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EGF Cell Surface Receptor Quantitaiion on Ocular
Cells by an Immunocytochemical Flow

Cyfometry Technique
Jamie G. Lopez,* 5ek Jin Chew,t Hilary W. Thompson,! James S. Malrer,^:

Michael S. Insler,* and Roger W. Deuermanf

A method is presented for the rapid flow cytometric determination of epidermal growth factor (EGF)
receptor densities on the surface of cultured ocular cells. The technique uses a biotinylated monoclonal
antibody directed against the EGF receptor in conjunction with a streptavidin-bound fluorochrome and
requires the specific fluorescence per cell to be measured as a function of ligand and receptor concentra-
tion. Because the measurement is noninvasive and restricted to cell surface-bound material, the cells
can be kept in a physiologic environment, even at the moment of assay. Calculated receptor densities
ranged from 5142/cell (infant human corneal endothelium) to 35,678/cell (infant human keratocytes)
to >5 X 105/cell for an A431 control cell line. Species and donor age differences were noted, as was
transient receptor downregulation after EGF administration. Flow cytometry represents a valuable
time saving procedure for large scale applications while providing the same level of sensitivity as
standard radioimmunoassays. This technique is applicable to quantitation of other growth factor cell
surface receptors and could greatly expand the use of flow cytometry in the research laboratory. Invest
Ophthalmol Vis Sci 33:2053-2062,1992

Epidermal growth factor (EGF) is a small (6045 D),
well-characterized mitogenic polypeptide present
within a wide variety of mammalian tissues and
bodily fluids. EGF stimulates the proliferation and
differentiation of a wide variety of ectodermal and
mesodermal cells (eg, fibroblasts, glial cells, epithelial
cells, endothelial cells, chondrocytes)1'2 by binding to
a specific cell surface receptor homogeneously distrib-
uted in the plasma membrane. Binding typically trig-
gers, via a cascade effect, cellular oncogene expression
and a number of biologic responses in the target cell,
including increased glucose uptake and increased
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amino acid transport and growth. Because of its abil-
ity to accelerate wound healing, EGF has been sug-
gested to have important clinical ophthalmic applica-
tions.3"5

The EGF receptor (EGF-R), the best understood
growth factor receptor, consists of a 170 kD trans-
membrane glycoprotein with an extracellular binding
domain and an intracellular tyrosine phosphorylation
domain.6 The receptor is found in many cells and tis-
sues of mammalian and avian species and is postu-
lated to play a significant role in growth control.
Many agents, natural and pharmacologic, affect the
affinity, number, or response of EGF-R, and these
may have a bearing on the role of EGF in growth
control. The oncogene v-erbB codes for a product ho-
mologous to a portion of the EGF receptor in which
the EGF-binding domain has been deleted.

Historically, EGF-R have been readily detected and
quantified by 125I-EGF binding assays.6-7 Although
sensitive and relatively precise, these assays have sev-
eral drawbacks. The procedures are tedious and time-
consuming, and, because of radiation, can pose a
health hazard. The useful lifetime of an assay kit is
limited by the half-life of the isotope. In addition, cell
suspensions contain diverse cell types (eg, dead cells,
cells in various phases of the cell cycle, and cellular
debris), and conventional isotope binding techniques
are unable to discriminate between these cell subpop-
ulations.8
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Flow cytometric (FCM) analysis of cellular recep-
tor content is achieved by labeling the moiety of inter-
est with a monoclonal antibody-fluorochrome conju-
gate. During FCM analysis, the bound fluorochrome
in stained cells is excited at an appropriate wave-
length, resulting in emission of light of a longer wave-
length in all directions. The excitation wavelength
and color of this emitted fluorescence are characteris-
tic of each fluorochrome. If the dye is bound specifi-
cally to a receptor of interest, and the staining reaction
is stoichiometric, the fluorescence intensity reflects,
quantitatively, the cellular receptor content.

