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Extract

The specific activities of three disease-related lysosomal enzymes were compared in
cultured skin fibroblasts from seven normal women (M), their fetuses (F), and cells
cultured from corresponding amniotic fluid cells (A). All samples were obtained in
weeks 17-21 of pregnancy. Highly significant differences in the mean specific activities
of /3-galactosidase (/3-Gal), /3-D-JV-acetylglucosaminidase (Hex), and arylsulfatase A
(ARA) are evident in control cells developed from each of these sources. In addition,
the pattern of differences in the three cell types was dissimilar for each enzyme. The
mean activities in nanomoles of product produced per hour per milligram of soluble
cell protein were: /J-Gal: F = 248, A = 676, M = 375; Hex: F = 3412, A = 6548,
M = 6781; and ARA: F = 143, A = 244, M = 458. The differences in enzyme
specific activities between the three cell types studied indicated significant differences
in the enzymology of these cells under defined culture conditions. In light of these
findings the prerequisites necessary for antenatal diagnosis of inherited metabolic
disorders are recommended.

Speculation

If quantitative enzymologic data from cultured amniotic fluid cells are to be used for
the antenatal diagnosis of specific inherited genetic disorders, it is essential that rela-
tive specific activities of the enzymes in question be established in cultured cells from
each of the pertinent cell types. This is essential if heterozygous fetuses are to be cor-
rectly identified in utero and if fetal tissues are to be used to corroborate intrauterine
diagnoses based on amniotic cell analysis.

Introduction

The use of cultivated somatic cells in the diagnosis of
numerous cytogenetic, enzymatic, and metabolic dis-
eases in man is well established [9]. It is now apparent
that somatic fetal cells (amniotic fluid cells obtained
by amniocentesis) may serve the same purpose [4, 14].

Certainly there is little question that amniotic fluid
cells can be used for accurate delineation of fetal sex
and chromosomal complement [15, 19, 22].

The use of amniotic fluid cell cultures, however, for
the diagnosis of enzymatic-metabolic disorders in the
fetus raises some clearly different issues. Unlike cytoge-
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netic analysis or sex determination, where interpreta-
tions are generally incontrovertible, biochemical or
enzymatic parameters of somatic cells in culture may
be subject to many biologic, genetic, or in vitro culture
variables which could, in turn, critically affect interpre-
tation. Quantitative ranges of enzyme specific activity
may vary considerably in vitro in cells from both con-
trol and affected individuals. The exact explanation
for this variation is not completely understood but
may depend on such things as the particular assay used,
the media and serum in which the cultures are grown
[5, 13], the length of time cells have been in culture
[3], the degree of confluency of cells at harvest [8, 10],
and so on.

Since quantitative ranges of metabolic activity may
be affected by these variables, this is particularly criti-
cal if differentiation of the heterozygous from the
affected fetus is to be achieved on the basis of analysis
of cultured amniotic fluid cells. Clearly this applies
only to the autosomal recessive disorders since carriers
of cytogenetic disorders can usually be readily identi-
fied and for the X-linked diseases a female fetus, at risk
of being a carrier, would not be aborted in any case.

The ability to distinguish between the heterozygous
and the affected fetus on the basis of cultured amniotic
fluid cell analysis must be considered before any ge-
netic-metabolic disease is approached in utero. Inabil-
ity to achieve this differentiation could result in a 75%
chance of abortion being recommended for each preg-
nancy. It is readily calculated that, for a family in such
a situation, there is a 24% risk that five successive preg-
nancies would be terminated. The psychological
trauma of such an experience to a couple, anxious and
hopeful of having their own children, would probably
be disastrous.

In addition to this potential problem of in utero
carrier detection, there are several other considerations
raised by the use of cultured amniotic fluid cells for
the antenatal detection of metabolic disorders. For ex-
ample, one cannot assume because of morphologic
similarities that fibroblastic cells from different sources
will be identical biochemically. Extrapolation of bio-
chemical data from postnatal skin fibroblasts to cul-
tured amniotic fluid cells need not be reliable. Do
biochemical variables in amniotic fluid cells exactly
reflect fetal characteristics? This is another question of
primary importance and necessitates the definition of
enzyme specific activities in tissues obtained from nor-
mal fetuses at the appropriate stage of gestation. Cer-
tainly, before these questions can be answered in the
test situation, the normal relations of enzyme specific

activities between each of the pertinent cell types must
be established in control material.

