




Stimulation of Granule-Granule Fusion Preceding Com-
pound Exocytosis—Are multigranular compounds present in
resting cells or are they formed following stimulation of degran-
ulation? Light microscopy cannot easily answer this question
because granule-granule fusion is not associated with obvious
morphological changes. However, intracellular granule-gran-
ule fusion could be observed following GTP�S stimulation, tak-
ing advantage of variation in fluorescent staining among indi-
vidual granules within the same cell following incubation with
lysotracker green, similar to an observation made previously in
mast cell granules stained with quinacrine (14). Differential
loading of granules with the weak amine lysotracker green may
occur due to differences in internal pH among the granules. In
the cell shown in Fig. 3A (left), three granules appeared rather
dim compared with the other granules (arrows denoted 1–3 in
Fig. 3A). Fusion of a dim granule with a brighter granule
should result in an increase of its fluorescence as their contents
equilibrate. Conversely, fusion of a brighter granule with a
dimmer granule should result in a respective decrease of its
fluorescence. By 16.2 s, the fluorescence is much more homo-
geneous (Fig. 3A, middle), and the difference image (Fig. 3A,
right) shows adjacent dark and bright spots suggesting trans-
fer of fluorescent granule contents. Granules 1–3 show a fluo-
rescence increase, whereas granules 1�–4� show a fluorescence
decrease. It should be noted that the fluorescence otherwise
remains rather constant. No membrane capacitance changes
occurred during this time. The fluorescence decrease in gran-
ules 1�–4� is thus not due to exocytosis of these granules. The
fluorescence changes are not due to granule movement (com-
pare left and middle panels of Fig. 3A), which would produce
white and dark edges in the difference image.

The fluorescence changes occurring in the individual gran-
ules were quantified by choosing 6 � 6 pixel regions centered
over each granule providing the time course of mean pixel
intensity. The fluorescence increase of granule 1 starts at 9.0 s
(Fig. 3B (1 and 1�)). The fluorescence decrease in the adjacent
granule 1� has a similar time course suggesting that these
signals reflect fusion between granule 1 and granule 1�. The
onset of the fluorescence decrease of granule 2� slightly pre-
cedes the fluorescence increase of granule 2, suggesting that
they may not reflect fusion of these granules with each other
but fusion with out-of-focus granules at slightly different times
(Fig. 3B (2 and 2�)). Similarly, the fluorescence decrease of
granule 3� precedes the fluorescence increase of granule 3 (Fig.
3B (3 and 3�)). The fluorescence decrease of granule 4� starts
before all other changes and has a slow time course (Fig. 3B
(4�)). Additional fusion events between granules with similar
fluorescence levels or fusion of granules in out-of-focus image
planes may have occurred but would not be detectable. Because
none of the fluorescence changes are associated with capaci-
tance steps, they therefore reflect intracellular granule-gran-
ule fusion events.

In the same cell at a later time (25.44 s), a fusion pore formed
with a conductance (Gp) of 3.5 nS, between a very large multi-
granular compound with a capacitance (Cg) of 2.4 pF and the
plasma membrane (Fig. 3, C and D). The compound connected
to the plasma membrane by a narrow fusion pore has a slower

FIG. 1. Exocytosis of individual granules labeled with lyso-
tracker green in a horse eosinophil stimulated by intracellular
application of 30 �M GTP�S via a whole-cell patch pipette. A (top
and bottom panels), time-lapse fluorescence of images 1–8 obtained at
16 Hz indicates a sudden loss of fluorescence from two granules. The
exposure period of each image is indicated below each frame. Arrows
indicate the location of granule 1 in frames 1–4 and the location of
granule 2 in frames 5–8. Scale bar in frame 1 is 5 �m. B, difference
images of each image shown in A were produced by image subtraction

as described under “Experimental Procedures.” Dark spots indicate the
loss of fluorescence intensity from individual granules. C, fluorescence
intensity of granule 1, granule 2, and a reference granule (R) as indi-
cated in A as a function of time. Granule 1 and granule 2 report a
sudden loss of fluorescence, whereas the reference granule (located
above granule 2) does not change in fluorescence intensity. D, cell
membrane capacitance (Cm) measurements indicate two step-like in-
creases of �60 fF each at 112.54 and 112.94 s corresponding to the
exocytosis of two individual granules.
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capacitive charging time constant than the plasma membrane.
In response to square pulse voltage steps, a capacitive current
transient with a slow charging time constant appears in par-
allel with the faster capacitive transient of the plasma mem-
brane (5). These components can thus be separated by fitting
the current transients with the sum of two exponentials pro-
viding the capacitance of the plasma membrane (Cc), the com-
pound granule capacitance (Cg), and the fusion pore conduct-
ance (Gp), in addition to cell membrane conductance (Gm) and
access resistance (Ra) as illustrated in Fig. 3C.

