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Abstract

Aim: After exocytosis, neuroendocrine cells and neurones keep constant the
plasma membrane and the releasable vesicle pools by performing endocytosis
and vesicular cycling. Patch-clamp capacitance measurements on chromaffin
cells showed that strong Ca™? entry activates excess retrieval: a rapid
endocytosis process that retrieves more membrane than the one fused by
preceding exocytosis. The main purpose of the present experiments was to
study the recycling pathway that follows excess retrieval, which is unknown.
Methods: Membrane recycling after exocytosis—endocytosis can be studied
by fluorescence imaging assays with FM1-43 (Perez Bay et al. Am | Physiol
Cell Physiol 2007; 293, C1509). In this work, we used this assay in com-
bination with fluorescent dextrans and specific organelle-targeted antibodies
to study the membrane recycling after excess retrieval in mouse chromaffin
cells.

Results: Excess retrieval was observed after the application of high-K ™ or
cholinergic agonists during 15 or 30 s in the presence of FM1-43. We found
that the excess retrieval membrane pool (defined as endocytosis—exocytosis)
was associated with the generation of a non-releasable fraction of membrane
(up to 30% of plasma membrane surface) colocalizing with the lysosomal
compartment. The excess retrieval membrane pool followed a saturable
cytosolic Ca®>* dependency, and it was suppressed by inhibitors of L-type
Ca’" channels, endoplasmic reticulum Ca®" release and PKC.
Conclusion: Excess retrieval is not associated with the cycling of releasable
vesicles, but it is related to the formation of non-releasable endosomes. This
process is activated by a concerted contribution of Ca’?" entry through
L-channels and Ca®" release from endoplasmic reticulum.

Keywords calcium signal, endocytosis, exocytosis, FM1-43, membrane
cycling.

Physiological relevance

fraction of the releasable pool of vesicles will not
recycle directly and will have to be recovered ‘de novo’.

In this work, we provide the first direct data about the
fate of internalized membrane after excess retrieval. We
show that excess retrieval is associated with the
formation of non-releasable endosomes colocalizing
with the lysosomal compartment. An expected conse-
quence of this scenario is that under conditions of

intense exocytosis followed by excess retrieval, a
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In addition, our data contribute to understand other
aspects associated with regulation of excess retrieval:
we confirm the strong Ca®" dependency of excess
retrieval, but adding significant information about the
shape of this dependence, and on the critical participa-
tion of Ca®" release from endoplasmic reticulum, and
PKC.
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In neuroendocrine cells and neurones, calcium-depen-
dent exocytosis generates an increase in plasma mem-
brane surface and a depletion of releasable vesicle pools.
In consequence, endocytosis and vesicular cycling are
critical for maintaining membrane homoeostasis and
secretion reliability (Burgoyne 1995, Koval et al. 2001,
Artalejo et al. 2002). Capacitance measurements of
membrane retrieval in bovine chromaffin cells revealed
that a variety of stimuli can activate a rapid endocytosis
process (Artalejo et al. 1995, Smith & Neher 1997,
Nucifora & Fox 1998). Rapid endocytosis is a calcium-
dependent process that is completed in approx. 20 s, and
often retrieves a larger amount of membrane than the
one added by preceding exocytosis (i.e. excess retrieval)
(Artalejo et al. 1995, 2002, Smith & Neher 1997). It was
proposed that rapid endocytosis may be coupled to a
short vesicle cycle, particularly kiss and run, leading to a
quick refilling of vesicle pools after exocytosis (Artalejo
et al. 2002, Elhamdani et al. 2006). However, kiss and
run is supposed to involve equal amounts of fused and
retrieved membrane, whereas rapid endocytosis fre-
quently displays excess retrieval. This suggests that
other process or processes should contribute to rapid
endocytosis. Moreover, it has been proposed that rapid
endocytosis can be divided into two modes: compensa-
tory endocytosis and excess retrieval, supposedly pro-
duced by two different mechanisms with different
purposes (Smith & Neher 1997, Engisch & Nowycky
1998). While rapid compensatory endocytosis seems to
be a mechanism involved in vesicular recycling during
normal secretory activity (Smith & Neher 1997, Engisch
& Nowycky 1998), the function of excess retrieval is still
unclear.

Whole-cell capacitance measurements have been
extensively used to study rapid endocytosis and excess
retrieval because of its high temporal resolution (Arta-
lejo et al. 1995, von Gersdorff & Matthews 1997, Smith
& Neher 1997, Engisch & Nowycky 1998). However,
this technique does not provide information regarding
the post-endocytic membrane cycling. In this work, we
approached this problem using the styryl dye FM1-43 to
study excess retrieval and the fate of the membrane
internalized during this process. In particular, it is
important to know whether the internalized membrane
is rapidly cycled or not to releasable vesicles. This is a
relevant issue, because it will affect the secretory
performance of chromaffin cells. To this end, we took
advantage of a protocol introduced by us previously
(Perez Bay et al. 2007), which allows to estimate in a
single cell the exocytosis, the endocytosis and the
fraction of internalized membrane recycled to releasable
vesicles. We have previously demonstrated that pro-
longed stimulation (3 min) of chromaffin cells causing
massive exocytosis (approx. 50% of the plasma mem-
brane surface) is followed by compensatory endocytosis
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resulting in rapid releasable and non-releasable mem-
brane pools, the latter likely generated by bulk endocy-
tosis (Perez Bay et al. 2007). Here, we used shorter
(€30 s) stimuli (high-K* or cholinergic agonists) that
allowed us to consistently observe a transient excess
retrieval, similar in size to that observed by capacitance
measurements under similar conditions. We defined the
excess retrieval membrane pool (ERMP) as the fraction
of internalized membrane exceeding previous exocytosis
(i.e. endocytosis—exocytosis). We found that although an
important amount of the total internalized membrane
rapidly recycled to releasable vesicles, ERMP was tightly
associated with the generation of non-releasable endo-
somes. ERMP was highly dependant on cytosolic
calcium but independent of previous exocytosis size.
The internalization of ERMP was triggered by Ca’"
entry through L-type channels combined with Ca’"
release from endoplasmic reticulum.

Materials and methods

All animal procedures are in accordance with the
National Institute of Health Guide for the Care and
Use of Laboratory Animals (NIH publication 80-23/
96), USA, and local regulations. All efforts were made
to minimize animal suffering and to reduce the number
of animals used.