With these considerations in mind, we have con-
ducted a series of experiments to compare the specific
activities of three disease-related enzymes in control
fibroblast cultures derived from maternal skin, fetal
skin, and corresponding amniotic fluid cells [7]. The
design of these experiments was to mimic as closely as
possible the conditions under which intrauterine diag-
nosis would be conducted and to achieve as much in-
ternal control of genetic variables as possible. Accord-
ingly, seven women, between weeks 17 and 21 of
pregnancy, undergoing either hysterotomy or total ab-
dominal hysterectomy as a therapeutic abortive pro-
cedure, were studied. In all cases, the indication for
termination of pregnancy was "psychosocial," and no
significant history of pertinent medical-neurologic dis-
ease was present in the women or their families.

The enzymes reported in these studies are three acid
hydrolases, presumably of lysosomal origin, which are
specifically associated with three autosomal recessive,
severe, untreatable, neurodegenerative disorders: /?-
galactosidase (/3-Gal), the deficiency of which is associ-
ated with generalized gangliosidosis [17]; arylsulfatase
A (ARA), the deficiency of which is associated with
metachromatic leukodystrophy [1,12]; and/3-D-A -̂acetyl-
hexosaminidase (Hex), in which the A component is
deficient in Tay-Sachs disease [18].

Materials and Methods

At the time of the surgical procedure a maternal skin
biopsy was obtained from the incision site [24]. A 20-
to 50-ml amniotic fluid sample was obtained either on
exposure of the uterus or after its removal. Within 5
min after the fetus was removed, a fetal skin biopsy
was performed. After mild centrifugation (200 X g),
for 10 min, amniotic fluid cells were resuspended in
culture medium and placed in culture. Fetal and ma-
ternal skin samples were minced prior to cultivation.
Each cell type was initiated in duplicate culture.

All cell cultures were grown in Eagle's minimal es-
sential medium with Earle salts [25] supplemented with
15% fetal calf serum [26], 2 HIM L-glutamine, and peni-
cillin/streptomycin (200 U/ml and 40 /xg/ml, respec-
tively). Cultivation was carried out in an atmosphere
of 5% CO2 at 37°. Primary cultures were undisturbed
for the first 7-10 days. Subsequently, the medium was
changed twice weekly. Monolayer cell growth was suc-
cessfully achieved in all cultures. Cells were harvested
or subcultured after 3-5 min exposure to 0.2% trypsin
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in 2 X 1 0 ~ 3 M EDTA. Mycoplasma screening on repre-
sentative cultures from each cell line was negative.

All amniotic fluid cell cultures in these studies were
either entirely or predominantly fibroblastic in mor-
phology at the time of harvest. No significant differences
in the specific activities of the three enzymes studied
were found when other amniotic fluid cell cultures
with predominantly epithelial morphology were com-
pared with these cells [5].

Because of the practical time limitations as to when
transabdominal amniocentesis can be successfully
achieved and when therapeutic abortion can be per-
formed, it is usually necessary that amniotic fluid cell
cultures be assessed within 6-8 weeks after they have
been in culture. As such all amniotic fluid cell cultures
were terminated for assay at 6 weeks. Similarly, fetal
skin cultures and maternal cells were prepared at the
same time. At least two independent cultures of each
cell type from each of the seven groups were studied.
Each of the three enzymatic assays to be discussed was
performed in duplicate on the same culture of each
cell type.

Cells at early confluency were trypsinized, collected,
washed twice, and sonically disrupted immediately
prior to assay. Supernatant fractions were assayed and
protein determinations were done by the method of
Lowry et al. [11].

All assays were conducted using synthetic aromatic

Table I. Comparative enzymology in fibroblasts cultivated from
fetal skin, amniotic fluid cells, and maternal skin

Enzyme and
fibroblast

source

^-Galactosidase
Fetal skin
Amniotic fluid

cell
Maternal skin

^-D-W-Acetylglu-
cosamini-
dase

Fetal skin
Amniotic fluid

cell
Maternal skin

Arylsulfatase A
Fetal skin
Amniotic fluid

cell
Maternal skin

No. of
lines

7
7

7

7
7

7

7
11*

7

No. of
determi-
nations

16
16

14

16
16

14

16
22

14

Enzyme specific activity1

248
676

375

3412
6548

6781

143
244

458

Mean2

± 66.5
± 339.4

± 111.6

± 952.0
± 2113.0

± 2975.0

± 60.8
± 69.3

± 126.1

Range

163-424
298-1440

157-598

1936-5275
3553-10906

2466-12795

49-231
107-340

225-948

ps

<0.005
0.001

<0.001
<0.600

<0.001
<0.001

1 Expressed in millimicromoles of product produced per hour per milligram of
supernatant fibroblast protein. Each determination reflects a duplicate assay on
an independent culture of the indicated cell type.
2
 ±SD.