Although extremely well suited for cell surface re-
ceptor detection,9"12 flow cytometry is not entirely
free of shortcomings. Quantitation of cell surface re-
ceptors with flow cytometric immunoassays becomes
a problem when cellular immunofluorescence is only
slightly more intense than cellular autofluorescence.
Background fluorescence, consisting of cellular auto-
fluorescence and nonspecific binding of immunorea-
gents, is often the limiting factor in the optimization
of the signal-to-noise ratio in sensitive flow cytomet-
ric immunoassays.1314 Typically, the lower-limit de-
tectability of cell surface fluorescein antibody conju-
gates is 3000-5000 molecules, and this sensitivity can
be obtained only when low levels of cellular auto-
fluorescence are present.15'16

The solution to this problem involves the use of a
different fluorescent probe whose emission wave-
length lies outside the region of cellular autofluore-
scence. Of those available, the phycobiliproteins (phy-
coerythrin, for example) are the best dyes for applica-
tions that require high sensitivity.17 It has been
reported that the fluorescence of a single molecule of
B-phycoerythrin has been detected.1819 Femtomole
(10~15 mole) quantities of phycoerythrin conjugates
can be detected because of the high extinction coeffi-
cient (eM = 2.4 X 106 cm"1 M'1 for 2.4 X 105 daltons)
and high fluorescence quantum yield (Q > 0.8) of the
phycoerythrin moiety. These conjugates emit in the
orange-red spectral region, where background fluores-
cence (cellular autofluorescence) is far less than at
shorter wavelengths.

The high sensitivity of R-phycoerythrin fluores-
cence measurements in combination with the high
affinity and stoichiometric interactions of biotin and
streptavidin provide for very low nonspecific binding
and accurate results while avoiding high levels of cel-
lular autofluorescence. By using a biotinylated mono-
clonal antibody in conjunction with streptavidin-R-
phycoerythrin, EGF cell surface receptors can be
readily detected on living ocular cells, within a work-
ing range of essentially 775-525,000 receptors per
cell.

Materials and Methods

Reagents

Biotinylated anti-EGF-R antibody (mouse mono-
clonal IgG2a EGF-R AB-1, clone 528, cell surface do-
main epitope) was purchased from Oncogene
Science, Inc. (Manhasset, NY). R-phycoerythrin-con-
jugated streptavidin was obtained from Molecular
Probes, Inc. (Eugene, OR). The composition of this
fluorochrome complex is such that streptavidin re-
tains primarily one active binding site for reaction
with biotin that's present with the monoclonal anti-
body. Fluorescence quantitation was performed using
a Quantum PE microbead kit (Flow Cytometry Stan-
dards Corp., Research Triangle Park, NC) with mole-
cules of equivalent soluble fluorochrome (MESF)
content ranging from 104 to 5 X 105. Fluorescence to
protein (F/P) ratios were derived from control runs
using Simply Cellular Microbeads (Flow Cytometry
Standards Corp.).

Bovine serum albumin (Cohn Fraction V), sodium
azide, heparin sulfate, gentamicin, and Fungizone
were obtained from Sigma Chemical Co. (St. Louis,
MO). Dulbecco's modified Eagle's minimum essen-
tial medium (D-MEM; high glucose, 320-1965AJ),
Coon's modified Ham's F-12 medium, Hank's bal-
anced salt solution without phenol red, Dulbecco's
phosphate buffered saline without phenol red (D-
PBS), heat-inactivated fetal calf serum (FCS; 230-
6170AJ), penicillin-streptomycin, and trypsin-EDTA
were purchased from Gibco BRL Life Technologies,
Inc. (Gaithersburg, MD). Eagle's minimum essential
medium with Earle's balanced salt solution (E-
MEM), D-PBS, essential and nonessential amino
acids, minimum essential medium vitamin mixture,
and gentamicin were obtained from Whittaker Bio-
products, Inc. (Walkersville, MD). NuSerum IV was
obtained from Collaborative Research (Bedford,
MA). Collagen-coated dextran microcarriers (Cyto-
dex 3) were purchased from Pharmacia Fine Chemi-
cals, AB (Uppsala, Sweden). Human recombinant
EGF, produced by Creative Biomolecules (Hopkin-
ton, MA) was the gift of Alcon Laboratories, Inc.
(Fort Worth, TX).