Cell culture and solutions

We extracted adrenal glands from two 12- to 18-day-
old mice anesthetized with an avertine overdose fol-
lowing the procedures described in the study of Perez
Bay et al. (2007). The medulla was removed mechan-
ically from the cortex, digested for 25 min in 200 uL
Hanks’ solution containing papain (0.5-1 mg mL™")
at 37 °C and subsequently disrupted in papain-free
Dulbecco’s modified Eagle’s medium low glucose
(D-MEM). The cell suspension was brought to a final
volume of 600 ul. D-MEM, filtered through 200- and
50-um pore meshes and cultured on small pieces of
poly-L-lysine-pre-treated coverslips at 37 °C, 95%
0,-5% CO, in D-MEM and were used for experiments
24-48 h later. D-MEM was supplemented with 5%
foetal calf serum, 1 mg mL~! bovine serum albumin,
10 uMm cytosine-1-f-arabinofuranoside, 5 uL. mL™" pen-
icillin/streptomycin and 1.3 uL mL™ gentamicin. The
standard solution used for the imaging experiments
contained 145 mMm NaCl, 5.6 mm KCI, 1.2 mm MgCl,,
10 mm HEPES, 2 mm CaCl, and 10 mm dextrose. To
stimulate cells, we used alternatively the following
modifications of the standard solution: (i) for high K *
depolarizations, 50 mmM KCl in replacement of NaCl; (ii)
for stimulation with cholinergic agonists, addition of
200 um nicotine or carbachol. If not mentioned
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explicitly (Fig. 5), stimuli were always applied in the
presence of 2 mMm external Ca’". For patch clamp
experiments, the external solution was composed of (in
mm) 120 NaCl, 20 Hepes, 4 MgCl,, 5 CaCl,, 5 mg mL™"
glucose and 1 um tetrodotoxin (pH 7.3), and the
standard internal solution contained (in mm) 95 Cs
D-glutamate, 23 Hepes, 30 CsCl, 8 NaCl, 1 MgCl,, 2
Mg-ATP, 0.3 GTP and 0.3 Cs-EGTA 6 (pH 7.2). All the
experiments were at room temperature (22-24 °C).

Imaging techniques to measure exocytosis, endocytosis
and vesicle recycling

Live imaging studies of exocytosis, endocytosis and
vesicle recycling with FM1-43 were carried out with a
BX50 WI Olympus microscope equipped with a 40x
water-immersion objective (NA 0.8), epifluorescence
illumination through a mercury lamp, a filter block
(460- to 490-nm excitation filter, 505-nm dichroic
mirror, 515-nm high pass filter) and a Quantix CCD
camera (Photometrix, Tucson, AZ, USA; Perez Bay
et al. 2007). Before the beginning of each experiment,
we quantified the non-specific FM1-43 staining (Perez
Bay er al. 2007), which was later subtracted from all
experimental values.

A E Perez Bay et al. * Membrane cycling after excess retrieval

Figure 1 represents a typical experiment performed on
a single chromaffin cell. Figure 1(a) shows the epifluo-
rescence images (always at the equatorial cell section)
obtained at the end of the different stages of the
protocol, and Figure 1(b) represents the time course of
the spatially averaged cell fluorescence after subtraction
of the non-specific staining. First, cells were incubated
for 15 min in standard solution with FM 1-43 (5 um),
and a clear fluorescence plateau was established at the
end of this period (I). Next, cells were stimulated (in this
example, for 60 s with 50 mm K ™), still in the presence
of FM1-43, to cause massive vesicular fusion to the
plasma membrane. Because the quantum yield of FM1-
43 dramatically increases when this fluorophore is
inserted in the membrane, the augment in fluorescence
(II) reveals the relative increase in membrane surface
provoked by exocytosis (Exol; Smith & Betz 1996).
Subsequently, extracellular FM 1-43 was washed out
with standard solution during 30 min to attain a new
plateau (III), which is the result of the FM1-43 trapped
in the fraction of membrane internalized by endocytosis
(Endo) during the previous stimulation period. Finally
(IV), a second stimulus (50 mm K during 30 min)
provoked a decay in cellular fluorescence (Exo2) owing to
exocytosis and release of FM 1-43 attached to the
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Figure | Evaluation of exocytosis, endocytosis and vesicle recycling during a single experiment: (a) Fluorescence images from
one single cell obtained at the end of the following steps (see Materials and Methods): I. 15-min incubation in standard solution with
FM 1-43. 11. 60-s stimulus with 50 mm K ¥, still in the presence of FM1-43. I1I. 30-min washout in standard solution without FM1-
43. TV. 30-min application of 50 mm K™ to induce exocytosis and the consequent distaining of internalized FM 1-43. (b) Time
course of the spatially averaged fluorescence of the same cell represented in panel (a). The arrows indicate the end of the steps
described earlier. (¢) Time course of FM1-43-associated fluorescence normalized to the values obtained at the end of FM1-43
incubation period (point I at b). The curve is the average of 14 individual experiments similar to the one showed in (b). The brackets
indicate the different parameters measured in our experiments: Exol (exocytosis provoked by 60-s depolarization); Endo (total
membrane internalized by endocytosis); Exo2 (releasable fraction of internalized membrane); and NRF (non-releasable fraction of
internalized membrane). The images represented in (a) are raw, and no subtraction was performed. Non-specific FM1-43 staining
was subtracted from the experimental values represented in figures (b and c), as well as in all the other figures of this work.
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previously endocytosed membrane. This last step pro-
vided information about the recycling of internalized
membrane to new releasable vesicles within the time frame
of the experiment. There was also a certain amount of
fluorescence remaining at the end of the second depolar-
ization, which was an estimation of the non-releasable
fraction (NRF) of internalized membrane. In a previous
paper (Perez Bay et al. 2007), we performed the appro-
priate controls to validate our parameters of exocytosis,
endocytosis and vesicle recycling. It should be mentioned
that (i) Exol, Endo and Exo2 were null when the
depolarization to trigger Exol was not applied, meaning
that these processes are consequence of stimulus-evoked
exocytosis and not related to constitutive cycling; and (ii)
there was not significant distaining of FM1-43 if the
second depolarization was applied in nominal zero
calcium concentration, implying that Exo2 is a real
process associated with a Ca®*-dependent fusion of
FM1-43-containing vesicles.

Figure 1(c) represents the average of 14 individual
experiments, each one normalized to the fluorescence
values obtained at the end of FM1-43 incubation period
(point I at b). The brackets indicate the different
parameters measured in the experiments. All FM1-43
data in this work were expressed in this way, except for
Figure 7(b), where the values during Exo2 were nor-
malized to the end of FM1-43 washout (point III in
Fig. 1b). Some experiments were conducted in the
presence of specific inhibitors, which were applied in
the following manner: bisindolylmaleimide (100 nm)
was applied during the whole experiment, except for
the second stimulus (Exoll); thapsigargin was applied
45 min before and up to the end of the first stimulus
(Exol); ryanodine, nitrendipine or w-Agatoxin IVA was
applied 15 min before and up to the end of the first
stimulus. We also performed experiments using nicotine
or carbachol to trigger Exol instead of high K ¥, but the
general experimental scheme remained always the same.

To study the internalization of 70 kD tetramethyl-
rhodamine (TMR) dextran, cells were incubated for
15 min with 50 um 70 kD TMR dextran, stimulated
for 30 s still in the presence of the dye, washed out for
30 min and finally stimulated again for 30 min. Fluores-
cence images (512 x 512 pixels, resolution 0.23 um per
pixel) were obtained at the end of this procedure with an
Olympus FV 300 confocal microscope with a 60x water-
immersion objective (confocal aperture fixed at 150 um).
A neon laser (543 nm) was used to excite the dye.

Cytosolic calcium measurements

To follow the relative cytosolic Ca>" changes, cells were
incubated with 5 um Fluo-4 AM at 37 °C during 45 min
in the presence of 0.04% pluronic acid and washed for
1 min at the same temperature before starting the
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experiment. The epifluorescence set-up and filter block
were the same as in FM1-43 experiments. Calcium
relative changes were expressed as AF/F, where F is the
spatially averaged fluorescence of the cell before stim-
ulation and AF represents the increase in fluorescence
induced by the stimulus.

