combination with the increase in drain-
age water, led to net losses 9, 8, 3,
and 20 times greater, respectively, than
similar losses from five undisturbed eco-
systems between June 1966 and June
1967. Concentrations of Al+++ rose
about 1 month later than the initial
rise in nitrate, while sulfate showed a
sharp drop in concentration, coincident
with the rise in nitrate (Fig. 1).

These results indicate that this eco-
system has limited capacity to retain
nutrients when the bulk of the vegeta-
tion is removed. The accelerated rate
of loss of nutrients is related to the
cessation of uptake of nutrients by
plants and to the larger quantities of
drainage water passing through the
system. Accelerated losses may also
relate to increased mineralization re-
sulting from changes in the physical
environment, such as change in tem-
perature or increase in available sub-
strate.

However, the effect of the vegeta-
tion on the process of nitrification can-
not be overlooked. In the cutover eco-
system the increased loss of cations
correlates with the increased loss of
nitrate; consequently, if the intact vege-
tation inhibits the process of nitrifica-
tion (I3) and if removal of the vege-
tation promotes nitrification, release
from inhibition may account for major
losses of nutrients from the cutover
ecosystem.

These results suggest several con-
clusions important for environmental
management:

1) Clear-cutting tends to deplete the
nutrients of a forest ecosystem by (i)
reducing transpiration and so increas-
ing the amount of water passing
through the system; (ii) simultaneously
reducing root surfaces able to remove
nutrients from the leaching waters;
(iii) removal of nutrients in forest
products; (iv) adding to the organic
substrate available for immediate min-
eralization; and (v), in some instances,
producing a microclimate more favor-
able to rapid mineralization. These ef-
fects may be important to other types
of forest harvesting, depending on the
proportion of the forest cut and re-
moved. Loss of nutrients may be
greatly -accelerated in cutover forests
where the soil microbiology leads to
an increase of dissolved nitrate in
leaching waters (10).

2) Management of forest ecosystems
can significantly contribute to eutrophi-
cation of stream water. Nitrate con-
centrations in the small stream from
the cutover ecosystem have exceeded
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established pollution levels (10 parts
per million) (/4) for more than 1 year,
and algal blooms have appeared during
the summer.
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Antigen Binding to Cells: Determination by Enzymic

Fluorogenic Group Hydrolysis

Abstract. A sensitive method for detecting cells containing antibody to f-
galactosidase has been devised. The enzyme attached to the cells containing anti-
body can hydrolyze a fluorogenic substrate and yield fluorescent products which
are measured microphotofluorometrically. This method of detecting a few mole-
cules of antibody is applicable to other enzyme antigen systems.

A method for measuring cellular
antibody in very small amounts is nec-
essary when only a few molecules of

.antibody may be present in a cell,

such as very early in the antibody re-
sponse, during states of immunologic
unresponsiveness, or possibly at recep-
tor sites on the membranes of cells
bearing immunologic memory (/). Our
method was designed to detect only
a few molecules of cellular antibody.

Using the substrate fluorescein-di-3-
galactopyranoside (FDBG), Rotman
et al. measured the g-galactopyrano-
side activity of single molecules (2),
individual bacterial cells (3), and ribo-
somes (4). This substrate is nonfluores-
cent and upon hydrolysis of its glyco-
sidic bonds yields fluorescent products
(fluorescein-mono-B-galactoside or flu-
orescein, depending on whether one
or both glycosidic bonds are cleaved,
respectively). Antibody to p-galacto-
sidase does not impair the activity of
the enzyme (5), and so the enzyme-
antienzyme complex can hydrolyze the
substrate also.

For the assay, the spleens of im-

munized or normal A/Jax mice were
removed and macerated; the fragments
were screened through a 60-gauge and
then a 250-gauge stainless steel gauze
in Hanks’s balanced salt solution, with
50 ug of streptomycin, 60 units of
peniciliin, and 20 units of heparin per
milliliter. The resultant single-cell sus-
pension was washed once in the same
solution and centrifuged. The cell pel-
let was treated with 95 percent ethanol
for 10 minutes at room temperature;
washed again, and suspended in me-
dium to yield a 20-percent suspension
of cells.

A portion of the suspension was re-
moved for measurement of “intrinsic”
B-galactosidase, including the activity
of endogenous mouse-spleen [-galac-
tosidase and activity of any possible
residual antigen from the immuniza-
tion. The rest of the cells were incu-
bated with 15 pg of B-galactosidase
per milliliter of cell suspension for 1
hour at 37°C and then overnight at
4°C (6). The cells were then washed
four times with 40 ml of medium to
remove the free enzyme, and suspend-
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ed in assay buffer consisting of 0.1M
sodium phosphate, pH 7.3, containing
0.1M 2-mercaptoethanol, 0.001M Mg-
SO,, and 0.002M MnSO,. Cell dilu-
tions were made in the assay buffer,
and FDBG was added so that an ap-
propriate number of cells were present
in droplets of 0.2 ul containing 2.4 X
10-5M FDgG.