The exocytosed compound thus forms a degranulation sac
with Cg � 2.4 pF. This step size corresponds to a compound

consisting of about 35 granules. Cg then increases to a final
value of 3.5 pF, presumably reflecting fusion of another �15
granules with the degranulation sac after the fusion pore has
formed. At 32.4 s, Gp increases to a very large value. The
charging time constant of the degranulation sac becomes very
fast, and the capacitance of the degranulation sac and the
capacitance of the plasma membrane cannot be distinguished
anymore. At this time the Cg becomes part of the plasma
membrane (Cc) which accordingly increases by �3.5 pF
(Fig. 3D).

As observed previously (14) for the giant granules of beige
mouse mast cells, release of fluorescent dye (Fig. 3D, fluores-

FIG. 2. A compound fusion event observed in the same cell shown in Fig. 1. A, time-lapse fluorescence images indicating a progressive
loss of dye from 6 fluorescent granules. The exposure period of each image is indicated. Difference images shown below the original images were
obtained as described under “Experimental Procedures.” B, cell membrane capacitance (Cm) recording shows a large single step increase of 480 fF
at 191.8 s. C, fluorescence intensities of the 6 exocytosed granules indicated in A as a function of time. D, difference images obtained by subtraction
of an average of images taken before (191.16–191.70 s) and after (193.56–194.10 s) compound exocytosis show loss of fluorescent dye from 6
adjoining granules. Numbers and arrows represent the sequence and direction of dye loss derived from the traces shown in C. In the difference
images dark areas indicate a loss of fluorescence intensity.
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cence trace) is hardly detectable until the fusion pore conduct-
ance becomes very large at 32.4 s (Fig. 3D, Gp trace). However,
slow release of secretory products does occur through fusion
pores with small conductance (15, 16). Before the fusion pore
formed, the whole-cell fluorescence (Fig. 3D) decreased slowly
and linearly (straight solid line), presumably due to photo-
bleaching of lysotracker green. After fusion pore formation,
although the fusion pore is small (between vertical lines), the
linear regression yields a significant increase in slope (dashed

line) of the fluorescence decrease indicative of slow release
through the narrow fusion pore. It should be noted that very
little morphological changes occur before the fusion pore con-
ductance increases to a large value. The increase of fusion pore
conductance is followed by a rapid loss of fluorescent dye.

The large fusion pore conductance could reflect either a sin-
gle large pore or the formation of a large number of smaller
pores. If one single large pore is formed, then release should
occur at one focal site. Indeed, as shown in difference images

FIG. 3. Intracellular granule-granule fusion precedes compound exocytosis. Pipette GTP�S concentration was 150 �M. A, images taken
during whole-cell stimulation of a horse eosinophil labeled with lysotracker green. Images (left and middle) are averages of single frames spanning
the exposure period indicated. The difference between these images, 
 (right), shows bright granules (labeled 1–3) indicating an increase in
fluorescence and dark granules (labeled 1�–4�) indicating a decrease in fluorescence. B, time course of fluorescence intensity for the labeled
granules. C, whole-cell equivalent circuit indicating pipette access resistance Ra, cell membrane conductance Cc, cell membrane capacitance Cc, and
a degranulation sac of capacitance Cg connected to the extracellular space via a fusion pore with conductance Gp. D, time course of Gp (top trace),
Cg (2nd trace), Cc (3rd trace), and whole-cell fluorescence (bottom trace). The whole-cell fluorescence time course was fit by linear regression for the
time preceding fusion pore opening (continuous line) and during the existence of a narrow fusion pore indicated between dashed vertical lines. E,
original (top) and difference (bottom) images for the times indicated by the arrows to the fluorescence trace. The difference images had to be scaled
individually to clearly show the fluorescence gradients for each difference image.
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presented in Fig. 3E, loss of the dye is first detectable at a focal
spot at the plasma membrane. Originating from this point the
fluorescence decrease expands indicating focal release through
a single pore.