Immunofluorescence experiments

Chromaffin cells were subjected to the protocol
described above (Exol was induced with high K*,
30 s) to stain the NRF with fixable FM1-43. Immedi-
ately after the end of the protocol, cells were washed two
times with phosphate-buffered saline (PBS), fixed with
2% paraformaldehyde in PBS for 10 min, washed twice
with PBS, permeabilized with 0.2% Triton X-100 in PBS
(7 min), blocked with normal goat serum (5% in PBS)
for 40 min and washed three times with PBS. Cells were
then exposed for 90 min to rabbit anti-giantin antibody
(1 : 400; Covance, Princeton, NJ, USA), mouse anti-
transferrin receptor antibody (1 : 300; Zymed, Carlsbad,
CA, USA) or mouse monoclonal antibody H4A3 to
Lampl (1:1000; Developmental Studies Hybridoma
Bank (NICHD)). After washing three times with PBS,
the cells were incubated for 30 min with alexa Fluor 405-
conjugated with anti-mouse or anti-rabbit secondary
antibodies (Molecular Probes, Carlsbad, CA, USA),
respectively, and mounted on glass slides. Samples were
examined in a Leica TCS SP2 confocal microscope with
a 63x oil-immersion objective (1.4 NA).

Whole-cell patch clamp and membrane capacitance
measurements

Conventional whole-cell recordings were performed as
detailed previously (Alvarez ef al. 2008). The patch-
clamp set-up comprised a patch-clamp amplifier (Model
EPC7; LIST-MEDICAL, Darmstadt, Germany), a data
acquisition interface (DigiData 1200 series; Axon Instru-
ments Inc, Foster City, CA, USA) and a personal
computer. The voltage applied to the cell at basal
conditions was composed of the sum of a sinusoidal
voltage (390 Hz, 80 mV peak to peak) and a holding
potential of —80 mV. We found that this relatively low
sinusoidal wave frequency does not increase our capac-
itance measurements noise (in rms) respect 780 Hz.
During the depolarizing voltage pulses, the sinusoidal
pattern was suspended. The holding potentials were not
corrected for junction potentials (Neher 1992). The cells
were considered ‘leaky’ and discarded when the leak
current measured at the normal holding potential of
—80 mV was bigger than —30 pA. Cell membrane
capacitance was measured with a software phase-
sensitive detector (jClamp; Sci Soft, Branford, CT,
USA). The data were filtered at 3 kHz.

© 2011 The Authors
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Chemicals and drugs

Bovine serum albumin, poly-L-lysine, cytosine-1-f-ara-
binofuranoside, papain, carbachol, thapsigargin and
ryanodine were obtained from Sigma (St Louis, MO,
USA); Dulbecco’s modified Eagle’s medium, foetal calf
serum, gentamicin and penicillin/streptomycin from
GIBCO (Carlsbad, CA, USA); fluorescent indicators
(FM 1-43, Fluo-4 AM and TMR dextrans) were
purchased at Molecular Probes (Portland, OR, USA);
nitrendipine was obtained from Tocris Bioscience (Park
Ellsville, MO, USA), w-Agatoxin IVA from Alomone
Labs (Har Hotzvim Hi-Tech Park, Jerusalem, Israel)
and nicotine and bisindolylmaleimide-1 from Calbio-
chem (San Diego, CA, USA).

Data analysis and statistics

Images from FM1-43 experiments were quantified with
the Axon Imaging Workbench 2.1 program (Axon
Instruments) by measuring the spatially averaged
fluorescence of the whole cell at the equatorial section
and subtracting the background fluorescence (quantified
from the surrounding field). Exo2 was obtained from
the asymptote of a double exponential fitting performed
on the experimental distaining curve. There was <10%
of difference between the Exo2 estimated with this
methodology and the value obtained by simple differ-
ence between the previous and the last measured points
of the distaining curve (Perez Bay et al. 2007). The sizes
of the fluorescent spots associated with NRF (Fig. 6¢)
were estimated with Image Pro software (Media Ciber-
netics, Silver Spring, MD, USA) as the full width at half-
maximum (FWHM) of the spots’ fluorescence profiles
fitted to a Gauss function (Perez Bay et al. 2007). The
Ca’” transient decay rate was quantified as Tsge,, i.c.
the time elapsed from the peak of the transient to 50%
of the peak value. Linear and non-linear fittings were
carried out with Origin’s (Microcal Sotware Inc, North-
hampton, MA, USA) specific tools. Data are expressed
as mean values + standard error. We used Student’s ‘#’
test for comparisons between independent data samples
and paired ‘¢’ test for paired data samples.

Results

A transient excess retrieval process in mouse
chromaffin cells

The main goal of this work was to study the fate of the
membrane internalized during excess retrieval. There-
fore, we had to find first an experimental condition that
allowed us to detect excess retrieval with FM1-43. To
this end, we varied the length of high K™ depolariza-
tions to obtain Exol of different magnitudes (Fig. 2a),

© 2011 The Authors
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and then we compared Exol vs. Endo for each condition
(for definitions and validations of Exol, Endo, Exo2
and NRF see Materials and Methods; Perez Bay et al.
2007). Exol and Endo were statistically identical for
stimulus durations equal to or longer than 60 s, but for
30- and 15-s stimuli, Endo almost duplicated Exol. We
defined the excess retrieval membrane pool or ERMP as
the difference Endo-Exol, which is the amount of
membrane internalized by endocytosis that exceeded the
previous exocytosis. For the single experiment of Fig-
ure 2(b), Exol and Endo were 22 and 32%, respectively,
so ERMP was 10%. The averaged value of ERMP
obtained for 30 and 15 s stimuli were 16 + 2% (n = 39)
and 12 + 3% (n = 17) respectively.

According our protocol design, the FM1-43 was
removed at the end of the stimulus, and in consequence,
the measured endocytosis had to progress during the
stimulation. Therefore, our results are in agreement
with previous data obtained by capacitance measure-
ments on bovine chromaffin cells, showing that rapid
endocytosis leading to excess retrieval is completed in
approx. 30 s (Artalejo et al. 1995, 1996, Engisch &
Nowycky 1998). To evaluate this issue, we studied the
time evolution of membrane capacitance of mouse
chromaffin cells in response to a stimulus that is
expected to induce excess retrieval according to our
FM1-43 data. Using the patch-clamp/whole-cell
technique, we measured the change in membrane
capacitance provoked by a 15-s depolarization square
pulse from a holding of =80 to =10 mV. An individual
example of these experiments is represented in Fig-
ure 2(d). We added a record representing the capaci-
tance changes obtained in response to a 1000-ms
depolarization pulse (Fig. 2e), which gives a more
complete representation of endocytosis temporal kinet-
ics. Both records (d and e) show that excess retrieval (the
peak of excess retrieval is represented by double arrows)
was produced owing to a typical rapid endocytosis event
which was completed in no more than 30 s, similar to
the pattern described in bovine cells (Artalejo et al.
1995). In summary, the application of a 15-s depolar-
ization pulse induced a net capacitance decrease of
639 + 176 AF/F (n = 5), measured from the pre-stimulus
capacitance level to the minimum value after the
stimulus (represented by the double arrow in the
individual example of Fig. 2d). Measured in that way,
this value represents specifically the ERMP. If we
express our individual experimental values as percent-
ages of initial whole-cell capacitance, they represent a
10 £ 3% decrease in plasma membrane surface. This
value is similar to the ERMP measured with FM1-43
after 15-s high K depolarizations. These results
together indicate that the excess retrieval revealed by
our experimental approach (with FM1-43) is the conse-
quence of a rapid endocytosis process, as the one defined
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Membrane cycling after excess retrieval * A E Perez Bay et dl.

