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Spatially Nonuniform Changes in Intracellular

Calcium Ion Concentrations

Abstract. The spatial variation of changes in intracellular calcium ions were
studied with a one-dimensional scanning microphotometer. Changes in intracellular
calcium were measured with a metallochromic dye, arsenazo III. Both the magni-
tude and the kinetics of changes in calcium were dramatically different in different
regions of a cell. In Limulus ventral photoreceptors the maximum change was
probably restricted to the rhabdomeric lobe.

Changes in the concentration of calci-
um ions in the cytosol [Ca?*]; are impor-
tant for the control of physiological and
metabolic processes in a wide variety of
cells. Changes in [Ca®*]; can arise from
calcium ions that enter through the plas-
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ma membrane or that are released from
intracellular stores. Any change in
[Ca?"]; might be restricted spatially by
diffusion barriers, sequestration mecha-
nisms, or active removal. Such restric-
tions to the spread of changes in [Ca?"];
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have been indicated by the apparent non-
uniformity of Ca?* buffering capacity in
the soma of a molluscan neuron (/) and
of salivary gland cells in larval insects (2)
and by the radial nonuniformity of
changes in [Ca®*]; demonstrated in squid
giant axons (3).

We examined the spatial nonuniformi-
ty of changes in [Ca®']; in single cells.
We studied Limulus ventral photorecep-
tors because these cells use Ca?* as an
intracellular messenger to signal changes
in sensitivity to light (4). Our results
indicate that [Ca®']; does not change
uniformly throughout the photoreceptor
cell and that measurements of the magni-
tude and kinetics of changes in [Ca®*];
can be seriously distorted by spatial non-
uniformity.

We used a metallochromic dye, arsen-
azo I1I, to measure changes in [Ca®*];. In
most previous studies the absorption of
intracellular dye was measured through
an aperture that restricts the measuring
light to that passing through an entire
segment of a tubular cell (5) or much or
all of the cell soma (6). Changes in dye
absorption were presumed to indicate
the magnitude and kinetics of changes in
[Ca?*]; that could be correlated with
physiological events. Results obtained
by this method are difficult to interpret
because the distribution of changes in
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Fig. 1. (A to C) Examples of the spatial distribution of stimulus-induced changes in the absorption of intracellular arsenazo III. (Top) Outlines of
the cell and measuring slit as traced from micrographs taken through the measuring optics. In each outline the axon exited from the cell body to-
ward the left. (Middle) Changes in absorption, measured at the isosbestic wavelength (585 nm), as a function of distance across the cell. (Bottom)
Changes in absorption, measured at 660 nm, as a function of distance across the cell. The times indicated are the times of the beginning of each
scan; scan duration was 18 msec. (A) The change in absorption was localized to the end of the cell nearest the axon. This pattern was observed in
two cells. Note that the peak change in absorption at 660 nm rose and fell as a function of time and that at the longest time the absorption profile
became broadened. In 13 other cells the change in absorption at 660 nm was localized to the end of the cell opposite the axon. (B) Absorption at
660 nm increased at more than one region of the cell. This is most evident in the 70-msec trace. This pattern was observed in five cells. (C) The
change in absorption at 660 nm was broadly distributed across the cell. This pattern was observed in one cell.
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Fig. 2. Kinetics of stimulus-induced changes in [Ca?*]; in different
regions of a Limulus ventral photoreceptor cell. (A) Spatial distribu-

tion of the change in arsenazo III absorption at 660 nm measured 700 A -

msec after a light stimulus had been given to the photoreceptor. The

change in absorption was localized to one end of the cell. (B) Time £8

course of the change in arsenazo III absorption at 660 nm measured at :‘g’fé 0.020 /2 1

three different points. In trace 3 absorption rose and fell more quickly 8 § <

at the peak of the spatial distribution [point 3 in (A)] than at other Ow

points in the cell. In most previous studies light passing through the e

entire cell containing arsenazo I1I was focused onto the detector, that 100 um

is, an average change in absorption was measured for the entire cell.

(C) (Trace 1) Average change in absorption for the entire cell.

Absorption was calculated after first summing the intensities mea- B C s d

sured at each position along the length of the cell at each time. (Trace Seconds econds

2) Absorption change at the peak of the spatial distribution [identical ~ © 4 8 12 o 4 8 12
to trace 3 in (B)]. The average change in trace 1 lacks the transient UL L L T
aspect of the kinetics of the absorption change seen at the peak of the

spatial distribution (trace 2). Note also that the magnitude of the 3

simulated average change in absorption (trace 1) is considerably £5 2

smaller than the absorption change at the peak of the spatial distribu- 58

tion. Therefore both the magnitude and the kinetics of the change in 1 g§°'°2° 1

intracellular Ca?* Ow

inferred from arsenazo III measurements depend

on the spatial distribution of the arsenazo III signals.