A few seconds later, the cell is nearly devoid of visible gran-
ules and fluorescent dye (Fig. 3E, frame 5) with the exception of
a few small bright spots, indicating secretion of the contents
from the entire intracellular pool of �50 granules through a
single fusion pore. These results demonstrate directly that
compound exocytosis in eosinophils is preceded by intracellular
granule-granule fusion and that a narrow fusion pore forms
between the compound granule and the plasma membrane
which allows for focal release upon fusion pore dilation.

Electron Microscopy of Compound Exocytosis—Compound
exocytosis becomes more prevalent when GTP�S is introduced
into the cell at 100–200 �M concentration (5). To capture com-
pound formation by electron microscopy before exocytosis oc-
curs, cells were permeabilized with streptolysin-O and stimu-
lated with 200 �M GTP�S. At this concentration all granules
may fuse inside the cell leading to compound exocytosis with a
single capacitance step of �3 pF (17). Fig. 4 shows serial
sections from a cell that was fixed several minutes after addi-
tion of streptolysin-O and GTP�S. When the different planes
are considered, it becomes apparent that all granules are in-
terconnected. However, no exocytosis has occurred yet since all
granules have retained their dense core. Cells that were fixed
immediately after stimulation did not show such features. In
the permeabilized cells granule shape was somewhat distorted,
but cytosolic space is clearly visible between adjacent granules
(Fig. 5A). At later stages, when exocytosis has occurred, the

granular contents within the degranulation vacuole appear
less dense (Fig. 5B) whereas at least one unfused granule
(arrow) has retained its dense core.

Cumulative Fusion and Formation of a Degranulation
Sac—An alternative mode of exocytosis called sequential or
cumulative exocytosis has been proposed to produce a degran-
ulation sac and focal release during eosinophil degranulation
(5, 9). In this mode granules fuse sequentially to a granule
already connected to the plasma membrane by a narrow fusion
pore. Fluorescence microscopy of cells stimulated with low (5
�M) GTP�S concentration directly visualizes this mode of exo-
cytosis (Fig. 6). The capacitance measurement (Fig. 6A) reveals
an increase in a number of steps, many of which have the size
expected for individual granules and compounds that consist of
a few granules. As in the analysis presented in Fig. 3, Cc � Cg

was determined from double exponential fits. When Cg and Cc

are plotted separately (Fig. 6A Cg, Cc), most of the capacitance
increase occurs in Cg, suggesting formation of a growing de-
granulation sac. During the stepwise increase of Cg, the fusion
pore of the degranulation sac shows an uncorrelated fluctuat-
ing increase in fusion pore conductance (Gp).

Fig. 6B shows the associated cellular morphological changes.
Initially, a few exocytotic events occur near the left edge of the
cell, accompanied by the first capacitance steps. Then an exo-
cytotic event at the right edge is followed by cumulative fusion
such that a degranulation sac of increasing size is formed. The
morphological disappearance of individual granules indicates
contact with extracellular space via a fusion pore. Further
granules fuse and blend into the growing degranulation sac.
The morphological appearance of the degranulation sac is cor-
related with the appearance of a growing capacitance Cg, con-
nected to the extracellular space via a fusion pore with rather
low conductance. Accordingly, the fluorescence from individual
granules equilibrates, but the overall loss of fluorescence is
very slow due to the limiting size of the fusion pore.

The initial development of a degranulation sac is revealed in
detail by correlating capacitance changes with the loss of fluo-
rescence intensity from individual granules. Fig. 6C shows the
change of fluorescence intensity of the granules labeled 1–6 in
Fig. 6D. The change in fluorescence for each granule is corre-
lated with distinct steps in the membrane capacitance traces as
indicated by the vertical arrows in Fig. 6, A and C. By using the
notation of Fig. 6, C and D, granule 1 first fuses with the
plasma membrane. The rapid fluorescence decrease from this
peripheral granule immediately follows a capacitance step ap-
pearing in the Cg trace. The next capacitance step is associated
with a fluorescence loss in granule 2 and a fluorescence in-
crease in granule 1 demonstrating directly that this capaci-
tance step reflects fusion of granule 2 with granule 1 and not
fusion of granule 2 with the plasma membrane. Accordingly,
this fusion event appears clearly in Cg, reflecting a cumulative

FIG. 4. Electron microscopy of a multigranular compound. Se-
rial 100-nm sections from a single streptolysin-O permeabilized eosin-
ophil stimulated with 200 �M GTP�S. Numbers 1–6 indicate the section
sequence. The secretory granules are connected together forming a
compound containing virtually all granules. Note that the intercon-
nected granules retain their morphology and dense contents.