3 P values refer to the significance levels of the difference in mean activity of the
fetal and amniotic cells compared with maternal cells.
4 Includes four unrelated amniotic fluid cell fibroblast lines.

substrates [27] which in each case have been shown,
using the natural substrate, to reflect the disease-associ-
ated enzyme deficiency. The substrates used are p-nitvo-
phenyl-/?-D-galactopyranoside for /?-Gal, jti-nitrocatechol
sulfate for ARA, and j&-nitrophenyl-.ZV-acetyl /?-D-gluco-
saminide for Hex. Cleavage of these aromatic sub-
strates by the appropriate enzyme yields either a nitro-
phenol or nitrocatechol product which is then
quantitated spectrophotometrically.

Initial experiments were conducted to define the
optimal conditions for assay for each of these enzymes
in pooled samples of cells developed from maternal,
fetal, and amniotic fluid cell origin. Linearity with
protein concentration, substrate saturation, optimal
pH, and linearity with time were established for each
assay with each cell type. No significant differences be-
tween cell types were found, as to optimal conditions
for each assay.

Assay Conditions

/3-Galactosidase was assayed in a final volume of 0.3
ml which contained in final concentration: 4.5 X 10~3

M j&-nitrophenyl-/?-D-galactopyranoside; 0.1 M Na ace-
tate, pH 5.0; and 10-150 /j.g supernatant cell protein.
The reaction mixture was incubated for 60 min at 37°,
and the reaction was terminated by the addition of 0.7
ml 0.25 M glycine-carbonate buffer, pH 10.0. In the re-
action blank, the cell protein and substrate were mixed
after incubation and the alkaline buffer was added im-
mediately. Optical densities at 420 nty were recorded
with a recording spectrophotometer [28].

/?-D-7V-Acetylglucosaminidase was assayed in a final
volume of 0.3 ml which contained in final concentra-
tion: 4.0 x 10~3 M jt>-nitrophenyl-A''-acetyl-/3-D-gluco-
saminide; 0.1 M citrate-phosphate buffer, pH 4.4; and
10-100 fj,g supernatant cell protein. Incubation, termi-
nation, and optical density measurements were de-
termined in the same manner as those for /?-galactosi-
dase assay.

Arylsulfatase A was assayed as previously described
[6].

Results

Using the conditions denned, the indicated enzymes
were assayed in duplicate in the same cells from each
of at least two independent cultures of each cell type
in each of the seven fetal-amniotic-maternal groups.

Table I shows the accumulated data from these stud-
ies. The mean enzyme specific activity, standard devia-
tion, and range of activities for /3-Gal, total Hex, and
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ARA in fetal cells, cultured amniotic fluid cells, and
maternal skin fibroblasts are compared. The P values
indicated refer to the significance levels of the differ-
ence in the mean activity of either the fetal or amniotic
cells compared with maternal cells for each enzyme.

Several points are evident. The pattern of enzyme
specific activity was different for each of the enzymes
studied. /3-Gal activity is highest in the amniotic cell
and lowest in the fetal cultures. For Hex, activity of
amniotic and maternal cells was not significantly differ-
ent, but both showed higher levels of activity than did
the fetal cells.

The ARA activity in the maternal cells was very sig-
nificantly greater than that in the cultured amniotic
cells, which was, in turn, higher than that found in
fetal skin cultures.

For each of these lysosomal enzymes the specific ac-
tivity of the cultured fetal cells was lower than that
found in maternal and amniotic fluid cells. This fact
is of considerable interest and is of utmost relevance to
corroboration of intrauterine diagnoses. The exact ex-
planation of this difference between the fetal and amni-
otic cells is not known but may well reflect differential
cell aging since lysosomal enzymes may increase as cells
age in culture [2].

