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Developmental changes in the enzymes acetylcholinester-

ase (EC 3.1.1.7) and pseudocholinesterase (EC 3.1.1.8) were

examined in ovo and in vitro in the neural retina of the

developing chick. In addition, investigations of cellular

interactions and hormones as possible control mechanisms of

enzyme synthesis were made.

The specific activity of acetylcholinesterase, a marker

of neuronal differentiation, increased from 6 to 9 days,

leveled off from 9 to 11 days, and increased sharply from

11 to 18 days. This pattern correlates with periods of

histogenesis in the retina. Cell number and protein content

per retina were also examined.

The specific activity of pseudocholinesterase, a pos-

sible glial cell enzyme in this tissue, remained relatively

constant during development.

Acetylcholinesterase and pseudocholinesterase activi-

ties increased for several days in cultures of intact

retinas derived from 6-, 8-, 10 -, and 14-day embryos.



However, the pattern of the acetylcholinesterase activity

increase varied with the age of the embryo. Mitotically

active retinas (from 6- and 8-day embryos) expressed an in-

crease in acetylcholinesterase activity in culture similar

to that in vivo; although retinas undergoing differentia-

tion (from 10- and 14-day embryos) also expressed a con-

tinued increase in acetylcholinesterase activity in culture,

the activities were lower than those in vivo. Cultures of

retinas from 6-, 8-, 10-, and 14-day embryos showed increas-

ing pseudocholinesterase activity in culture, which was also

lower than that in vivo.

Enzyme activities in aggregate, monolayer, and intact

retina cultures derived from 6-day embryos were compared to

ascertain whether they were dependent on the formation of

cellular associations in culture. All cultures exhibited

increases in acetylcholinesterase activity similar to retinas

in vivo, suggesting that cellular associations do not affect

acetylcholinesterase activity nor its age- dependent increases.

Pseudocholinesterase activity also increased in all three

culture environments, but the activity was always lower than

in retinas in vivo.

Two hormones were investigated as possible control

mechanisms for these enzymes. Hydrocortisone did not affect

total cholinesterase activity in cultures of retinas from

10-, 12-, 14-, or 16-day embryos.

Treatment of retinal cells with thyroxine resulted in

increased acetylcholinesterase and pseudocholinesterase

activities at most ages tested. The maximum increases of

acetylcholinesterase (30%) and pseudocholinesterase (17%)

were in cultured retinas equivalent in age to 11 days in

vivo. Changes in enzyme activities were similar with short

(24 hr) or long (several days) thyroxine treatments.

When the serum content of the tissue culture medium



was decreased, both acetylcholinesterase and pseudo-

cholinesterase activities decreased. However, substitution

of thyroxine for serum in the tissue culture medium returned

acetylcholinesterase activity to the control level in cul-

tures of retinas from embryos of 10 days or older; cultures

of retinas from embryos less than 10 days exhibited acetyl-

cholinesterase activities midway between those of control

cultures and cultures without serum. When thyroxine was

substituted for serum, pseudocholinesterase activity was

greater than in cultures without serum, but less than con-

trol values at all ages investigated; therefore, thyroxine

only partially replaced serum in stimulating pseudocholin-

esterase activity.

The value of the retina as an experimental tissue for

the study of cholinergic synapse formation in vitro is dis-

cussed. This study reports that acetylcholinesterase activ-

ity increased in vitro independent of cellular associations.

This result is discussed in relation to published data on

acetylcholinesterase activity in brain tissues and on gluta-

mine synthetase activity in retina tissue.
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CHOLINESTERASE ACTIVITY IN THE NEURAL
RETINA OF THE DEVELOPING CHICK

INTRODUCTION

This research was concerned with the activities of

acetylcholinesterase and pseudocholinesterase in the neural

retina of the developing chick. The developmental changes

in activities and two possible mechanisms of control, cellu-

lar interactions and hormonal influences, were examined.

The chick neural retina, unlike most other tissues, is

not vascularized and contains no connective tissue. It

consists of neurons and glial cells only, which become

organized in a characteristic manner. These features make

this tissue a good model system for differentiation, and

the neural retina has been well studied in the chick. How-

ever, the main biochemical marker of differentiation in

this tissue has been glutamine synthetase, which was

recently demonstrated specifically in glial cells by histo-

chemistry. A biochemical marker specific for neurons

which is indicative of neuronal function is needed for the

study of differentiation in this tissue.

Acetylcholinesterase (ACNE) is a neuronal enzyme which

hydrolyzes acetylcholine to acetate and choline during the

synaptic transmission of a nerve impulse. Pseudocholines-

terase (pseudoChE) is an enzyme localized in glial cells

within nervous tissues. These enzymes were investigated

in this study as markers of differentiation for neurons

and glial cells respectively in the neural retina. Because

cellular interactions and a hormone (hydrocortisone) have

been shown to influence the activity of glutamine synthe-

tase, these possible control mechanisms were investigated

in this study of cholinesterases (ChE).
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The objectives of this study were formulated as four

questions: (1) How does the activity of each enzyme change

as development of the tissue proceeds? (2) Do retinal

cells require the embryonic environment for the expression

of these enzyme activities or will they be expressed in

vitro? (3) Do cellular associations play a role in the

appearance of these enzyme activities? and (4) Do hormones

influence the activity of these enzymes?

The sections which follow present general background

information for this study and review the literature in the

separate areas which impinge on this work.

The Development of the Retina

The neural retina of the developing chick has several

characteristics which make it a good tissue for the study
of differentiation. Until the photoreceptor processes

form, it is easily isolated from adjacent tissues, permit-

ting the ready isolation of a strictly nervous tissue,

which in the chicken is also avascular (Michaelson, 1954)

and contains no connective tissue. Consequently, unlike

most tissues, including the brain, which contain multiple

cell types, this tissue is composed entirely of several

types of neurons and a few types of glial cells. All dif-

ferentiated vertebrate retinas exhibit a highly organized

cellular arrangement; however, in the chicken retina, as

with other avian species, cells are arranged into more

sharply defined histological layers than in other verte-

brate retinas (Romanoff, 1960). Due to this limited number

of cell types and to the structured organization of the

tissue, the chicken retina is an excellent experimental

material for investigating the effects of cellular rela-

tionships on the process of differentiation.

The histological differentiation of the embryonic
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chick retina has been well studied. The optic vesicles

first appear at about 30 hr of incubation. By 2 days of

development the cellular proliferation of the outer layer

of the optic cup (the presumptive neural retina) is

noticeable. Weysse and Burgess (1906) have described the

embryonic chick neural retina as undergoing three periods

of development: (1) a period of cell multiplication, from

2 to 8 days; (2) a period of cellular rearrangement, from

8 to 10 days; and (3) a period of differentiation, extend-

ing from 10 days of development until post hatching. These

periods of retinal development are not completely distinct,

because development begins near the central region of the

optic cup and progresses laterally toward the marginal

edge. As a result the central area of the retina is always

at a more advanced stage than the more lateral areas of the
tissue.

During cellular proliferation, the first period, mito-

sis largely occurs in a germinal layer of cells adjacent to

the pigmented retina (Coulombre, 1955). Cells cease pro-

liferation in a sequence indicative of their fates, i.e.,

first presumptive ganglion cells; then presumptive photo-

receptor cells, amacrine cells, and horizontal cells; and

finally bipolar cells (Kahn, 1974). By the end of this

period the presumptive cell types have formed distinct

layers within the tissue.

During the second period, cellular rearrangement, the

retina decreases in thickness as the tissue expands later-

ally. The two major layers of cell processes, the inner

plexiform and the outer plexiform layers, appear during

this period (Coulombre, 1955; Romanoff, 1960), although no

synapses are yet developed.

During the final period, differentiation, cellular

morphology and tissue structural organization are estab-

lished. The first synapses appear at 13 (Hughes and
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LaVelle, 1974) or 14 days (Sheffield and Fischman, 1970) in

the inner plexiform layer, a synaptic layer between bi-

polar and ganglion cells. Synapses in the outer plexiform

layer between bipolar cells and photoreceptor cells, do

not form until later than 14 days (Hughes and LaVelle,

1974). The neuronal cell population consists of photo-

receptor cells, bipolar cells, and ganglion cells, plus

two types of association neurons, horizontal cells and

amacrine cells. The major glial cell type is the Miller

cell. Other glial cell types (interstitial spongioblasts,

astrocytes, and microglia) are less common (Leeson and Lee-

son, 1976). Although synapses begin forming at 13 or 14

days, the tissue is not functionally mature until later.

Lindeman (1947) reported the first pupillary constrictor

reflex response to light at 19 days of development; while

Witkovsky (1963), measuring response to light by electro-

retinogram, reported the first light response at 18 days.

By the third stage of development the retina consists

of a highly ordered array of cells. This organization is

expressed even if the cells are isolated for development

in vitro, as has been demonstrated by several ultrastruc-

tural studies of retinal cells in aggregate cultures.

Within the aggregates cell processes form regions which

resemble the plexiform layers in vivo (Sheffield and Mos-

cona, 1970; Vogel and Nirenberg, 1976). All major cell

types, including Mailer cells, have been identified within

aggregates (Stefanelli et al., 1967), in approximately the

same proportions as normally occur in vivo (Sheffield,

1970). Typical synapses, with synaptic vesicles, develop

(Sheffield and Moscona, 1970). The concentration of syn-

apses has been calculated as appro*imately equal to that

in vivo (Vogel et al., 1976). Moreover, several types of

synapses have been identified in aggregates, corresponding

to those in the inner plexiform and outer plexiform layers

and to those between association neurons (Vogel et al., 1976).
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Glutamine Synthetase as a Marker of
Cell Differentiation

The term differentiation denotes the process by which

cells change from generalized or nonspecialized cells to

those which are specialized in form and function (Berrill

and Karp, 1976; Fulton and Klein, 1976; Wessells, 1977).

Because such specializations entail changes in the mixture

of macromolecules produced by the cells (selective gene

expression), assays of macromolecules are frequently used

as indicators or markers of the process of differentiation.

Such has been the case with the neural retina in the devel-

oping chick embryo.

The enzyme which has been especially well studied in

this tissue as a marker of cell differentiation is gluta-

mine synthetase (GS). GS catalyzes the conversion of

glutamate to glutamine. As a result it is linked to a

variety of biochemical pathways for which glutamine is

either a precursor or an amino group donor (Lehninger,
1970). This enzyme is found mainly in vertebrate liver and

in nervous tissues of vertebrates and invertebrates (Wu,

1963; Kleinschuster and Morris, 1972).

During the normal development of the neural retina in

the embryonic chick, GS activity remains at a low level

throughout development until 16 days of incubation. Then

GS activity increases sharply, about 100 fold, over the

next five days, before reaching a plateau level at about

the time of hatching (Rudnick and Waelsch, 1955; Moscona

and Hubby, 1963; Piddington and Moscona, 1967). The activ-

ity of GS in this tissue can, however, be modified experi-

mentally. If the retina is treated with the hormone

hydrocortisone (or related corticosteroids), either in

vitro or in vivo, the sharp increase in enzyme activity

can be induced to develop precociously, in retinas as



young as 7 days of incubation

Moscona and Piddington, 1966;

1967). Because of this sharp

cause of the induction of the

tissue has been used to study

tion.

The precocious induction of GS activity by hydro-

cortisone has been shown to require RNA synthesis and pro-

tein synthesis (Kirk and Moscona, 1963; Moscona and Kirk,

1965; Moscona et al., 1968; Alescio and Moscona, 1969;

Alescio et al., 1970; Moscona et al., 1972); although it

can proceed without DNA synthesis occurring (Moscona et al.,

1970). In addition the induction of this enzyme has been

shown to be dependent on the cellular associations of the

retina cells. That is, the level of GS activity attained

after induction by the hormone decreased in aggregate cul-

tures relative to whole tissue cultures, and decreased in

monolayer cultures relative to aggregate cultures (Morris

and Moscona, 1970, 1971). As previously noted, GS has been

utilized as a marker of cell differentiation in the retina

because of the advantages of the system for experimental

manipulation. However, recent immunohistochemistry has

localized this enzyme in the Maier cells of rat retina

(Riepe and Norenberg, 1978a, 1978b) and in glial cells only

in rat brain (Martinez-Hernandez et al., 1977). Because

GS apparently is a strictly glial enzyme in the retina and

is not directly involved in neuronal function, an alter-

native biochemical marker of differentiation was sought

which would be localized in neurons and would be indicative

of neuronal function. It was for these reasons that this

study of acetylcholinesterase was undertaken.

6

(Moscona and Hubby, 1963;

Piddington and Moscona,

activity increase and be-

enzyme by the hormone, this

the process of differentia-
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Acetylcholinesterase and Butyrylcholinesteraset
Characteristics

Acetylcholinesterase (acetylcholine hydrolase, EC

3,1.1.7, Florkin and Stotz, 1973) is an enzyme which cata-

lyzes the degradation of acetylcholine to acetate and

choline. The molecular, structural, and biochemical as-

pects of this enzyme have been described in detail, based

largely on work with nervous tissues, the neuromuscular

junction, and eel electric organs (Potter, 1970; Silver,

1974; Rosenberry, 1975). The initial description of a ChE

activity was, however, made using mammalian whole blood

(see Silver, 1974). It was later recognized that whole

blood contained two ChE enzymes, one in erythrocytes and

one in the serum (Alles and Hawes, 1940). Because the

erythrocyte enzyme was thought to utilize only choline

esters as substrates, it was called the true cholinesterase

or specific cholinesterase. The serum enzyme, on the other

hand, could utilize non-choline esters as well as choline

esters for substrates and was called the non-specific cho-

linesterase or pseudocholinesterase (Mendel and Rudney,

1943a). Although pseudoChE are neither non-specific in

substrate utilization nor in any way "false" enzymes, this

historical terminology has persisted. The ChE enzymes con-

sist of two subgroups of enzymes, the acetylcholinesterases

(AChE) and the pseudocholinesterases (pseudoChE), which can

be distinguished biochemically by comparing substrate

affinities and/or by using inhibitors. They also vary in

tissue location and probable function. The common char-

acteristic of all cholinesterases is that they are in-

hibited by eserine, while other esterase enzymes are not

(Augustinsson, 1957, 1963).

Acetylcholinesterase in vertebrate nervous tissue is

generally localized in neurons and absent from glial cells



(Potter, 1970; Silver, 1974). Within the nerve cell AChE is

membrane-associated (Karczmar, 1967; Potter, 1970; Dudai and

Silman, 1974), not only along the nerve terminal surface,

but also in cell bodies, axons, and dendrites (Silver, 1974;

Rosenberry, 1975). It is, however, maximally concentrated

in synaptic membranes (Potter, 1970; Rosenberry, 1975).

When tested with a variety of choline esters as substrates,

AChE will hydrolyze acetylcholine most rapidly; but, gener-

ally it will also hydrolyze acetyl -/9 - methylcholine (Men-

del and Rudney, 1943b) and butyrylcholine, although at a

much lower rate (Augustinsson, 1963, 1971; Potter, 1970).

AChE is inhibited by eserine (physostigmine) and BW 284 C51,

but resistant to inhibition by iso-OMPA or ethopropazine

(Silver, 1974)1 Although the enzyme can hydrolyze various

substrates, the natural substrate in vertebrate tissues is

acetylcholine (Potter, 1970; Augustinsson, 1971; Silver,

1974).