Cell Culture

Human epidermoid carcinoma cells (A-431, Cell
Repository Line 1555) and contact-inhibited NIH/
3T3 Swiss mouse embryo fibroblasts (CRL 1658)
were purchased from American Type Culture Collec-
tion (Rockville, MD). Rabbit corneal epithelium was
harvested from New Zealand white rabbits using a
urethane stripping method.20 Rabbit corneal fibro-
blasts were a gift of Dr. B. Gebhardt, LSU Eye Center,
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New Orleans, LA. Human trabecular mesh work cells
were obtained from Alcon Laboratories, Inc. Human
retinal pigment epithelial cells, derived from infant
donors, were the gift of Dr. M. Neisman, LSU Eye
Center, New Orleans, LA. Human corneal endothe-
lial cells and stromal fibroblasts were derived from
infant donor corneas (mean donor age, 2 mo) ob-
tained from regional eye banks. Stromal fibroblasts
were also harvested from adult donor tissue (mean
donor age, 53 yr). Infant human corneal endothelium
and rabbit corneal endothelium were isolated nonen-
zymatically with Cytodex 3 microcarriers as previ-
ously described.21 A431 cells, NIH/3T3 cells, rabbit
and human corneal fibroblasts, and human trabecu-
lar meshwork cells were maintained in 90% D-MEM
with 4.5 g/1 glucose and 10% FCS. Human retinal pig-
ment epithelial cells were maintained in 95% Coon's
modified Ham's F-12 medium supplemented with
5% FCS and 1% gentamicin/Fungizone. Infant hu-
man corneal endothelial cells were established and
maintained in a supplemented version of E-MEM
containing essential and nonessential amino acids,
minimum essential medium vitamin mixture, L-glu-
tamine (560 ng/m\), sodium bicarbonate, and 15%
NuSerum IV. Human erythrocytes were obtained
fresh from Tulane Medical Center Blood Bank, New
Orleans, Louisiana. Procurement of rabbit ocular tis-
sues adhered to the ARVO Resolution on the Use of
Animals in Research.

Immunofluorescence Staining of EGF Cell Surface
Receptors

Confluent early passage cells, cultured in plastic tis-
sue culture flasks (Corning Scientific Products, Corn-
ing, NY), were harvested by trypsinization, pelleted at
400 X g, washed two times with ice cold phenol red-
free Hank's balanced salt solution, and suspended in
D-PBS (pH 7.4) containing 0.1% (weight/volume) so-
dium azide (to prevent receptor internalization) at a
concentration of 5 X 105 cells per 100 fd. Cell viability
was assessed by trypan blue exclusion. Two-and-a-
half microliters of biotinylated anti-EGF-R antibody
(1 ng/ixl) were added to 100 /A cell aliquots, and the
suspensions were incubated for 20 min at 4°C. After
incubation, the cells were washed twice with D-PBS
containing 0.1% sodium azide and 2% (w/v) bovine
serum albumin and incubated in the presence of two
units (2 ii\) of streptavidin-R-phycoerythrin for 20
min at 4°C. After incubation, the cells were washed
three times with D-PBS supplemented with 2% bo-
vine serum albumin and 0.1% sodium azide. After the
final wash, the cells were maintained in supplemented
D-PBS at 4°C in light-proof containers until analyzed
by flow cytometry. To avoid potential blocking of

EGF receptors by any EGF present in FCS, the cul-
ture medium was replaced with serum-free D-MEM
12 or 24 hr before the addition of the primary anti-
body. This step could be omitted, however, without a
significant loss of sensitivity, because the concentra-
tion of EGF in inactivated FCS is very low. Human
corneal endothelial cells, however, were switched to
NuSerum-free medium 24 hr prior to EGF receptor
quantitation because NuSerum IV is supplemented
with 5 ng/ml EGF.

Flow Cytometric Analysis of Stained Cells

Flow cytometry was performed with an EPICS Pro-
file 1 (Coulter Electronics, Inc., Hialeah, FL)
equipped with a 15 mW air-cooled argon ion laser
and a 250 ixm2 flow chamber. Fluorescence excitation
was accomplished at 488 nm using a dichroic laser
blocker. Optimal signal-to-noise ratio for collection of
the R-phycoerythrin fluorescence was obtained using
a 575 nm band-pass filter with a 20 nm pass band
(3802082; Coulter Electronics). Sheath fluid con-
sisted of a nonfluorescing isotonic saline solution (Iso-
ton; Coulter Electronics). R-phycoerythrin fluores-
cence emissions were collected using a four decade
logarithmic amplifier. Sample runs were collected in
single and dual (forward scatter versus side scatter)
parameter histograms using a 256 channel scale. Cell
debris and undispersed cell aggregates were excluded
from analysis by selective gating. In each experiment,
two negative controls were performed without the
biotinylated monoclonal antibody, permitting the def-
inition of the threshold used to discriminate between
receptor positive cells and receptor negative cells
(monoparametric analysis). A shift in the mean chan-
nel fluorescence of greater than 4 channels compared
to control cells stained with streptavidin-R-phycoer-
ythrin only was considered a positive result. Triplicate
runs were performed for all cell types tested, with a
minimum of 5000 cells analyzed for each sample.
Laser power and photomultiplier tube gain were kept
constant for sample and control runs.

