI).
The results show that 959 of the protein was recovered by the
standard harvesting procedure. In experiments with a variety
of eells in culture the reproducibility between replicate plates was
+159 with respect to the specific activity of the four enzymes
and +25% with respect to the yield of protein recovered per
plate.

The recovery of enzyme activity and cell protein also was
studied by adding to Petri dishes known quantities of a mixture
of neuroblastoma N-18 and brain homogenates which had previ-
ously been characterized with respect to enzyme activity and
protein concentration. The homogenate was then recovered by
the usual procedure. A portion wax set aside for future assay of
enzyme activity and protein concentration; the remainder was
added to a fresh Petri dish and recovered again. The harvesting
cycle was performed four times.  The results, presented in Fig. 5,

Wilson et al.

3165

TasLr V
BCO2 and y-aminoMCloulyric acid synthesis in glutamic acid
decarboxylase reaction

The reaction contained 2.44 mg of protein from mouse brain
(156 pmoles of 4CO. formed per min per mg of protein) and the
components deseribed under “Methods’ except that L-[U-14C]-
glutamate was employved as substrate and the final volume was
0.25 ml.  Tncubation was for 45 min at 37°. The reaction was
terminated by the addition of 0.175 ml of 10 mm acetic acid in
methanol.  The evolved 1CQO; was collected for 60 min by Method
@. The acidified reaction then was centrifuged at 15,000 X 17
for 10 min and the supernatant fraction was collected. Unlabeled
v-aminobutyrie acid, glutamic acid, and glutamine were added
and portions were applied to thin layer chromatograms of cellulose
MN Polygram Cel 300 and subjected 1o ascending thin layer
chromatography with Solvent Systems 1, 2, and 3 (two-dimen-
sional chromatography with System 3) and to Whatman 3MM
paper for high voltage electrophoresis (45 min at 61 volts per em
and 130 ma) with Solvent 4. Solvent systems were: Solvent 1,
2-propanol-methanol-concentrated NH,OH (9:7:4); Solvent 2
phenol saturated with 6 M NH,OH; Solvent 3, 2-propanol-1-
butanol-1 N~ HCI (6:1.5:2.5) for the first dimension and phenol
saturated with H,O for the second dimension; and Solvent 4,
pyridine-acetic acid-H,Q, pH 3.95 (1.8:5.0:144.5). Chromato-
grams and electropherograms were dried, stained with 0.2¢,
ninhydrin in acetone, and cut into 0.5- or 1.0-cm strips. Each
strip was placed in a scintillation vial with 10 ml of Triton-toly-
ene-Liquifluor seintillation solution and radioactivity was deter-
mined. Specific activities of “CQO, and v-amino|[U-1*C|butyric
acid reaction products were 1,580 and 6,320 dpm per nmole, respec-
tively.

Amount of |
! Ry of marker
e i y-amino Amount of F O T
Solvent system [Clbutyric acid|1CO; recovered | ¥ 2minobutyric
recovered acl
nmoles nimoles
i
1 26 22 0.42
2 33 22 i 0.8%
3 (Ist dimension) 28 22 0.77
(2nd dimension) ; 0.89
4 I - T

show that recovery for each harvest cyele was 969 for protein,
879% for glutamate decarboxylase, 959 for choline acetyltrans-
ferase, 83 for catechol O-methyltransferase, and 88 for acetyl-
cholinesterase. Thus, enzyme activity released from cells dur-
ing the scraping procedure would be recovered in high yield and
with little alteration of enzyme-specific activity-.

Marker Enzymes in Cell Culture

Non-neuronal Cells in Culture—In order to determine the
specificity of the marker enzymes, established cell lines from
brain and other tissues were grown in surface culture until several
days after confluency and then tested for presence of the enzynie
activities. As shown in Table VII, choline acetyltransferase,
acetylcholinesterase, and glutamate decarboxylase activities were
present in all of the cell lines examined. Activities of the three
enzymes in established cell lines were considerably lower than
corresponding activities in newborn brain.

Glutamate decarboxylase specific activity in L-929 cells and
in glial cell lines Cy, (2, and RG-179 when measured by y-amino-
[“*Clbutyrie acid production was 10¢; or less of that measured by
#CO;y production.  The presence of 1 ma y-aminobutyric acid in
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F1a. 4. Relation between reaction velocity and substrate
coneentration. Reactions for acetyleholinesterase, choline acetyl-
transferase, glutamate decarboxylase, and catechol O-methyl-
transferase contained the components described under “Meth-
ods’ except for substrate concentrations as indicated and 15,
424, 188, and 200 ug of protein, respectively. In addition acetyl-

TasLr VI
Recovery of cell protein from Peiri dishes

Petri dishes (145 cm? surface area) containing neuroblastoma
clone N-18 cells were incubated for 4 days and then harvested
by the procedure specified in the table. Fach method was tested
in triplicate; values shown are averages. Harvesting Method
1a 1s the standard procedure deseribed under “Methods.”” For
Method 1b, 2.5 ml of 0.1 N NaOH was added to each dish that had
been seraped and washed. The dish then was incubated at 4°
for 15 min to dissolve protein. For Method 2, 10 m! of 0.1 ~
NaOH was added to each dish containing a confluent monolayer
of cells and the dish was again incubated for 15 min at 4°.

‘Amount of

protein
Method of harvesting protein | recovered
i per Petri
dish
g
|
1. a, Dish seraped and washed (standard method). . ... C6.14
b, Protein remaining in dish that had been scraped |
and washed was recovered by the addition of 0.1 |
NNaOH.....oo | 0.30
l‘t)ttl\ 6.44
2. 0.1 N NaOH added to Petri dish containing a cell |
monolayer. . ... 6.00

reaction mixtures had little influence on activity by either meas-
urement. The presence of 1 mum amino-oxyacetic acid reduced
C0Os production by only 10 to 30¢;, vet y-aminobutyric acid pro-
duction was reduced by at least 95¢.. Thus, it appeared that

SUBSTRATE MOLARITY x 103

L-GLUTAMATE DECARBOXYLASE

PMoLES] ] PRODUCT x1G*/10MIN
o
@

i n I L )y A &

2 3[4 5 [

L-GLUTAMATE MOLARITY x I0°

cholinesterase and catechol O-methyltransferase reactions were
incubated for 7 and 15 min, respectively. The data were plotted
aecording to the Lineweaver and Burk method (24). Glutamate
decarboxylase was determined by Methods @ and b (Method « is
shown).
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Fia. 5. Recovery of homogenate protein and total enzyme ac-
tivities in multiple cyeles of the serape-wash procedure. Stand-
ard homogenates for assays of glutamate decarboxylase, catechol
O-methyltransferase-acetylcholinesterase, and choline- acetyl-
transferase were mixed in the proportion 10:4:1, added to culture
dishes, and repeatedly cycled through the scrape-wash recovery
procedure described in the text. The starting homogenate con-
tained 20.3 mg of protein and enzyme specific activities of 145,
41.7, 31,850, and 118.4 pmoles of product formed per min per mg
of protein for glutamate decarboxylase, catechol O-methyltrans-
ferase, acetvlcholinesterase, and choline acetyltransferase, re-
spectively. Glutamate decarboxylase was determined by Method
a.

#CO, was being produced via pathways other than glutamate
decarboxylase in the L-929 and glial cell lines tested.

Normal Brain Cells tn Culture—Growth characteristics and
marker enzyme activities were assessed in surface cultures of