As a group pseudocholinesterases (acylcholine acyl-hy-

drolase, EC 3.1.1.8, Florkin and Stotz, 1973) exhibit more

variation in substrate affinities than do the AChE. As a

result these enzymes frequently are named based upon the

substrate which a particular pseudoChE hydrolyzes most

rapidly, generally either butyrylcholine or propionylcho

line. These enzymes would be specifically classed as

butrylcholinesterases (BuChE), which are the most common

type of pseudoChE, or propionylcholinesterases. These

terms do not indicate either the natural substrate or the

1Silver (1974) gives the following chemical names for
these compoundss

eserine, l'-methylpyrrolidino (2'23's2:3)1,3-dimethyl-
indolin-5-y1 N-methylcarbamate;

BW 284 C51, 1:5-bis(4-allyldimethylammoniumpheny1)-
pentan-3-one dibromide;

iso-OMPA, tetramonoisopropylpyrophosphortetramide; and
ethopropazine, 10-(2-diethylaminopropyl) phenothiazine

hydrochloride.



9

physiological function of the enzymes, both of which are

still unknown (Silver, 1967; Nichols and Koelle, 1968;

Augustinsson, 1971). PseudoChE also hydrolyze benzoyl-

choline, which AChE does not;and unlike AChE, the pseudoChE

do not generally hydrolyze acetyl-P-methylcholine (Mendel

and Rudney, 1943b). PseudoChE are inhibited by eserine,

iso-OMPA, and ethopropazine, while being resistant to inhi-

bition by BW 284 C51 (Silver, 1974). These are soluble

enzymes, both intracellularly and extracellularly, particu-

larly in serum. In nervous tissue pseudoChE in vertebrates

are generally concentrated in glial cells, blood vessel

walls, and connective tissue (Potter, 1970; Silver, 1974).

They are only rarely found in neurons (Silver, 1967). The

terms pseudoChE and BuChE are commonly used as synonyms for

this general group.

Because of these variations in substrate affinity and

in the reactions to various inhibitors, the two types of

ChE can be distinguished biochemically. However, almost all

of the characteristics discussed above may vary from species

to species or class to class (Silver, 1967). The general

characteristics as described apply most directly to mamma-

lian species. Avian ChE, including those of the chicken,

vary in some of these characteristics and these variations

will be discussed in the next section.

The Cholinesterase Enzymes of the Chicken

Although class and species differences are common in

the characteristics of cholinesterases, variations in ChE

between organs within a species are uncommon (Myers, 1953).

Consequently, with rare exceptions, the characteristics of

AChE or pseudoChE described for one organ of a species

should also hold true for other organs in that same species.
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Several studies have shown that both AChE and pseudo-

ChE in chickens vary from the general types found in mam-

mals. Myers (1953) reported that the AChE of brain prefer-

entially split propionylcholine, rather than acetylcholine,

and the pseudoChE of serum, which could be classified as a

propionylcholinesterase, also hydrolyzed acetyl-/3-methyl-

choline; therefore, he regarded both enzymes as variants.

Austin and Berry (1953) confirmed these substrate specifici-

ties for the serum enzyme. Later Burkhalter et al. (1957)

reported a ChE with intermediate characteristics (i.e.,

hydrolysis of acetyl-p-methylcholine) in embryonic chick

intestine, which showed the same substrate specificities as

the serum pseudoChE described by Myers (1953) and by Austin

and Berry (1953). Blaber and Cuthbert (1962) reexamined

both the serum and intestine enzymes in a comprehensive

study of the chicken ChE. Their results agree with all

those previously reported for the pseudoChE. Therefore, all

the evidence would classify the pseudoChE of chickens as a

propionyicholinesterase with the added characteristic of

hydrolyzing acetyl-/6-methylcholine.

The evidence for the substrate affinity of the AChE

enzyme is less clear. In 1963 Atherton, using chick embryo

brain AChE, confirmed Myers' earlier report of a stronger

affinity for propionylcholine as substrate than acetylcho-

line. However, Blaber and Cuthbert (1962) disagreed with

this result. They reported a stronger affinity for acetyl-

choline than propionylcholine with the brain enzyme, and,

therefore, classified it as a true AChE. Consequently, the

question of whether the AChE in chickens is, or is not, a

variant form has not been resolved.

Besides the substrate specificity differences of

chicken cholinesterases, they also vary from the mammalian

enzymes in sensitivity to inhibitors. Blaber and Cuthbert

(1962), after investigating several inhibitors commonly
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used with mammalian enzymes, reported some totally

ineffective, while others were less effective against

chicken enzymes than against mammalian enzymes. For ex-

ample, with the inhibitor BW 62 C47 the chicken brain AChE

was inhibited 50% at a concentration of 10-5 iM in their

study, while the rat brain enzyme was inhibited 50% at a

concentration of 2 x 10-7 M (Fulton and Mogey, 1954). Al-

though a higher concentration of the inhibitor BW 62 C47 was

necessary to inhibit chicken AChE than mammalian AChE, it

was still a selective inhibitor of AChE in the chicken since

serum pseudoChE was not inhibited by concentrations as high

as 10-3 M (Blaber and Cuthbert, 1962).

The evidence that the chicken serum ChE is a propionyl-

cholinesterase with some similarities to AChE (i.e., hydroly-

sis of acetyl-la-methylcholine) is overwhelming. Both

Blaber and Cuthbert (1962) and Burkhalter et al. (1957) sug-

gested that this enzyme shoilld be called simply an inter-

mediate ChE, but this terminology has never been used in the

literature. The present study will use the term BuChE as a

synonym for pseudoChE, since this term is commonly used in

the literature for chicken pseudoChE (see for example, Wil-

son et al., 1973 or Peterson et al., 1973). The use of this

term is not intended to imply that this pseudoChE exhibits

a maximal substrate affinity for butyrylcholine.

Cholinesterases in the Retina of
the Developing Chick

Two studies of ChE activity in the retina of the devel-

oping chick have been reported in the literature. Lindeman

(1947) reported a gradual increase in activity from 8 to 18

days, followed by a sharp increase from 18 to 20 days.

Rogers et al. (1960) extended the period of study and re-

ported a sharp increase in enzyme activity from 6 to 8
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days, followed by a more gradual increase from 8 days to 2

days post hatching. No further change in activity was

noted at 6 weeks post hatching. For the overlapping pe-

riods examined in these two reports, the general shapes of

the curves are similar; but they can not be directly com-

pared because the enzyme activity units in each report can

not be interconverted. A more important problem with each

paper is that no attempt was made to distinguish between

AChE and BuChE activities or to determine if other esterase

activities might be present. Each assay, as a result,

measured the total activity of all enzymes which could

hydrolyze acetylcholine.

Three histochemical studies of ChE localization in the

chicken retina have also been reported. Francis (1953) re-

ported general ChE staining within the inner plexiform

layer of the chick after hatching. This staining occurred

in several distinct layers within the inner plexiform

layer, whereas in retinas of other vertebrates examined,

staining was more uniformly distributed. In a comparative

survey of bird retinas Capurro et al. (1958; as cited by

Esila, 1963) repoited ChE staining in the ganglion cell

layer, in the amacrine cells, and in the inner plexiform

layer of the domestic hen. These results agree with an

extensive histochemical study of the appearance of AChE

activity in the developing chick retina by Shen et al.

(1956). This work utilized the inhibitor diisopropylphos-

phorofluoridate (DFP) to selectively inhibit pseudoChE.

They reported the first histochemical staining of AChE in

ganglion cells at 4 days, in amacrine cells at 6 days, and
in the inner plexiform layer at 8 days of development.

Slight, but distinct, staining also occurred in horizontal

cells and in parts of the photoreceptor cells at later ages.

In the inner plexiform layer, staining at early ages con-

sisted of two distinct bands, while at later ages four
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bands of staining were visible in this region. No staining

of bipolar cells or of the outer plexiform layer was de-

tectable.

No histochemical studies of pseudoChE in the chicken

retina were found in the literature, although studies of

these enzymes in mammalian retinas have been reported.

Esiri (1963) demonstrated wide inter-specific differences

in the localization of these enzymes in various mammals,

ranging from enzyme staining in several retinal layers to

no detectable staining. One avian retina, that of the

pigeon, has been examined histochemically for pseudoChE.

Staining was reported in the inner nuclear layer, as well

as in cell processes extending into the outer plexiform

layer (Nichols and Koelle, 1968). No detectable staining

occurred in the inner plexiform layer. On the basis of

location the authors identified the stained cells as hori-

zontal cells. 2
However, due to the large inter-specific

differences in location already mentioned, it is not pos-

sible to extrapolate these results to the chicken retina.

Effects of Thyroxine on Cholinesterase Activity

The biological effects of the thyroid hormones are

diverse, though largely related to energy metabolism

(Turner and Bagnara, 1971), and a complete discussion of

these effects is beyond the limits of this introduction.

Of particular interest in regard to this study are the

special effects of thyroid hormones during development.

The effects on amphibian metamorphosis and on the develop-
ment of the vertebrate central nervous system (CNS) have

2
If the identification of the stained cells is cor-

rect, this may be a variant from the usual location of
pseudoChE, i.e., only in rare cases has pseudoChE been
found in neuronal cells (Potter, 1970; Silver, 1974).
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received particular attention (Rail et al., 1964).

Although thyroid hormones play a large role in the

development of the CNS, their effects are temporally limited

since the differentiated CNS is relatively unresponsive to

the hormones (Sokoloff, 1971). The multiple aspects of CNS

development which respond to thyroid hormones have been

reviewed elsewhere (see for example Hamburgh, 1969; Balgzs,

1971; Balgzs et al., 1971; Sokoloff, 1971; Sokoloff and

Roberts, 1971). This discussion will consider only the

effects of thyroid hormones on ChE activity in the CNS.

The thyroid produces two hormones, thyroxine or T4

(3,5,31,5'-tetraiodothyronine) and T3 (3,5,3'-triiodothyro-

nine). In mammals T
4 may represent 99% or more of the thy-

roid hormone in the circulation, with only 1% or less of T3

(Robbins and Rail, 1967). Both molecules, however, exhibit

biological activity, with T3 more biologically active than

T
4 in mammals (Robbins and Rall, 1967; Singh et al., 1967;

Turner and Bagnara, 1971). A small proportion of T4 is

carried in the circulation as a free serum T4 molecule,

while the majority of the T4 is bound to specific serum pro-

teins. T3 also exists free in the serum or bound to pro-

tein (Robbins and Rail, 1967).

Two experimental approaches have been used in vivo to

examine the effects of thyroid hormones on ChE activities;

reducing the thyroid hormone concentration by creating

hypothyroid animals, or increasing the concentration by

injecting additional hormone. Under hypothyroid conditions

the frontal cerebral cortex in neonatal rats showed a de-

crease in ChE activity of approximately 15% (Hamburgh and

Flexner, 1957). A larger decrease in the activity of suc-

cinic dehydrogenase and no change in activity of cytochrome

oxidase or aldolase were reported in the same study, indi-

cating a selective response to the hormone. Valcana (1971)

verified the decrease in ChE activity in the cerebral



15

cortex of neonatal rats and, in addition, noted a decrease

in this enzyme activity in the cerebellum in hypothyroid

animals. In a study in which neonatal rats were injected

with additional hormone, Schapiro (1968) reported increased

ChE activity in both the hypothalamus and the cerebral cor-

tex, while no change in activity occurred in the cerebellum

or medulla. AChE and pseudoChE were assayed separately in

a study reported by Geel and Timiras (1967). Using hypo

thyroid neonatal rats they found a decrease in AChE activity

in the cerebral cortex and in the hypothalamus. In addi-

tion, pseudoChE activity decreased in the cerebral cortex.

This latter result suggests that glial cells, as well as

neuronal cells, are affected by the thyroid hormone con-

centration.

Thyroid hormone effects on ChE activity have also been

examined in vitro. Monolayer cultures of 7-day chick embryo

cells showed an increase in ChE activity after exposure to

thyroxine in the medium (Werner et al., 1971). A similar

increase in ovo was noted when T
4 was injected into the yolk

sac of 14-day embryos. To determine more precisely where

the hormone was acting, a second experiment assayed AChE and

BuChE activities independently, AChE activity increased

about 31% while BuChE activity increased about 66% in cul-

tures which were largely composed of neuronal cells or

glial cells respectively (Peterson et al., 1973).

These experiments suggest that thyroid hormones affect

the ChE activity of some CNS regions. However, not all CNS

regions respond in the same manner at a given time in devel-

opment, as Schapiros study (1968) demonstrated. Moreover,
the effects on ChE appear to be selective responses of the

cell since not all enzyme activities respond in the same

manner to hormone treatment (Hamburgh and Flexner, 1957;

Peterson et al., 1973). The influence of thyroid hormone

on the retina has not been examined.
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MATERIALS AND METHODS

Fertile white leghorn eggs were obtained every, two

weeks from the Poultry Science Department, 0.S.U., Corval-

lis, Oregon. They were stored at 150C until incubation,

which routinely started at 6 A.M. each day eggs were set.

Eggs were maintained at 370C and high humidity in an R.I.B.

Company egg incubator. Prior to use eggs were candled and

the developmental stage of the embryo was determined accord-

ing to Hamburger and Hamilton's criteria (1951). Under-

developed eggs and embryos exhibiting developmental anoma
lies were discarded.

Dissection Method

All dissections were conducted using sterile technique

under a sterile tissue culture hood. Eggs were surface
sterilized with isopropyl alcohol. Using forceps the blunt
end of the egg was punctured and a circular cap of shell
removed. The embryo was lifted through this shell opening

with blunt forceps and placed in a 60 mm Petri dish. In

older embryos the yolk sac was pinched off with forceps.

The skin and connective tissue covering the eye was

stripped away and the muscles and optic nerve connecting
the eye to the skull were cut. The intact eye was trans-

ferred to the well of a Maximow slide containing cold

Hanks' Balanced Salt Solution with 0.01 M MOPS (morpholino-
propane sulfonic acid, a zwitterionic buffer) at pH 7.2
(BSS). The Hanks' BSS was prepared from a powder purchased
from Gibco. To maintain sterility the Maximow slide was
kept covered within a 100 mm Petri dish. Adherent muscle
and connective tissue was removed from the surface of the
eyeball and the BSS in the slide well was changed to remove
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blood cells and debris. The eye was transferred to a second

Maximow slide with fresh, cold BSS for the retina dissec-

tion. The eyeball was cut into halves by inserting the tip

of a pair of iris scissors into the optic nerve and cutting

along the plane of the optic fissure. The vitreous humor

was removed using forceps. The neural retina, which lies

immediately adjacent to the vitreous humor, was gently

teased away and separated as a sheet of tissue from the ad-

jacent pigmented retina. This separation of neural and pig-

mented retina layers is relatively easy in young embryos.

In older embryos (about 14- to 16-day) small areas of adher-

ent pigmented retina were removed by stripping them off the

neural retina. In 18-day embryos pigmented retina could be

removed only by light trypsinization. The BSS was removed

and the retinas were washed with calcium-magnesium free

saline (CMF; Moscona, 1961). The CMF was removed and

0.0625% trypsin (Sigma; Type III from bovine pancreas) was

added. The Maximow slide was gently agitated and pigmented

retina was teased loose from the neural retina. The total

exposure time to the trypsin solution was six to eight

minutes. Following trypsinization the neural retinas were

incubated with CMF plus 10% fetal bovine serum for several

minutes and then returned to cold BSS.

Culture Methods

After retinas were dissected they were generally main-

tained for short periods of time in cold BSS on ice until

cultures were prepared. The standard tissue culture medium

was Eagle's minimum essential medium (MEM) at pH 7.2. MEM

was prepared from a powder purchased from Gibco.

Intact Tissue Culturesi Retinas were teased into small

pieces, approximately 1 to 4 mm2 in size, using two pairs of
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fine forceps. The BSS was removed and the tissue explants

were washed with two changes of medium. The culture medium

was prepared as 89% Eagle's MEM plus 10% fetal bovine serum

(Microbiological Associates) plus 1% of a penicillin-

streptomycin solution. The final medium contained 100

units/ml penicillin and 100 mcg/ml streptomycin (Difco).