Determination of EGF Cell Surface Receptor Density

The number of EGF cell surface receptors was de-
termined by analytical flow cytometry in conjunction
with fluorescent R-phycoerythrin microbead stan-
dards.2223 Cells were incubated in the presence of bio-
tinylated anti-EGF-R antibody, washed, and stained
to saturation with streptavidin-R-phycoerythrin. The
resulting cellular fluorescence intensity was extrapo-
lated onto a standard fluorescence calibration curve
derived from an R-phycoerythrin quantitative fluores-
cence standards kit (Quantum PE; Flow Cytometry
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Standards Corp.). These microbead standards consist
of R-phycoerythrin molecules covalently bound to al-
ky 1 spacer groups on the exterior of 5.8 /tm hydropho-
bic polymeric beads. The calibration curve was gener-
ated by plotting the given number of equivalent solu-
ble R-phycoerythrin molecules per bead (range 104 to
5 X 105) versus the log of its mean fluorescence inten-
sity. Use of the microbeads permitted the direct con-
version of fluorescence intensity of the labeled cells to
the number of MESF.22'23 The fluorescence threshold
(sensitivity) was denned as the minimum number of
molecules of R-phycoerythrin detectable above the
noise level of the flow cytometer and was derived
from the analysis of dye-free microbeads. Results
were normalized with the F/P ratio determined empir-
ically for the anti-EGF-R antibody using Simply Cel-
lular Microbeads.23"25

Relative EGF receptor sites per cell, which repre-
sents the stoichiometric binding of the streptavidin-
R-phycoerythrin to the receptor-bound biotinylated
anti-EGF-R antibody, were calculated by dividing the
number of R-phycoerythrin molecules bound per cell
by the F/P ratio of the biotinylated antibody/strepta-
vidin-R-phycoerythrin conjugate. For each experi-
ment, the flow cytometer was calibrated with an R-
phycoerythrin reference microbead standards kit
(FCSC Fluorescence Reference Standards, 899; Flow
Cytometry Standards Corp.).26

The mean number of EGF receptor binding sites
per cell was directly determined by initially quantitat-
ing the average fluorescence intensity of the labeled
cells in MESF, converting the MESF value into the
number of bound antibodies and dividing by the ef-
fective F/P ratio. Conversion from MESF to the num-
ber of antibodies bound per cell involved the determi-
nation of fluorescence intensity/antibody ratios in
contrast to the number of fluorochromes per anti-
body.

EGF Receptor Regulation

Secondary cultures of recently confluent infant hu-
man corneal fibroblasts, derived from the same do-
nor, were rinsed twice with H-BSS and fed either D-
MEM/10% FCS or D-MEM/10% FCS supplemented
with 100 jimol/1 atropine sulfate. Twenty-four hours
later, cell samples were analyzed for baseline EGF re-
ceptor densities. Lyophilized human recombinant
EGF (>99% pure, as determined by high performance
liquid chromatography) was reconstituted with D-
PBS (pH 7.0) and added to D-MEM/10% FCS (with
and without atropine), yielding a final hEGF concen-
tration of 100 ng/ml. The culture medium was again
changed and the cells incubated in the presence of

hEGF for 2 and 12 hr. After incubation, the cells were
analyzed by flow cytometry for EGF receptor density.

Results

Seven ocular cell types, derived from rabbit and
human tissue, and four control cell lines (human and
murine) were analyzed by flow cytometry for the pres-
ence of EGF cell surface receptors. The quantities of
detectable EGF receptors are reported in Table 1. Cal-
culated mean receptor densities ranged from a low of
800 per cell (transformed NIH/3T3 mouse fibroblast)
to in excess of 5 X 105 (A431, human epidermoid
carcinoma). The lower limit of receptor detection (flu-
orescence threshold) was derived from analysis of
dye-free microbeads and calculated to be approxi-
mately 775 EGF receptors per cell. Human erythro-
cytes, which are known not to possess EGF receptors,
demonstrated no primary or secondary staining.

