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Synopsis. The preparation and use of enzyme-labelled antibodies and antigens is
described. First, the enzyme is linked covalently to the antibody or antigen. Next, the
enzyme-labelled protein is allowed to react with the cellular antigen or antibody; and
finally, the sites of bound enzyme are revealed with appropriate cytochemical staining
techniques at either the light or electron microscopical levels.

Because the specific activity of an enzyme can be assayed by appropriate enzymological
techniques, enzyme-labelled antibodies can also be employed for measuring the amounts
of cellular constituents. Similarly, enzyme-labelled antigens can be used for the quanti-
tation of humoral antigens.

In addition to the antigen-antibody reaction, enzyme markers can also be used for the
quantitation and localization of other specifically interacting constituents.
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Introduction

Since immunofluorescence was introduced by Coons & Kaplan (1950) as a technique for
the localization of cellular constituents, considerable progress in immunocytological
procedures has been achieved. The common feature of all these procedures is a marker
substance which is attached to an antibody, visible at the light or electron microscope
Ievels or both. The labelled antibody preparation is then used for the detection of par-
ticular cellular constituents. Fluorescent (Coons, 1956) and radioactive (Berenbaum,
1959) substances, ferritin (Singer, 1959) and heavy metals (Pepe, 1961) have been used as
the markers.

The detection of cellular constituents at the light microscope level has been carried
out mainly with the immunofluorescence technique while the immunoferritin method
has been used almost exclusively for ultrastructural studies.

More recently, the use of enzymes as markers was introduced (Nakane & Pierce,
1966; Avrameas & Uriel, 1966). In these procedures, the enzyme is first covalently-
linked to the antibody; then the enzyme-labelled antibody is allowed to react with the
cellular antigen and finally, the sites of enzyme activity are revealed by appropriate cyto-
chemical methods. Since specific cytochemical techniques for staining enzymes are
available both for light and electron microscopy, enzyme-labelled antibodies can be
employed equally well for microscopic studies at the two levels.

Methods available

When dealing with enzyme-immunocytochemical methods, one should bear in mind
that the choice of the three basic elements, namely antibody, enzyme, and cross-linking
reagent, is of major importance.

(a) Awntisera and antibodies

For the labelling, either the gamma-globulin fraction from immune sera or specifically
purified antibodies can be used. The best results in both cases are obtained when the
starting material is a hyperimmune serum containing high levels of antibody. Although
satisfactory results can be obtained and have been reported (Benson ef al., 1970;
Fukuyama ef al., 1970; Petts & Roitt, 1971) with immune gamma-globulins, it is pre-~
ferable to employ, whenever possible, pure antibodies. The results obtained with pure
labelled-antibodies are much more reproducible and non-specific background staining
is much less pronounced.

The isolation of pure antibodies is accomplished by the use of the immunoadsorption
techniques, using water insoluble protein derivatives (Silman & Katchalski, 1966). An
easy way to prepare them is to employ glutaraldehyde (Avrameas & Ternynck, 1969).
The protein to be insolubilized is dissolved in a buffer of near neutral pH. Then glut-
araldehyde is added and a gel will form 10 to 30 min later, depending on the protein.
After dispersion, homogenization and washing, the polymer is ready for use as an
immunoadsorbent for the isolation of antibodies. It is worth while noting that by using
glutaraldehyde, all the proteins present in a serum, or in a biological fluid, in general will
be insolubilized. These insoluble derivatives can be employed successfully in the pre-
paration of monospecific antisera or the isolation of specific antibodies.
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Another simple way of preparing immunoadsorbents is to couple proteins to poly-
acrylamide beads activated with glutaraldehyde (Ternynck & Avramess, 1972). By this
procedure, small quantities of antigen are sufficient to prepare effective immunoad-
sorbents.

(b) Enzyme markers

Obviously, any enzyme that is detectable by histochemical methods (Pearse, 1960) and
that does not modify the structure of the cell can be utilized as a marker. However, the
enzyme to be used as the label should possess one, if not all, of the following criteria:
first, a high specific activity and turnover number ; second, a relatively high stability at
room temperature ; third, it should not lose a substantial part of its activity after a coup-
ling procedure; and finally, it should be commercially available. This explains why at
present the enzymes that can be used as labelling substances are limited to a small num-
ber. Amongst them, horseradish peroxidase is the enzyme of first choice. E. Colf alkaline
phosphatase and Aspergilus niger glucose oxidase, although not often employed, have
also given reproducible and satisfactory results (Avrameas, 1969 ; Avrameas ef al., 1971).
Specific cytochemical techniques for localizing these enzymes are available for both light
and electron microscopy (Graham & Karnovsky, 1966; Hugon & Borgers, 1966;
Kithlmann & Avrameas, 1971). However, staining for peroxidase as compared to the two
other enzymes, permits a more precise localization and identification of ultrastructures,
and it is for this reason that peroxidase is almost exclusively employed in electron
microscopy.