FIG. 5. A, a cell fixed shortly after stimulation shows no granule-
granule fusion. B, a later stage of degranulation. The cell contains a
large degranulation sac connected to the outside via an expanded fusion
pore (asterisk). One granule shows no sign of exocytosis (arrow).

Modes of Compound Exocytosis in Eosinophils44926

 at M
ax Planck Inst.B

iophysikalische C
hem

ie,O
tto H

ahn B
ibl,Pf.2841,37018 G

oettingen on June 24, 2015
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


increase in the area of the degranulation sac.
Subsequently, granules 3 and 4 also fuse in a sequential

manner with granule 2 as illustrated in Fig. 6D and contribute
capacitance steps that increase the capacitance of the growing
degranulation sac. The relatively dim granule 5 then under-
goes a sudden increase in fluorescence associated with the next
capacitance step indicating that it also fuses with the degran-
ulation sac. The onset in the fluorescence decrease of granule 6
slightly precedes this fusion event suggesting that it likely
fuses with granule 5 before fusion of granule 5 with the de-
granulation sac. The cumulative fusion of these granules is also
evident morphologically on the right-hand side of the cell in the
associated fluorescence images acquired between 7.9 and
15.7 s.

Examination of the remaining recording shows that the ca-
pacitance of the degranulation sac, Cg, continues to grow in size
by �0.91 pF with the cumulative addition of �14 granules
(average granule capacitance � 65 fF). No further changes in
the capacitance measurement occur after 20 s (data not shown).
Indeed, another 14 granules clearly visible in the 15.7 s image
lose their structural integrity, blending onto the degranulation
sac (Fig. 6B). These changes are very slow and extend beyond

the last exocytotic event that occurred at about 18 s (compare
image 20.2 and 32.6 s Fig. 6B). During this second phase of
capacitance increase to Cg (between 14 and 20 s), an unambig-
uous assignment of fluorescence changes in individual gran-
ules with certain capacitance steps is troublesome due to the
slow rate of release of dye from fused granules within the
degranulation sac. The cumulative fusion events produced a
degranulation sac with a large volume, while the fusion pore
conductance was still only �10 nS (Fig. 6A, Gp). The fluores-
cence between all granules in the sac thus equilibrated, and
further lysotracker dye loss was very slow as seen in the traces
of Fig. 6C and in the images of Fig. 6B.

DISCUSSION

The main physiological function of eosinophils is thought to
be in defense against parasitic infection. These cells can kill
various parasites, in particular at the larval stage (18). The
release of cytotoxic proteins from eosinophil granules onto the
parasite surface plays an important role in parasite killing. On
the other hand, eosinophil degranulation can also lead to tissue
damage in some types of allergic asthma (19). For the physio-
logical function of eosinophils it is thus essential that release of

FIG. 6. Cumulative exocytosis in a horse eosinophil stimulated with 5 �M GTP�S. A, time course of Cc � Cg, Cg, Cc, and Gp from analysis
using the equivalent circuit of Fig. 3C. B, time-lapse fluorescence images of the cell. Granules were labeled with lysotracker green. Averaged
images shown were obtained by averaging 10 sequential 100.06-ms exposure images spanning a period of 1.1222 s. The rounded exposure start
time is indicated on each frame. C, time course of fluorescence intensity for the labeled granules. Arrows indicate correlation of fluorescence
intensity changes and capacitance steps that could be assigned to individual granules. D, enlargement of an image from B at t � 0 s. Numbers and
arrows represent the sequence of cumulative fusion of 6 granules derived from the traces shown in C.
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granule contents is focused onto the target and that diffusion of
cytotoxic proteins to host tissue cells is prevented.