The streptavidin-R-phycoerythrin fluorochrome
produces a pronounced yellow-orange stain in posi-
tive cells, with minimal background (high signal-to-
noise ratio). Flow cytometric evaluation of unstained
cells at the standard fluorescein (525 nm) and R-phy-
coerythrin (575 nm) emission maxima wavelengths
revealed significantly less interfering autofluoresc-
ence at the R-phycoerythrin wavelength (Figs. la-d).
As a result, background controls for autofluorescence
did not exceed 3% of a given population.

Table 1. Quantitation of EGF surface receptors
of ocular cells by flow cytometry

Cell type

Rabbit corneal epithelium*
Rabbit keratocytes
Rabbit corneal endothelium
Human keratocytesf
Human keratocytes^
Human keratocytes§
Human corneal endotheliumt
Human corneal endothelium ||
Human retinal pigment epithelium
Human trabecular meshwork fibroblasts
Control cell lines:
A431 (Human epidermoid carcinoma)
NIH/3T3 (Mouse embryo fibroblast)H
NIH/3T3**
Erythrocytes (Human)

Mean EGF receptors
per cell

5503 ± 470
8962 ± 322

15,074 ±269
35,678 ±2120

>85,OOO
9210 ±427
5142 ±2412

>30,000
72,934 ± 1292
40,488 ± 2200

>5 X 105

2200 ± 302
800 ± 291ft

0

* Ex vivo; harvested mechanically.
t Infant donors.
$ Infant donor; approx. 30% of the total number of infant donors yielded

keratocytes possessing EGF receptor densities of this level.
§ Adult donors.
|| Infant donor, passage 7, preconfluent; senescent.
II Contact-inhibited cellular proliferation.
** Noncontact inhibited; transformed cell line.
ft Lower limit of detection—775 receptors/cell.
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Fig. 1. (A) Plot of log fluorescence versus cell count for unstained NIH 3T3 cells evaluated at the fluorescein maximum emission wavelength
(525 nm ± 15 nm pass band). An increase of 15 channels represents a doubling of the fluorescence signal. The inherent autofluorescence of the
cultured cells is obvious. (B) Plot of log fluorescence versus cell count for unstained NIH 3T3 cells evaluated at the R-phycoerythrin maximum
emission wavelength (578 nm ± 15 nm pass band). The autofluorescence of the cultured cells is significantly less at this wavelength than at 525
nm. (C) Plot of log fluorescence versus cell count for unstained infant human corneal fibroblasts evaluated at the fluorescein maximum
emission wavelength (525 nm ± 15 nm pass band). By comparison with (A), it can be seen that the inherent autofluorescence of cultured
human corneal fibroblasts is higher than that of NIH/3T3 fibroblasts. (D) Plot of log fluorescence versus cell count for unstained infant human
corneal fibroblasts evaluated at the R-phycoerythrin maximum emission wavelength (578 nm ± 15 nm pass band). The autofluorescence of
the cultured cells is significantly less at this wavelength than at 525 nm.

Mean EGF-R densities on the surface of live ocular
cells were derived by comparison with standard R-
phycoerythrin-labeled microbeads. A standard curve
was obtained from the analysis of R-phycoerythrin
Quantum microbeads, in which the number of equiva-
lent soluble R-phycoerythrin molecules per bead
(range 104 to 5 X 105) was plotted against the log of
fluorescence intensity (Fig. 2). Fluorochrome-free
beads delineated the lower limit of detection.23

Three separate control runs consisting of unstained
cells (autofluorescence control), cells incubated with
anti-EGF-R antibody only, and cells incubated with
streptavidin-R-phycoerythrin only were performed
on all cell types prior to receptor quantitation runs,
which combined the biotinylated anti-EGF receptor
antibody and the streptavidin-labeled fluorochrome
(Fig. 3). Addition of recombinant hEGF to single cell
suspensions for 30 min prior to the addition of the
anti-EGF-R antibody resulted in significantly de-
creased (>90%) binding of the study antibody and
consequently decreased cellular fluorescence. For all
cell types tested, no increase in fluorescence was ob-
served with the addition of biotinylated anti-EGF re-
ceptor antibody only. The streptavidin-R-phycoer-
ythrin conjugate is particularly useful in that it has an
inherent low nonspecific binding (as was evident from
the third control run) and does not contain carbohy-
drate moieties, thus minimizing nonspecific binding.
Results of EGF-R determinations for human corneal
endothelial cells, rabbit and human corneal fibro-
blasts, and A431 human epidermoid carcinoma cells
are presented (Figs. 3-6). Species and donor-age re-

lated differences in EGF-R densities were noted (Ta-
ble 1).

