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Abstract. The fundamental mechanisms by which re-
ceptors once targeted for endocytosis are found in
coated pits is an important yet unresolved question.
Specifically, are activated receptors simply trapped on
encountering preexisting coated pits, subsequently be-
ing rapidly internalized? Or do the receptors them-
selves, by active recruitment, gather soluble coat and
cytosolic components and initiate the rapid assembly of
new coated pits that then mediate their internalization?
To explore this question, we studied the relationship
between activation of IgE-bound high affinity Fc recep-
tors (FceRI) and coated pit formation. Because these
receptors are rapidly internalized via clathrin-coated
pits only when cross-linked by the binding of multiva-
lent antigens, we were able to separate activation from
internalization by using an immobilized antigen. The
FceRlIs, initially uniformly distributed over the cell sur-
face, relocalized and aggregated on the antigen-
exposed membrane. The process was specific for the
antigen, and temperature- and time-dependent. This
stimulation initiated a cascade of cellular responses typ-
ical of FceRI signaling including membrane ruffling, cy-

toskeletal rearrangements, and, in the presence of
Ca?*, exocytosis. Despite these responses, no change in
coated pit disposition or in the distribution of clathrin
and assembly protein AP2 was detected, as monitored
by immunoblotting and by quantitative (vertical sec-
tioning) confocal microscopy analysis of immunofluo-
rescently stained cells. Specifically, there was no de-
crease in the density of clathrin-coated pits in regions of
the cell membrane not in contact with the antigen, and
there was no apparent increase in clathrin-coated pits
in proximity to stimulated FceRI receptors as would
have been expected if the receptors were inducing for-
mation of new pits by active recruitment. These results
indicate that de novo formation of clathrin-coated pits
is not a prerequisite for rapid internalization or a direct
response to stimulation of FceRI receptors. Therefore,
increases in coated pits reported to occur in response to
activation of some signaling receptors must be conse-
quences of the signal transduction processes, rather
than strictly serving the purpose of the internalization
of the receptors.

by which cells interact with and ensure responsive-
ness to their environment. Through this process,
cells can internalize required nutrient transport proteins
(e.g., transferrin, low density lipoprotein) and receive ex-
tracellular signals (such as growth factors, hormones, and
antigens). To the extent that endocytosis is also responsi-
ble for removing signaling receptors from the plasma mem-
brane, it may also play a critical role in the signal transduc-
tion process itself (e.g., by desensitization [69a, 74]).
Localization of cell surface receptors in clathrin-coated
pits is the characteristic hallmark of receptor-mediated en-
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docytosis (for review see 68, 70). After a lifetime of ~1
min, ligands appear in detached vesicles within the cell (2).
Nutritive receptors generally are constitutively internal-
ized. In contrast, rapid and efficient internalization of sig-
naling receptors (e.g., EGF receptor) generally occurs
only after ligand binding and receptor activation. As
coated pits mediate the initial step in this process, the
mechanisms responsible for regulating their dynamics at
the plasma membrane are likely to be critical, possibly
rate-determining factors in the endocytosis process. Con-
trol of the coated pit to coated vesicle transition, in which
dynamin has been implicated (16, 69), likely represents
one aspect of regulation. Another important potential site
of modulation is the formation of the coated pit itself. It is
this process that we focus on here.

The major structural components of coated pits at the
plasma membrane are clathrin and the assembly or adap-

1025



tor protein (AP)2! (for review see 32, 57). In addition to
binding and assembling clathrin into discrete coat struc-
tures, there is evidence that AP2 may interact directly with
specific motifs on the cytoplasmic domain of some cell sur-
face receptors, thus serving as an adaptor (47, 51, 52, 62).
Interestingly, several studies have shown that addition of
certain ligands (e.g., EGF [14], NGF [13], carbachol {21],
insulin [15]) or certain membrane events (e.g., fertilization
of sea urchin eggs [20]) lead to rapid increases in coated
pits, or to increases in membrane-bound forms of coat
components suggestive of coated pit assembly. These stim-
ulus-induced increases in coated pits seemed to well ac-
commodate the adaptor hypothesis noted above. A direct
link between receptors and assembly promoting APs pro-
vided a plausible, although unproven, connection between
receptor-induced formation of coated pits and rapid re-
ceptor internalization. Some previous work addressing
such a causal relationship has generally been indirect and
subject to limitations (for review see 3, 60).

This receptor-coated pit relationship has been directly
tested in the present work that focuses on the early steps
that lead to rapid internalization of activated receptors,
namely the association of stimulated receptors with clath-
rin-coated pits. We attempted to answer the metaphoric
“chicken or egg” question about the genesis of coated pits.
Specifically, does rapid internalization of activated recep-
tors result from receptor-induced recruitment of protein
components to form new coated pits (i.e., the egg)? Or do
activated receptors have to migrate to preexisting coated
pits (i.e., the chicken)?

To approach these questions, we used an immobilized
ligand surface to generate a lawn of specific, activated re-
ceptors. Takemura et al. had performed related experi-
ments with mouse peritoneal macrophages immobilized
on an immune-complex surface (65). While increases in
plasma membrane—coated pits were observed, a multitude
of other extensive membrane changes also occurred. As
these workers later showed (5), these included complete
vesiculation of the Golgi that accounted for the disappear-
ance of Golgi clathrin, and the appearance of a novel vacu-
olar compartment at the basal surface that contained both
Golgi markers and numerous coated pits and vesicles.
These myriad changes were likely a consequence of the
experimental conditions that would be expected to acti-
vate the functionally heterogeneous Fecy receptors (poten-
tially RI, RII, and RIII) expressed by macrophages (55).
This and the complexity of the membrane changes pre-
cluded an unequivocal interpretation of the nature of the
linkage between receptor activation and coated pit
changes at the plasma membrane.