Acta Physiol 2012, 204, 403-418

@ NN
75 - I Exol
5 |— it Ns
< XO.
h C_INRF NS NS
E 50_
< x
N *%
(3] —
n
o 254
o
2
0-
15s 30s 60s 120 s 180 s 300 s 420s
(b) o125 (c) 2
Q —_
< 100 l b1 o
= ° g °
w -
L7 \ [T \
S o °
3 50 ~ E o,
2 T0-e-0- < ®ee_0
o 25 \ﬁm , 0e® 00
=]
T 0 0 ’
0 20 40 60 0 2 4 6 8 10 12
Time (min) Time (min)
@, (@)
= M\A;‘
=] S po
3 | T R
&|
(=
o
r ) 20
20
§| s
(=]
8 I
20s

Figure 2 Identification of excess retrieval with FM1-43: (a) The bar diagram represents Exo1, Endo, Exo2 and NRF in cells where
Exo1l was induced by the application of 50 mm K during 15, 30, 60, 120, 180, 300 or 420 s (the number of cells was 17, 39, 14, 18,
26, 15 and 14 respectively). Note that Endo was statistically identical to Exol for all stimulation lengths, with the exception of 15 and
30-s stimulus. **P < 0.001; NS means no significant statistical difference. (b) Time course of the fluorescence associated with FM1-
43 from one single cell in which Exo1 was induced by a 30-s high K* depolarization. (c) Cytosolic calcium time course (expressed as
AF/F) from a single cell loaded with the calcium indicator Fluo-4 AM and stimulated like in (b). (d) Experimental record showing the
change in membrane capacitance (top) of one cell before and after the application of a 15-s depolarization square pulse (bottom),
from —80 mV holding potential to =10 mV. The Ca®" current activated by the depolarizing pulse is also represented (middle). (e)

Membrane capacitance time course of one cell before and after the application of a 1000-ms depolarization square pulse, from
—-80 mV holding potential to 0 mV. The Ca®" current associated with this experiment (150 pA of amplitude) is not represented

because of the time scale of the figure. The dotted lines in (d) and (e) are linear extrapolations of the last 5 s of the capacitance record
baselines obtained previously to the application of the depolarization pulse. The double arrow indicates the peak of the excess

retrieval process.

kinetically by capacitance measurements. It is important
to note that only approx. 50% of the membrane
internalized during 15- or 30-s depolarizations becomes
releasable at the time that Exo2 is evoked (Fig. 2a),
while the other half remains as a non-releasable fraction.
Therefore, rapid endocytosis leading to excess retrieval
seems to be a complex process, involving at least two
intracellular membrane pathways.

Because excess retrieval was maximal after the
application of a 30-s depolarization, we therefore used
this condition as our control stimulus to study this
process. Figure 2(b,c) shows examples of FM1-43 fluo-

408

rescence and calcium signal time courses, both induced
by 30-s high K* depolarizations. The calcium transient
reached the peak (Table 1) at 18 4+ 1.5 s and remained
high for a long time (Fig. 2¢c, also note the Tsqe, for
control cells in Table 1), so it possibly could continue
inducing exocytosis and/or affecting endocytosis even
after FM1-43 removal. To study this issue, the 30-s
stimulus was applied in the same way as in Figure 2(b),
but FM1-43 was kept in standard (normal K ) solution
for additional 30 s after the end of the depolarization.
Application of the dye for this extra period allowed us to
assess exocytosis and endocytosis occurring after the end

© 2011 The Authors
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Table | Calcium transient parameters

. Treatment Ca®>" peak (AF/F) Tso0, (5) Endo-Exol (%)
and excess retrieval
Control 2.2 4 0.3 (34) 181 + 25 16.0 + 2.3 (39)
Nitre 0.33 + 0.06 (8)* 485 £+ 80* -0.8 &£ 2.5 (12)*
AGA 1.9 £ 0.3 (15) 129 + 35 12.0 + 2.6 (12)
Ryan 1.1 4 0.2 (20)* 105 + 27% 7.0 + 2.7 (16)*
Thaps 1.1 £ 0.3 (15)* 102 £ 22* 0.8 £ 2.3 (13)*

Nitre, Nitrendipine; AGA, Q-Agatoxin IVA; Ryan, Ryanodine; Thaps, Thapsigar-
gin. Nitre, AGA, Ryan y Thaps were compared vs. control, with a significance level
of 0.05. In all conditions, Exo1 was induced by the application of 50 mm K during
30 s. Excess retrieval was calculated as Endo—Exol. The number of cells for each

group is represented between parentheses. * P<0.05

of the stimulus. Figure 3(a) represents the FM1-43
fluorescence time course of an individual cell under that
experimental condition. After the end of the stimulus,
there was an additional increase in fluorescence, repre-
sentative of membrane fusion (Fig. 3a, inset). These
experiments are summarized in Figure 3(b). The total
developed exocytosis (during 30-s stimulus + addi-
tional 30-s period) was not different than Endo
(n = 24). We interpret these results as follows: during
the 30-s high K" application, endocytosis surpasses

(Endo > Exol, P < 0.05), but asynchronous exocytosis
after the end of depolarization yields a final balance
between the total amounts of fused and retrieved
membrane. The experiment represented in Figure 3(a)
suggests the possibility that asynchronous exocytosis
could continue even beyond the 30 s after the end of the
depolarization. Therefore, we extended the period with
FM1-43 after the stimulus to 150 s (Fig. 3c,d). These
experiments revealed some further increase, but total
exocytosis was not significantly different than endocy-

exocytosis transiently provoking retrieval
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Figure 3 Excess retrieval is balanced by asynchronous exocytosis: (a) Time course of FM1-43 associated fluorescence from a single
cell. The protocol was similar to the one applied in the experiment of Figure 2(b), but the cell was exposed to FM1-43 (in standard
solution) for additional 30 s after the end of the 30-s stimulus. The inset represents this complete 60-s period in the presence of FM1-
43. (Note that exocytosis continues after the end of stimulus.) The bar diagram (b) summarizes the results of this type of experiments
(n = 24). ‘Total Exocytosis’ represents the sum of Exol plus asynchronous exocytosis produced during the extra 30-s FM1-43

application. The experiment represented in (c) was similar to the one in (a), but FM1-43 was maintained for additional 150 s after
stimulus. The bar diagram in (d) summarizes the results of the type of experiments represented in panel (c) (7 = 15). Note that in the
two conditions represented in this figure total exocytosis was not different than Endo. NS means no difference between samples.
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K™ depolarization, both processes are finally balanced.
The asynchronous exocytosis unmasked by these exper-
iments is probably equivalent to the ‘recovery after
excess retrieval’ process described by capacitance mea-
surements on bovine chromaffin cells (Artalejo et al.
1995). It is important to note that a similar phenom-
enon of membrane capacitance recovery was observed
by us on mouse cells (Fig. 2d.e).