(c) Cross-linking agents for the coupling of enzymes to antibodies
For the coupling of enzymes with antibodies, the following cross-linking agents have
been employed: p,p'-difluore-m,m’ -dinitropheny! sulphone and water-soluble carbo-
diimides (Nakane & Pierce, 1967); tetrazotized c-dianisidine, cyanuric chloride and glut-
araldehyde (Avrameas, 1968). In our hands, the most satisfactory and reproducible
results were obtained with glutaraldehyde by employing the following technique: the
antibody and the enzyme to be coupled are dissclved in a phosphate buffer of near
neutral pH and then glutaraldehyde is added dropwise to the stirred solution. After 3 hr,
the solution is dialyzed, centrifuged and stored at 4°C until required for use (Avrameas,
1968, 1969a). Using this procedure, several enzymes have been coupled to various anti-
bodies and the conjugates obtained were found to be highly effective for the immuno-
histochemical detection of the corresponding antigens. The conjugates remained
immunologically and enzymatically active, even after two years of storage at 4°C. Experi-
ments performed using several techniques have shown that the enzyme antibody conju-
gates prepared with glutaraldehyde were composed of a highly heterogeneous population
of complexes but that free antibody was absent in the reaction mixture. The average
ratio of antibody to the enzyme in the active complexes varied between 1 and 3.
Recently, a two-step procedure was developed which uses glutaraldehyde to prepare
both peroxidase-antibody and peroxidase-Fab conjugates (Avrameas & Ternynck,
1971). This procedure is based on the observation that peroxidase alone cannot be in-
solubilized even with an excess of glutaraldehyde. In fact, peroxidase possess few lysine
residues (Welinder et al., 1972), residues with which almost exclusively glutaraldehyde
reacts, and probably most of them have the e-amino group blocked. Thus, when glut-
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araldehyde is added in excess to a solution of peroxidase, it is conceivable that most of
the glutaraldehyde reacts with the free amino groups of peroxidase only by one of its two
active aldehyde groups. The remaining free aldehyde group should then be available for
combination with the amino groups of a protein added subsequently.
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Figure 1. Chromatography on Sephadex G-200 column
(100 X 2 cm) equilibrated with 0.1 M phosphate buffer,
pH 6.8, and calibrated for mol. wt. determinations of
peroxidase-labelled sheep Fab anti-rabbit IgG prepared
by the two-step procedure. The first peak corresponds to
a mol. wt. of 80 coo and the second to one of 4o ooo.
(—) is extinction at 280 nm and (----- ) extinction at
403 nm). Extinction values at 403 nm reveal the chroma-
tographic profile of peroxidase (see Avrameas & Tern-
ynck, 1971).

To couple peroxidase to antibody by this procedure, the peroxidase is first dissolved
in a phosphate buffer near neutrality and then an excess of glutaraldehyde is added. The
reaction mixture is allowed to stand at room temperature overnight and filtered through
a Sephadex G-25 column in order to remove the excess of unreacted glutaraldehyde.
The peroxidase preparation in which now active aldehyde groups have been introduced
is allowed to react at pH 9.5 with the antibody or its Fab fragments. Ultracentrifugal
analysis, chromatography on Sephadex G-200 columns equilibrated for mol. wt. deter-
minations and sodium dodecyl sulphate-acrylamide electrophoresis have shown that, by
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this procedure, only a homogeneous population, of conjugate is obtained in which the

molar ratio of antibody or Fab to peroxidase is 1:1 (Avrameas & Ternynck, 1971). It is

interesting to note that treatment of peroxidase with glutaraldehyde stabilizes the

enzyme considerably. Thus, the glutaraldehyde-treated peroxidase is stable under strong -
denaturating conditions under which the native peroxidase completely loses its catalytic

activity. Furthermore, when peroxidase was coupled with other proteins (albumin, soya

bean trypsin inhibitor, insulin) using the above procedure, homogeneous populations of
conjugates were always obtained in which the molar ratio of peroxidase to the protein

was I1:1.

. ' Figure 2. Sodium dodecyl sulphate-acryi-
amide gel electrophoresis of sheep Fab anti-
rabbit IgG; peroxidase; and peroxidase-

' labelled sheep Fabanti-rabbit IgG prepared
by the two-step procedure. After coupling,

mainly two electrophoretic bands are seen.