[Ca’*]; throughout the cell volume is
either unknown or can be estimated only
roughly (7, 8). The technique we used
can reveal spatial nonuniformity of
changes in [Ca®"]; in a single cell with a
spatial resolution of about 2 pm and a
time scale of tens of milliseconds.

Purified arsenazo III was injected into
single ventral photoreceptor cells of
Limulus (9) through micropipettes.
Membrane voltage and changes in opti-
cal transmission were recorded simulta-
neously (10). To detect spatial differ-
ences in optical transmission across a
single cell, the preparation was uniform-
ly illuminated and the image of that cell
was projected onto a linear diode array
(Princeton Applied Research). The diode
elements were scanned sequentially to
produce a linear (one-dimensional) pro-
file of optical transmission across the
cell. Optical absorption of the dye was
computed from profiles of optical trans-
mission (/7). The middle traces in Fig. 1
are profiles of the optical absorption of
intracellular arsenazo III in single Limu-
lus ventral photoreceptors.

After excitation of a Limulus ventral
photoreceptor cell [Ca’']; [as detected
by aequorin (/2) or arsenazo III (/0)]
increased and then declined (Fig. 1A).
The increase in [Ca®*]; was not uniform
across the cell; the initial increase was
confined to the end of the cell nearest the
axon. As [Ca’']; began to decline the
spatial distribution of the increased
[Ca2*); broadened. These findings indi-
cate that [Ca®*]; was diffusing away from
the region in which it was released into
the cytosol and was simultaneously be-
ing removed from the cytosol (/3). In
this cell the change in [Ca®"]; remained
restricted to one end of the cell; that is,
diffusion of [Ca?*]; was restricted in the
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cytosol by some unknown combination
of binding sites, tortuousity of diffusion
paths, and removal mechanisms. In oth-
er cells the increase in [Ca®*]; that fol-
lowed excitation occurred in more than
one region (Fig. 1B) or occurred broadly
along the cell’s length (Fig. 1C).

The Kkinetics of the stimulus-induced
increase in [Ca?"]; differed with location.
This finding is illustrated in Fig. 2. The
change in absorption of arsenazo III was
recorded as a function of time at several
places across the cell. At the place where
the change in dye absorption was maxi-
mal, both the increase and the decrease
were more rapid than at other locations
(Fig. 2B). For comparison, we simulated
a measurement made across the whole
cell by averaging the changes in absorp-
tion over the entire length of the diode
array covered by the image of the cell.
The time course of this spatial average
(trace 1 in Fig. 2C) was very different
from that of the signal measured at the
place of maximum change (trace 2 in Fig.
2C) (14). Thus, measurement of the opti-
cal changes of a metallochromic dye
averaged across a large region of a single
cell may distort the magnitude and kinet-
ics of the changes in intracellular ion
concentrations. In each case where val-
ues of these quantities are important,
some estimate of the spatial distribution
of optical changes of the dye ought to be
made.

Localization of the light-induced in-
crease in [Ca?™]; in one or more well-
defined regions of Limulus ventral pho-
toreceptors suggests a correlation with
the known anatomy. In many cells there
is a rhabdomeric lobe distal to the axon;
in other cells there may be two or more
lobes bearing rhabdoms, and occasional-
ly rhabdoms are found along much of the

cell surface (15, 16). The rhabdom con-
tains rhodopsin and is the region of the
cell in which the excitatory events are
initiated (16). Light-induced modulation
of the excitatory events is localized to
the region where light has been absorbed
(17), and a light-induced increase in
[Ca?*]; is a component of the light adap-
tation mechanism (3). Thus, the observa-
tion of local light-induced increases in
[Ca®*); is consistent with a function of
[Ca?*); in Limulus ventral photorecep-
tors.
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Production of an Epidermal Growth Factor

Receptor-Related Protein

Abstract. Human epidermoid carcinoma A431 cells in culture produce a soluble
105-kilodalton protein which, by the criteria of epidermal growth factor (EGF)
binding, recognition by monoclonal and polyclonal antibodies to the EGF receptor,
amino-terminal sequence analysis and carbohydrate content, is related to the cell
surface domain of the EGF receptor. The high rate of production and the finding that
with biosynthetic labeling the specific activity of this 105-kilodalton protein exceeds
that of the intact receptor indicate that it is not derived from membrane-bound
mature receptor but is separately produced by the cell. These cells thus separately
synthesize an EGF receptor that is inserted into the membrane and an EGF receptor-

related protein that is secreted.