We next wondered whether excess retrieval could be
also induced by close-to-physiological stimuli, like
application of cholinergic agonists. Nicotine (200 um,
during 30 s) induced Exol of 14 + 1%, which was
slightly but significantly exceeded by Endo (Fig. 4a,
P < 0.05, n = 33). In this experimental condition, the
Ca®™ transients had a peak of 1 + 0.2 AF/F (n = 19) at
10 £ 1 s after the beginning of stimulus (Fig. 4c shows
a typical record). Carbachol was more effective than
nicotine to provoke excess retrieval (Fig. 4b, P < 0.001,
n =26), evoking Ca’" transients with a peak of
1.3 + 0.2 AF/F (n = 19) at 10 &+ 1 s (see Fig. 4d for an
example). From the experiments performed with cho-
linergic agonists and high K" depolarizations, it seems
that ERMP increases in the same direction (nico-
tine < carbachol < high K*) as Ca®>' signals. The
calcium dependence of ERMP will be studied in the next
section.

Excess retrieval is regulated by calcium

To investigate the relationship between excess retrieval
and the intracellular calcium signal, we studied, in
independent experiments, the effect of different external
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calcium concentrations ([Ca®*],) on the amplitude of
Ca’" transients and on ERMP. The [Ca’"], was
modified only during the stimulus to induce Exol or
the Ca®" transient, but during the rest of the experi-
ment, [Ca>"], was kept constant at 2 mm. Figure 5(a)
shows the averaged values of Exol, Endo, Exo2 and
NRF, and Figure 5(b) displays original examples of
fluorescence (%) FM1-43 signals. There was a consistent
and significant increase in Ca>" transients’ amplitudes,
Exol, Endo and NRF with [Ca®"], (P < 0.05). Because
Endo followed a steeper calcium dependence than
Exol, ERMP augmented with increasing [Ca®*],. The
averaged values of ERMP at each [Ca® "], were plotted
versus the averaged values of the calcium transient peak
(open circles, Fig. 5c). We found a highly significant
correlation between these two variables (R > 0.9527,
P < 0.005). On the other hand, no correlation was
found between ERMP and Exol (Figure S1 Supporting
information).

We next analysed the Ca®' sources that might
contribute to the control of excess retrieval. It was
recently described that L-type Ca®" channels are pref-
erentially coupled to rapid endocytosis in bovine chro-
maffin cells (Rosa et al. 2007). In our preparation, we
found that the L-type Ca’>" channel blocker nitrendi-
pine (20 um) reduced markedly the calcium transient
peak and totally abolished the ERMP (Figure S2
Supporting information, Table 1), whereas the P/Q-type
Ca’" channel inhibitor w-agatoxin IVA (200 nm) did
not produce any effect (Table 1). We demonstrated
before that our chromaffin cell preparation lacks a
significant N-type current contribution (Alvarez et al.
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Figure 4 Excess retrieval is triggered by cholinergic stimulation: The bar diagrams represent the average values of Exol, Endo,
Exo2 and NRF, obtained from experiments in which Exo1l was induced by the application of 200 um nicotine (a) or 200 um
carbachol (b) during 30 s. Excess retrieval was generated under both conditions, but it was more evident in (b); (c and d) are examples
of Ca®" transients measured in single cells loaded with Fluo-4 AM and stimulated during 30 s with 200 uM nicotine or 200 M

carbachol respectively. *P < 0.05; **P < 0.001.
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Figure 5 Activation of excess retrieval depends on calcium: (a) The bar diagram represents the average values of Exo1, Endo, Exo2
and NRF obtained from experiments where the stimulus to induce Exol was the application of S0 mM K™ during 30 s at different
[Ca”]o, 0.05,0.2, 0.5, 2, 3.5 and 5 mm (the number of cells was 4, 15, 8, 39, 9 and 13 respectively). Solutions did not contain EGTA,
except the solution containing 0.05 mm calcium, which was prepared with 950 um Ca®™ plus 900 um EGTA. (b) Representative
examples of the time course of the fluorescence (%) associated with FM1-43, obtained in single cells stimulated with 50 mm K™
during 30 s, in the presence of 0.05, 0.2, 2 and 5 mm [Ca®"],. (¢) The averaged ERMP (Endo—Exol) for each condition was plotted
against the averaged calcium transient peak and fitted to a Hill Equation (Y = Yax K,f‘ith) This regression is represented by the
black line (K = 1.94 + 0.26; Yax = 30.4 £ 3.7, 1, = 2.73 + 0.58, R = 0.97308; n = 11). The open circles represent the values
obtained from cells stimulated with high K™ at different calcium concentrations (the number of calcium measurements in individual
independent experiments with 0.05, 0.2, 0.5, 2, 3.5 and 5 mm [Ca® "], was 4, 14, 10, 34, 11 and 16 respectively); white and grey
squares represent experiments in which Exol was induced by the application of 200 um nicotine or 200 um carbachol respectively
(see Fig. 4); white, black, grey and inverted triangles represent experiments performed with 20 um nitrendipine, 1 um thapsigargin,
100 um ryanodine and 100 nm w-agatoxin IVA respectively. * P< 0.05; ** P<0.001.

2008), so we did not apply specific blockers for these
channels. Next, to evaluate the possible contribution of
Ca’" release from endoplasmic reticulum (ZhuGe et al.
2006), we applied 100 um ryanodine. This treatment
reduced significantly both the Ca®" transient peak and
ERMP (Table 1). Moreover, the pre-treatment with
thapsigargin (1 um, 45 min), to induce endoplasmic
reticulum Ca®" depletion, also decreased markedly the

© 2011 The Authors
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Ca®" transient peak and abolished ERMP (Table 1).
These results together show that not only L-type Ca’"
channels but also the endoplasmic reticulum participate
in the cytosolic calcium signal, contributing together to
trigger excess retrieval under our stimulation conditions.

The experiments described above support the idea
that the endocytic process responsible for excess
retrieval is strongly regulated by cytosolic Ca>", inde-
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pendently of the well-known effect of this cation on
exocytosis (Fig. 5¢c and Figure S1 Supporting informa-
tion). The averaged ERMP obtained in experiments
performed with ryanodine (grey triangle), thapsigargin
(black triangle), nitrendipine (white triangle), w-agatox-
in IVA (inverted triangle), nicotine (white square) and
carbachol (grey square) were plotted versus the corre-

Acta Physiol 2012, 204, 403-418

concentrations (open circles), and fitted to a Hill
equation (Fig. 5c, black continuous line, R > 0.9730,
n=11). We judged that this model was a good
representation of excess retrieval Ca®" dependency, in
first place because we expect saturation, and secondly
because it considers the existence of a threshold for
excess retrieval activation (Smith & Neher 1997, Engisch

sponding averaged calcium transient peaks, together & Nowycky 1998).