The variation of enzyme specific activities in each
cell type is also shown in Table I. There was a con-
siderable range of activities for each enzyme in all cell
types, reflecting, perhaps, the kind of in vitro variation
previously mentioned. In each of the seven groups
studied, however, the relations between these three en-
zymes were consistent in the fetal, amniotic, and ma-
ternal cells (Fig. 1). The specific activity of each en-
zyme in the fetal and amniotic cell cultures was plotted
as a percentage of the maternal value for comparative
purposes. Again the relative activities are different for
each enzyme but consistent in all culture groups for
the particular enzyme studied.

These differences in enzyme specific activity between
cell types could indicate that the enzyme in each cell
type was a different molecular species. To assess this
possibility, substrate saturation studies were carried out
for each enzyme in pooled samples of each of the three
cell types. Using the synthetic aromatic substrates
previously mentioned, Lineweaver-Burke analysis of
enzyme activity as a function of substrate concentra-
tion over a 50-fold range of concentrations indicated no
significant difference in the apparent Michaelis-Menten
constants for each enzyme in each of the cell types (Ta-
ble II).

These data, therefore, suggest that the differences in
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Fig. 1. Relative enzyme specific activities for three lysosomal en-
zymes in seven fetal-amniotic-maternal cell culture groups. Spe-
cific activities for each enzyme in the fetal and amniotic cells
are indicated as a percentage of the maternal value for com-
parative purposes.

enzyme specific activity were due to inherent differ-
ences between the respective cell types under the de-
fined culture conditions.

Discussion

The relative specific activities between normal amni-
otic fluid cell cultures and control skin fibroblasts are
particularly relevant to intrauterine diagnosis. Activity
of /3-galactosidase, as shown here, and cystathionine
synthase activity, as shown by Uhlendorf and Mudd
[23], are higher in amniotic fluid cells in culture than
in normal skin fibroblasts. Arylsulfatase A, as well as
argininosuccinase [20], and ornithine keto acid trans-
aminase [21] are lower in specific activity in midtrimes-
ter amniotic fluid cell cultures than in control skin
fibroblasts.

That the specific activity of different enzymes in
amniotic fluid cell cultures may be the same, greater,

Table II. Comparison of apparent Michaelis-Menten constants
(Kma) for three lysosomal enzymes in fibroblasts developed from
fetal skin, amniotic fluid cells, and maternal skin1

Enzyme
i M

Fetal Amniotic Maternal

/?-Galactosidase
Arylsulfatase A
^-D-Af-Acetylglucosamini-

dasc

2.0 X 10-4 2.1 X 10-* 2.1 X 10-4
4.2 X 10~3 2.5 X 10"3 3.2 X 10"3
4.8 X 10"4 5.3 X 10-4 5.0 X 10"«

1 Determined by Lineweaver-Burke analysis of enzyme activity in supernatant
fractions from sonicated fibroblasts over a 50-fold range of substrate concentra-
tions. Substrates used: />-nitrophenyI-/?-D-galactopyranoside, 4-nitrocatechol
sulfate, />-nitrophcnyl-iV-acctyl-/?-p-glucosaminide.
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or most critically lower than in control skin fibroblasts
is especially crucial to intrauterine diagnosis [6]. If the
specific activity of the disease-related enzyme is lower
in control midtrimester amniotic fluid cell cultures,
and if heterozygotes for the disease in question fall in
a midrange of specific activity between control and
affected patients in skin fibroblasts, then one might an-
ticipate that enzyme activity in cultured amniotic fluid
cells from a heterozygous fetus would be quite low. As
such, differentiation of the heterozygous from the
affected fetus based on amniotic cell analysis might be
quite difficult for such a disorder. Without first estab-
lishing the relative specific activities of both the
heterozygote in skin fibroblast culture and the normal
cultured midtrimester amniotic fluid cell, compared
with control skin fibroblasts, the dilemma might not
even be apparent; instead a positive diagnosis indicat-
ing an affected fetus might be made incorrectly.

What prerequisite information, therefore, is neces-
sary before the intrauterine diagnostic method can be
applied to any given inborn metabolic disease? Pri-
marily the disorder in question must be detectable
in an in vitro somatic cell system. Certain conditions
like Von Gierke's disease or phenylketonuria, for ex-
ample, are identifiable only in specific organs of af-
fected patients and not detectable in cell culture, thus
ruling out prenatal diagnostic approaches with amni-
otic fluid cell culture at this time.