Erlenmeyer flasks were prepared with medium, gassed with

5% CO2 -95% air, and stoppered. For retina ages of 10 days

or less, 3 ml of medium in a 25 ml Erlenmeyer flask were

used; while for older retinas, 50 ml flasks with 5 ml of

medium were used. The tissue explants were transferred to

the flasks in a small drop of medium using a wide-bore

Pasteur pipet. In all cases the explants from one retina

were cultured together in one flask. Cultures were incu-

bated at 370C in a Hotpack model 352700 incubator at 70 rpm

on a New Brunswick Laboratory Rotator, model G-2. The

medium was changed daily for the duration of all experi-
ments.

Aggregate Cultures: Cells from the dissected retinas

were dissociated using the following protocol. BSS was

removed and the tissue was washed three times with CMF con-

taining 0.01 M MOPS. The tissue and the last CMF rinse

were transferred to a stoppered 10 ml Erlenmeyer flask and

incubated 15 min at 370C, 50 rpm on a rotary shaker. The

CMF was aspirated and replaced with 0.25% trypsin in CMF

containing 0.05 M MOPS for a second 15 min incubation at

370C, 50 rpm. The trypsin solution and tissue were trans-

ferred to a 15 ml centrifuge tube and centrifuged at medium

speed on an International Clinical Centrifuge for 3 min.

The supernatant solution was discarded and the tissue was

washed two times with prepared culture medium, 88% Eagle's

MEM plus 10% fetal bovine serum plus 1% penicillin-strepto-

mycin plus 1% DNase (Sigma; DNase I from beef pancreas,
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noncrystalline). The DNase was initially prepared as 0.5

mg/ml in CMF containing 0.01 M MOPS, yielding a final DNase

medium concentration of 5,Pg/ml. The supernatant solution

was discarded following each centrifugation. A third

change of medium, one milliliter, was added and the tissue

was dissociated by flushing the tissue in and out through

a Pasteur pipet approximately ten times and then through a

fine-bore Pasteur pipet approximately six to eight times.

Using a hemocytometer the cell concentration was deter-

mined. The cell suspension was diluted with additional

medium to a final cell concentration of 6 x 10 6 cells/ml.

Aggregate cultures were prepared using 3 ml of the

cell suspension (18 x 10
6

cells/culture) in a 25 ml Erlen-

meyer flask. Cultures were gassed with 5% CO2-95% air

(Airco) and incubated at 370C, 70 rpm on a rotary shaker.

The medium was changed daily.

Monolayer cultures: Retinas were dissociated to single

cells by the method described above. Cultures were pre-

pared using 3 ml of a cell suspension of 6 x 106 cells/ml,

plated in 60 mm Falcon tissue culture dishes. They were

placed in a humidified desiccator jar, which was filled

with 10% CO2-90% air (Airco), and incubated at 370C in a

Fisher Isotemp Senior model incubator.

Variations in Preparation of Media

Hydrocortisone: A stock solution of hydrocortisone

(Sigma; hydrocortisone-21-phosphate, disodium salt) was

prepared as 1.5 mg/100 ml of distilled water. This was

used by adding 0.1 ml to a 3 ml volume of medium, giving a

final concentration of 1 x 10 6
M hydrocortisone (HC) in

the medium. The stock HC solution was frozen between uses.
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Thyroxine: For the experiment on effects of T4 con-

centration, a stock solution of 1 x 10-5 M L-thyroxine

(Sigma; 3,3',5,5'-tetraiodo-L-thyronine, sodium salt) was

prepared in 89% MEM plus 10% fetal bovine serum plus 1%

penicillin-streptomycin. Media containing 10-6, 10 7,

10
-8

, 10-9, and 10-10 M T
4
were prepared by dilution from

the stock solution.

For all other T
4

experiments, a final medium concentra-

tion of 10
-7

M L-thyroxine was prepared from a stock solu-

tion of 1 x 10-5 M T
4

in MEM. The stock solution was stored

in the refrigerator and a fresh stock was prepared frequent-

ly. For all T4 experiments the same lot of fetal bovine

serum was used (Microbiological Associates, lot number

91766).

Serum Concentration: The standard or routine tissue

culture medium contained 10% fetal bovine serum by volume

and 89% Eagle's MEM. For experiments in which the serum

concentration was varied, the MEM was adjusted to compen-

sate for the serum variations, i.e., the 5% serum medium

contained 94% MEM. In addition, all cultures contained 1%

of the antibiotic solution. All experiments in which serum

concentration was varied utilized the same serum lot as

that used for all T
4
experiments.

Preparation of Tissue for Biochemical Assays

Tissue from intact tissue cultures, aggregate cultures,

and freshly dissected whole retinas were transferred to

centrifuge tubes on ice and washed with ice cold phosphate

buffer three times. For the Ellman et al. (1961) assay

method, the buffer was 0.1 M sodium phosphate, while the

Schrier et al. (1974) assay method utilized 50 mM potassium

phosphate buffer containing 1 mM EDTA (Sigma; disodium
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salt). The tissue was allowed to settle by gravity

between buffer washes.

Cells in monolayer cultures were loosened from the

Petri plate by gently scraping with a rubber policeman.

The medium and loosened cells were transferred to a centri-

fuge tube on ice. The Petri dish was washed with 2 to 3 ml

of the cold phosphate buffer appropriate for the assay

method and any remaining adherent cells were loosened. The

phosphate buffer rinse was combined with the original medium

and cells. The centrifuge tube was centrifuged for 3 min

at medium speed on an International Clinical Centrifuge and

the supernatant solution was discarded. The pellet was re-

suspended in phosphate buffer and recentrifuged for three

washes. All washes were discarded.

After the phosphate buffer washes, all tissues were

ready for homogenization. All subsequent steps were

carried out with the sample tubes maintained in an ice-water

bath. Initially several methods of preparing a crude

homogenate were attempted using freshly dissected whole 13-

day retinas and the resulting ChE activities were compared

using the Eliman et al. (1961) assay method. These prelimi-

nary experiments indicated that best results were obtained

by disrupting the tissue using a Branson Sonifier Cell Dis-

ruptor, model W185.

After this preliminary work, a study of the best soni-

cation technique was carried out. Using freshly dissected

13-day whole retinas prepared as above in pH 8.0 phosphate

buffer, a comparison of the ChE specific activity at vari-

ous total sonication times was made. Tissue was sonicated

in 1 ml phosphate buffer in a 10 x 75 mm test tube at 70

watts in 5 sec bursts. The total sonication time equals

the sum of the 5 sec bursts. All sonications occurred

while tubes were immersed in an ice water bath. The results

(Figure 1) of this comparison indicate that maximum
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Figure 1. Total ChE Specific Activity of 13-Day Retinas

After Sonication. Tissue was sonicated in 1 ml

buffer in 5 sec bursts to the total time indi-

cated. Each symbol represents one assay contain-

ing two or four retinas.
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activity was obtained with a total sonication time of 30

sec. Longer or shorter total sonication times resulted in

lower ChE activities. Consequently, 30 sec was chosen as

the optimum time for all subsequent work.

This method of homogenate preparation was used for all

in vivo samples and initially for intact tissue cultures.

However, when aggregate and monolayer cultures were first

prepared and assayed for ChE activity, AChE activity was

found to be considerably lower, by a factor of 10, than in

vivo AChE activities previously determined. It was subse-

quently determined that the optimum sonication time for

homogenization varied with the degree of tissue integrity,

i.e., that the ChE activity in cells which had been dis-

sociated was apparently decreased by homogenizing under

conditions that were found to be optimum for freshly dis-

sected whole retinas. For this reason a comparative study

of ChE activity as it varies with total sonication time was

prepared for aggregate and monolayer cultures and for fresh-

ly dissociated single cells. Cells were dissociated from

6-day retinas, then assayed immediately or cultured for 24
hr. Homogenates were prepared by sonicating at 70 watts in

0.5 ml buffer in a 15 ml centrifuge tube for various lengths
of time.

Figure 2 shows the results for freshly dissociated

cells (A), for aggregate cultures after 24 hr in culture
(B), and for monolayer cultures after 24 hr in culture (C).

In all three cases ChE activity decreased as total sonica-
tion increased. Thus the highest ChE activities for these

culture conditions should be obtained by homogenizing with

the shortest possible sonication time.

Due to differences observed in Figures 1 and 2, a

variety of sonication times were utilized throughout this

work and the total sonication time used to prepare a

homogenate will be noted for each experiment.
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Figure 2. AChE Specific Activity at Various Total

Sonication Times. Six-day retinas were dis-

sociated to single cells and assayed immedi-

ately or cultured 24 hr as aggregates or

monolayers. Each assay or culture contained

18 x 10
6

cells. Each point represents one

assay. Regression lines are provided for

comparison.

A. Freshly dissociated cells, n=11.

B. Aggregate cultures (24 hr), n=11.

C. Monolayer cultures (24 hr), n=17.
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Cholinesterase and Protein Assay Methods

Two methods for assaying ChE activity were used, those

of Eliman et al. (1961) and Schrier et al. (1974).

Eliman Assay: The Eliman method is a colorimetric

method based on the following coupled reactions:

1) acetyl thiocholine ChE
thiocholine + acetate

2) thiocholine + dithiobisnitrobenzoate
----)anion of 5-thio-2-benzoic acid

The reaction was monitored by reading the absorbance (due

to the yellow anion product) at 412 m, on a Coleman Jr. II
spectrophotometer. The cholinesterase specific activity

was expressed as nanomoles of product formed per min per mg
protein. The Ellman protocol suggests conducting the

enzyme reaction at pH 8.0 in a 0.1 M sodium phosphate buffer

and utilizing a substrate concentration of 4.8 x 10-4 M.

This pH value is within the range of pH values which are

commonly used for AChE assays, generally pH 8.0 to 8.5

(Potter, 1970; Silver, 1974). This substrate concentra-

tion, however, is not within the optimum substrate concen-

tration range generally found for AChE. Silver (1974) cites

optimum values of 2.5 to 3.0 x 10-3 M, Potter (1970) values
of 1 to 10 x 10-3 M, and Augustinsson (1963) values around
3 x 10-3 M. Because it was anticipated that ChE activity

values might be quite low once culturing experiments were
begun, it was necessary to conduct enzyme reactions under
conditions which were the most optimum conditions possible.
Therefore, it was necessary to determine the optimum pH and
substrate concentration for the enzyme in this tissue and
under these preparation methods.

Retinas from 13-day embryos were dissected, rinsed,

and homogenized by ultrasound waves (total sonication time
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30 sec) in 1 ml buffer as previously described, using a

variety of sodium phosphate buffers, all at 0.1 M, over a

range of pH values. The maximum specific activity for

total ChE was at pH 7.0, with little change in activity

through the pH range of 6.8 to 7.2 (Figure 3). On the acidic

side of this peak activity dropped off rapidly, while on

the alkaline side activity decreased, but less sharply.

This type of curve is typical of AChE activity using acetyl

thiocholine as substrate (Potter, 1970; Silver, 1974). All

subsequent ChE assays were run at pH 7.0 or 6.8, rather

than at pH 8.0 as the original Ellman protocol states.

The total ChE specific activity was also checked at

several concentrations of substrate in the reaction mix-

ture. Retinas from 13-day embryos were homogenized by

ultrasound (30 sec total) in 1 ml pH 7.0 sodium phosphate

buffer. Maximum activity was obtained at a substrate con-

centration of 2.3 x 10-3 M (Figure 4). Above this concen-

tration activity decreased only slightly up to the highest

concentration tested. Substrate concentrations below 2.3 x

10-3 M yielded activities considerably below that found at

the maximum. In general, optimum substrate concentrations

for AChE using acetylcholine as substrate are 2.5 to 3.0 x

10
-3

M (Silver, 1974). All subsequent assays using the

Ellman method were conducted using 2.3 x 10-3 M substrate.

Schrier Assay: The Schrier et al. (1974) assay for

cholinesterase is a radioisotope-based method. The sub-

strate for the enzyme reaction is (1-14C)-acetylcholine

iodide. Enzyme reaction tubes were prepared in an ice bath.

The reaction mixture consisted of the enzyme homogenate

(0.01 to 0.03 mg of protein) in 50 mM potassium phosphate

buffer with 1 mM EDTA (Sigma), 0.16 M NaCl, 0.5% Triton

X-100 (Sigma), and 0.05p.Ci of (1-14C)-acetylcholine iodide

(New England Nuclear). The substrate concentration ranged
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Figure 3. Total ChE Specific Activity versus pH of

Buffer. Thirteen-day retinas were sonicated

30 sec in 0.1 M sodium phosphate buffer at

various pH values. Symbols represent mean

values and vertical lines represent ± standard

error where n = 2-3.
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Figure 4. Total ChE Specific Activity versus Substrate

Concentration (Acetylthiocholine). Thirteen-

day retinas were sonicated for 30 sec in pH 7.0

buffer. Substrate concentration in the

cholinesterase assays was varied. Symbols

represent mean values and vertical lines

represent ± standard error where n = 2-6.
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from 4 to 8 mM, depending on the specific radioactivity of
the isotope lot. Reaction tubes were incubated 10 min at
370C before the reaction was stopped by diluting the reac-

tion mixture with 1 ml of ice-cold distilled water. The

diluted reaction mixtures were immediately transferred to

individual cation exchange columns which were prepared in

9-inch Pasteur pipets by layering 5 cm of AG 50W-X4 resin

(Bio-Rad Laboratories) over a glass wool plug. Two washes,

each consisting of 1 ml of cold (40C) glass distilled water,
were added to the columns. The product of the reaction,
(1-

14
C)-acetate, passed through the column with the efflu-

ent. Because the unreacted substrate, (1-14C)-acetylcho-
line iodide, was positively charged, it remained on the
column. The total effluent volume, approximately 3 ml, was

collected for counting by liquid scintillation. The column
separation and washing steps were performed as quickly as
possible (usually within 5 min) to minimize additional enzy-
matic reaction in the diluted reaction mixtures. Two repli-
cates of each sample for AChE and two replicates of each for
BuChE, plus blanks to correct for nonenzymatic degradation
of the substrate, were run. Aliquots of the enzyme homoge-
nate were preincubated with inhibitors (eserine or BW 284
C51) for 30 min on ice prior to assay whenever inhibitors
were used.

Although initial work on this project utilized the
Ellman et al. (1961) method, this method was discarded in

favor of the Schrier et al. (1974) method. The major ad-
vantages of the Schrier method are that a very small reac-
tion volume (50/41) is used and the sensitivity of the
assay is increased. This allowed AChE and BuChE activities
to be determined on individual cultures.

Lowry Assay: Protein concentrations were determined by
the Lowry et al. (1951) method. Sample aliquots were
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diluted 1:20. Absorbance readings were taken on a Coleman

Jr. II spectrophotometer using 0.1 mg/ml of bovine serum

albumin (Sigma) as a standard.

Inhibitors

As discussed in the introduction, it is necessary to

use inhibitors (or various substrates) to distinguish be-

tween cholinesterases and other esterases, as well as to

distinguish between two types of cholinesterases.

Inhibition by Eserine: To determine if all enzyme

activity in the assay methods was due to ChE activity,

rather than to any other esterase activity, a comparison

of activity with and without eserine sulfate, also called

physostigmine sulfate (Sigma), was made. Retinas from em-

bryos of two different ages, 6 days and 14 days, were dis-

sected, washed, and homogenized in 1 ml buffer by ultra-

sound (30 sec total time) as above. Aliquots of the

homogenate were preincubated on ice for 30 min with eserine

at a final concentration of 5 x 10-4 M before assay by the

Schrier et al. (1974) method. At this concentration all

cholinesterases should be inhibited, but if other esterases

are present activity in the assay should persist. The data

for this experiment are in Table 1. Although considerable

activity (measured as counts per minute, cpm) was present

in all homogenates tested, little of this activity remained

when the same homogenates were assayed in the presence of

eserine. With eserine present the cpm of the samples was

only slightly above background. It, therefore, seems

justifiable to conclude that esterases were making a negli-

gible contribution to the activity measured by the assay

and that all activity was, therefore, due to some type of

cholinesterase(s).
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Table 1. Inhibition of ChE Assay Activity by Eserine.