with the results of the experiments at various Ca®™
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Figure 6 Excess retrieval is associated with the formation of NRF: (a) ERMP (Endo-Exo1) values from individual experiments
were plotted against NRF. The linear regression is represented by the stralght black line (R > 0.7619; n = 189). (b) ERMP was
plotted against Exo2 (R = 0.2298; 7 = 189). In both figures (a and b), opened circles represent observations obtained in our
standard experimental condition (50 mm K", 2 mm Ca®"), and filled circles correspond to experiments performed in all the other
conditions represented in Figure 5(c). (c) Spatial distribution of NRF. Confocal images were obtained at the end of experiments
performed in the presence of 50 um 70 kD TMR dextrans. The image (on the left) was selected from a total of 10 cells, all of them
showing a similar patter. For more details, see Materials and Methods and Results. The histogram (right) represents the size
(measured as FWHM, see Materials and Methods) distribution of fluorescent spots (7 = 55). (d) Bar diagram representing Exol
(induced by 50 mm K™ during 30 s), Endo, Exo2 and NRF for experiments (7 = 12) performed in the presence of 100 nm
bisindolylmaleimide-1 (Bis I). *P < 0.02. (e) Confocal images of chromaffin cells, fixed at the end of our standard protocol and
immunostained with primary antibodies against specific cellular organelles plus 405 alexa-conjugated anti-rabbit or anti-mouse
secondary antibodies (for details, see Materials and Methods). The upper row shows fluorescent images associated with NRF,
labelled with fixable FM1-43. The row at the middle shows the spatial distribution of anti-giantin antibodies (two columns at the
left), anti-transferrin receptor antibodies (two columns in the middle) and anti-Lampl antibodies (two columns at the right). The
bottom row shows the merged images of the first two rows. Note that NRF only colocalizes with the compartment stained with anti-

Lampl antibodies.

© 2011 The Authors

412 Acta Physiologica © 2011 Scandinavian Physiological Society, doi: 10.1111/j.1748-1716.2011.02340.x



Acta Physiol 2012, 204, 403-418

A E Perez Bay et al. * Membrane cycling after excess retrieval

(a) 120 ] 120 - -
Figure 7 The releasable fraction Exo2 is I - o
generated in a short time period: (a) Two § 100 ? 100 €
individual experiments showing the time < s
course of FM1-43-associated fluorescence. i 801 L 801
The washout of FM1-43 was shortened to = 60 - f 60 -
3.5 min (left) or 2 min (right) by applying 2 404 e
1 mm ADVASEP-7 during the first minute g ‘g' 404
after Exol. With this procedure, the o 201 o o o
fluorescence reached a stable plateau * 04 0-0-0-0-0-0. 20 4 x...._._....._.....
before the end of the washout (Perez Bay . . . . . .'.' . . . . . .
et al. 2007). The arrows indicate the start 0 5 10 15 20 25 0 5 10 15 20 25
of the fluorescence distaining (induced by Time (min) Time (min)
50 mm K ™). (b) Averaged curves of (b)
fluorescence distaining for the type of g 100 ’/ g 100 »
experiments represented in (a) (left: o 75 o
3.5 min washout, 7 = 105 right: 2 min € €
washout, # = 7). For better visualization *3 50 ""“ Voia . % 75 .“”§’M ’ ]
of the distaining curves, only the last é 25 . ’”“‘ E 50 ' #?
points of the washout period are -% '.E
represented, and values were normalized K 0 0 5 10 15 20 25 30 3 0 5 10 15 20 25 30

to the end of the washout period.

To further study the calcium dependency of the
endocytosis process involved in excess retrieval, we
analysed its divalent cation specificity (Artalejo et al.
1995). We performed experiments replacing bath Ca™*?
with equimolar Ba™? during Exol. The most notorious
effects observed under this experimental condition were
the complete lack of excess retrieval and the presence of
a negligible NRF (Figure S3 Supporting information).

Excess retrieval generates a non-releasable fraction of
membrane

Our results consistently indicate that the internalized
membrane is driven through two different pathways,
leading to the recovery of a releasable fraction of
membrane (Ex02) and the formation of NRF respec-
tively (see above in this paper; Perez Bay et al. 2007).
Consequently, we wondered whether excess retrieval
might be associated specifically with any of these two
membrane fractions. At first sight it seems that ERMP
follows a similar behaviour as NRF, along the different
conditions tested (see Figs 5a, 6d and 4a, and Figures S3
and S5 Supporting information). To confirm that
observation, we plotted these two variables (Fig. 6a)
and observed an approximately linear relationship and a
good correlation (R > 0.7619, n = 189). On the other
hand, we did not find correlation between ERMP and
Exo02 (R =0.2298, n =189, Fig. 6b). These results
suggest that the process involving excess retrieval is
associated with the internalization of NRF.

To study the endocytic mechanism responsible for
NRF, we investigated the endocytosis and spatial

© 2011 The Authors
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localization of high-molecular-weight fluorescent dex-
trans. The cellular uptake of 70-kDa TMR dextrans was
induced by the application of 50 mm K™ during 30 s,
then the dextrans were washed out from bath solution,
and the cell was stimulated again (with high K*) for
30 min (see Materials and Methods). Figure 6(c) (left)
represents a typical example of a cell image obtained at
the end of this process. The image shows several
cytosolic fluorescent spots produced by dextran inter-
nalization, similar to the ones observed at the end of
FM1-43 experiments (Fig. 1a). These endosomes were
not formed by kiss and run, because 70-kDa dextrans
are not allowed to permeate through small fusion pores
(Fulop et al. 2005). Moreover, the fluorescent spots,
estimated as FWHM (see Materials and Methods), were
0.63 £ 0.03 um in size (n = 55, obtained from 10 cells,
see Fig. 6c, right), similar to the vacuoles produced by
bulk endocytosis in several systems (Holt et al. 2003,
Perez Bay et al. 2007, Wu & Wu 2007).

To continue the identification of the cellular com-
associated with NRF, we used specific
antibodies against the Golgi, early endosomes and
lysosomes and studied the colocalization of these
organelles with the NRF. Figure 6(e) shows confocal
images of cells co-stained with fixable FM1-43 (to mark
NRF) and anti-giantin, anti-transferrin receptor or anti-
Lampl antibodies [markers of Golgi (Linstedt & Hauri
1993), early endosomes (Knight 2002, Maxfield &
McGraw 2004), or lysosomes (Nie et al. 2003) respec-
tively]. FM1-43 was applied according to our standard
protocol, and antibodies were added after cell fixation
and permeabilization at the end of experiments (see

partments
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Materials and Methods). We observed a clear colocal-
ization between NRF and the lysosomal compartment,
both appearing as punctuate structures (Fig. 6e, pair of
columns on the right). Approximately 50% of the NRF
spots colocalized with the lysosomal spots, whereas
almost all Lamp1 spots (96%) colocalized with FM1-43.
On the other hand, NRF did not colocalize with Golgi
or early endosomes (Fig. 6e, two columns on the left and
two columns on the middle). For negative controls
without primary antibodies (see Figure S4 Supporting
information).

The type of membrane retrieval is in part a conse-
quence of the mode of vesicle fusion. It was shown that
bovine chromaffin cells shift the exocytic mode from
‘kiss and run’ to ‘full collapse’ in a Ca®>' regulated
manner (Fulop et al. 2005, Fulop & Smith 2006)
through a mechanism involving PKC activation. Be-
cause during ‘full collapse’ the vesicle fuses completely in
the membrane loosing its identity, it is expectable that
membrane retrieval will proceed through -clathrin-
dependent or even bulk endocytosis pathways, generat-
ing endosomes that will not cycle rapidly to releasable
vesicles. We have shown above that excess retrieval is a
calcium-dependent phenomenon, not associated with
rapid recovery of releasable vesicles but related to the
formation of NRF. Therefore, we wonder whether NRF
formation and excess retrieval could be affected by PKC
inhibition. The PKC inhibitor bisindolylmaleimide-1
(100 nm) abolished completely excess retrieval in exper-
iments where Exol was induced with a high K™
depolarization (Fig. 6d) or by application of 200 um
nicotine (Figure S5 Supporting information). These
results show that in our experimental conditions, an
important fraction of endocytosis, which is responsible
for excess retrieval, depends on PKC activity. It is also
important to note that PKC inhibition completely
abolished NRF formation (Fig. 6d and Figure S5
Supporting information), in agreement with the corre-
lation observed between ERMP and NRF (Fig. 6a) and
supporting our conclusions about the fate of ERMP.