Second, the obligate heterozygotes of such a disease
must be assessed in that same in vitro system and the
relative specific activity of the enzyme or other meta-
bolic variable in question be established between both
the carrier-control and carrier-affected populations. For
prenatal diagnostic purposes it is certainly not critical
that the carrier be distinguishable from the control
population. In fact, this situation is preferable since
the only real concern for intrauterine diagnosis is to
delineate clearly the affected individual from the rest
of the population. Failure to differentiate the carrier
from the control group is, therefore, of no consequence.
It is of utmost importance, however, when carriers
fall into a distinct midrange group between normal
and affected individuals. This situation is extremely
relevant to intrauterine diagnosis as mentioned previ-
ously.

A third, and extremely critical requirement, is that
the biochemical variable in question be assayed quanti-
tatively in early midtrimester amniotic fluid cultures
from normal subjects. Moreover, these control values
must be established in cultured cells grown in vitro for
less than 8 weeks. This time requirement is essential
since therapeutic abortion, in many centers, is only

permitted prior to week 22 of pregnancy (based usually
on last menstrual period). Because transabdominal am-
niocentesis usually cannot be performed prior to weeks
14-16 of pregnancy, then test cultures will have to be
assessed within 6-8 weeks of amniocentesis. Control
amniotic fluid cells which have been in culture for
longer periods may have different biochemical-enzy-
matic properties and, therefore, would not serve as
true controls for the test situation.

One cannot assume, because of morphologic and, in
some cases, biochemical similarities between cultured
amniotic fluid cells and postnatal skin fibroblast cul-
tures, that all biochemical variables will be compara-
ble. Each enzyme or metabolic variable must be indi-
vidually assessed in each of the pertinent cell types
and the appropriate relations established for each.

An additional prerequisite of major importance is
that ranges of specific activities be established in nor-
mal fetal material at 18-24 weeks gestation. When posi-
tive intrauterine diagnoses are made and pregnancies
are terminated, corroboration of amniotic fluid cell
findings must be made with aborted fetal tissues. In-
terpretation of these data will be accurate only if nor-
mal values at that stage of fetal gestation, in the tissue
used for corroboration, are first appreciated. Thera-
peutic abortions performed for nonorganic indications
should provide ample material to establish all these
essential control values.

In this regard it must also be ascertained whether
or not hypertonic glucose- or saline-aborted fetal ma-
terial can be used for corroborative studies. Perhaps it
will be necessary during this early phase of intrauterine
studies, where positive diagnoses of certain diseases are
initially being made, that pregnancies be terminated
by hysterotomy in order to assess accurately the correct-
ness of the diagnosis.

If in normal fetal tissues used for diagnostic cor-
roboration, enzymatic activity is found to be lower than
in normal postnatal cells and control amniotic fluid
cells, then again heterozygous fetal material might be
extremely low. This might very likely be the case, par-
ticularly for those metabolic variables in which normal
amniotic cells are lower in activity than control post-
natal material and where heterozygotes for the disease
in question fall into a distinct midrange group.

Only by establishing these relations first can we
avoid the definite possibility of making the wrong di-
agnosis with amniotic fluid cell analysis and then in-
correctly corroborating the error with aborted fetal
material.

In summary, then, early midtrimester amniocentesis
and amniotic fluid cell analysis would appear to be of
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great value in managing pregnancies at high risk of
cytogenetic or sex-linked diseases in the fetus. In addi-
tion, several of the inborn metabolic disorders have
met the prerequisites discussed above and are also
suited to this approach. A number of other biochemical
disorders, however, which are potentially detectable by
amniotic fluid cell studies have not, as yet, completely
met these requirements. It is clear that as such base line
data are established, most if not all will be approacha-
ble by this method.

Summary

Highly significant differences were found in the specific
activities of /2-galactosidase, arylsulfatase A, and p-n-N-
acetylglucosaminidase when these disease-related en-
zymes were compared in cultured cells from adult skin,
fetal skin, and midtrimester amniotic fluid cells. Seven
sets of cultures were derived from control pregnancies
terminated by hysterotomy or hysterectomy between
weeks 17 and 21 of pregnancy. The pattern of enzyme
specific activity differed for each enzyme between each
of the three cell types: /3-Gal: amniotic > maternal >
fetal; ARA: maternal > amniotic > fetal; Hex: ma-
ternal = amniotic > fetal.

No significant differences were found in apparent
Michaelis-Menten constants for each enzyme in the
three cell types studied. The differences in enzyme spe-
cific activities are, therefore, most probably due to in-
herent differences between these cells in culture. The
prerequisites needed for accurate intrauterine diagno-
sis of human genetic-metabolic disorders are discussed
in light of these findings.
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