Transient EGF receptor down regulation could be
easily and rapidly monitored by flow cytometry. Con-

leee

Fig. 2. Fluorescence calibration based on analysis of dye-loaded
microbeads; plot of log mean fluorescence intensity versus number
of R-phycoerythrin Quantum beads. The equivalent molecules of
soluble phycoerythrin per bead ranged from 104 (peak B) to 5 X 105

(peak F); beads containing no dye are represented by peak A. The
use of R-phycoerythrin microbead standards permits the direct
conversion of fluorescence intensity of the labeled cells into the
number of molecules of equivalent soluble fluorochrome (MESF).
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Fig. 3. Single parameter frequency dis-
tribution for a population of cultured in-
fant human corneal endothelium incu-
bated in the presence of biotinylated anti-
EGF-R antibody and subsequently stained
with streptavidin-R-phycoerythrin. The
histogram clearly demonstrates the pres-
ence of EGF cell surface receptors (solid
line); note the shift in mean peak fluores-
cence intensity away from the secondary
control (dotted line), which represents a
combination of predominately cellular
autofluorescence in conjunction with
minimal nonspecific binding of the strep-
tavidin-labeled fluorochrome. Calculated
mean EGF receptor density is 4978/cell.
The X-axis illustrates fluorescence label-
ling intensity on"a four-decade log scale;
the Y-axis illustrates the number of cells at
each intensity.

fluent cultures of infant human corneal fibroblasts
were exposed for 2 or 12 hr to basal medium contain-
ing human recombinant EGF. A significant reduction
(>80%) in EGF receptor density was noted at 2 hr
after administration of 100 ng/ml hEGF. An almost
complete recovery to predosing levels was observed at
12 hr. This recovery could be inhibited, however, by
the use of 100 ^mol/1 atropine sulfate in the culture
medium (Table 2).

Discussion

Cell membrane receptor quantitation by flow cy-
tometry relies upon fluorescence and light scatter mea-

surements of individual cells, and the power of the
technique derives from the ability to make these mea-
surements of each cell simultaneously and at very
rapid speeds.

The early studies by Casperson et al,2728 employing
the then infant science of quantitative cytophotom-
etry, first demonstrated the potential for quantitative
measurements of biochemical constituents in single
cells. These studies demonstrated the potential for
performing biochemical analysis on a cell-by-cell
basis so that distinct subpopulations could be discrimi-
nated and identified. Kamentsky et al,29 in the earliest
report on flow cytometry, used ultraviolet absorption
cytophotometry with light-scattering measurement to

»• • • • • • •» • • • • • • • • • • • • • • *
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Fig. 4. Single parameter frequency dis-
tribution for a population of cultured rab-
bit corneal fibroblasts incubated in the
presence of biotinylated anti-EGF-R anti-
body and subsequently stained with strep-
tavidin-R-phycoerythrin. The histogram
demonstrates the presence of EGF cell sur-
face receptors (solid line); note the shift in
mean peak fluorescence intensity away
from the secondary control (dotted line).
Calculated EGF receptor density is 9023/
cell. The X-axis illustrates fluorescence la-
beling intensity on a four-decade log scale;
the Y-axis illustrates the number of cells at
each intensity.
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Fig. 5. Single parameter frequency dis-
tribution for a population of cultured in-
fant human corneal fibroblasts incubated
in the presence of biotinylated anti-EGF
receptor antibody and subsequently
stained with streptavidin-R-phycoerythrin.
The histogram demonstrates the presence
of EGF cell surface receptors (solid line);
note the shift (increase) in mean peak fluo-
rescence intensity away from the second-
ary control (dotted line). Calculated EGF
receptor density is 87,119/cell. The X-axis
illustrates labeling intensity on a four-de-
cade log scale; the Y-axis illustrates the
number of cells at each intensity.

• •••

,•«••

- 4 : HCF EGF.R/PE
- 3 : HCF PE CONTROL

quantify nucleic acid content and cell size. Quantita-
tive cytochemical analysis using colorimetric proce-
dures such as the Feulgen reaction allowed for micro-
spectrophotometric assay of single cell DNA content.