Retinas were sonicated for 30 sec. Aliquots of

each sample were incubated 30 min with or with-

out 5 x 10-4 M eserine before assay by the

Schrier et al. (1974) method. Data are expressed

as cpm for each sample after background cpm sub-

traction.

Retina Retinas
Embryonic Sample per Control Eserine
Age Number Sample (cpm) (cpm)

6-Day

14-Day

1 8 1,045.1 8.1

2 8 2,980.8 24.8

3 8 2,121.7 3.0

1 2 11,261.6 4.0

2 2 18,783.8 8.4

3 2 24,219.2 10.1
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Inhibition by BW 284 C51: To distinghish activity due

to AChE from that due to pseudoChE, the inhibitor BW 284 C51

(Burroughs Welcome) was used. As discussed in the intro-

duction, at the appropriate concentration this inhibitor

inhibits AChE activity with minimal inhibition of pseudoChE

(Potter, 1970;Augustinsson, 1971; Silver, 1974). Typically

it is used at concentrations of 10
-6 to 10

-5 M for mammalian

nervous system tissues (Austin and Berry, 1953; Holmstedt,

1957; Pearse, 1960; Wilson et al., 1972). However, it is

necessary to determine the appropriate inhibitor concentra-

tion for a given species and tissue. For this reason an

inhibitor dose response curve was prepared. Retinas from

14-day embryos were sonicated for 30 sec. A homogenate

sample containing 10-3 M inhibitor was prepared from a

stock solution of 1 M BW 284 C51. All lower concentrations

of inhibitor were prepared by serial dilution. After 30

min of incubation on ice with the inhibitor, assays were

run using the method of Schrier et al. (1974).

At the lower concentrations of BW 284 C51 tested, 10
-8

and 10-7 M, only about 5% of the total activity was inhibit-

ed (Figure 5). At higher concentrations (10
-3 and 5 x 10

-4

M), however, approximately 95% of the activity was inhibited.

At 10-2 M, only approximately 2% of the activity remained,

suggesting that some inhibition of BuChE must also be

occurring. However, since a plateau in inhibition occurred

between 5 x 10-4 M and 10
-3 M, it is likely that at these

concentrations AChE is totally inhibited and BuChE is

inhibited very little, if at all. To minimize BuChE inhi-

bition, the lower (5 x 10-4 M) of these two effective con-

centrations was used for all subsequent assays. Peterson

et al. (1973) used 10-4 M BW 284 C51 for chick embryo brain

cells and Wilson et al. (1973) used 10-5 M for chick embryo

muscle cells.
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Figure 5. BW 284 C51 Dose Response Curve.

Retinas from 14-day embryos were sonicated for

30 sec. Aliquots of each sample were incubated

30 min with or without BW 284 C51 at various

concentrations. Data are expressed as percent

of activity remaining with inhibitor present

relative to the control. Symbols represent

mean values and vertical lines represent ±

standard error where n = 3. Where vertical

lines are absent, the standard error limits

lie within the dimensions of the symbol.
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For all subsequent work enzyme activities will be

defined as follows! (1) total ChE activity is that activity

present when the inhibitor BW 284 C51 is absent; (2) AChE

activity is all activity inhibited by 5 x 10-4 M BW 284 C51;

and (3) pseudocholinesterase (BuChE) activity is all activi-

ty resistant to BW 284 C51 inhibition. In practice, activi-

ties were determined for homogenates with and without BW 284

C51, representing BuChE and total ChE activities respective-

ly. AChE activity was calculated as the difference between

these two other activities.

Scintillation Counting Methods

In the Schrier et al. (1974) method the total effluent

from the cation exchange columns, including the rinses, was

collected in plastic scintillation vials. Handifluor (Mal-

linckrodt) or Aquasol-2 (New England Nuclear) were added

and mixed to form a stable gel. Vials were stored in the

40C counting chamber of a Packard Tri-Carb Liquid Scintilla-

tion Spectrophotometer and counting was begun 24 hr after

samples were prepared. The counting efficiency of the

system was checked regularly with internal standards and

molarities were calculated from the specific activity data

of the isotope provided by the manufacturer.

Statistical Analysis

Student's t tests for statistical significance of the

mean were conducted at P 0.05 as discussed in Zar (1974).
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RESULTS

Cholinesterase Activities In Vivo

The initial project of this study was to examine the

time course of AChE and BuChE activities in normal develop-

ment in ovo. Retinas from embryos ranging in age from 6

days to 18 days of development were dissected, washed with

potassium phosphate buffer, and sonicated in 1 ml of buffer

for a total time of 30 sec. The volume of the homogenate

was diluted depending on the embryonic age of the retinas,

to bring the protein concentration within the range of 0.5

to 1.5 mg/ml before assay by the Schrier et al. (1974)

method.

AChE and BuChE specific activities versus embryonic

age are plotted in Figure 6 (and recorded in Table 2). The

AChE activity increased significantly from 6 to 9 days of

development, then leveled off and decreased slightly from

9 days to 11 days. This plateau in activity was repro-

ducible. A continual rise in activity was noted begin-

ning after 12 days, with a significant sharp rise occur-

ring between 14 and 18 days. Over the entire developmental

span studied AChE increased almost 16 fold.

BuChE specific activity varied only slightly with

developmental age. The level of activity at 6 days remained

relatively constant until 10 days. A decrease in activity

from this level occurred after 10 days and before 14 days

of development, when activity returned to the level found

at 6 to 10 days. Late in development (after 14 days)

BuChE specific activity increased slightly. All of these

changes, which are statistically significant at P< 0.05 by

Student's t test, may more easily be noted in Figure 26

where the data are replotted with an expanded y axis. The
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Figure 6. Specific Activity of AChE and BuChE During

Development In Vivo. Retinas of various ages

were dissected, washed, and sonicated for

30 sec before assay. Symbols represent mean

values and vertical lines represent ± standard

error where n = 3. Where vertical lines are

absent, the standard error limits lie within

the dimensions of the symbol.
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Table 2. In Vivo Developments Variation of AChE and BuChE Specific Activities, Protein

Content, and Cell Number with Retina Embryonic Age. Mean ± S.E. (n).

Details of methods described in figure headings of Figures 6 to 8.

Retina
Embryonic
Age

AChE BuChE Million Cells
Per Retina

Milligrams
Protein Per
Retina

of

(nmoles / min / mg protein)

6-Day 8.42 ± 0.55 (3) 4.61 ± 0.46 (3) 11.03 ± 0.15 (5) 0.415 ± 0.031 (4)

8-Day 23.13 ± 0.30 (3) 4.69 ± 0.37 (3) 47.96 ± 5.53 (4) 1.359 ± 0.142 (4)

9-Day 55.16 ± 6.77 (3) 4.93 ± 0.27 (3) 140.56 ± 7.16 (4) 1.911 ± 0.023 (4)

10-Day 57.61 ± 7.45 (3) 4.88 ± 0.34 (3) 146.27 ± 4.47 (4) 2.305 ± 0.101 (4)

11-Day 52.40 ± 3.84 (3) 3.27 ± 0.06 (3) 155.15 ± 12.56 (6) 2.396 ± 0.057 (4)

12-Day 65.66 ± 6.71 (3) 2.69 ± 0.11 (3) 155.62 ± 4.11 (4) 2.776 ± 0.040 (4)

I3-Day 70.69 ± 2.49 (3) 4.06 ± 0.21 (3) 157.21 ± 8.70 (6) 2.602 ± 0.141 (4)

14-Day 76.50 ± 1.11 (3) 4.66 ± 0.20 (3) 160.78 ± 5.60 (4) 2.781 ± 0.022 (4)

16-Day _-_ --- - -- ___ 153.55 ± 6.55 (4) 2.988 ± 0.150 (4)

18-Day 133.09 ± 5.01 (2) 6.35 ± 0.28 (2) 145.87 ± 6.01 (4) 3.018 ± 0.049 (4)
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increase in BuChE specific activity from 6 days to 18 days

was only about 38%.

The percentage of BuChE relative to the total ChE in a

tissue is frequently used as an expression of the relative

amounts of BuChE and AChE. In this tissue the percentage

of BuChE was quite high, 35%, early in development (6 days),

but dropped off quickly with increasing age. By 9 days the

percentage of BuChE reached a value of 8%. The value de-

clined only very slowly through the rest of the stages

examined, reaching 4.5% in the 18-day retina.

Temporal Growth in Cell Number and Protein Content

Upon examining the AChE curve for in vivo development

the question arose whether the shape of the curve might be

due to changes in cell number, i.e., to changes in AChE

activity per cell. This possibility must be considered,

since the first increase in AChE activity roughly corre-

sponds to the period of cell multiplication (up to 8 days),

the plateau and decrease to a period of cellular rearrange-

ment (8 to 10 days), and the second increase to a period

of cell differentiation in the retina (10 days to hatching)

(Weysse and Burgess, 1906). A more complete discussion of

the rationale for this experiment will be found in the dis-

cussion section. To examine this question two additional

aspects of retinal development in vivo were measured, cell

number per retina and milligrams of protein per retina.

Cell Number Growth Curves Retinas from embryos of 6

to 18 days of development were dissected, cells were dis-

sociated, and cell counts were made as described in the

methods section. The data are recorded in Table 2 and

plotted versus embryo age in Figure 7. Cell number per
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Figure 7. Number of Cells (in Millions) per Retina with

Variation in Retina Embryonic Age. Retinas of

various ages were dissociated to single cells

by trypsinization and cells were counted using

a hemocytometer. Symbols represent mean values

and vertical lines represent ± standard error

where n = 4-6. Where vertical lines are absent,

the standard error limits lie within the dimen-

sions of the symbol.
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retina increased approximately 4 fold from 6-day to 8-day

retinas, increased more sharply between 8-day and 9-day

retinas (approximately 3 fold), and thereafter increased

only slightly before leveling off.

The data indicate a decrease in cell number at 16 days

and at 18 days. This, however, is probably an error intro-

duced by the preparative method. In order to remove pig-

mented retina from neural retina at these ages a brief

incubation with trypsin was necessary. Although the tryp-

sin successfully removed pigmented retina, it probably also

removed some neural retina cells; thereby, decreasing the

total cell number determined for retinas of these ages. In

addition, these older retinas contain more differentiated,

and thus more branched, cells. The dissociation method is

more likely to cause cell damage to these branched cells

than to younger, nonbranched cells.

Protein Growth Curvet Enzyme specific activity values

are directly related to protein content of the assay since

specific activity is defined as activity per milligram of
protein. Variations in enzyme specific activity might,

therefore, be directly due to variations in protein con-

tent, rather than to variations in the activity of the
enzyme.

Retinas were dissected from embryos ranging in age
from 6 to 18 days. They were washed in potassium phosphate

buffer and sonicated for 30 sec in 1 ml total volume.

Samples were frozen and later assayed for protein using the
Lowry et al. (1951) method.

Data are presented in Table 2 and plotted in Figure 8.

The protein content, measured as milligrams of protein per

retina, increased sharply from 6-day to 10-day retinas,

then increased at a slower rate until reaching a maximum

protein concentration in 16-day retinas. Since this is a
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Figure 8. Milligrams of Protein per Retina with Variation

in Retina Embryonic Age. Retinas of various

ages were sonicated for 30 sec in phosphate

buffer and frozen. After thawing samples were

assayed for protein by the Lowry et al. (1951)

method. Symbols represent mean values and

vertical lines represent ± standard error where

n = 4.
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relatively smooth curve with few discontinuities, the

temporal changes in protein content alone can not account

for the discontinuities in the AChE specific activity curve

in vivo (Figure 6).

Temporal Changes in Enzyme Activity Per Cell

The last two sections considered whether the changes

in enzyme specific activity shown in Figure 6 might be due

either to changes in protein content per retina (Figure 8)

or to changes in cell number per retina (Figure 7), and thus

possibly to changes in the total cell surface membrane in

the tissue (see discussion). Neither variable seems to

correlate directly with the three phases of the curve in

Figure 6.

Using the data from Table 2, however, a correlation

can be shown. The enzyme specific activities for each

embryonic age were transformed using the following formulas

(nmoles/min/mg protein)(mg protein/retina)
(cells/retina)

= nmoles/min/cell.

Mean values from Table 2 were used for each of the three

variables. This expression of enzyme activity per cell was

calculated for all ages examined for both AChE and BuChE.

Results are plotted in Figure 9.

AChE activity per cell increased sharply from 6-day to

10-day retinas. A decrease in activity occurred in 11-day

retinas. Activity again increased in 12-day retinas, but

then increased only slightly up to 14-day retinas. A sharp

increase in AChE activity occurred from 14-day to 18-day

retinas. A comparison of Figure 9 with Figure 6 shows a

striking similarity in the shapes of the two curves.

The curve of BuChE activity per cell (Figure 9) also
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Figure 9. Calculated AChE and BuChE Activity per Cell.

Data are calculated from mean values of data

in Figures 6 7, and 8. See text for method

of calculation.



35--

-J
30

25

20

15

LJJ

10

0
2

N-

Figure 9

ACHE

BU CH E

6 8 10 12 14 16 18

AGE OF EMBRYO (DAYS)

52



53

strongly resembles that for BuChE specific activity in vivo

(Figure 6). Activity per cell declined from 6-day to 12-day

tissue, where it was approximately 28% of the value in 6-day

retinas. Thereafter, BuChE activity per cell increased

steadily to 18-day retinas where it was approximately 75%

of the value in 6-day retinas.

Enzyme Specific Activity In Intact Tissue Cultures

After examining the activity of these enzymes during

normal development, the question was asked whether these

enzyme activities would also appear in a similar manner under

culture conditions, i.e., isolated from any systemic factors

in the embryo. In order to minimize differences between

tissue in vivo and that in vitro, the initial culturing

experiment utilized intact retina cultures, which resemble

the in vivo situation because cellular associations through

the thickness of the tissue remain intact.

Cultures were prepared using retinas of four different

ages. Retina ages were chosen to correspond to the differ-

ent phases of the in vivo AChE growth curve in Figure 6.

That is, (1) the initial increase in activity (6-day), (2)

just prior to the activity plateau (8-day), (3) midway in

the plateau (10-day), and (4) midway in the second activity

increase (14-day).

Retinas were dissected, teased into small pieces about

1 to 4 mm2
in size, rinsed with BSS and then with MEM, and

cultured for one to eleven days in standard medium, one

retina per culture. The medium was changed daily. For ChE

assays the tissue was washed with phosphate buffer, soni-

cated for 30 sec in 0.5 ml (6-day retina cultures only) or

in 1 ml buffer, and assayed by the method of Schrier et al.

(1974).
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6-Day Retinas: Retinas from 6-day embryos were

cultured for periods up to eleven days. Data for cultures

of one to seven days length are plotted in Figure 10. The

AChE specific activity increased slowly for the first two

days in culture, then increased significantly at a more

rapid rate until day six in culture. A slight lag or

plateau in the rate of this increase was noted between days

four and five in culture. After day six a significant de-

crease in activity occurred. Additional cultures of seven

to eleven days culture time were assayed. In all cultures

longer than six days, AChE activity decreased. The amount

of this decrease, however, was erratic, seeming to vary

randomly from one culture to another. At the same time it

was noted that in intact tissue cultures of longer duration

than six days, cells were sloughed off into the medium. The

size of the tissue pieces gradually decreased as cells were

lost. Possibly this phenomenon was the result of the flat

retina sheet curling into a tight spiral in culture. This

curling may allow inadequate nutrition, particularly for

cells on the interior of the tissue mass.