RBL-2H3 cells, a continuous rat mast cell line homo-
logue, provide an alternative experimental system for in-
vestigating the role of receptors in clathrin-coated pit nu-
cleation. These cells are particularly useful in this context
for several reasons. Under our experimental conditions
only high affinity Fc receptors for monomeric IgE (FceRI)
are activated by immobilized multivalent antigens (while

1. Abbreviations used in this paper: AP, clathrin assembly protein; FceRI,
high affinity Fc receptor for monomeric IgE; FL, fluorescein; FL-IgE, FL-
conjugated DNP-specific IgE.
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the low affinity FceRII are not). In addition, there is ex-
tensive knowledge of both the signaling events and the re-
ceptor behavior that follow FceRI stimulation (for review
see 7,9, 40). In resting cells, the FceRI is found distributed
over the entire cell surface. However, upon antigen-induced
crosslinking, the receptors become localized into clathrin-
coated pits and are rapidly cleared from the cell surface
via clathrin-coated vesicles with a half-time of <8 min, (54,
56, 61, 64). In addition to the rapid redistribution and in-
ternalization of receptors, aggregation of FceRI receptors
also initiates a cascade of biochemical events that include
activation of several tyrosine (10, 17) and serine/threonine
kinases (12, 48, 59, 66), as well as of phospholipases C (50),
A2 (28), and D (27, 33). This leads to elevation of diglycer-
ides and mobilization of Ca®* (6, 43) and culminates in cell
degranulation (54).

Exposure of IgE-primed RBL-2H3 cells to immobilized
antigen induced full cell activation as indicated by a vari-
ety of biochemical and morphological criteria (e.g., FceRI
aggregation, cell spreading, membrane ruffling, and exocy-
tosis) without affecting the integrity of the Golgi. Despite
these cellular responses, no changes were observed in the
distribution of clathrin and AP2 in the cell in toto.

These observations indicate that rapid formation of new
clathrin-coated pits is neither a direct response to stimula-
tion of FceRI receptors nor an absolute prerequisite for
their rapid internalization. To the extent that these results
can be expected to apply to other receptors whose rapid
internalization is also activation dependent, endocytosis is
likely to result primarily from receptors moving to preex-
isting coated pits. A corollary of our findings is that in-
creases in coated pits in response to agonists must be im-
portant consequences of the signal transduction process,
rather than strictly serving the purpose of the internaliza-
tion of the receptors.

Materials and Methods

Reagents

Reagents were obtained from the following sources: p-nitrophenyl-N-
acetyl-B-p-glucosaminide, DNP-specific mouse monoclonal IgE, and
DNP-lysine were from Sigma Chemical Co. (St. Louis, MO); the antigen,
DNP,;-BSA, was from Calbiochem-Novabiochem Corp. (La Jolla, CA);
Fluorescein-5-isothiocyanate “isomer 1” was from Molecular Probes, Inc.
(Eugene, OR); and the enhanced chemiluminescence (ECL) detection kit
was from Amersham Corp. (Arlington Heights, IL). Other chemicals
were reagent grade or better.

Antibodies

Clathrin was detected using either RS (rabbit polyclonal against clathrin
heavy and light chains), X22, or TD-1 (mAbs against clathrin heavy chain
or mAbs to the COOH-terminal domain). AP2 was detected using AP.6
(mAbs against the ear region of the « chain) or R2 (rabbit polyclonal anti-
bodies raised using the B chain residues 511-536). X22, TD-1, and AP.6
were gifts from Dr. F.M. Brodsky (Department of Pharmacology, Univer-
sity of California at San Francisco, San Francisco, CA). All of these anti-
bodies have been previously characterized (8). Antibody against the
chain of the FceRI was kindly supplied by Dr. David A. Holowka (De-
partment of Chemistry, Cornell University, Ithaca, NY). DNP-specific
mouse monoclonal IgE was labeled with fluorescein-5-isothiocyanate
“isomer 1” using a published procedure (39) with a fluorescein (FL)/mIgE
ratio of 100:1. Other antibodies were from the following sources: mAb
against mannosidase 11, p135, from BAbCO (Berkeley, CA); FL-conju-
gated or rhodamine-lissamine—conjugated affinity-purified donkey or goat
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anti-rabbit or -mouse polyclonal antibodies were from Jackson Immu-
noResearch Laboratories, Inc. (West Grove, PA).

Cell Culture and Measurement of Secretion

Experiments were performed with RBL-2H3(m1}) celis kindly supplied by
Dr. Michael A. Beaven (National Heart, Lung, and Blood Institute, Na-
tional Institutes of Health, Bethesda, MD) (11, 30). Cultures (0.55 X 10°
cells/ml) were incubated overnight or for 2 h with DNP-specific IgE (0.5
pg/ml or 5 pug/ml, respectively), in complete growth medium (48). Experi-
ments were performed in buffer C: a glucose-saline, Pipes-buffered me-
dium, pH 7.2, that contained 0.1% BSA and 1 mM Ca®*; calcium was
omitted and replaced by 0.1 mM EGTA for calcium-free experiments (34).

Release of hexosaminidase, a granule marker, was measured by moni-
toring p-nitrophenol released upon hydrolysis of p-nitrophenyl-N-acetyl-
B-p-glucosaminide (48). Cells cultured overnight in the presence of DNP-
specific IgE were trypsinized, washed, and resuspended in buffer C. They
were then added to BSA- or DNP,-BSA—coated surfaces (see next sec-
tion) (3 X 10° cell per 250 pl of volume) and incubated at 37°C with or
without a 1-h preincubation at 0°C. Different time points were taken. Ab-
sorbance readings were made at 405 nm, and release was expressed as per-
centage of total hexosaminidase content in the cells, the latter determined
by solubilization of unstimulated cells in 0.1% Triton X-100.