Flow cytometry incorporates many of the princi-
ples established in the previous cytophotometric stud-
ies. In addition, flow cytometry provides ease, speed,
and statistical accuracy of the measurements as well
as other desirable features. For example, when cellu-
lar components are labeled stoichiometrically with flu-
orochromes, subsequent fluorescence measurements
by flow cytometry are less sensitive than absorption
cytophotometry to distributional errors caused by
nonhomogeneous distribution of the materials within

the cells. Furthermore, the loss of quantitative accu-
racy because of fluorescence fading does not appear to
limit the precision of flow measurements, because the
stained cells are exposed uniformly and only briefly (3
to 5 /usec) to a high intensity excitation source.

Establishing optimal specificity and staining stoichi-
ometry is critical to receptor density measurements.
Fluorometric measurements represent indirect as-
says. The flow instrument measures fluorescence, not
the biochemical moiety directly. Therefore, the assay
method relies on the accuracy of the fluorochrome
labeling technique. To extract ligand-cell binding pa-
rameters from flow cytometric fluorescence data, it is
necessary to convert the measured cellular fluores-

Fig. 6. Single parameter frequency dis-
tribution for a population of A431 human
epidermoid carcinoma cells incubated in
the presence of biotinylated anti-EGF re-
ceptor antibody and subsequently stained
with streptavidin-R-phycoerythrin. Com-
pare the shift in mean channel of the posi-
tive (solid line) to that of the previous fig-
ures: the calculated EGF receptor density
is >4.5 X 105 per cell. The X-axis illus-
trates labeling intensity on a four-decade
log scale; the Y-axis illustrates the number
of cells at each intensity.

•• •
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Table 2. Human corneal fibroblast EGF receptor
downregulation following administration of r-hEGF

Time
after dosing

Ohr
2hr
12 hr

Mean EGF receptor density

Basal medium

37,648
6534

34,225

Basal medium
+ 100 timol/l atropine

37,337
7778
8090

cence to the actual number of bound molecules pro-
ducing that fluorescence.30

Avidin-biotin based amplification and detection
systems have proven exceptionally useful, particu-
larly in immunohistochemistry, ELISA, immunoblot-
ting, and DNA probe technology, where detection
methods having the highest possible sensitivity are im-
perative.31 When used in combination with monoclo-
nal antibodies, the detection of very low levels of anti-
gens (surface receptors) can be accomplished. Strepta-
vidin, with a molecular weight of about 60,000
daltons, has a near-neutral isoelectric point and ex-
hibits very low nonspecific binding to negatively
charged surfaces,32 including cells and nucleic acids,
compared to avidin, which has a molecular weight of
about 68,000 daltons and an isoelectric point of about
10.5. Streptavidin in its unmodified form is capable of
binding four biotin ligands per mole with high affinity
and low reversibility. When conjugated to the fluoro-
chrome R-phycoerythrin, the number of potential
binding sites is effectively reduced to one, with little
affect on affinity. The high affinity of streptavidin for
biotin (dissociation constant of approximately 10~15

M"1) is exploited in our present study to provide a
highly sensitive means of antigen detection and re-
duced nonspecific staining.

Autofluorescence from naturally occurring mate-
rials, generally pyrimidines and flavin nucleotides, is
found in many cell types and contributes to unwanted
fluorescence emissions in unstained cells.33"35 When
the levels of autofluorescence are far below that pro-
duced from cell staining, analytical problems are not
encountered. Difficulties from cellular autofluores-
cence can arise, however, when the number of bound
dye molecules is small, such as for antibodies against
cell surface antigens or when the autofluorescence
spectrum overlaps that of the labeling fluoro-
chrome.22'35'36 Under these conditions, resolution of
the labeled fluorochrome and subsequent quantita-
tive analysis may be impaired. Fluorescence analysis
of unstained cells at the excitation wavelength, laser
power, and electronic gain setting predetermined for
the fluorochrome-labeled studies was used to detect

and determine the degree of analytical distortion due
to autofluorescence (Figs, la, b).