The BuChE specific activity of cultures derived from

6-day retinas continually increased from day one to day

four in culture (Figure 10, and replotted in Figure 26).

Thereafter, activity decreased to day six, where it was

still slightly higher (23%) than that after one day in

culture. In cultures of seven days or longer, BuChE activi-

ty fluctuates slightly, but generally remains below the

level of activity seen after six days in culture.

8-Day Retinas: The AChE activity of retinas from 8-

day embryos in intact tissue cultures increased significant-

ly from day one to day seven in culture (Figure 11). Ac-

tivity decreased significantly on day nine of culture. As

with cultures derived from 6-day embryos, loose cells were
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Figure 10. Intact Tissue Cultures Derived from 6-Day

Retinas. Specific Activity of AChE and BuChE

versus Time in Culture (Days). Six-day retinas

were teased into pieces and cultured in rotary

cultures. Cultures were assayed for ChE

activity after various lengths of time in

culture. Symbols represent mean values and

vertical lines represent ± standard error

where n = 3-5. Where vertical lines are

absent, the standard error limits lie within

the dimensions of the symbol.
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Figure 11. Intact Tissue Cultures Derived from 8-day

Retinas. Specific Activity of AChE and BuChE

versus Time in Culture (Days). Eight-day

retinas were teased into pieces and cultured

in rotary cultures. Cultures were assayed for

ChE activity after various lengths of time in

culture. Symbols represent mean values and

vertical lines represent ± standard error where

n = 3. Where vertical lines are absent, the

standard error limits lie within the dimen-

sions of the symbol.
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noted in the medium for cultures of six days or longer when

derived from 8-day embryos. Again this late decrease in

activity may be due to the culture conditions.

A relatively constant level of BuChE activity is main-

tained throughout the duration of culturing of retinas from

8-day embryos. For the first two days in culture BuChE

activity was constant. On day three a slight, but signifi-

cant, increase in activity was noted, then BuChE activity

remained constant again up to nine days in culture, the

longest time in culture tested.

10-Day Retinas: Data for 10-day retinas in intact

tissue cultures are plotted in Figure 12A. Again AChE

activity initially increased in culture for the first three

days, before decreasing at five days in culture. BuChE

activity, however, increased at a slow, but constant, rate

up to five days in culture. Both the AChE and BuChE activ-

ity increases were significant at the 0.05 level.

14-Day Retinas: As with the other ages cultured, 14-

day retinas cultured as intact tissue explants initially

showed a significant increase in AChE activity with culture

time (Figure 12B). Unlike the other ages, no decrease in

activity was noted in the oldest cultures tested. Instead,

activity increased slightly, but not significantly, from

day three to day five in culture. BuChE activity increased

significantly from one day to five days in culture, with no

decreases.

Effects of Variations in Cell Associations on
Cholinesterase Activities

The preceding experiments showed that normal develop-

ment of the tissue, as expressed by the specific activities
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Figure 12. Intact Tissue Cultures Derived from 10-Day and

14-Day Retinas. Specific Activity of AChE and

BuChE versus Time in Culture (Days). Retinas

were teased into pieces and cultured in rotary

cultures. Cultures were assayed for ChE

activity after various lengths of time in

culture. Symbols represent mean values and

vertical lines represent ± standard error where

n = 3. Where vertical lines are absent, the

standard error limits lie within the dimensions

of the symbol.

A. 10-Day Retinas.

B. 14-Day Retinas.
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of AChE and BuChE, occurred in culture using intact retina

tissue in which the normal cell contacts remain intact.

Increases in AChE activity were noted in all ages tested.

However, cultures using 6-day and 8-day retinas showed an

increase in AChE activity which closely corresponds to that

seen in vivo (see discussion section). The increases in

10-day and 14-day retina cultures did not exhibit the same

relationship. The question thus arises of whether these

changes in enzyme activity in early age retinas are main-

tained because the "normal" cell associations are maintained.

The question may be restated as follows. If the "normal"

cellular associations are disrupted, will the same patterns

of change be exhibited? To examine this question two types

of cultures were used. In both aggregate and monolayer cul-

tures, retinas were dissociated to single cells and the

cells were allowed to reassociate under different condi-

tions. Retinas from 6-day embryos were used since this age

exhibited similar enzyme changes in vivo and in intact

tissue cultures.

Aggregate Cultures: Retinas (6-day) were dissected

and cells were dissociated as described in the methods
section. Aggregate cultures were prepared using 18 x 10 6

cells per culture in 3 ml of medium. Cultures were assayed

after one to nine days in culture. Freshly dissociated

cells were also assayed without culturing. After washes

with phosphate buffer, dissociated cells or aggregates were

sonicated for 20 sec total time in 0.5 ml buffer. Assays

were made using the Schrier et al. (1974) method.

In aggregate cultures of one to five days duration,

the activity of AChE increased sharply with time in culture

(Figure 13). During this period, each daily increase was

significant at the 0.05 level. From day five to day six in

culture a plateau in the curve is noted, with a very slight
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Figure 13. Aggregate Cultures Derived from 6-Day Retinas.

Specific Activity of AChE and BuChE versus

Time in Culture (Days). Six-day retinas were

dissociated to single cells and the cells were

cultured in rotary culture with 18 x 106 cells

per culture. Cultures were assayed for ChE

activity after various lengths of time in

culture. Symbols represent mean values and

vertical lines represent ± standard error where

n = 2-3. Where vertical lines are absent, the

standard error limits lie within the dimensions

of the symbol.



130

HO

90

70

50

30

I0

64

Figure 13

0 I 2 3 4 5 6 7

DAYS IN CULTURE



65

activity decrease. Thereafter, AChE activity again

increased, slowly (and not significantly) between days six

and seven, but sharply between days seven and nine. The

latter increase was statistically significant. The rate

of increase in AChE activity between freshly dissociated

cells. (zero days in culture) and aggregates after one day

in culture was approximately the same rate of increase as

occurred between one and two days in culture.

BuChE activity generally increased somewhat linearly

from freshly dissociated cells through nine day aggregate

cultures (Figure 13). However, some zigzag of the mean

activities on either side of this general linear increase

was noted. This slight variance from linearity is more

easily seen in Figure 26 where the data are replotted using

an expanded y axis, BuChE specific activity. At nine days

in culture the BuChE activity had increased approximately

54% relative to day one in culture. This increase was

significant at the 0.05 level.

Monolayer Cultures: Retinas from 6-day embryos were

dissected and cells were dissociated as discussed in the

methods section. Monolayer cultures were prepared with

18 x 106 cells per culture in 3 ml of medium, plated on a

60 mm Petri dish. Medium was changed daily. Cells were

harvested with a rubber policeman as described in the

methods section and homogenates were prepared by sonicating

20 sec in 0.5 ml buffer, before assaying by the Schrier et

al. (1974) method.

The enzyme activities after one to nine days in mono-

layer culture are plotted in Figure 14. The data for zero

days in culture are from freshly dissociated cells, without

any culture time. AChE activity increased significantly

from zero days to three days in culture. A plateau in the

AChE activity curve occurred between three and four days
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Figure 14. Monolayer Cultures Derived from 6-Day Retinas.

Specific Activity of AChE and BuChE versus

Time in Culture (Days). Six-day retinas were

dissociated to single cells and the cells were

cultured in monolayer cultures with 18 x 106

cells per culture. Cultures were assayed for

ChE activity after various lengths of time in

culture. Symbols represent mean values and

vertical lines represent ± standard error where

n = 2-3. Where vertical lines are absent, the

standard error limits lie within the dimensions

of the symbol.
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in culture. This plateau consisted of a slight, but

statistically significant, decrease in AChE activity.

Activity sharply increased from day four to day five (a

significant increase), decreased slightly between days

five and seven, then increased again from day seven to day

nine.

BuChE activity increased continuously from zero to

nine days in culture, the longest time tested. By nine

days in culture BuChE activity had nearly doubled (a 99%

increase) from the activity at day one in culture. This

increase was statistically significant.

Effects of Hydrocortisone Treatment on
Cholinesterase Activity

As discussed in the introduction, hydrocortisone has

previously been shown to induce glutamine synthetase pro-

duction in the neural retina of the embryonic chick. A

study of the activities of AChE and BuChE in vivo and under

various culture conditions indicated that the pattern of

appearance of AChE activity is very similar in retina cells,

regardless of changes in cellular associations (see discus-

sion and Figure 25). An obvious question thus arises of

whether cholinesterase activity is responsive to hydro-

cortisone treatment in a manner similar to that of gluta-

mine synthetase activity.

Retinas of four ages were dissected and cultured intact

for 24 hr in standard MEM with or without 10-6 M hydro-

cortisone (HC). After rinsing, the tissue was sonicated in

1 ml buffer for 30 sec and the total ChE activity was

assayed using the Ellman et al. (1961) method.

The data are summarized in Table 3. At all ages tested

either no difference was noted between control and HC-

treated cultures (12-, 14-, and 16-day retinas) or a slight
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Table 3. Effects of Hydrocortisone on Total ChE Specific

Activity. Variation with Retina Embryonic Age.

Retinas of various ages were cultured intact for

24 hr in standard medium with or without 10-6 M

hydrocortisone. Cholinesterase assays were by

the EllMan et al. (1961) method.

Embryonic Nmoles Acetate Formed/Min/Mg Protein

Age of n (Mean ± S.E.)

Retina Cultured Control Hydrocortisone

10-Day 3 60.1 ± 0.8 54.0 ± 2.0

12-Day 2 52.0 ± 3.0 52.8 ± 4.9

14-Day 2 103.7 ± 14.6 102.1 ± 20.9

16-Day 3 121.0 ± 4.8 120.8 ± 3.2
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decrease in total ChE activity was noted in the HC-treated

cultures (10-day).

Effects of L-Thyroxine Treatment on
Cholinesterase Activity

Prior literature reports of work with ChE enzymes in

nervous tissues had indicated various experimental treat-

ments which caused changes in AChE and BuChE activities.

Among these treatments was L-thyroxine (Werner et al., 1971;

Peterson et al., 1973). For a more detailed description of

this work see the introduction. Based on this literature

information, L-thyroxine was tested in culture on embryonic

chick retinas to determine whether the tissue would respond

to the hormone by changing the activities of AChE and/or

BuChE.

Effects of Thyroxine Concentration: Since no prior

work with T4
had been done on this tissue, it first was

necessary to determine if the tissue responded to the hor-

mone, and second, to determine the optimum concentration

of the hormone. Both questions were addressed with a

single experiment.

Intact tissue cultures were prepared from 6-day retinas.

The final tissue culture media contained 10
-5

, 10
-6 , 10

-7
,

10
-8

1 10-9, 10-20, or 0 M L-thyroxine, prepared by serial

dilution from a stock solution as discussed in the methods

section. The media were changed daily and the cultures

were assayed after five days by the Schrier et al. (1974)

method. Homogenates were prepared by sonicating 20 sec in

0.5 ml buffer.

The data are presented in Figure 15. Both AChE and

BuChE activities are plotted in Figure 15A, with the BuChE

activities replotted in Figure 15B using an expanded y axis.
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Figure 15. Effects of Thyroxine Concentration on AChE and

BuChE Specific Activities. Six-day retinas

were cultured as intact tissue cultures for

five days with L-thyroxine of various concen-

trations added to the standard medium. Symbols

represent mean values and vertical lines repre-

sent ± standard error where n = 3. Where

vertical lines are absent, the standard error

limits lie within the dimensions of the symbol.

A. AChE and BuChE Specific Activities.

B. BuChE Specific Activity.
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All concentrations of T4 gave higher activities of both AChE

and BuChE than did the control cultures. The lowest T4 con-

centration tested showed only a small increase in activity

relative to the controls, a 31% increase for AChE and a 14%

increase for BuChE. In general AChE activity increased as

the thyroxine concentration increased. However, only a

small activity increase occurred between cultures containing

10
-9 and 10-8 M and a small decrease occurred between cul-

tures containing 10-7 and 10
-6

M T4. Neither of these

changes was statistically significant. A general trend of

increasing BuChE activity with increasing thyroxine concen-

tration was also noted, but again there are deviations from

this trend. A small decrease in BuChE activity occurred

between cultures containing 10-9 and 10
-8 M and a larger

decrease occurred between cultures containing 10
-6

and 10
-5

M T4. The latter decrease was statistically significant.

Based on this data and on literature values for T4

found in chicken serum (discussed in the discussion section)

subsequent experiments with L-thyroxine used 10
-7

M hormone

added to the medium.

Effects of Retina Age on Response to Thyroxines The

preceding experiment indicated that both AChE and BuChE

activities increased with exposure to L-thyroxine. However,

due to the experimental design, it was not possible to

determine if this responsiveness to T4 was limited to a

particular age or developmental period. Alternatively,

perhaps small incremental daily increases occurred since

the data in Figure 15 were obtained after a total of five

days exposure to the hormone. To ascertain the responsive

period to this hormone, the following experiment was per-

formed.

Retinas ranging in age from 6 to 14 days of develop-

ment were prepared in the routine manner for intact tissue
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cultures. Control and experimental (10
-7

M T4) cultures

were paired, with one of each type prepared from one embryo.

Cultures were maintained for 24 hr before assaying. Homog-

enates were prepared by sonicating 20 sec in 0.5 ml buffer.

Assays were by the Schrier et al. (1974) method.

Results are presented in Figures 16 and 17. The pres-

ence of thyroxine in the medium caused an increased AChE

activity at all ages cultured between 7 and 14 days of

development (Figure 16). AChE activity of 6-day retinas

after 24 hr in culture was not increased by the presence of

thyroxine. Instead the data consistently indicated that

such cultures may actually have slightly decreased AChE

activity under these conditions. However, this decrease

was not significant at the 0.05 level. Although T4 in-

creased AChE activity in cultures derived from retinas of

7 to 9 days, these increases were small, both in absolute

terms and when expressed as a percentage of increase. The

maximum increase was observed in cultures derived from 10-

day retinas (a 30% increase in activity relative to the con-

trol) and the next highest increase in cultures from 11-day
retinas (a 26% increase). Cultures from older retinas con-

tinued to show a higher AChE activity in those cultures con-

taining T4, but the percent increase relative to the control

declined to 15 to 18%. Thyroxine-treated cultures had sig-

nificantly increased activity relative to control cultures

for retinas of 7 to 13 days of development.

BuChE activity was increased with thyroxine in the

medium at all but two of the ages tested (Figure 17). In

cultures derived from 6-day and from 13-day retinas, BuChE

activity was lower in thyroxine- treated tissue than in con-
trols. As with the AChE activity, the maximum increase of

BuChE activity due to T4 was observed with cultures from 10-
day retinas and the second highest increase was observed in

cultures from 11-day retinas. These two ages showed 18%
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Figure 16. Effects of Thyroxine on AChE Specific Activity.

Variation with Retina Embryonic Age.

Retinas of various ages were cultured in intact

tissue cultures for 24 hr with or without

10
7
M T

4
added to the standard medium.

Symbols represent mean values and vertical

lines represent ± standard error where n = 3 or

6. T
4
-treated cultures were significantly

different (P < 0.05) than control cultures by

Student's t test for retinas from 7 to 13 days

of development.
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Figure 17. Effects of Thyroxine on BuChE Specific Activity.

Variation with Retina Embryonic Age.

Retinas of various ages were cultured in intact

tissue cultures for 24 hr with or without 10-7

M T
4 added to the standard medium. Symbols

represent mean values and vertical lines

represent ± standard error when n = 3 or 6.