Preparation of DNP ,-BSA—coated Surfaces

Glass coverslips (No. 1 thickness, 12-mm round or 22-mm square), were
coated with DNP,-BSA by a modification of the procedure of Michl et al.
(41). Briefly, after being coated with poly-L-lysine (Sigma Chemical Co.)
and exposed to 2.5% glutaraldehyde (EM grade; Polyscience, Niles, IL),
coverslips were incubated for 30 min in the dark with a 1 mg/ml (unless
otherwise indicated) solution of DNP,-BSA in PBS, followed by a 5-min
incubation with 10 mg/ml NaBH, solution in 1:1 methanol/PBS to quench
the unreacted glutaraldehyde groups. The coverslips were then rinsed
with PBS and stored in the dark overnight with 0.2 M glycine in 10 mM so-
dium phosphate buffer, pH 7.2. Control coverslips were prepared using
BSA instead of DNP,-BSA. This same procedure was used to coat petri
dishes when a larger number of cells had to be processed (e.g., prepara-
tion of cell lysates for immunoblotting, measurement of hexosaminidase).
To determine the effect of different immobilized antigen concentrations
on the secretory respouse, petri dishes were prepared using DNP,-BSA
solutions ranging from 0.01-2.0 mg/ml, all made up to a final 2 mg/ml us-
ing BSA.

Cell Stimulation by Immobilized Antigen

RBL-2H3m1 cells were primed with anti-DNP mlIgE. Control cells were
either left unstimulated or exposed to BSA-coated coverslips. Frustrated
cells were obtained by incubation on immobilized DNP,-BSA. Normally,
for microscopy study cells were plated on coverslips at 3 X 10* cells per
cm?. Unless otherwise stated, the exposure of the cells to the immobilized
antigen was performed at 4°C for 1 h and was followed by an incubation at
37°C for varied periods of time (1 min-2 h). During the time interval of
the stimulation, the cells remained viable as indicated by their ability to
exclude trypan blue.

Transferrin Internalization

The ability of unstimulated and frustrated cells to internalize transferrin
was measured by following the endocytosis of FL-labeled transferrin (a
gift from Dr. F.R. Maxfield, Columbia University, New York). Briefly, un-
stimulated cells and cells that had been exposed to immobilized DNP,,-
BSA at 37°C for 25 min (see previous section) were incubated for an addi-
tional 20 min in the presence of 5 ng/pl FL-labeled transferrin. Cells were
washed three times with PBS, fixed, and mounted on glass slides.

Immunofluorescence and Confocal Microscopy

Coverslips were rinsed three times with PBS, fixed for 10 min in 3.7%
formaldehyde, permeabilized 10 min in 0.05% Triton X-100, and blocked
for 10 min in 4% normal goat serum in 0.05% Triton X-100, all in solu-
tions prepared in PBS. Cells were incubated with primary antibody for 30
min at 37°C. Clathrin was detected using R5 (1:100) or X22 (60 pg/ml),
and AP2 (62 pg/ml) using AP.6. The Golgi apparatus was visualized by us-
ing mAb anti-mannosidase II, p135, a Golgi resident protein. The primary
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antisera were detected with a rhodamine-lissamine— or FL-conjugated
donkey anti-rabbit or donkey anti-mouse IgG.

Fluorescence images were observed and photographed on a micro-
scope (Axiovert 405M; Carl Zeiss, Inc., Oberkochen, Germany), using a
X63 or X100 oil immersion lens (Plan-Neo; Carl Zeiss, Inc.). Confocal
analysis was performed on a laser scanning confocal microscope (MRC-
600; Bio-Rad Laboratories, Hemmelholsteadt, UK) attached to a micro-
scope (Axiovert 100; Carl Zeiss, Inc.) with X63 1.40 NA oil immersion
lens (Plan-Apo; Carl Zeiss, Inc.). Vertical (x~z) sections were obtained
with pinhole Vernier setting of 2.

Quantitation of Coated Pit Density

Quantitation of coated pit density was estimated by comparing pixel den-
sity due to AP2 localization on the apical and basal surface of cells imaged
by confocal x-z scans. We chose to use AP2 as coated pit marker rather
than clathrin because of the lower background and absence of Golgi stain-
ing; however, AP2 localization always coincided with clathrin in frustrated
and unstimulated cells (see Fig. 6). Images were selected whose pixel in-
tensity fell entirely within the linear photomultiplier output range, e.g., 1
to 254. Using image analysis software (Bio-Rad Laboratories), back-
ground was estimated by sampling an area outside the cell silhouette and
an equal area within the cell and averaging the pixel intensity values. An
area was then drawn that contoured the cell apical and the ventral mem-
brane. The integrated pixel intensity within that area, corrected by the in-
tegrated intensity for the same region using the background value ob-
tained as described above, was divided by the size of the area sampled.
The pixel density obtained was used to compare AP2 density on the apical
and ventral membrane of each cell and was expressed as a percentage of
the total. Data are expressed as mean value (2:SD) for the indicated num-
ber of samples.

While there are limitations to quantitation using laser scanning confo-
cal microscopy, our analysis avoided these complications as it was re-
stricted to a comparison of cell surface profiles observed within a single
field in an individual specimen. Quantitation of coated pit distribution in a
variety of cell types, including RBL, has yielded values of ~75 coated pits
per mm of plasma membrane (38, 42). Our x—z images (e.g., Fig. 7) indi-
cated ~10-15 coated pits per 25 pm of apical or ventral irradiated mem-
brane surface, or 400600 coated pits per mm. Correction for the larger
size of the confocal laser beam diameter (0.45 pm) (53) compared with
the thickness of an ultrathin section (0.07 pm) yielded values of 62 to 93
coated pits per mm, in excellent agreement with published results noted
above. This suggests that the method may be of general use for evaluation
of cell surface signals.