By using combined patch clamp capacitance measurements
and fluorescence imaging, we demonstrate directly that focal
release from eosinophils occurs by two mechanisms. In com-
pound exocytosis, intracellular granule-granule fusion can lead
to formation of a large multigranular compound that releases
its contents through a single fusion pore. Compound exocytosis
has been demonstrated for lamellar body exocytosis in alveolar
type II cells by using a similar approach combining capacitance
measurements and FM1-43 fluorescence imaging (20). Growing
fluorescent spots indicating cumulative fusion were also ob-
served in stimulated pituitary lactotrophs (21).

In eosinophils intracellular granule-granule fusion is not
associated with morphological changes visible in the light mi-
croscope but is clearly evident from fluorescent content trans-
fer and in electron microscopy. Changes in granule morphology
require solubilization of granule cores. Dissolution of acidic
chromaffin granule contents occurs under alkaline conditions
(22). Eosinophil granules are also acidic organelles (23), and
therefore it is a possibility that the consecutive solubilization of
granule contents during compound exocytosis occurs due to
consecutive granule core alkalization. In pituitary lactotrophs,
dissolution of granule cores was markedly enhanced by treat-
ments that reduced cytosolic cAMP concentration suggesting a
mechanism regulating the susceptibility of granules to undergo
solubilization following exocytosis and exposure to neutral pH
(24).

Previous electrophysiological studies suggested that in eo-
sinophils focal release is also achieved by formation of a de-
granulation sac from cumulative granule fusion events (5). In
cumulative fusion a granule performs exocytotic fusion with
the plasma membrane followed by daisy chain fusion of addi-
tional granules. Fluorescence imaging (Fig. 6) directly visual-
izes the formation of a growing degranulation sac, and the
multiple capacitance steps associated with this process show
that these previously are sequential fusion events. Such cumu-
lative fusion sequences have been reported for exocytosis of
zymogen granules, studied in intact pancreatic acini by mul-
tiphoton fluorescence microscopy (25). Zymogen granules fused
with the plasma membrane, maintained their � shape and
served as targets for sequential fusion of granules located
within deeper layers of the cell, such that transport of granules
to the plasma membrane was not required (25).

In eosinophils a cumulative fusion mechanism ensures focal
release. It was shown in mast cells that local stimulation in-
duces local degranulation (26). Similarly, stimulation of eosin-
ophils upon contact with a parasite may initiate exocytosis at
the site of contact that would then be followed by cumulative
fusion leading to focal release. In the experiments described
here, cells were stimulated by intracellular application of
GTP�S. Even with this delocalized stimulus focal release oc-
curs. This mechanism requires that the rate at which cytoplas-
mic granules fuse with the membrane of previously exocytosed
granules is much higher than the rate at which they fuse with
the plasma membrane. The fusion of eosinophil granules with
the plasma membrane is thus a rare event, which ensures that
focal release preferentially occurs through a single fusion pore.

The molecular mechanisms controlling granule-granule fu-
sion, compound, and cumulative exocytosis in eosinophils are
not known. In lactotrophs, the incidence of compound exocyto-
sis was found to increase upon incubation with phorbol ester
(21) pointing toward a controlling role of protein kinase C. It
has been suggested that cumulative exocytosis of granules to

previously fused granules (in pancreatic acinar cells) is medi-
ated by the transfer of a plasma membrane protein, possibly a
SNARE protein to the granule membrane because there was no
evidence for intracellular granule-granule fusion (25). How-
ever, as shown here, in eosinophils granule-granule fusion does
occur indicating that the required SNARE proteins must be
present on the granule membrane. In mast cells, compound
exocytosis is dependent on the translocation of SNAP-23 (syn-
aptosome-associated protein) from the plasma membrane to
granule membrane (27), whereas in Drosophila, SNAP-24,
which is resident on glue protein-containing granules in sali-
vary gland cells, has also been implicated in regulating com-
pound exocytosis (28).

SNARE proteins are expressed in eosinophils (29–31), but
their roles in compound and cumulative exocytosis remain un-
explored. In eosinophils, high GTP�S concentration increases
the incidence of compound exocytosis (5) implicating a GTP-
binding protein in the control of granule-granule fusion. The
differential regulation of granule-granule fusion, cumulative
fusion, and granule-plasma membrane fusion by calcium and
GTP-binding proteins is investigated in the accompanying
paper (32).
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