T
4-treated cultures were significantly different

(P < 0.05) than control cultures by Student's

t test for retinas of 8, 10, 11, and 12 days

of development.



7
z

0
cc 5

2
z 3

02z

Figure 17

BU CH E

78

6 7 8 9 10 II 12 13 14

AGE OF RETINA CULTURED (DAYS)



79

and 17% increases respectively in BuChE activity relative

to the controls. In all other ages exhibiting an increase

in activity due to thyroxine treatment, the increases

ranged from 4% to 12%. Thyroxine-treated cultures showed

increased activity (significant at the 0.05 level) relative

to control cultures for retinas of 8, 10, 11, and 12 days of

development.

Effects of Continuous Exposure to Thyroxine: The pre-

ceding experiment demonstrated that in general both AChE

and BuChE activities are increased by exposure to thyroxine

for all retinas from 7 to 14 days of development. The 10-

and 11-day retinas were particularly responsive to this

treatment. This experiment, however, depended on a rela-

tively short exposure time to the hormone of 24 hr. Such a

short term exposure to the hormone seems unlikely to occur
in vivo. Consequently, a study was made of longer term

exposure to thyroxine to determine if the tissue might

respond to continuous hormone exposure by an accumulative

increase in enzyme activities. Aggregate cultures were

used for this study to avoid the problems of long term

intact tissue cultures already discussed.

Aggregate cultures containing 18 x 106 cells per cul-

ture were prepared from 6-day retinas. Control cultures

contained the standard medium, while experimental cultures

contained 10 -7 M L-thyroxine in addition to the standard
medium. All culture media were changed daily. Cultures

were removed for assay after one to ten days in culture and

homogenized by sonicating 5 sec in 0.5 ml buffer. Assays

were by the method of Schrier et al. (1974).

Data for this experiment are plotted in Figures 18 and
19. AChE activity in all thyroxine-treated cultures was

higher than that in control cultures (Figure 18). This
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Figure 18. Effects of Continuous Exposure to Thyroxine on

AChE Specific Activity.

Six-day retinas were cultured in aggregate

cultures with 18 x 106 cells per culture. Con-

trol cultures contained standard medium. T4

cultures contained 10-7 M thyroxine in addi-

tion to the standard medium. Media were changed

daily. Cultures were removed for assay after

various lengths of time in culture. Symbols

represent mean values and vertical lines repre-

sent ± standard error where n = 3. Where

vertical lines are absent, the standard error

limits lie within the dimensions of the symbol.

T
4-treated cultures were significantly differ-

ent (P < 0.05) than control cultures by Stu-

dent's t test after 2, 4, 5, 7, 8, and 10 days

in culture.
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Figure 19. Effects of Continuous Exposure to Thyroxine on

BuChE Specific Activity.

Six-day retinas were cultured in aggregate

cultures with 18 x 10 6 cells per culture.

Control cultures contained standard medium.

T
4

cultures contained 10-7 M thyroxine in addi-

tion to the standard medium. Media were

changed daily. Cultures were removed for

assay after various lengths of time in culture.

Symbols represent mean values and vertical lines

represent ± standard error where n = 3. Where

vertical lines are absent, the standard error

limits lie within the dimensions of the symbol.

T
4
-tr

e
ated cultures were significantly differ-

ent (P < 0.05) than control cultures by Stu-

dent's t test after 5 to 7 days in culture.
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difference was small after one day in culture, but increased

with time in culture up to day five, both in absolute terms

and when expressed as percentage of increase relative to the
control. The percent increase in AChE activity of T4-

treated cultures relative to control cultures for the first

five 24 hr periods in culture were as follows: 4%, 20%,

22%, 25%, and 33%. Assays of cultures of six days in length

or longer indicated that this increased AChE activity con-

tinued under T
4-treatment, but with a smaller difference be-

tween the means of control and T
4-treated cultures. Thus,

the percent increase for cultures of six to nine days in

length ranged from 9% to 13%. After ten days in culture
T
4-treated cultures again exhibited an increase in AChE
activity, resulting in a 21% increase relative to the con-
trol.

Figure 19 contains data for BuChE activities of control
and T

4-treated cultures. From one to four days in culture

the presence of T4 in the medium did not result in increased

BuChE specific activity in the tissue. However, from five
to ten days in culture T4-treatment did result in such an
increase. The maximum increase was found after six days in
culture, with slightly smaller increases after five and
seven days in culture. Expressed as percent increase rela-
tive to the control, these increases were 18% after five
days, 25% after six days, and 17% after seven days in cul-
ture. Longer culture times gave increases ranging from 11%
to 14%.

Effects of Continuous Exposure to Thyroxine and Condi-
tioned Medium: In the preceding experiment aggregate cul-
tures were continuously exposed to T4 while in culture, with
the tissue culture medium being replaced daily. A second
experiment with continuous T4-treatment was carried out, but
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with no replacement of the medium. This permitted an

investigation of conditioned medium effects. In order to

minimize depletion of nutrients from the medium, aggregate

cultures were prepared with lower cell density than usual

and the duration of culturing was kept short.

Aggregate cultures were prepared from 6-day retinas at

a cell density of 2 x 10 6
cells per ml, one-third of that

routinely used for aggregate cultures. Cultures were main-

tained for a maximum of three days without any changes of

medium. After routine washing, the aggregates were soni-

cated for 5 sec in 0.5 ml buffer and the homogenates were

immediately frozen. The samples were thawed after three

weeks and assayed by the Schrier et al. (1974) method.

These aggregate cultures of lower cell density were prepared

with two different media, (1) the standard medium contain-

ing DNase, and (2) the same medium with 10-7 M L-thyroxine

added.

AChE activity with T4 present was higher than in con-

trol cultures under identical conditions, but these increases

were relatively small, ranging from 0.7% to 11.3% after

three days in culture (Figure 20A). Both control and T4-

treated cultures had higher activities than seen in similar

cultures at normal cell density and with daily media changes

(data in Figure 18). For example, T4-treated cultures at

lower cell density showed 6%, 69%, and 32% higher activity

after one, two, and three days in culture respectively than

T
4-treated cultures at routine cell density. In a similar

manner control cultures at lower cell density had 9%, 95%,

and 44% higher AChE activities respectively.

BuChE activity was higher in T4-treated low density

aggregate cultures than in controls for the first two days

in culture, but not after three days in culture (Figure

20B). Again enzyme activity was higher in low cell density
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Figure 20. Lower Cell Density Aggregate Cultures Derived

from 6-Day Retinas. Specific Activity of AChE

and BuChE versus Time in Culture (Days).

Six-day retinas were dissociated to single

cells and the cells were cultured in rotary

cultures with 6 x 106 cells per culture.

Assays for ChE activity were made after one to

three days in culture. Control cultures con-

tained standard medium. T
4
cultures contained

10
-7

M thyroxine in addition to standard

medium. Symbols represent mean values and

vertical lines represent ± standard error where

n = 3. Where vertical lines are absent, the

standard error limits lie within the dimensions

of the symbol.

A. AChE Specific Activity.

B. BuChE Specific Activity.
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hormone-treated cultures than in similar higher cell density
cultures (Figure 19) for the first two days tested, but not
after three days in culture. Low, density control cultures
had slightly higher BuChE activities than higher density
control cultures at all ages tested.

Effects of Variation in Serum Concentration
of the Medium

The preceding sections have presented data demonstrat-
ing that T4 can cause increased AChE and BuChE activities
in retina cells when added to the medium. These experi-
ments utilized 10-7 M L-thyroxine in addition to the stan-
dard tissue culture medium. Such medium, however, consists
of 10% fetal calf serum by volume, which itself may already
contain an unknown quantity of T4. Thyroxine, as discussed
in the introduction, is carried in serum, both in a free
form and bound to specific serum proteins. The possibility,
therefore, exists that the activities of AChE and BuChE
seen in retina tissue in culture may already be responding
to T

4 without any additional hormone being added to the
medium, i.e., the thyroxine contained in the serum may be
affecting these enzyme activities. One method of determining
whether thyroxine (or other cholinesterase activity-enhancing
molecules) contained in the serum are affecting these activi-
ties is to vary the contribution of the serum to the total me-
dium volume. However, even if changes in ChE activities
occurred with changes in serum content, this would not clearly
demonstrate that the T

4 alone was responsible, since the con-
centrations of all serum components would be reduced at the
same rate, With this cautioninmindan experiment was de-
signed to test whether the serum content of the tissue cul-
ture medium had any effect on ChE activities, and secondly,
if such effects occur, whether there were age-related
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responses to this variable.

Intact retina cultures were prepared from embryos

ranging in age from 6 to 13 days of incubation, using four

tissue culture media preparations (Figures 21 and 22). At

each age one culture containing 10% serum (control) and one

containing 5% serum were prepared from a single embryo;

while a second embryo was used to prepare cultures

containing no serum or 10% serum plus 10 7 M T4. Cultures

were maintained for 24 hr before assay by the Schrier et al.

(1974) method. Homogenates were prepared by sonicating 20

sec in 0.5 ml buffer. The data for cultures in medium con-

taining 10% serum plus 10
7
M T

4
were essentially the same

as those shown previously in Figures 16 and 17, and, there-

fore, are not plotted here in order to simplify the graphs.

The pattern of AChE activity in cultures containing 5%

serum closely followed that of the control (10% serum) cul-

tures (Figure 21). In cultures from retinas between 6 and

11 days of development, the 5% serum cultures had a decreased

AChE activity relative to the control cultures, and these

decreases were generally small, i.e., AChE activity in 5%

serum cultures was 74%, 82%, 86%, 91%, 89%, and 89% respec

tively of that in the 10% serum controls. For retinas from

12- and 13-day embryos, the AChE activity in cultures with

5% serum was higher than that in the controls; again these

differences were relatively small (22% and 5% increases

respectively, relative to the controls).

The activity of AChE in cultures without serum, how-

ever, varied considerably from that in 5% or 10% serum cul-

tures. In these cultures AChE activity increased from 6-

to 9-day retinas, remained unchanged from 9- to 10-day

retinas, increased again from 10- to 11-day retinas, and

then remained unchanged through 13-day retina cultures.

The general trend is, thus, an increase in AChE activity
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Figure 21. Effects of Variation in Serum Concentration of

the Medium on AChE Specific Activity.

Intact tissue cultures were prepared from

retinas of various ages. Tissue was cultured

24 hr in medium containing 10 %, 5%, or no fetal

bovine serum. Symbols represent mean values

and vertical lines represent ± standard error

where n = 3. Where vertical lines are absent,

the standard error limits lie within the dimen-

sions of the symbol.

10% serum (control)

o 0 5% serum

without serum
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Figure 22. Effects of Variation in Serum Concentration of

the Medium on BuChE Specific Activity.

Intact tissue cultures were prepared from

retinas of various ages. Tissue was cultured

24 hr in medium containing 10%, 5%, or no fetal

bovine serum. Symbols represent mean values

and vertical lines represent ± standard error

where n = 3. Where vertical lines are absent,

the standard error limits lie within the dimen-

sions of the symbol.

10% serum (control)

0 0 5% serum

without serum
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up to cultures derived from 9-day retinas. Then a plateau

was reached with little additional change in activity with

any older retina tested. The activities of cultures without

serum were always lower than those in control or 5% serum

cultures, generally in the range of 59% to 73% of the con-

trol values.

The BuChE activity data for this experiment are in Fig-

ure 22. The patterns of activity for BuChE with the three

different treatments closely resembled those seen for AChE

activity. That is, BuChE activity generally decreased from

10% serum (control) cultures to 5% serum cultures and from

5% serum cultures to cultures without serum. The pattern

for 5% serum cultures mimicked the pattern for control cul-

tures; while cultures with no serum, at early ages showed

similar increases in activity to those in 10% and 5% cul-

tures, but then reached a plateau level.

More specifically, the BuChE activity of 5% serum cul-

tures was less than that in control cultures at all retina

ages between 6 and 11 days of development. During this

period the activity in cultures with 5% serum ranged from

78% to 85% of that in control (10% serum) cultures of the

same age. As with the AChE activity curves, however, 5%

serum cultures showed a higher BuChE activity than did

control cultures when cultures were derived from 12-day

embryos. Control culture activity was higher than 5% serum

culture activity for 13-day retinas.

The BuChE activity in cultures without serum from early

ages of retinas (6, 7, and 8 days) increased with age in a

manner similar to that seen with the other two treatments.

Activity decreased between 8- and 9-day retinas and, there-

after, changed very little with retina age. Instead a

plateau level of BuChE activity was reached in cultures from

9-day retinas which persisted through age 13-day retinas.
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The activities in cultures without serum generally ranged

from 58% to 78% of that in the controls.

Effects of Substitution of L-Thyroxine
for Serum in the Medium

The preceding experiment demonstrated that as the per-

centage of serum in the medium was decreased, both AChE and

BuChE activity decreased at most ages tested. This indi-

cates that some serum component(s) must be present for these

enzyme activities to occur at the levels found when using

standard tissue culture medium. It does not, however,

demonstrate that L-thyroxine is the required serum compo-

nent. To investigate if this is indeed the case, an experi-

ment was designed in which T4 was substituted for the

routine 10% serum in the medium.

Retinas from 7-, 9-, 10-, 11-, and 13-day embryos were

dissected, washed, and teased into pieces for intact tissue
cultures. Two cultures were prepared from each embryo, one

control with 10% serum as usual in the standard medium and

one experimental with no serum in the medium, but containing
10

-7
M L-thyroxine. Cultures were maintained for 24 hr

prior to assay by the Schrier et al. (1974) method. Homog-

enates were prepared by sonicating 20 sec in 0.5 ml buffer.

The data are plotted in Figures 23 and 24. On both

figures the dotted line is replotted from the preceding

experiment for reference and indicates the curve obtained

for AChE or BuChE activity in cultures containing no serum.
This experiment was run under conditions identical to the

previous one except for the variations in the composition
of the medium.

AChE activities are plotted in Figure 23. Retinas from

7-day embryos cultured without serum, but with T4 present,

gave AChE activities midway between the control culture
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Figure 23. Substitution of T4 for Serum in the Medium.

Effects on AChE Specific Activity.

Intact tissue cultures were prepared from

retinas of several ages. Tissue was cultured

24 hr in medium with 10% serum (control) or

without serum but containing 10-7 M T4. Points

connected with the dashed line in the graph are

replotted from Figure 21 for reference. Symbols

represent mean values and vertical lines repre-

sent ± standard error where n = 2-3. Where

vertical lines are absent, the standard error

limits lie within the dimensions of the symbol.

Cultures without serum but with T4 were signifi-

cantly different (P4 0.05) than control cul-

tures by Student's t test for retinas of 7, 11,

and 13 days of development.
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Figure 24. Substitution of T4 for Serum in the Medium.

Effects on BuChE Specific Activity.

Intact tissue cultures were prepared from

retinas of several ages. Tissue was cultured

24 hr in medium with 10% serum (control) or

without serum but containing 10
7

M T4. Points

connected with the dashed line in the graph are

replotted from Figure 22 for reference. Symbols

represent mean values and vertical lines repre-

sent ± standard error where n = 2-3. Where

vertical lines are absent, the standard error

limits lie within the dimensions of the symbol.

Cultures without serum but with T
4 were signifi-

cantly different (P< 0.05) than control cul-

tures by Student's t test for retinas of 7, 11,

and 13 days of development,
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values and those previously obtained for cultures without

serum. These T
4
-treated cultures had significantly lower

activities than the control cultures (using Student's t test,

P< 0.05). Cultures from 9-day embryos also yielded lower

AChE activity values for T4-treated cultures than did the

control cultures. This decreased activity was small and not

significantly different from the control. Ten-day retina

cultures reversed the relationship of the two culture treat-

ments, i.e., T4-treated cultures gave higher AChE activities

than controls, even though this difference was small and not

significantly different at the 0.05 level. Cultures from

11-day and 13-day retinas gave similar results, but at these

ages these differences were statistically significant. At

all ages cultures without serum indicated a much lower AChE

activity than either control cultures or cultures with no

serum, but containing L-thyroxine.