Differential Interference Contrast Microscopy

Celis were fixed for 10 min in 3.7% formaldehyde, rinsed three times in
PBS, mounted, and analyzed on a Zeiss Axiovert 405M microscope, using
a Zeiss Plan-Neo X100 oil immersion lens.

Scanning Electron Microscopy

The scanning EM analysis was performed at the SEM facility (Depart-
ment of Rheumatology, Thomas Jefferson University, Philadelphia, PA).
After the appropriate treatment, samples that had been prepared on 12-
mm round coverslips as described above were rinsed in 0.1 M cacodylate
buffer, pH 7.4, and fixed in 2.5% glutaraldehyde. After incubation in 1%
0Os0,, specimens were ethanol dehydrated and critical-point dried. Cover-
slips were then mounted onto aluminum slabs, sputter coated with gold,
and viewed using a scanning electron microscope (35-C; JEOL USA, Pea-
body, MA).

Lysis, Gel Electrophoresis, and Immunoblotting

To study the distribution of clathrin and AP2 between unassembled and
assembled forms, we used a procedure modified from Goud et al. (25).
RBL celis, 2 X 108 cells per sample, unstimulated or exposed to immobi-
lized antigen for various periods of time, were scraped in 150 pl of buffer
A (100 mM sodium 2-(N-morpholino) ethane-sulfonate, Na-MES, pH 6.5,
0.5% Triton X-100, 1 mM EGTA, 0.5 mM MgCl,, 2.5 mM p-nitrophenyl-
phosphate, 1 mM Na;VO,, 10 pg/ml each of leupeptin, chymostatin, and
antipain, and 0.5% aprotinin) and briefly homogenized in a 1.5-ml micro-
centrifuge tube. After 10 min on ice, samples were spun at 245,000 g (TL-100;
Beckman Instruments, Fullerton, CA). The unassembled coated vesicle
proteins were recovered in the supernatants. The assembled coat proteins
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Figure 1. Exposure to immobilized antigen induces a secretory
response in RBL-2H3 cells. Incubation of IgE-primed RBL-2H3
cells at 37°C on immobilized DNP,-BSA, preceded (@) or not
(O) by 1-h preincubation on ice, induced exocytosis as measured
by the release into the medium of hexosaminidase, a granule
marker. IgE-primed cells incubated on plates coated with BSA
alone (A) or uncoated (<) gave no release.

present in the pellets were solubilized in buffer B (50 mM Tris-HCI, pH
7.5, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 2.5 mM p-nitrophe-
nylphosphate, 1 mM Na;VO,, 10 wg/ml each of leupeptin, chymostatin,
and antipain, and 0.5% aprotinin) and, after 10 min on ice and another
high speed centrifugation, recovered in the supernatants. Proteins were
solubilized in Laemmli buffer, boiled, separated by electrophoresis on
7.5% SDS-polyacrylamide gels (Bio-Rad Laboratories) and transferred
onto nitrocellulose membranes. Clathrin and AP2 were detected using

mAb TD-1 and R2, respectively. HRP-conjugated secondary antibodies
were visualized with the ECL detection system.

Results

Immobilized Antigen Induces a Secretory Response:
Time Course and Effect of Preincubation

The degree of FceRlI activation can be evaluated by the
extent of the secretory response after exposure to an in-
ducing antigen (36). We therefore exposed RBL-2H3 cells
to immobilized antigen and followed the release into the
medium of hexosaminidase, a granule marker. As can be
seen in Fig. 1, immobilized antigen induced a secretory re-
sponse in IgE-primed RBL-2H3 cells, indicating active re-
ceptor signaling. Secretion occurred with similar kinetics,
whether or not the incubation at 37°C had been preceded
by 1-h preincubation on ice. The secretory response was
specific for the antigen and did not occur in IgE-primed
cells incubated on uncoated plates or on plates coated with
BSA alone.

A biphasic relationship exists between the number of re-
ceptors aggregated and the secretory response (35-37, 61).
After an initial phase in which greater receptor aggrega-
tion yields increasing exocytosis, a second phase follows in
which further aggregation inactivates receptors and re-
duces secretion. To avoid the possibility that the degree of
receptor cross-linking induced by the immobilized DNP,-
BSA had reached an inhibitory level, we prepared coated
surfaces using different DNP,,-BSA concentrations. Time
course measurement of secretion on these surfaces con-

Figure 2. Transmitted light micrographs showing cell spreading on a DNP,-BSA~coated surface. Anti-DNP IgE-sensitized RBL-2H3
cells were plated on glass coverslips coated with BSA (A), or DNP,;-BSA (B-G) at 0°C. After 1 h cells were either fixed immediately
(B), or shifted to 37°C for 5 min (C), 10 min (D), 15 min (E), 30 min (F), or 60 min (G) and then fixed. In H cells were grown on a regular

glass coverslip overnight. Bar, 10 pm.

The Journal of Cell Biology, Volume 132, 1996
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Figure 3. Exposure of DNP-sensitized cells to immobilized DNP,-BSA causes extensive morphological changes including spreading
and membrane ruffling. Scanning electron micrographs of RBL-2H3 cells left unstimulated (A, and B), or exposed to coverslips coated
with DNP,-BSA for 1 h at 0°C followed by 30 min at 37°C (C and D). Bar, 10 pm.

firmed that 1 mg/ml DNP,;,-BSA was indeed in the stimu-
latory range (data not shown).