In the present study, a fluorochrome with emission
spectral properties different from the cellular auto-
fluorescence was successfully used to minimize back-
ground intrusion. R-phycoerythrin, isolated from the
higher red macroalga Rhodymeniales {Gastroclonium
coulteri), is superbly suited for use as a fluorescent
label. The characteristics of R-phycoerythrin, with an
extinction coefficient of 2.0 X 106 M"1 cm"137—some
24 times greater than that of the frequently used label
fluorescein isothiocyanate—a large Stoke's shift (87
nm), and a high quantum efficiency of 0.85, permit
the detection of low receptor numbers.17-38 The R-
phycoerythrin emissions overlap fluorescein emis-
sions by only 10%, accounting for the significantly
reduced autofluorescence at the R-phycoerythrin
emission maximum (578 nm) compared to the fluo-
rescein isothiocyanate emission maximum (525 nm;
Figs. la-d).

The EGF receptor densities as determined in this
present study represent total numbers of EGF recep-
tors present. No attempt was made to study binding
kinetics or differentiate between high and low affinity
EGF receptors. These calculated densities correlate
well with previously published radioimmunoassay
studies of ocular cells and further support how the
high affinity binding of a ligand to a relatively small
number of sites (< 100,000 per cell) can be measured
by flow cytometry.12 Schultz et al,39 using 125I-EGF
binding studies, found EGF receptor densities for
adult human keratocytes to be approximately 8500
per cell, compared to our calculated value of 9210. It
is interesting to note that early passage keratocytes
derived from infant donors displayed two larger and
distinct densities: 35,678 receptors/cell for the major-
ity of the donors and, for approximately 30% of the
infant donor population, in excess of 85,000 recep-
tors/cell. The significance of this remains unclear and
no data exist that reveal the age at which EGF recep-
tor numbers decrease to adult values. Published NIH/
3T3 EGF receptor densities of 2300-2500 per cell
compare favorably with our determination of 2200
per cell.40 Stimulated in vitro transformation of these
cells resulted in the loss of contact inhibition of cell
proliferation and yielded cultures that routinely dis-
played fewer than 1000 EGF receptors per cell.

Although the molecular weight of R-phycoerythrin
is large (240,000 D), Oi et al41 demonstrated that this
did not normally interfere with its usefulness. We,
however, observed an upper limit of EGF-R detection
using streptavidin-R-phycoerythrin for primary anti-
body labeling. Cultured A431 cells repeatedly demon-
strated a mean EGF receptor density of approxi-
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mately 525,000/cell when analyzed by FCM. How-
ever, previous studies employing radioimmunoassay
routinely yielded EGF receptor densities in excess of 2
X 106.40-42 We attribute this marked discrepancy to
the size of the antibody-fluorochrome conjugate em-
ployed, resulting in stearic hindrance and occlusion of
the high number of EGF receptors typically found on
A431 cells.17

Flow cytometry has been used to elucidate physio-
logic mechanisms that modulate gene expression and,
in addition to DNA metabolism, regulate and control
cell proliferation. Many current studies include stain-
ing and measurement of other cellular constituents,
such as protein and RNA simultaneously with
DNA.43"45 Cellular levels of such descriptors and
others are known to be important indicators of cell
cycle progression capacity. With the methods devel-
oped in this study for receptor density determina-
tions, multiparametric studies may be performed and
could include the investigations of cell cycle trans-
verse rates and DNA replication in conjunction with
growth factor cell surface density and responsiveness
to growth factor concentrations.46-47 In addition, the
measurement of binding kinetics could be achieved in
which histograms are recorded at selected time points
for a sample continuously incubated with a selected
antibody. In most cases, the techniques would involve
minor modifications of pre-existing staining meth-
ods. These would allow the appropriate combination
of the dyes and near-optimal quantitative analysis.

Flow cytometry represents a substantial time sav-
ing procedure for large scale applications while pro-
viding the same or greater level of sensitivity as a stan-
dard radioimmunoassay.45 Harel-Bellan et al48 re-
cently demonstrated significantly higher sensitivity of
flow cytometry over Scatchard analysis in the study of
interleukin-2 binding sites. Flow cytometry allows for
rapid receptor density determinations (hours versus
days for radioimmunoassay) and permits parametric
determination on a cell-by-cell basis, independent of
total cell number, because fluorescence is measured at
the single cell level. These studies confirm that flow
cytometry is a useful, expeditious technique for de-
tecting EGF cell surface receptors.
Key words: flow cytometry, immunofluorescence, epider-
mal growth factor, cell surface receptor, monoclonal anti-
body, R-phycoerythrin, streptavidin
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