BuChE activity data are presented in Figure 24. At all

ages tested the activities of cultures containing T4, but no

serum, were intermediate between the activities of control

(10% serum) cultures and those of cultures without serum.

For the three youngest ages tested (7, 9, and 10 days) the

difference between control and experimental culture activi-

ties decreased with increasing retina age. This resulted

because the experimental culture BuChE activity increased

at a faster rate than did the BuChE activity in the control

cultures. The control and experimental culture activities

were closest together in cultures derived from 10-day

embryos. In the experimental cultures the highest BuChE

activity was reached in cultures from 10-day retinas, while

activity decreased from this maximum in cultures from older

embryos. The experimental cultures (with T4, but without

serum) had significantly lower BuChE activities than the

control cultures when 7-, 11-, and 13-day retinas were used.
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Thyroxine Concentration in Fetal Bovine Serum

When 10-7 M T
4 was substituted in the tissue culture

medium for the normal serum component, AChE activity in-
creased to an equivalent or higher level of activity than

found with cultures containing the normal 10% serum for all
retinas tested of 10 days development or more. BuChE activi-
ty was also increased relative to cultures without serum when
T
4 w as substituted for serum for all ages tested. This data
from the preceding experiment strongly suggests that L-
thyroxine may be present in fetal bovine serum at a concen-

tration sufficient to affect AChE and BuChE activities under
routine culture conditions. For this reason the concentra-
tion of thyroxine present in fetal bovine serum was deter-
mined.

All experiments previously described which used T4 or
which involved variation in serum concentration used fetal
bovine serum of the same lot number (Microbiological Associ-
ates, lot number 91766). This shipment of 100 ml bottles
of serum was received in December of 1977 and was stored
sealed in the refrigerator until use. A serum sample was
removed from a previously unopened bottle and assayed for
thyroxine in early February 1979.

The thyroxine assay was performed by Capitol Medical
Laboratory, Salem, Oregon, using a radioimmunoassay kit.
The kit, GammaCoatTM (

125
I)-T

4 Radioimmunoassay Kit is pro-
duced by Clinical Assays, a division of Travenol Labora-
tories, Inc. It measures total thyroxine in the serum using
a two step procedure. The serum is first treated with 8-

anilinonaphthalene sulfonic acid and salicylic acid. These
reagents cause the release of T4 bound to thyroxine binding
globulin and to thyroxine binding prealbumin. This released
T4 adds to the existing pool of free T4. The total T4 is
then assayed using a competitive radioimmunoassay.
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The assay gave a value of 13.6iug% for total T4. When

this value is converted to molar units, using the molecular

weight for L-thyroxine given in the Merck Index (1968), this

is approximately 1.75 x 10-7 M. Because the standard

tissue culture medium contained only 10% fetal bovine serum,

the concentration of T
4
contributed to the medium by the

serum content was about 1.75 x 10-8 M under routine condi-

tions.
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DISCUSSION

The objectives of this study of cholinesterases (AChE

and BuChE) in the neural retina of the developing chick can

be stated in the form of four questions: (1) How does the

activity of each enzyme change as development of the tissue

proceeds? (2) Do retinal cells require the embryonic

environment for the expression of these enzyme activities,

or will they be expressed in vitro? (3) Do cellular

associations play a role in the appearance of these enzyme

activities? and (4) Do hormones (HC or T4) influence

these enzyme activities in vitro? Before these questions

could be addressed, however, it was necessary to distinguish

the ChE activities and to determine optimal assay conditions.

Because both AChE and BuChE activities were determined

from the same samples, it was not possible to use optimal

conditions for each enzyme. In all cases, in this study,

conditions for maximal AChE activity were maintained, with

BuChE activity determined using identical conditions.

Identification and Characterization of
Cholinesterases

Esila (1963) identified AChE, BuChE, and non-specific

esterases in mammalian retinas, with considerable inter-

specific variation. Because she found three possible

esterase activities in retina tissues, it was necessary to

identify the esterases present in the retina of the develop-

ing chick. When eserine was present, no detectable activity

was measured in either 6-day retinas, which were in the

period of mitosis, or 14-day retinas, which were in the

period of differentiation (Table 1). Because all cholin-

esterases are inhibited by eserine, while non-specific

esterases are not, the activity measured in the absence
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of eserine must all be due to cholinesterases, and not to

esterases.

AChE and BuChE were distinguished by using the inhibi-

tor BW 284 C51. The dose response curve (Figure 5) leveled

off between 5 x 10-4 M and 10-3 M, but activity decreased

again at 10 2
M. At this concentration some BuChE inhibi-

tion probably was occurring; while at the plateau concen-

trations AChE was totally inhibited, without inhibiting

BuChE. Although BW 284 C51 is considered a specific

inhibitor of AChE at lower concentrations, inhibition of

BuChE will occur at higher concentrations (Austin and Berry,

1953; Bayliss and Todrick, 1953; Fulton and Mogey, 1954;

Holmstedt, 1957; Blaber and Cuthbert, 1962). These data

(Figure 5 and Table 2) suggest that the chick embryo retina

contains measurable activities of AChE and BuChE, but no

measurable non-specific esterase activity.

The optimal substrate concentration and pH were deter-

mined for total ChE activity in 13-day retinas. Maximum

activity occurred at a substrate (acetylthiocholine) con-

centration of 2.3 x 10-3 M (Figure 4). The calculated KM

was 0.81 x 10-4 M. Generally AChE exhibits maximal activity

at 2.5 to 3.0 x 10-3 M acetylcholine (Augustinsson, 1963;

Silver, 1974). Iqbal and Taiwar (1971) reported Km values

of 0.65 x 10-4 M and 0.33 x 10-4 M for the AChE of embryonic

chick brain at 6 days and 20 days of development, respec-
tively. Other KM values in the literature range from 0.87

to 50 x 10 4
M (Augustinsson, 1963; Potter, 1970; Silver,

1974), depending on species, method of extraction from the

tissue, pH of the buffer, and substrate utilized. The pH

optimum was at 7.0 (Figure 3). Although the pH optimum for

AChE is usually around 8.0 to 8.5 (Augustinsson, 1963;

Potter, 1970; Silver, 1974), a pH optimum of 7.0 with no

decrease in activity at more alkaline pH values has been
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described when acetylthiocholine was used as the substrate

(Bergmann et al., 1958). In this study the optimum sub-

strate concentration, KM value, and optimum pH were deter-

mined utilizing crude tissue homogenates and assaying total

ChE activity. Therefore, some variation from literature

values, which were obtained from more purified enzyme

preparations, might be expected.

The method of tissue homogenization and extraction of

AChE is known to affect the activity and molecular char-

acteristics of the enzyme (for reviews see Silver, 1974 or

Rosenberry, 1975), The number of isozymes and their char-

acteristics (such as molecular weight and sedimentation

coefficient), as well as enzyme activity, may be altered

by the homogenization method, the buffer ionic strength,

and the addition of detergents (for example, Triton X-100)

to the buffer (Wilson et al., 1972; McIntosh and Plummer,

1973; Dudai and Silman, 1974).

Consequently, as preliminary work for this study, com-

parisons of methods of homogenization and of extraction

buffers were carried out (data not included), which indi-

cated that best results were obtained when tissue was

disrupted by ultrasound. For whole 13-day retinas maximum

ChE activity was found at a total sonication time of 30 sec

(Figure 1). Assays of cultured cells, however, indicated

that this sonication time was not the best for all retina

cells (Figure 2). In fact, the response of the enzyme to

sonication, as measured by activity, varied with the degree

of tissue structure, That is, under similar conditions of

sonication, AChE specific activity decreased in the sequence

whole retinas (in vivo), monolayer and aggregate cultures,

and freshly dissociated cells. This result was unexpected,

since no prior reports had considered both fresh whole

tissue and cultured cells of the same tissue. McIntosh
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and Plummer (1973) reported that previously solubilized

AChE from pig brain was inactivated by a 1 min sonication.

Dubbs (1966) reported that some serum cholinesterase (BuChE)

isozymes increased in activity and others decreased in

activity with increasing sonication times up to 15 min;

however, all BuChE activity was destroyed after 2 hr of

sonication. These reports indicated that ChE (as opposed

to some other serum enzymes examined by Dubbs) can be

inactivated by sonication, but they had not indicated that

the sensitivity of the enzyme to this effect is dependent

on the degree of tissue structure. It was not the purpose

of this study to compare enzyme behavior with different

preparative methods. However, this variation in activity

does raise a practical question about comparing in vivo

and in vitro results without modifying the preparative

method to obtain maximal activity.

Cholinesterase Activities In Vivo

Three phases of AChE activity were noted in retinas

in vivo (Figure 6), i.e., early and late phases of increase,

separated by a plateau period. This pattern of enzyme

activity was not noted by either Lindeman (1947) or Rogers

et al. (1960), possibly due to the embryonic ages assayed

or to the measurement of total ChE activity, rather than

AChE activity. These factors may have masked the plateau

noted here; however, this phase was reproducible. In fact,

slight plateaus in AChE activity curves were also noted in

aggregate and monolayer cultures at comparable ages (Fig-
ures 13 and 14). Burdick and Strittmatter (1965) reported

a similar plateau in AChE activity in chick embryonic brain,

although at a slightly older age (14-16 days).

Compared to AChE activity, BuChE activity changed
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relatively little throughout development, with only a slight

decrease midway in development, and a slight increase late

in development (Figure 6). This pattern of BuChE activity

resembles that reported by Sperti et al. (1960) and by

Burdick and Strittmatter (1965) for various regions of chick

embryo brain. In contrast, Iqbal and Talwar (1971) demon-

strated a continual decrease in BuChE specific activity

during development in whole embryonic chick brain.

Although the specific activity of BuChE changed little

during development, the relative contribution of the BuChE

activity to the total ChE activity did change. In the

embryonic chick retina at 6 days BuChE activity represented

35% of the total ChE activity (Table 2), while at 18 days

it represented only 4.5%. This trend of a proportionately

high contribution of activity by BuChE early in development

(10-30%) and a decrease in this relative contribution as

development proceeds (3-5%) may also be noted in the data

for chick embryo brain (Sperti et al., 1960; Burdick and

Strittmatter, 1965; Iqbal and Talwar, 1971) and for neo-

natal mouse brain (Seeds, 1971). Because BuChE specific

activity changes very little during development in embry-

onic nervous tissues, it is not surprising that the per

centage of BuChE relative to total ChE decreases. However,

the recognition of this trend argues against the common

practice of measuring total ChE activity in embryonic

tissue, rather than AChE activity, in tissues in which it

is expected that BuChE activity will be low, such as nervous

tissues (see for example Burt, 1968 or Turbow and Burkhalter,
1968). Although total cholinesterase activity in older

embryonic tissues may represent a close approximation of

AChE activity, this relationship is unlikely to hold at

younger ages.

It was noted previously that the three phases of AChE
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activity in Figure 6 roughly correspond to the three periods

of morphogenesis in the retina, i.e., the periods of cell

multiplication, cellular rearrangement, and cell differenti-

ation (Weysse and Burgess, 1906). Marchiso and Consolo

(1968) reported a similar correlation of periods of choline

acetyltransferase activity, which catalyzes the synthesis

of acetylcholine, with histogenic periods of development

for chick embryonic spinal ganglia; but, they were unable

to show a similar correlation with AChE activity in the

same tissue (Giacobini et al., 1970. See also Strumia and

Baima-Bollone, 1964j, Although the phases of AChE activity

in the retina do not completely correlate with the periods

of histogenesis, enough overlap was noted to justify further

investigation of this relationship.

AChE is a membrane-bound enzyme; consequently, the

enzyme specific activity might vary as the area of the cell

surface changed. During mitosis in the retina cell size

decreases as the cell number increases, with a concomitant

decrease in the surface area per cell; however, the net

result is that the total cell surface area per retina in-

creases (McQuiddy and Lilien, 1971). Therefore, the changes

in Figure 6 might be attributed to temporal variations in

enzyme activity per cell. Alternatively, these changes

might reflect changes in total protein content since spe-

cific activity values are directly related to the protein

content in the assay. In order to investigate these possi-

bilities growth curves of cell number per retina (Figure 7)

and of protein content per retina (Figure 8) were prepared.

The number of cells per retina increased sharply from

6 to 9 days, then more slowly for several days. Although

considerable variation in the absolute number of cells per

retina at various ages exists in published reports (McQuiddy

and Lilien, 1971; Moscona, 1973; Morris et al., 1977), the

same general trend has been previously described. Protein
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content per retina increased sharply from 6-day to 10-day

retinas, then increased more slowly up to 18-day retinas,

in general agreement with other published data (Moscona,

1968; McQuiddy and Lilien, 1971; Moscona, 1973; Morris et

al., 1977).

Both the cell number growth curve (Figure 7) and the

protein content growth curve (Figure 8) are smooth curves,

in contrast to the multiphasic curve in Figure 6. There-

fore, neither variable can directly explain the variations

in AChE activity seen with development in vivo. However,

both sets of data (Table 2) were used to calculate values

for enzyme activities per cell. These values (Figure 9)

must be considered estimates or average activities per cell

since all cell types were included in the cell counts. In

actuality some cells must exhibit higher, and other cells

lower, activities than the average. Shen et al. (1956)

have already shown histochemically that the distribution of

AChE in the embryonic chick retina is not uniform at any

age. The data in Figure 9 do, however, give an indication

of how these enzyme activities vary as cellular changes in

size, arrangement, and differentiation occur. The multi-

phasic nature of the AChE activity curve suggests that a

pause in the increase of activity per cell occurs near the

beginning of the period of differentiation.

Cholinesterase Activities In Vitro

Both AChE and BuChE activities increased in vitro under

all conditions tested, including intact tissue, aggregate,

and monolayer cultures.

Although both enzymes showed increasing specific

activities in intact tissue cultures at all four ages

examined, differences in the curves were noted depending



110

upon the embryonic age of the tissue cultured (Figures 10

to 12). Cultures derived from 6-day and 8-day retinas

showed increasing AChE activity with time in culture up

to six or seven days respectively. Cultures derived from

10-day or 14-day retinas also showed initial increases in

AChE activity, but this trend continued for a shorter time

than with younger retinas. More importantly, the pattern

of AChE activity in cultures derived from both 6- and 8-

day (i.e., not yet differentiating) retinas closely resem-

bled the pattern of AChE activity in vivo (see discussion

below and Figure 25); while cultures from 10- and 14-day

(i.e., differentiated) retinas always exhibited AChE

activities below those seen in comparably-aged retinas in

vivo, despite the maintenance of normal cellular contacts.

Generally BuChE specific activities increased in intact

tissue cultures at all ages. However, a comparison of these

values with in vivo values showed that BuChE activity in

intact tissue cultures seldom equaled or exceeded those

in vivo for comparable ages. Thus, despite the increasing

BuChE activities in vitro, BuChE activity generally remained

less than that in vivo.

To investigate whether cellular associations play a

role in the appearance of ChE enzyme activities, a compari-

son was made of enzyme activities in intact tissue cultures

(Figure 10), in which normal cell contacts are unaltered,

and in aggregate and monolayer cultures (Figures 13 and 14),

in which cellular arrangements are disrupted and new cellu-

lar associations may form. The data from these three types

of cultures (derived from 6-day retinas) and from retinas

in vivo are replotted in Figures 25 and 26 to facilitate

comparison.