Spreading and Membrane Ruffling in Cells Exposed to
Immobilized Antigen

Upon FceRI cross-linking, mast cells spread and their sur-
faces, in resting conditions covered by microvilli, become
ruffled as a result of cytoskeletal rearrangement (4, 54,
56). To assess if exposure to immobilized antigen could in-
duce such changes and to determine the time frame in
which they occurred, we observed RBL-2H3 by transmit-
ted differential interference contrast light microscopy.
Anti-DNP IgE-sensitized RBL-2H3 cells were plated on
glass coverslips coated with BSA (Fig. 2 A), or DNP-
BSA (Fig. 2, B-G) at 0°C for 1 h and then either fixed im-
mediately (Fig. 2 B), or after incubation at 37°C (Fig. 2,
C-G). We observed dramatic changes in the appearance
of the cells, with extensive spreading and flattening yield-
ing the appearance we define as a “frustrated” morphol-
ogy, more fully characterized below. This response was
specific for DNP,4-BSA and did not occur in celis plated
on BSA alone (compare Fig. 2 G with A). It was tempera-

Santini and Keen IgE Receptors and Clathrin-coated Pit Formation

ture dependent, as it occurred only after raising the tem-
perature from 0° to 37°C (compare Fig. 2 B with C-D ). Fi-
nally, activation was also time dependent as it reached a
peak between 10 (Fig. 2 D) and 15 min (Fig. 2 E) that was
maintained for 60 min (Fig. 2 G) to 2 h (not shown). The
appearance of cells grown on uncoated glass coverslips
overnight is shown in (Fig. 2 H).

These antigen-induced morphological changes could
also be visualized by scanning EM (Fig. 3). This technique
better revealed the differences in cell surface topography,
in particular the appearance of numerous ruffles, between
unstimulated cells (Fig. 3, A and B) and cells exposed to
immobilized DNP,-BSA for 1 h at 0°C followed by 30 min
at 37°C (Fig. 3, C and D).

Redistribution of the IgE Receptors
toward the Substratum in Cells Exposed to
Immobilized DNP,-BSA

To gain information about the timing and extent of the
FceRI relocalization, samples were prepared at different
times and analyzed by confocal microscopy (Fig. 4). FceRI
receptors were directly labeled by incubating cells with
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Figure 4. Exposure of RBL-2H3 cells to immobilized DNP,-
BSA induces a gradual relocalization of the IgE receptor from
the apical to the ventral surface. (A) Confocal micrographs, taken
with an equatorial focal plane just above the substrate surface, of
the distribution of FL-IgE-labeled receptors on unstimulated
cells (U) or cells exposed to DNP,,-BSA—coated surfaces for 30
min at 37°C (F). The lines bisecting the images are examples of
the position of the x-z plane used in B. (B) Confocal vertical x—z
images (cross sections) of two examples of unstimulated cells (U),
and of cells exposed to DNP,-BSA—coated surfaces for 1 h at
0°C (F0) and then warmed up to 37°C for 5 min (F5), 15 min
(F15), or 30 min (F30). Bar, 10 pm.

The Journal of Cell Biology, Volume 132, 1996

FL-conjugated DNP-specific IgE (FL-IgE). Cells were
then exposed to control BSA-coated surfaces, termed “un-
stimulated,” or to DNP,-BSA—coated surfaces, termed
“frustrated” (Fig. 4 A; U and F, respectively), for 1 h at
0°C followed by incubation at 37°C for different times. As
revealed by conventional x-y images, in the absence of the
antigen (Fig. 4 A; U), the IgE-teceptor complexes were
distributed uniformly on the plasma membrane, revealing
a ring in images taken with the focal plane near the center
of the cell. However, after 30 min on the DNP,-BSA-
coated surface (Fig. 4 A; F), the fluorescent signal had
formed a complex pattern at the site of contact with the
antigen.

Because individual images like those in Fig. 4 A do not
completely describe the distribution of surface markers, as
mental integration of a series of through-cell focal planes
is required, FceRI receptor distribution was monitored us-
ing a focal plane perpendicular to the substrate (Fig. 4 B,
x-z cross sections). Upon exposure to immobilized DNP,o-
BSA, a gradual relocalization of the IgE receptors from
the apical membrane to the ventral membrane that was in
contact with the antigen was evident. The FceRI redistri-
bution was a temperature-dependent process and did not
occur during 1-h preincubation at 0°C (Fig. 4 B; F0). Once
cells were shifted to 37°C, though, redistribution took
place over a period of 15 min and was complete by 30 min
(Fig. 5 B; F5-F30). The absence of intracellular FL-IgE in-
dicated that IgE-bound receptors were not endocytosed.
Similar results were obtained when FceRI receptors were
localized by indirect immunofluorescence using anti-
FceRI B-chain antibody (data not shown). Together, these
results provided direct evidence that the receptors had
been engaged and activated, but not endocytosed, thus re-
sulting in a frustrated phenotype.

Internalization of Transferrin in Cells Exposed to
Immobilized Antigen

Because in frustrated cells endocytosis of FceRI receptors
was inhibited, we asked whether endocytosis of other re-
ceptors was still occurring. We chose to follow the uptake
of FL-labeled transferrin, a clathrin-mediated process (1,
67). Unstimulated cells and cells exposed to immobilized

F

Figure 5. RBL-2H3 cells stimulated by immobilized DNP,-BSA
are still capable of internalizing transferrin. Cells unstimulated
(U) or frustrated on a DNP,-BSA surface for 25 min (F) were in-
cubated with fluorescently labeled transferrin for 20 min at 37°C.
After washing in PBS, cells were fixed and observed. Bar, 10 pm.
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Figure 6. Distribution of clathrin, AP2, and p135 mannosidase II (Golgi marker) in unstimulated and immobilized antigen exposed
RBL-2H3 cells. RBL-2H3 cells primed with anti-DNP IgE were exposed to an uncoated or DNP,,-BSA—coated coverslip at 4°C for 1 h,
followed by 30 min at 37°C. Clathrin (4 and E), AP2 (B and F), and mannosidase II (C and G) were then detected in unstimulated (A-C)
and frustrated (E-G) cells. D and H show the differential interference contrast images of C and G, respectively. Bar, 10 pm.