A recycling pathway recovers releasable vesicles in a short
time period

In the previous section, we showed that the ERMP
internalized during rapid endocytosis is correlated with
NRF. However, other authors proposed that rapid
endocytosis was the first step of fast recycling of
releasable vesicles (Elhamdani et al. 2006). Therefore,
we studied how quickly the other portion of the
membrane retrieved during 30-s high K* depolariza-
tions was recycled to the releasable fraction Exo2. This
can be tackled using a methodology introduced by us
(Perez Bay et al. 2007) that allows to determine whether
membrane recycling occurs in a period as short as 2 min.
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Briefly, we reduced the gap between the first stimulus
(which triggered Exol and membrane retrieval) and the
second stimulus (used to estimate the membrane cycling
to releasable vesicles) by quickly washing out the
extracellular FM1-43 with the scavenger ADVASEP-7.
Figure 7(a) shows individual examples of this type of
experiments, where the recycling to releasable vesicles
was evaluated with a second depolarization applied 3.5
(left) or 2 min (right) after the first stimulus. Figure 7(b)
shows the averaged curves of the fluorescence distaining
obtained at those conditions. The second depolarization
induced a clear decay in cell fluorescence, indicating the
release of the FM1-43 trapped in previously internalized
vesicles. Therefore, these experiments indicate that an
important fraction of the membrane internalized by
rapid endocytosis was cycled to releasable vesicles in
<2 min after the end of the depolarization.

Discussion

Excess retrieval detection with FM[-43

After exocytosis, neurones and neuroendocrine cells
have to retrieve the excess of plasma membrane and
refill the depleted pools of vesicles (Rizzoli & Betz 2005).
In a previous paper, we used a fluorescence assay with
FM1-43 to study the recycling of internalized membrane
after massive exocytosis in chromaffin cells (Perez Bay
et al. 2007). We found that endocytosis compensated
completely the previously induced exocytosis, but the
type and intensity of stimulation provoked differences in
the fate of internalized membrane: when exocytosis and
endocytosis were <20% of plasma membrane, the
internalized membrane recycled completely into new
releasable vesicles in <2 min, but when exocytosis and
endocytosis were larger, an additional non-releasable
fraction was formed.

In the present work, we exploited the advantages of
our experimental approach to study the fate of the
membrane internalized by excess retrieval, which can-
not be done by capacitance measurements. Excess
retrieval was reliably reproduced in our preparation,
showing a time evolution (Figs 2d,e and 3) similar to
previous observations on bovine cells (Artalejo et al.
1995, Engisch & Nowycky 1998, Nucifora & Fox 1999).
Our standard stimulus (high K™ during 30 s) induced
exocytosis and endocytosis equivalent to 17 and 32% of
plasma membrane, respectively, generating an ERMP of
15% at the end of the depolarization. The total
magnitudes of rapid endocytosis provoking excess
retrieval reported by other authors (Artalejo et al.
1995, Smith & Neher 1997, Engisch & Nowycky 1998)
were somewhat smaller than our estimation, but we
should consider the differences in experimental condi-
tions, stimulation protocols and cell types. In addition,

© 2011 The Authors
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capacitance measurements (which was the technique
used in those previous studies) may underestimate
endocytosis because of its overlapping with exocytosis
(Nucifora & Fox 1998). A parameter not affected by
exocytosis—endocytosis overlapping is ERMP: when we
approximated the stimuli conditions applied in FM1-43
experiments to voltage-clamp experiments, we obtained
similar estimations for ERMP with both methodologies.

Excess retrieval is a transient event triggered by calcium

In our experiments, we measure the cumulative endo-
cytosis until the moment that FM1-43 is removed from
the bath. When FM1-43 was removed at the end of the
30-s high K™ pulse, endocytosis was larger than
exocytosis (Fig. 2). However, maintenance of FM1-43
after the end of the stimulus uncovered an asynchronous
exocytosis process that balanced completely the effect of
excess retrieval in <30 s (Fig. 3), thus evidencing the
transient nature of excess retrieval. An equivalent
process, named ‘recovery after excess retrieval’, was
also revealed by capacitance measurements (Artalejo
et al. 1996, Engisch & Nowycky 1998, Neher & Zucker
1993; see also Fig. 2d,e in this work). To our knowledge,
the mechanism underlying this process is still unknown.
However, as our results showed that the cytosolic Ca?t
signal decreased with a very slow rate (Table 1, Fig. 2),
it is reasonable to speculate that this process could be
triggered simply by the residual Ca?" remaining after
the end of stimulus. In fact, 15 s after the end of our
standard stimulus (i.e. during asynchronous exocytosis),
the Ca’®" signal was still approximately at the 90% of
the peak (Fig. 2c). More experiments will be needed to
fully understand the regulation of this mechanism.

According to our data, excess retrieval is controlled
by Ca?" coming from extracellular and intracellular
sources, is insensitive to Ba’' and sensitive to PKC
inhibition and is independent of previous exocytosis
amplitude (Fig. 5; Figures S3 and S1 Supporting infor-
mation). We found a clear correlation between ERMP
and the calcium signal induced by different stimuli and
from different Ca®>™ sources (Fig. 5¢). Previous publi-
cations reported that calcium entry had to exceed a
certain threshold to activate excess retrieval (Smith &
Neher 1997, Engisch & Nowycky 1998), but they failed
to find a continuous relationship, as if excess retrieval
was a sort of ‘all or non” process. Our results are in
agreement with the presence of a threshold, because
ERMP became significant at AF/F values bigger than 1
(Fig. 5¢). However, we described for the first time a
continuous and saturable dependency between ERMP
and cytosolic Ca>" signal (Fig. 5¢).

The blocking of L-type Ca>* channels suppressed
excess retrieval, in agreement with the results obtained
by Rosa et al. (2007) in bovine cells. In a novel
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contribution, we also inhibited excess retrieval by
preventing the release of Ca®" from the endoplasmic
reticulum with ryanodine or thapsigargin (Table 1).
Therefore, our results support that excess retrieval is
actually controlled by the concerted contribution of
extracellular and intracellular Ca®>" sources. Interest-
ingly, it should be noted that nitrendipine reduced the
peak of the calcium signal in 86%, thapsigargin in 48%
and ryanodine in 48%. These values are not merely
additive, suggesting some type of synergism between
extracellular and intracellular Ca>" sources. A possible
explanation is the activation of the Ca®"-induced Ca’”"
release mechanism (Fabiato 1983, Langer & Peskoff
1996). In fact, the presence of this sort of mechanism has
been previously found in chromaffin cells (Alonso et al.
1999).