The more anodic band corresponds to a
l . mol. wt. of 40 000 and the less anodic one to

80 000 (see Avrameas & Ternynck, 1971).

SRS

(d) Modifications of the enzyme-labelled antibody technique

In order to avoid coupling procedures or to increase the sensitivity, several variants of
the enzyme-labelled antibody technique have been developed (Avramess, 19695 ; Mason
et al., 1969; Sternberger & Cuculis, 1969). These procedures are based on the principle
that enzyme-antienzyme complexes always possess catalytic activity, herice permitting
the detection of the enzyme in the immunological complexes (Uriel, 1967). Thus, hybrid
antibodies possessing double anti-immunoglobulin antienzyme specificities have been
employed for the detection of immunoglobulins and antienzyme antibodies were used
to enhance the sensitivity of the immuno-enzyme techniques (Avrameas, 19695). The
more characteristic of these procedures is as follows. An anti~-immunoglobulin antibody
reacts with the immunoglobulin of species A, which is present in a fixed cell in an in-
soluble form, only by one of its two active sites. Thus, the free active site of the anti-
immunoglobulin antibody can link the subsequently added anti-enzyme antibody that
was prepared in species A. This anti-enzyme antibody can now bind the finally added
enzyme. As the enzyme-antienzyme complex possesses catalytic activity, this allows the
cytochemical detection of the enzyme and consequently, the immunoglobulin of
species A. Because antibodies are immunoglobulins, it is evident that this procedure

allows the detection of any antigen (Avrameas, 19695; Mason et al., 1969; Sternberger &
Cuculis, 1969).

Light microscopy

At the light microscope level, the enzyme-labelled antibody technique has been applied
with success in various immunocytological studies. Thus, antibodies of various species
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and specificities were coupled with enzymes and utilized to detect the corresponding
antigens (Nakane, 1968, 1970; Baker et al., 1970; Benson ef al., 1970; Fukuyama et al.,
19705 Avrameas, 1968, 1969a; Druhet ef al., 1970; Bariety ef al., 1971 ; Zeromski, 1970).
Conversely, antigens were coupled with enzymes and employed for detecting antibodies
(Avrameas, 1968, 1969a; Johnson ef al., 1971). In these studies, the localization of anti-
gens or antibodies was carried out on imprints, cell suspensions or tissue sections after
adequate fixation. The best results were obtained when dehydrating fixatives like
ethanol or acetone were used but good results have also been reported when formalde-
hyde was used as the fixative (Wicker & Avrameas, 1969). Because for enzymes, histo-
chemical staining techniques giving rise to final reaction products of various colours are
available, enzyme-labelled antigen or antibody can be used for the simultaneous detec-
tion of two different cellular constituents (Avrameas, 1969a; Avrameas et al., 1971;
Nakane, 1968; Wicker & Avrameas, 1969). Alternatively, paired staining techniques
combining autoradiography or immunofluorescent and immuno-enzymological methods
can be employed for the simultaneous or two-step detection of two constituents (Guillien
etal., 1968, 1970; Wicker & Avrameas, 1970). Comparison of peroxidase- and fluorescein-
conjugated antisera have shown that the sensitivities of both methods were similar and
that the localization of the antigen by the two labels were identical (Avrameas, 1969;
Benson ef al., 1970; Petts & Roitt, 1971 ; Wicker & Avrameas, 1969).

Electron microscopy

Satisfactory and reproducible results have been obtained when the peroxidase-labelled
antibody technique was applied for the ultrastructural localization of cell surface antigen
(Bretton & Lespinats, 1969; Bretton ef al., 1972; Gonatas et al., 1972). Equally satis~
factory results were obtained when the modification of the peroxidase-labelled tech-
nique described earlier was used (Willingham et al., 1971).

A systematic comparison between ferritin-labelled and peroxidase-labelled antibody
for the localization of cell surface antigens has shown that the peroxidase technique
reveals more antigenic determinants than the ferritin one and is several times more
sensitive (Bretton et al., 1972).

When the immunoenzymatic procedures were tested for their capacity to reveal intra-
cellular antigen at the ultrastructural level, satisfactory, but very often inconsistant,
results were obtained (Kawarai & Nakane, 1970; Leduc et al., 1969a ; Nakane & Pierce,
1967; Wolff & Schreiner, 1971). This was mainly due to penetration difficulties of the
conjugates into the interior of cells fixed by fixatives routinely employed in electron
microscopy. In our hands, the most satisfactory results were obtained when Fab-
peroxidase conjugates prepared by the two-step procedures described above were used
(Kiihlman et al., 1972). It must be stressed, however, that although these conjugates are
noticeably more effective for the ultrastructural localization of antigens and good results
are obtained, difficulties of penetration always persist.