DNP,,-BSA for 25 min were incubated in the presence of
FL-transferrin for an additional 20 min before being pre-
pared for fluorescence microscopy. As shown in Fig. 5, en-
docytosis of transferrin occurred in both unstimulated
(Fig. 5 U) and frustrated cells (Fig. 5 F).

Stimulation of Cells by Immobilized Antigen
Does not Affect the Clathrin and AP2 Distribution
or the Integrity of the Golgi

One model of ligand-induced endocytosis suggests that ac-
tivated receptors recruit coat components triggering the
formation of new clathrin-coated pits. We therefore inves-
tigated the distributions of clathrin and AP2 in cells ex-
posed to immobilized antigen and compared them with
those of unstimulated cells using double labeling indirect
immunofluorescence (see Materials and Methods).

As in fibroblasts and other cell types (75), in unstimu-
lated RBL-2H3 cells, staining for clathrin produced a
punctate pattern extending to the periphery of cell, as well
as in a perinuclear region identified as trans-Golgi (Fig. 6
A) by comparison with anti-mannosidase II, a Golgi pro-
tein marker (Fig. 6 C). In the same cells, AP2 staining was
confined to the plasma membrane (Fig. 6 B) and was es-
sentially superimposable with that of clathrin. Remark-
ably, in cells frustrated at 37°C, except for the change in
cell shape, we did not observe appreciable differences in
the intensity, density, or distribution of either clathrin or
AP?2 for up to 90 min. For example, Fig. 6 shows the distri-
bution of clathrin (E) and AP2 (F) in cells that had been
frustrated for 30 min. Examination of the cells by conven-
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tional microscopy revealed no appreciable differences in
the overall distribution and intensity of clathrin (Fig. 6 E)
and AP2 (Fig. 6 F), although the cell shape had changed
considerably. In particular, it should be noted that Golgi
was still present (Fig. 6 G), and Golgi-associated clathrin
was still prominent (Fig. 6 E). Note also that the distribu-
tion of aggregated receptors on the ventral membrane of
frustrated cells (Fig. 4 A; F) showed a pattern extremely
different from that of clathrin (Fig. 6 E) or AP2 (Fig. 6 F),
indicating the absence of colocalization of coats and recep-
tors.

Fig. 7 shows several examples of x-z confocal scans of
the distribution of clathrin (upper panels) and AP2 (lower
panels) in RBL-2H3 cells unstimulated (U) or exposed for
30 min to immobilized antigen (F30). It is more convincing
with this approach that unstimulated and frustrated cells
showed the same distribution of clathrin and AP2. More-
over, there was no detectable increase in AP2 and/or
clathrin on the ventral membrane of frustrated cells, bear-
ing activated receptors, as compared with the apical mem-
brane, as we would have expected if the receptors were in-
ducing formation of new pits by active recruitment. These
observations were extended by determining the sum of
AP2-integrated pixel intensities in confocal images to ob-
tain a quantitative estimate of coated pit distribution on
apical and ventral surfaces of individual cells (see Materi-
als and Methods). This analysis showed that the ratio of
coated pit density was unchanged between unstimulated
and frustrated cells (Table I).

Essentially the same results were obtained even when
the assay conditions were varied. For example, we did not
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Figure 7. Punctate clathrin and AP2 distributions are unchanged in cells stimulated by immobilized DNP,,-BSA. Confocal microscopy
analysis showing the distribution of clathrin (upper panels) and AP2 (lower panels) in RBL-2H3 cells on uncoated (U) or immobilized

antigen—coated surfaces (F30) for 30 min. Bar, 10 pm.

observe any difference in the clathrin and AP2 staining
pattern when cells were stimulated without a 0°C preincu-
bation step. This was also true when cells were frustrated
in the absence of extracellular calcium. The latter condi-
tion, by inhibiting the burst of exocytosis after activation,
allowed us to separately evaluate receptor-induced en-
docytosis without concomitant membrane recycling. It
should be noted that although most of the data presented

Table 1. Coated Pit Distribution in Unstimulated and
Immobilized Antigen—stimulated RBL-2H3 Cells

Coated pits
Apical Ventral SD (n)
% %
Unstimulated 509 49.1 *33 9
Frustrated 51.6 48.4 *3.1 25

Coated pit density was quantitated by analyzing pixel intensity on AP2 images (x-z
scan) of unstimulated cells (Unstimulated) and of cells exposed to immobilized anti-
gen for 30 min (Frustrated). Distribution of clathrin-coated pits (as pixel per pm?) on
the apical and ventral membrane is expressed as percentage of the total. Analysis was
performed as described in Materials and Methods; data are presented as mean + SD,
where (n) equals number of cells examined.
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were obtained with 30-min frustrated cells, we carried out
experiments at intervals from 1 to 120 min with similar re-
sults.

Finally, the frustrated condition was readily reversible
by addition of soluble DNP,-BSA, which maintained
FceRI cross-linking and activation but allowed endocyto-
sis (data not shown). When cells that had been subjected
to immobilized antigen for 30 min were incubated with
soluble antigen, a rapid return (>>1 to 8 min) to the
rounded morphology was observed (corresponding to
change from Fig. 4; F30 to F5 or F0). Importantly, at no
time was an increase in clathrin-coated pits observed.

Unchanged Distribution of Clathrin-coated Pit
Components between Soluble and Assembled Pools in
Stimulated Cells

In the cell, clathrin and AP2 exist in soluble and assem-
bled forms (25). The morphological observations de-
scribed above are expected to be best at revealing the state
of assembled clathrin coat structures within the cell. To
complement and extend these findings, we compared the
proportion of unassembled and assembled clathrin and
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AP2 in frustrated and unstimulated cells by immunoblot-
ting techniques.