Slight variations in AChE activity do occur with time



Figure 25. Composite Graph of Mean AChE Specific

Activities In Vivo and In Vitro.

All data are replotted from Figures 6, 10, 13,

and 14. Cultures were all derived from 6-day

retinas.

Retinas in vivo.

Retinas in intact tissue cultures.

o 0 Retinas in aggregate cultures.

Retinas in monolayer cultures.
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Figure 26. Composite Graph of Mean BuChE Specific

Activities In Vivo and In Vitro.

All data are replotted from Figures 6, 10 13,

and 14. Cultures were all derived from 6-day

retinas.

Retinas in vivo.

Retinas in intact tissue cultures.

o Retinas in aggregate cultures.

Retinas in monolayer cultures.
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in culture between the three culture types (Figure 25).

However, the general trend of increase is almost identical

in all three culture types, as well as in vivo. The data

for intact tissue cultures derived from 8-day retinas (Fig-

ure 11) are not included in Figure 25, but these data also

exhibit the same trend. In contrast, the data for intact

tissue cultures from 10- and 14-day retinas (Figure 12) do

not follow this trend.

Figure 26 compares BuChE activity in vivo and in vitro

under three conditions and, unlike AChE activity, consider-

able variation occurs. BuChE activities in aggregate and

monolayer cultures are similar, but these vary from the

values in intact tissue cultures. The pattern of activity

in vivo is not mimicked in vitro under any condition tested

(Figures 26, 11, and 12) and BuChE activities for all cul-

tures, whether or not cellular relationships were initially

disrupted, are consistently lower than values seen in vivo.

Based on the three culture types examined, it does not

appear that the activity of AChE is dependent on cellular

associations, since in all three cases the level and pat-

tern of AChE activity mimicked that seen in vivo. This was

true for both 6- and 8-day retinas, but not for 10- or 14-

day retinas under the conditions tested. In contrast,

although BuChE activity was still produced by retinal cells

in culture, it was not a reflection of the activity normally

seen in vivo.

These results with AChE contrast with those of GS in

the retina and with those of AChE in other nervous tissues.

Retinal cells showed a decreasing response of GS induction

by HC in intact tissue, aggregate, and monolayer cultures,

in that order; thereby indicating that the response is

dependent upon cellular associations (Morris and Moscona,

1970, 1971). AChE activity apparently is produced by the
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retinal cells without a comparable requirement for cellular

associations, suggesting that the control of this expression

of gene activity may be intracellular, rather than inter-

cellular.

In monolayer cultures AChE activity has been reported

to decrease in cultures derived from brain cells of embry-

onic chick (Werner et al., 1971; Ebel et al., 1974), fetal

mouse (Seeds, 1971; Wilson et al., 1972; Seeds, 1973), and

fetal rat (Shapiro and Schrier, 1973). However, when

Werner et al. (1971) modified the tissue culture medium,

AChE activity increased in monolayer cultures of embryonic

chick brain, although the specific activity was only about

50% of that in vivo (Peterson et al., 1973). In contrast

to monolayer cultures, AChE activity increased in explant

cultures of embryonic chick spinal cord (Kim et al., 1972)

and in aggregate cultures of embryonic chick brain (Schmidt,

1975) and fetal mouse brain (Seeds, 1971, 1973), with the

latter two reaching approximately 65-80% and 40% of the

activities in vivo, respectively. AChE activity is higher

in aggregate than monolayer cultures derived from mouse

brain (Seeds, 1971, 1973), and this relationship apparently

also holds true for embryonic chick brain aggregate (Schmidt,

1975) and monolayer cultures (Peterson et al., 1973).

The data in this study show that for retinal cells AChE

activity in aggregate cultures was not higher than in mono-

layer cultures. In addition, activity values reported for

all types of cultures were higher, relative to in vivo

values, than those previously reported for AChE activity in

culture. AChE activity averaged about 85% of that in vivo

for intact tissue cultures, 80% for aggregate cultures, and

98% for monolayer cultures, with all three culture types

occasionally exceeding in vivo values for comparably-aged

tissue (Figure 25). The low monolayer AChE activity values



117

reported for other tissues might be explained by inadequate

culture medium or other conditions, as suggested by Peter-

son et al. (1973), or by inactivation of the enzyme during

assay preparation, as suggested by the apparent sensitivity

of the enzyme to sonication dependent upon tissue structure

(discussed earlier.) In any case this study of the retina

is the first to examine AChE activity in vivo and under

several culture conditions in parallel, and to report

similar enzyme activities in all cases.

Effects of Hydrocortisone on
Cholinesterase Activity

Retinas of several ages (10, 12, 14, and 16 days) were

treated with HC (Table 3) using culture conditions which

had previously been used in this laboratory to induce the

production of GS (Morris and Moscona, 1971; Morris, 1971,

1973). At the hormone concentration used, retinas of these

ages respond to HC by increasing GS activity; however, with

identical culture conditions, no change in ChE activity was

noted.

Effects of Thyroxine on Cholinesterase Activity

The initial experiment with T4 indicated that this

hormone affected the activities of both AChE and BuChE at

all concentrations tested (Figure 15). BuChE activity was

at a maximum with a concentration of 10-7 to 10
-6 M, while

AChE activity reached a maximum at 10-5 M, with a plateau

at 10
-7

to 10
-6

M. The T
4
concentration in the circulation

of adult chickens has been reported at 1.4 to 1.6)aq/100 ml

or about 2 x 10- 8
M (Refetoff et al., 1970; Ringer, 1976).

In order to keep the T4 concentration near the reported

physiological concentration in chickens and to maximize
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the effects on enzyme activity, all subsequent experiments

utilized 10
7
M T

4 added to the medium.

Retinas of 7 days or older exhibited higher AChE activ-

ity than controls when treated with T4 for 24 hr (Figure

16). The maximum response to the hormone occurred in cul-

tures derived from 10-day retinas, with relatively small

responses at earlier ages. BuChE activity also increased

with 24 hr T
4-treatment at most ages tested, with the maxi-

mum response in cultures derived from 10-day and 11-day

retinas (Figure 17). Both younger and older ages showed a

smaller percentage increase in BuChE activity. Therefore,

the tissue responded to T4-treatment, even with a short

treatment of 24 hr, by increasing the specific activities

of both cholinesterases, particularly in 10- and 11-day

retinal tissue. The percentage increase of AChE activity

relative to the control is larger than that with BuChE.

Longer exposure times to the hormone gave comparable

results with AChE, i.e., the maximum percentage increase

in AChE activity occurred after 5 days in cultures derived

from 6-day embryos (Figure 18). Increasing differences be-
tween control and T

4-treated tissues were noted for the
first five days in culture, but the maximum difference be-
tween control and T

4 values occurred at the same comparable

age as with T4-treatment for 24 hr (Figure 16). BuChE
activity showed a maximal response after 6 days in culture,

with similar responses at 5 and 7 days in culture (Figure
19). Unlike AChE activity, BuChE activity did not increase
with T

4-treatment until 5 days in culture.

Despite the differences in culture methods and duration
of hormone treatment, results for the two experiments were
similar. Maximum AChE activity under T4-treatment occurred
at an age equivalent to 11 days in vivo, and hormone treated

cultures reached a level of activity approximately 30%
higher than control values whether the cells were exposed
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to the hormone for short (24 hr) or long time periods

(Figures 16 and 18). BuChE activity reached a maximum

under T
4
-treatment at an age equivalent to 11 or 12 days in

vivo, and the percentage increase with the hormone present,

relative to control values, was comparable under both treat-

ments (Figures 17 and 19).

Both enzymes also exhibited increased activity with

conditioned medium, whether the tissue was additionally

treated with thyroxine or not (Figures 20 A and B). These

data present some difficulty in interpretation, however,

because these cultures varied from comparison cultures

(Figures 18 and 19) in both cell density and the presence

of conditioned medium. The possibility that the increased

activities noted here are due to the differences in cell

density, rather than to conditioned medium, can not be

ruled out without further investigation.

Variation in Serum Content of the Medium

When the serum content was reduced in the medium both

AChE and BuChE activities decreased (Figures 21 and 22).

Cultures with 5% serum closely resembled control (10% serum)

cultures, but they generally had slightly reduced activity

levels. Cultures without serum varied considerably from

control cultures, reaching plateau levels of activity in

cultures derived from 9-day or older retinas. Although

enzyme activities in cultures without serum were also

reduced when derived from retinas younger than 9 days,

these cultures followed similar patterns of activity to

those of control cultures. In cultures from 9-day embryos

or older the absence of serum limits the activity which may

appear, regardless of the age of the tissue (up to 13 days).

This suggests a strict requirement for some serum
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component(s) at about 10 days in vivo before further

development, as measured by ChE activity, is possible.

That this requirement is probably thyroxine is sug-

gested by the experiment in which T4 was substituted for

serum (Figures 23 and 24). AChE activity in cultures from

early-age retinas (7 days) treated with T4, but with no

serum, was less than the control value, but greater than

the value without serum, suggesting that retinas at this

age can respond to the hormone, but the hormone alone can

not substitute for all serum requirements (Figure 23). In

older retinas (11 and 13 days) the addition of T4 alone to

the medium more than substituted for the lack of serum. The

transition between these two tissue responses occurred in

cultures derived from retinas at about 9 to 10 days of

development. The AChE activity in T4-treated cultures

without serum from 11- and 13-day retinas reached a similar

level of activity, relative to the controls, as cultures in

which 10
-7

M T4 was added to medium containing 10% serum

(Figure 16). Therefore, at these ages T
4
alone completely

substitutes for serum, as measured by AChE activity.

BuChE activity, on the other hand, is increased with

T
4 added to the medium compared to cultures without serum,

but is less than the control values at all ages tested

(Figure 24). Thus the tissue responds at all ages to T4-

treatment by increased BuChE activity, but this hormone

alone can not substitute for serum, suggesting the require-

ment of some additional serum component(s). There is an

increased responsiveness of the tissue to T4, as measured

by BuChE activity, in cultures derived from retinas of 10

days or older.

Both enzymes, therefore, require the presence of thy-

roxine in vitro for, activity values to approximate those

in vivo (with BuChE apparently also having some additional
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requirement). An assay of the thyroxine concentration in

the serum used in these cultures (1.75 x 10
-8

M) indicated

that T4 was present in approximately the same concentration

as that reported for adult chickens, 2 x 10-8 M (Refetoff

et al., 1970; Ringer, 1976). A requirement for T4 in vivo

might also be inferred since the AChE activity values

obtained in vivo and in vitro were almost identical (Figure

25).

Moreover, the tissue responsiveness to the hormone

increased at about 10 to 11 days (Figures 16 to 19 and 21

to 24). Both enzymes showed increased activity with T4

treatment at younger ages, but these responses were small.

Maximum hormone responses do not occur until 10 days or

older. This period in development coincides with the begin-

ning of thyroid function in the chick embryo. Colloid

secretion in the thyroid has been noted at about 9 to 10

days, with circulating thyroxine detectable at 10 to 11

days (Hansborough and Khan, 1951; Trunnell and Wade, 1955;

Waterman, 1959; Fujita and Machino, 1961). This correla-

tion suggests that, although retinal cells can respond

slightly to T4 before normal in vivo production of the hor-

mone, maximal response is not possible until after this

period. Then the presence of the hormone may be an abso-

lute requirement for normal development, i.e., AChE and

BuChE activities, to occur.

Concluding Remarks

As discussed in the introduction the chicken retina has

distinct advantages for investigating the development of a

nervous tissue, including the development of several impor-

tant characteristics in vitro. These include the develop-

ment of regions of cell processes resembling the plexiform

layers (Sheffield and Moscona, 1970; Vogel and Nirenberg,
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1976); the development of all cell types (Stefanelli et al.,

1967) in the same proportions as in vivo (Sheffield, 1970);

and the development of synapses (Sheffield and Moscona, 1970)

at concentrations similar to those in vivo and with all

types of synapses identifiable (Vogel et al., 1976).

Recent work, including this study, has examined some

biochemical aspects of the development of cholinergic

synapses in vitro, as well as in vivo. Crisanti-Combes et

al. (1978) examined choline acetyltransferase, which cata-

lyzes the synthesis of acetylcholine, and found equivalent

levels of activity in monolayer cultures and in vivo.

Acetylcholine receptors also develop in vitro (Vogel et al.,

1976; Vogel and Nirenberg, 1976; Sugiyama et al., 1977;

Vogel et al., 1977). The present study demonstrated that

AChE activity in vivo and in vitro were essentially identi-

cal. This is not the case with any other nervous tissue

previously examined (see prior discussion). This informa-

tion, coupled with the information on choline acetyltrans-

ferase and acetylcholine receptors in this tissue, sug-

gests that this is an excellent system for further investi-

gation of the development of cholinergic synapses in

culture.

Summary

The conclusions of this study may be summarized as

answers to the questions which were posed in the introduc-

tion.

1) How does the activity of each enzyme change as

development of the tissue proceeds? AChE specific activity

increased early (6 to 9 days) and late (11 to 18 days) in

development, with a plateau period (9 to 11 days) midway

in development. This multiphasic curve was not directly
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due to changes in either cell number or protein content.

However, when AChE activity was expressed as activity per

cell, a similar multiphasic curve was seen.

BuChE specific activity remained relatively constant

throughout development, although the relative contribution

of BuChE to total ChE activity decreased as development pro-

ceeded.

2) Do retinal cells require the embryonic environment

for the expression of these enzyme activities, or will they

be expressed in vitro? Both AChE and BuChE activities in-

creased in culture under all conditions investigated.

Therefore, the expression of these enzyme activities does

not require the embryonic environment. However, in cul-

tures derived from early-age (6- and 8-day) retinas, the

level of AChE activity in vitro was comparable to that in

vivo; in contrast, the level of BuChE activity was gener-

ally lower in vitro than in vivo. Thus, although the

embryonic environment is not required for BuChE activity

to be expressed, it does seem to be necessary for optimal

activity of the enzyme.

3) Do cellular associations playa role in the appear-
ance of these enzyme activities? Cellular associations do

not apparently play a role in the appearance of either of
these enzyme activities. This conclusion is based on com-

parisons of activities in vivo and in three different cul-

ture environments (aggregate, monolayer, and intact tissue
cultures). Despite the possibility of variable cell con-

tacts in these altered environments, the level and pattern
of AChE activity in culture was almost identical to that
in vivo. In contrast, the pattern of BuChE activity in

vivo was not mimicked under any culture conditions investi-

gated. BuChE activity was, however, decreased when normal

cell contacts were disrupted (aggregate and monolayer
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cultures) as opposed to when they were not disrupted (intact

tissue cultures) during culture preparation.

4) Do hormones (HC or T
4

) influence these enzyme activ-

ities in vitro?

A. Hydrocortisone did not alter cholinesterase activ-

ity in the retina of the developing chick, when conditions

which previously had been shown to cause GS induction were

used.

B. Treatment of retinas with thyroxine resulted in

increased AChE and BuChE activities at most ages tested,

regardless of whether the duration of treatment was short

(24hr) or long (several days). The maximum increases in

AChE activity (approximately a 30% increase) and BuChE

activity (approximately a 17% increase) with thyroxine

treatment occurred in retinas equivalent in age to 11 to 12

days in vivo; however, younger tissues also responded to

the hormone treatment.

The retina tissue was also apparently responding to

thyroxine contained in the serum of the routine tissue

culture medium. This conclusion was reached because when

retinas were cultured without serum, the activities of both

enzymes decreased sharply relative to controls. On the

other hand, when thyroxine alone was substituted for the

serum, the AChE activity returned to the levels of the con-

trols (in retinas of 10 days or older). Thyroxine alone

can not completely substitute for serum in stimulating

BuChE activity, however, suggesting that an additional

serum component(s) is also required.
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