Recently, Fab-antibody fragments labelled either with cytochrome C or peroxidase
were compared for their effectiveness for the ultrastructural localization of antigens
(Kraehenbuhl et al., 1971). Both markers revealed the antigen equally well but a heavier
background was reported to occur with peroxidase. In this connection, it should be
stressed once more that for all immunoenzymatic techniques, the most purified peroxi-
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dase preparation (RZ*=3) should be used in order to reduce or avoid non-specific
staining and it appears more than probable that an impure peroxidase preparation
(RZ=:0.6) was employed by Krachenbuhl ef al. It scems to me that in ultrastructural
immunoenzymatic techniques, the limiting factor is rather the shape of the antibody or its
Fab fragment rather than the mol. wt. of the label used. In my opinion, further improve-
ments for the ultrastructural localization of antigens should be focused instead on the
use of new fixatives and embedding media for electron microscopy.

Figure 3. Detection of immunoglobulins in rabbit lymph node by the use of sheep Fab anti-rabbit
immunoglobulins labelled with peroxidase. Peroxidase reaction positive in perinuclear space (A)
and in the ergastoplasmic cisternae (arrows); N=nucleus x 18 0oo from Kiihlman ez al. (1972),
ms. in preparation.

Quantitative techniques with enzyme-labelled proteins

The quantity of an enzyme present in a cell can be accurately determined if use is made
of the procedure currently employed in enzymology for the measurement of the cata-
lytic activity of enzymes. It appears then that an enzyme-labelled antibody can be used
to measure the activity of cellular constituents. Thus, rabbit antibodies anti-rat IgG
labelled with peroxidase have been employed for the dosage of the antigenic determi-

* RZ (German Reinheit Zahl) is the ratio of the extinctions at 403 nm (haemin) and 275 nm
(protein) of a peroxidase and indicates the degree of purity of peroxidase. For pure crystalline
horseradish peroxidase RZ is almost 3.
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nants of rat IgG present at the surface of lymphoid cells (Avrameas & Guilbert, 19714).
Cell suspensions from Iymph nodes were prepared and a given number of cells were
incubated for various periods of time at 4°C with increasing concentrations of peroxidase-
labelled antibody. The cells were washed by centrifugation and the peroxidase activity
of the cellular preparation was determined spectrophotometrically. Knowing the num-
ber of the cells, the total quantity of peroxidase fixed by these cells and the ratio of
peroxidase to antibody, the mean quantity of antibody fixed per lymphoid cell was cal-
culated. It was thus found that each lymphoid cell carrying IgG possess approximately
230,000 IgG antigenic determinants on its surface.

Recently, peroxidase- and alkaline phosphatase-labelled antigens were also employed
for the quantitation of humoral constituents (Avrameas & Guilbert, 19715; Engvall &
Perlmann, 1971; Van Weemen & Schuurs, 1971). These procedures are based on the
same principles as those developed for quantitative radioimmunoassays. Thus, a fixed
quantity of an enzyme-labelled antigen is incubated with increasing concentrations of
an unlabelled one in the presence of a given amount of antibody directed against this
antigen. The methods seem quite promising since by these assays, 1-100 ng/ml of antigen
could be determined.

Conclusions

It appears that the main advantage of the immunoenzyme techniques is the fact that the
same reagent, namely the peroxidase-labelled antigen or antibody, can be employed both
for quantitative studies and qualitative work at the light and electron microscope levels.
In consequence, the results obtained by the different procedures can be directly linked
and interpreted objectively.

The use of an enzyme-labelled antibody for the detection of an antigen is based on the
general principle that antibodies react specifically with their corresponding antigens. In
addition to the antigen-antibody reaction, there are other systems where analogous pro-
cedures may be employed. Thus, a procedure using concanavalin A, asaccharide-binding
protein, and peroxidase has been developed for the quantitation and the light and elec-
tron microscopic localization of cellular carbohydrate components (Avrameas, 1970;
Bernhard & Avrameas, 1971). Furthermore, peroxidase-labelled soya bean trypsin
inhibitor has been employed for the detection of trypsin in pancreatic cells; and plant
agglutinins conjugated with peroxidase have been used for the light and electron micro-
scopic detection of specific cellular carbohydrate components (Gonatas & Avrameas,

1972).
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