IgE-sensitized RBL-2H3 cells were exposed to plates
coated with BSA (Fig. 8; Un) or DNP,-BSA (0', 15', 30')
at 0°C for 1 h before being incubated at 37°C for 0 (0'), 15
(15"}, and 30 (Un, 30') min. At various times during the
37°C incubation, samples were lysed (see Materials and
Methods), and soluble and assembled clathrin and AP
were analyzed by immunoblotting.

The results indicate that ~20% of clathrin and 50% of 8
(which may include both AP2 § and AP1 B’ subunits)
were present as assembled, sedimentable forms (Fig. 8).
Analysis of frustrated cells revealed no pronounced
changes in the proportions of these coated pit proteins.
Furthermore, in all cases a substantial pool of soluble, dis-
assembled coated pit proteins was observed. With time, a
significant amount of clipping of the § subunit was ob-
served, likely a consequence of postlysis degradation by
proteases released upon receptor activation.

Discussion

That coated pits mediate the endocytic uptake of many re-
ceptors from the plasma membrane of mammalian cells is
a well-established concept (24). According to the current
paradigm of receptor-mediated endocytosis, detached and
internalized coated vesicles with receptor cargo rapidly
lose their coat proteins. Subsequently, these coat proteins
in soluble form recycle back to the membrane to form new
coated pits. Kinetic studies suggest that in many cells the
lifetime of a coated pit at the plasma membrane is about a
minute, and that ~1,000 coated pits detach from the
plasma membrane each minute (70).

While the overall pathway is clear, the fundamental
mechanisms by which activated receptors once targeted
for endocytosis are found in coated pits is an important yet
unresolved question, with broad implications for our un-
derstanding of how cells interact with their environment.
Specifically, are activated receptors simply trapped on en-

Unassembled‘ Assembled
Un 0' 15 30'Un 0' 15' 30'
CL-HC—» -----“- TEORD

l-j—b —-—_-E .

g ® > -b---u-d“
TopSe

Figure 8. Unassembled pools of clathrin and AP persist in frus-
trated cells. Immunoblots showing repartition between unassem-
bled and assembled clathrin and AP during frustrated endocytosis.
Anti-DNP IgE-primed RBL-2H3 cells were exposed to BSA-
(Un) or DNP,-BSA—(F) coated plates at 0°C for 1 h before being
transferred to a 37°C water bath. At 0 (0'), 15 (15'), and 30 (30")
min during the 37°C incubation, samples were processed to iden-
tify unassembled and assembled pools of clathrin (CL-HC) and
AP (B) as described in Materials and Methods. Note that proteins
derived from 2 X 10* cells were used per lane for the analysis of
Unassembled proteins and from 10° cells per lane for the analysis
of Assembled proteins.

— 69D
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countering preexisting coated pits, subsequently being
rapidly internalized? Or do the receptors themselves, by
active recruitment, gather the necessary soluble coat and
cytosolic components and initiate the rapid assembly of
new coated pits that then mediate their internalization? In
view of the central importance of this issue, we directly ad-
dressed this proverbial “chicken and egg” question using
an experimental system that would allow us to gather in-
formation specifically about the earliest steps of receptor-
coated pit interaction.

RBL-2H3 cells, a continuous rat mast cell line, express
multichain FceRI receptors that, in the absence of antigen,
are present almost exclusively on the cell surface. Addi-
tion of multivalent antigen (here BSA with multiple co-
valently attached DNP residues) induces cross-linking of
receptor-bound IgE (here anti-DNP) and rapid internal-
ization of the complexes via clathrin-coated pits with a
half-time of <8 min (54, 56, 61, 64). We used a system in
which IgE receptors were stimulated while their endocyto-
sis was blocked by exposing cells primed with antigen-spe-
cific IgE to surface-immobilized antigen. In a sense, this
experimental system is a physiological version of the sur-
face plasmon resonance technique used to study protein—
protein interactions (45), with the cytoplasmic face of the
plasma membrane providing an in vivo biosensor surface.

The rationale behind our approach was that if activated
receptors directly act as coated pit component recruiters,
activation of receptors on the ventral surface combined
with inhibition of their internalization should have elicited
one or more of the following: (a) an increase in the num-
ber of coated pits on the ventral plasma membrane sur-
face; (b) colocalization of the activated receptors with
these new coated pits; and (c) recruitment of soluble
coated pit components to the ventral frustrated surface
from the apical plasma membrane and, possibly, the Golgi
region.

From the experimental point of view, the system has the
important benefits of avoiding the use of either pharmaco-
logical agents or overexpression of receptors, both of
which can have unanticipated and undetected effects. Un-
der the experimental conditions used here, the RBL cells
continued to take up transferrin, suggesting that overall
membrane transport had not been blocked. Unlike related
experiments in macrophages (5, 65), the organization of
the Golgi in the stimulated RBL cells was intact as as-
sessed by the behavior of both integral (mannosidase IT)
and peripheral (clathrin) membrane proteins. Addition-
ally, frustration in these cells could be rapidly reversed by
addition of soluble antigen. Finally, this system has rele-
vance to mast cell physiology and pathology. Mast cells
can encounter multivalent antigens (e.g., pollen particles) far
too large (50-200 pm) to be internalized (18), and such in-
teractions are believed to play a role in secondary allergic re-
sponses such as asthma and rheumatoid arthritis (26, 72).