Excess retrieval is not associated with the cycling of
releasable vesicles

Along this work, we found evidence indicating that the
endocytosis process responsible of excess retrieval
generates mainly non-releasable endosomes: ERMP
correlated with NRF (Fig. 6a) but not with Exo2
(Fig. 6b), and NRF was absent or strongly reduced in
all the experimental conditions lacking excess retrieval
(Figs 5a and 6d, and Figures S3 and S5 Supporting
information). In addition, for all types of stimuli (Figs 5,
2 and 4), an important amount of the internalized
membrane was also cycled to the releasable fraction
Exo02. Therefore, our data show that rapid endocytosis is
a complex phenomena composed at least by two
components, one associated with fast recycling of
releasable membrane and another related to the gener-
ation of non-releasable endosomes (Perez Bay et al.
2007). This conclusion is in agreement with Engisch &
Nowycky (1998) and with Smith & Neher (1997), who
proposed the existence of two different rapid endocyto-
sis mechanisms, responsible for excess and compensa-
tory retrieval respectively.

The physiological function of excess retrieval remains
elusive to researchers. It might be a restorative mech-
anism that internalizes the membrane overload accu-
mulated by many previous small exocytic events (Neher
& Zucker 1993). However, cell capacitance almost never
remained at the new level achieved after excess retrieval
but instead recovered to near the pre-stimulus level
(Figs 2d.e, and 3; see also Artalejo et al. 1995, Engisch
& Nowycky 1998). In addition, Engisch and Nowycky
found that excess retrieval does not correlate with the
amount of previously accumulated exocytosis (Artalejo
et al. 1995, Engisch & Nowycky 1998). We suggest as
alternative hypothesis that excess retrieval is a mecha-
nism triggered by a strong cytosolic calcium increase
that ‘prelude’ massive exocytosis and possible cata-
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strophic cell swelling (Smith & Betz 1996, Rizzoli & Betz
2005). Under this hypothesis, the facts that endocytosis
is transiently bigger than exocytosis and that asynchro-
nous exocytosis finally compensates the transient mem-
brane reduction could be simply interpreted as
consequences of the balance between the temporal
kinetics of both processes. The initial high Ca®" increase
provoked by the stimulus would surpass the threshold
required for excess retrieval activation, and thereafter,
the residual Ca®>* (Fig. 2¢) after the stimulus would
maintain a moderate exocytic activity, enough to keep
the membrane surface at steady state.

Respect to the endocytic mechanism involved in excess
retrieval, it cannot be a process associated with transient
fusion/fission events, i.e. kiss and run or cavicapture,
because this type of mechanism implies equivalent
amounts of fused and retrieved membrane. In addition,
kiss and run was classically associated with rapid
recovery of releasable vesicles (Fulop et al. 2005), but
we observed that ERMP was related to the formation of
NRF. Possible mechanisms responsible for excess retrie-
val could be either clathrin-dependent endocytosis or
bulk endocytosis. We have shown that NRF was mainly
concentrated in long-lasting 0.6-um endosomes, and it
was specifically labelled by 70-kD dextrans (Fig. 6). In
addition, in a previous work, we demonstrated the NRF
was completely blocked by a phosphatidylinositol-3-
phosphate kinase inhibitor (Perez Bay et al. 2007). These
characteristics suggest that bulk endocytosis would be the
predominant mechanism involved in NRF generation
(Holt et al. 2003, Perez Bay et al. 2007, Clayton et al.
2008). Bulk endocytosis is triggered by strong stimula-
tion, it develops in few seconds (probably activated by the
same Ca®" signal that evokes exocytosis) and involves
the invagination of large areas of plasma membrane and
formation of long-lasting vacuoles ranging from 0.5 to
more than one micron in size (Clayton et al. 2007, 2008,
Wu & Wu 2007). Similarly, excess retrieval is triggered by
strong stimuli provoking significant cytosolic Ca®"
increase (Figs 2 and 5), it develops in few seconds
(Fig. 2d,e; Engisch & Nowycky 1998) and is also asso-
ciated with the formation of non-releasable approx. 0.6-
um endosomes suitable to be labelled by 70-kD dextrans
(Fig. 6¢).

To study the subcellular identity of NRF, we analysed
the colocalization of this membrane pool with antibod-
ies against specific organelle markers. Our results
indicate that NRF colocalize with the lysosomal marker
Lamp1, but not with the Golgi’s marker giantin or the
transferrin receptor pathway. The fact that NRF did not
colocalize with transferrin receptors suggests that NRF
does not fuse with early endosomes after internalization
and is directed to the lysosomes without intercepting
these compartments. A possible pathway by which the
membrane reaches the lysosomes might be the one
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linked to pinocytosis, in which the internalized mem-
brane fuses directly to late endosomes (Holt et al. 2003,
Perret et al. 2005). Indeed, other authors, based on
morphological evidence, have previously suggested that
part of the membrane internalized after strong stimula-
tion fuses to the lysosome compartment (Phillips et al.
1983, Patzak & Winkler 1986). A consequence of this
hypothesis is that under conditions of intense exocytosis,
a fraction of the releasable pool of vesicles will not
recycle directly and will have to be recovered ‘de novo’.

In conclusion, the application of a 15- to 30-s
depolarization triggers a fast endocytic mechanism
responsible for excess retrieval (Fig. 2). Although an
important portion of the internalized membrane recycles
to a newly formed releasable fraction in a period
consistent with the temporal evolution of rapid endocy-
tosis, ERMP is related to the formation of non-
releasable endosomes.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. ERMP was plotted against Exol value.
Each point represents one cell. The graph includes data
from all the experimental series included in Figure 5(c).
Note that no evident correlation was found between the
two variables (R = —-0.1777, n =189). The opened
circles represent the data obtained in our standard
condition (50 mM K plus 2 mm Ca®").

Figure S2. Time course of the spatially-averaged
fluorescence (left) and changes in [Ca®"] expressed as
AF/F (right) in single cells stimulated with 50 mm K™
during 30 s and stained with FM 1-43 or the calcium
indicator Fluo4 AM, respectively. (a) Cells were prein-
cubated with 20 um nitrendipine during 15 min and the
drug was mantained throughout the stimulus. (b) Cells
were preincubated with 100 mm ryanodine during
15 min and the drug was maintained throughout the
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stimulus. (c) Cells were preincubated with 1 um thapsi-
gargin during 45 min, and the drug was maintained
throughout the stimulus. Arrows indicate the last point
before the stimulus.

Figure S3. The bar diagram represents the average
values of Exol, Endo, Exo02 and NRF from cells
(n = 34) in which Exol was induced by application of
a SOmm K during 30 s, but replacing CaCl, with
equimolar BaCl, (2mmMm) in the bath solution.
*P < 0.05.

Figure S4. Images of chromaffin cells fixed at the end
of the protocol described in Materials and Methods,
permeabilized and blocked with normal goat serum.
Immunostainig were performed with 1 : 500 dilutions of
405 alexa-conjugated anti-rabbit and anti-mouse anti-
bodies. No primary antibodies were applied. As
expected, no signal from these antibodies was observed.
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Columns contain images from the same cell with the
signal of FM 1-43 (upper), the antibody (middle) or
both (bottom).

Figure S5. The bar diagram represents the average
values of Exol, Endo, Exo2 and NRF for experiments
(n = 25) in which Exo1 was induced by application of a
200 pm nicotine during 30 s but in presence of 100 nm
bisindolylmaleimide-1 (Bis I).

Please note: Wiley-Blackwell are not responsible for
the content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding
author for the article.
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