With hyperimmunized mice, 100
cells per droplet gave sufficient activity
in most droplets after several hours.
‘For detection of early primary re-
sponses, droplets should contain many
more than 100 cells to ensure activity
after 24-hour incubation with substrate.

The droplets were placed in a sili-
cone oil chamber, 3 mm deep, made
from a glass slide (7.5 by 5 cm), simi-
lar to one reported (2). The slides were
incubated at room temperature (22° to
24°C) for 20 hours. The amount of
fluorescence was determined with a
Zeiss fluorescence microscope equipped
with a phase-contrast condenser at-
tached to an Aminco photomultiplier
microphotometer (model 10-213). A
12-volt tungsten lamp, with BG-12 fil-
ter, was used for excitation; the Zeiss
500-my, barrier filter was the secondary
filter. The droplets were viewed at
X 125 magnification and measured at
various intervals. Only intervals show-
ing a linear increase in the appearance
of product were used in the calcula-
tions. The activity in the droplets is
the result of hydrolysis of the sub-
strate by the enzyme bound to the
cells. For convenience, the method of
assay may be termed A-H, an acronym
for antigen binding to cells determined
by enzymatic fluorogenic group hy-
drolysis.

Table 1 shows two evident results:

1) Aantigen-binding activity of the
spleen cells was greater than that nor-
mally present as early as 12 hours
after intraperitoneal injection of 100
ng of B-galactosidase. This result, con-
firmed in four experiments, contrasts
with results by conventional tech-
niques in which detectable antibody to
protein antigens does not appear for at
least several days (7); the peak of the
response appears about the 6th day
¥).

2) Mice injected with B-galactosidase
and tested 6 months later have neither
serum antibody nor cells containing
antibody as measured by fluorescent
antibody staining. By the A-H method,
however, appreciable binding activity
can be detected, perhaps on the part
of the memory cells.

In theory, even one molecule of bound
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Table 1. Values by A-H assay under various
conditions. Values represent typical pools,
each of three spleens from A/Jax mice im-
munized intraperitoneally once or more often
with 100 ug of g-galactosidase.

Anti-
Type body
of Condition units
cells per
cell
Unimmunized
Intrinsic No enzyme added 140
Normal Mice not immunized 700
Cytophilic* Hyperimmune serum
added to normal cells
before assay 4,200
Immunized
Intrinsic 12 hours after
immunization 410
Primary 12 hours after
immunization 2,800
Primary 6 days after
immunization 71,000
Memory 6 months after first
injection 9,100

* A 20-percent cell suspension (0.25 ml) was in-
cubated with 0.25 ml of undiluted pooled hyper-
immune serum for 1 hour at 0°C, washed three
times in 1 ml of Hanks’s medium, and processed
according to our standard procedure.

antibody should be detectable (2), but -.

under current conditions our limit of
detection is approximately 100 to 200
molecules. The unit of antibody is de-
fined as the amount of antibody that
will bind sufficient enzyme molecules
to produce in 1 hour at room tempera-
ture an intensity of 1 X 10—8% ampere
on the microphotometer, this being the
smallest unit measurable by the instru-
ment. Each unit corresponds to the
activity of 225 molecules of enzyme
under these conditions if one assumes
a molecular weight of 540,000 for g-
galactosidase (9).

The number of enzyme molecules
fixed to spleen cells of normal mice
is greater than desired for detection
of only a few molecules. The sensitivity
can be increased at least two orders
of magnitude by a combination of in-
creased optical efficiency, reduction in
the level of enzyme applied to the cell
suspension, and smaller droplets.
Studies with single cells (/0) show that
the number of antibody units equiva-
lent to one positive cell are much
greater than the average value per cell;
thus it is probable that one or at most
very few cells are active in our drop-
lets, which contain several hundred
cells.

By conventional methods, such as
histochemistry with fluorescent anti-
body (I1) or radioautographic staining
with radioactive antigen (I2), detec-
tion depends on ability to visualize a
certain number of fixed, labeled mole-
cules. Likewise, the formation of a he-

molytic plaque in gels (I3) requires
the activity of many antibody mole-
cules, as do antibody assays performed
in microdroplets, which measure the
output of single antibody-producing
cells (14). Our method involves a time-
amplification factor, since we exploit
the enzymatic activity of a few mole-
cules of antibody-bound p-galactosi-
dase, which can continue to hydrolyze
substrate until enough fluorescent
molecules are produced for their de-
tection. The A-H assay is specific; it
does not detect -antibody-containing
cells directed against contaminating,
non-cross-reacting materials in the im-
munogen.

Fluorogenic substrates for many
enzymes have been synthesized (I/5)
and are commercially available for 8-
galactosidase and phosphatases (I6).
Thus one may apply this type of assay
to other enzyme-antigen systems in
which the antibody does not inactivate
the enzyme. If the antibody inactivates
the enzyme, the A-H assay can be
modified to detect residual enzymatic
activity after the addition of a known
amount of enzyme to the cell popula-
tion.
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