Immobilized antigen induced the full array of changes
characteristic of normal receptor activation including
alteration in cell shape and membrane morphology, re-
flecting actin-mediated cytoskeletal rearrangements, and
degranulation (4, 54). IgE receptors migrated from a dis-
persed distribution and were found aggregated on the
membrane in contact with the immobilized antigen. As
there are ~4 X 10° FceRI receptors per cell (36), it is im-
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portant to note that their relocalization resulted in an ef-
fective membrane density on the ventral surface equiva-
lent to almost 10° receptors per cell.

Despite the generation of this high density lawn of acti-
vated receptors on the adherent surface, neither clathrin
nor AP2 staining coincided with Fce receptors even when
stimulation was monitored for up to 2 h. Nor did we find
significant changes during this period in the overall mor-
phological distribution of coated pit proteins in frustrated
cells when compared to unstimulated cells, or in the quan-
titative distribution of coated pits on the ventral and apical
surface profiles of the celis before and after frustration
(Table I). Finally, no evidence for an increase in coated
pits was detected on release from frustration with soluble
antigen.

These observations were supported by immunochemical
analysis that showed the continued presence of a large sol-
uble pool of unassembled coat proteins in frustrated cells,
excluding the possibility that these proteins were quantita-
tively unavailable for recruitment by activated IgE recep-
tors. In addition, the ratio of membrane-bound and soluble
clathrin and APs, presumably corresponding to assembled
and unassembled pools, was not significantly changed by
the treatment. As the soluble pool comprises 50-80% of
the total, a 200-400% increase in coated pits on the acti-
vated surface should have been attainable, yet changes of
5% or less were observed.

A conclusion emerging from this study is that for FceRI
receptors the “chicken” model of receptor-mediated en-
docytosis is accurate: rapid internalization of activated re-
ceptors is not a consequence of recruitment of compo-
nents to form de novo coated pits, but rather results from
receptor movement to preexisting coated pits. We believe
that, while restricted to FceRI receptors within RBL cells,
our observations are of general relevance. Preliminary ex-
periments with two other receptors, transferrin and man-
nose-terminated glycoproteins, have provided no evidence
for increases in coated pit formation when receptors were
concentrated on one surface of the cell (Santini, F., and
J.H. Keen, unpublished observations). Collectively, these
results also argue that clathrin-coated pits are essentially
immobile in the plane of the plasma membrane.

In addition, our findings are quite consistent with some
earlier kinetic analysis on the internalization of nutritive,
nonsignaling receptors. Henis and co-workers (19, 31) ex-
amined the behavior of constitutively internalized asia-
loglycoprotein receptors and influenza HA mutated to
rapidly internalized forms. Mobility of these receptors on
the cell surface was consistent with random movements
and occasional encounters of receptors with coated pits,
culminating in immobilization and internalization. Similar
conclusions were drawn by Paccaud et al. (49) in studies
on complement receptor type 1 mutations. Finally, bio-
physical studies using single particle tracking of LDL and
ay-macroglobulin ligands and receptors on cell surfaces
are consistent with random diffusional movements within
short restricted regions, with internalization suggested to
result from encounter with preexisting pits (22, 58). On the
other hand, fibroblasts overexpressing transferrin receptor
were initially reported to exhibit an increased number of
functional clathrin-coated pits at the plasma membrane
(29). However, subsequent work showed that only anoma-
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lous flat clathrin lattices had increased, and that there was
no correlation between the number of receptors expressed
and the number of coated pits (44), again suggesting that
coated pit number is not directly related to the number of
these nonsignaling receptors on the cell surface. In this
context, the failure of activated receptors to recruit AP2,
despite the evidence that AP2 can form stable interactions
with some receptors (23, 47, 62, 63), suggests that the
AP2-receptor complex forms in vivo only as result of re-
ceptor movement to sites of AP2 localization, i.e., as re-
ceptors move to coated pits. The recent observation that
deletion of the high affinity EGF receptor binding site for
AP2 (63) had no effect on the rate of EGF receptor en-
docytosis (46) raises further questions about the role of
the interaction in the initial events of endocytosis.

Yet, rapid increases in coated pit number after activa-
tion of certain membrane signaling systems have been
demonstrated convincingly in several studies, as noted in
the Introduction. Although these observations pointed to
nucleation of new coated pits by activated receptors, care-
ful kinetic analysis of endocytic rates in at least one case
actually suggested a lack of correlation between ligand
concentration and receptor internalization (73). Lack of
proportionality between activated receptor number and
increases in coated pits is also suggested by several other
examples. The most direct comparison of our work with
FceRI can be made with earlier findings with EGF, as both
receptors are internalized at comparable rates. In contrast
to our findings with RBL-2H3 cells that contain 400,000
FceRI receptors (or the equivalent of almost 10° receptors
per cell on the stimulated surface), only 40,000 EGF re-
ceptors dispersed on either PC12 cells or neurons medi-
ated a rapid and sustained three- to fourfold increase in
coated pits. An even more extreme case is the rapid ap-
pearance of extensive coated pits on previously uncoated
plasma membrane after fertilization of a sea urchin egg by
a single sperm (20). Additionally, changes in coated pit
distribution have been implicated in the initial stages of
cell attachment to substrates (71, 76).

Our results demonstrate that de novo coated pit forma-
tion is neither a requirement for rapid receptor internal-
ization nor an obligate consequence of receptor activation.
A corollary of our and other results is that the formation
of new clathrin-coated pits is a downstream result of sig-
naling by certain agonists, and that multiple mechanisms
regulate coated pit dynamics, though they may not be cou-
pled to receptor internalization rates. New coated pits
could form in response to certain effector(s) (e.g., G-pro-
teins) or product(s) (e.g., phosphoinositides) that modu-
late the equilibrium between unassembled and assembled
coat components directly, or by creating new nucleation
sites. It will be important to dissect this process to identify
the agents, likely to be common to several signaling sys-
tems, that trigger the specific mobilization of coated pit
components.
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