The epidermal growth factor (EGF)
receptor is a 170-kD membrane glyco-
protein that contains intrinsic tyrosine
kinase activity (I, 2). The EGF receptor
has three functional domains: an EGF
binding domain located on the external
cell surface (3, 4), a transmembrane do-
main, and a cytoplasmic tyrosine kinase
domain where adenosine triphosphate
(ATP) is a donor for phosphorylation of
intracellular substrates (5, 6). Binding of
EGF to the receptor activates its tyro-
sine kinase activity which phosphory-
lates intracellular substrates (6, 7), in-
creases ion fluxes (8, 9) and phosphatidyl
inositol turnover (/0), enhances receptor
clustering and internalization of EGF
receptor complexes (3, 4), and enhances
receptor decay (/7). The fate of internal-
ized EGF receptors is not known, but
there is evidence for sequestration in
vesicles distinct from lysozymes (12, 13).

Using a monoclonal antibody to the

294

EGF receptor, we have identified a 105-
kD glycoprotein in medium from cul-
tured human epidermoid carcinoma
A431 cells. To characterize this extracel-
lular EGF receptor-related protein
(ERRP) we have studied EGF binding,
recognition by several monoclonal and
polyclonal antibodies to the EGF recep-
tor, amino-terminal sequence homology
with the EGF receptor, and carbohy-
drate content. Comparison of the rate of
production and of the biosynthetic spe-
cific activity of this protein with those of
the mature membrane bound EGF recep-
tor indicates that ERRP is not a degrada-
tion product of the mature EGF receptor
but is synthesized separately.

A431 cells produce a 105-kD protein
that is specifically adsorbed to an immo-
bilized monoclonal antibody to EGF re-
ceptor (termed 528). With time this 105-
kD protein progressively accumulates in
the medium of cultured A431;g cells (Fig.

1A); the Coomassie blue stained bands
correspond to the amount of protein pro-
duced on less than one 10-cm culture
plate. The daily secretion rate was 0.4 pg
of protein per 10° cells (Fig. 1A). Over
this time period, cellular EGF receptor
content remained constant. Like the
EGF receptor, the ERRP was specifical-
ly bound to the monoclonal antibody and
was not adsorbed to control columns
containing immobilized mouse immuno-
globulin G (IgG). Because the 528 mono-
clonal IgG used as an immunoabsorbent
is a competitive inhibitor of EGF binding
(14, 15), competitive elution with EGF
was used to purify active EGF receptor—
kinase protein (Fig. 1B). Likewise, the
ERRP could be specifically eluted from
the 528 IgG affinity column by EGF (Fig.
1B), an indication that it was also ad-
sorbed via an EGF binding domain. Self-
phosphorylation of the EGF receptor—
kinase (5) was confirmed by incubating
the washed column with [y-*>P]ATP pri-
or to elution of the protein. Under the
same conditions, ERRP exhibited no de-
tectable protein kinase activity (Fig. 1B).
The absence of tyrosine kinase activity
in the eluted ERRP was confirmed by
means of a soluble assay with a synthetic
peptide substrate (16). Also, ERRP was
not phosphorylated by EGF receptor—
kinase, suggesting that it also lacks the
sites of self-phosphorylation present in
the EGF receptor (data not shown).

Both the EGF receptor and ERRP
stained well with the Schiff reagent (/7),
an indication that both are glycoproteins
(Fig. 1C). Treatment of the EGF recep-
tor protein with endoglycosidase F,
which cleaves both high mannose gly-
cans and complex glycans linked through
asparagine (/8), removes about 30 kD of
oligosaccharide, leaving a 140-kD pro-
tein core (Fig. 1C). Treatment of ERRP
with endoglycosidase F also removes a
similar amount of oligosaccharide to pro-
duce an 80-kD protein core (Fig. 1C),
suggesting that ERRP contains not only
an EGF binding domain but that its gly-
cosylation is similar to the EGF receptor
protein. The protein doublet detected in
samples treated with endoglycosidase F
presumably arose during the prolonged
incubation from a small proteolytic con-
tamination present in the enzyme prepa-
ration (18).

To define further the relation of ERRP
produced into the culture medium and
the cell surface EGF receptor protein,
we examined its interaction with several
antibodies to the EGF receptor. ERRP
competes with EGF receptor protein for
binding to monoclonal antibody 29.1 (19)
and to polyclonal antibodies to the EGF
receptor. Monoclonal antibody 29.1 does

SCIENCE, VOL. 224





