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Ca**-stimulated Exocytosis in Single Pituitary Cells
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Abstract. In neuroendocrine cells, cytosolic Ca** trig-
gers exocytosis in tens of milliseconds, yet known
pathways of endocytic membrane retrieval take
minutes. To test for faster retrieval mechanisms, we
have triggered short bursts of exocytosis by flash pho-
tolysis of caged Ca®*, and have tracked subsequent re-
trieval by measuring the plasma membrane capaci-
tance. We find that a limited amount of membrane can
be retrieved with a time constant of 4 s at 21-26°C,

and that this occurs partially via structures larger than
coated vesicles. This novel mechanism may be ar-
rested at a late step. Incomplete retrieval structures
then remain on the cell surface for minutes until the
consequences of a renewed increase in cytosolic [Ca?*]
disconnect them from the cell surface in <1 s. Our
results provide evidence for a rapid, triggered mem-
brane retrieval pathway in excitable cells.

NowN mechanisms of endocytosis are slow (Watts
and Marsh, 1992). While Ca-triggered exocytosis
takes only milliseconds at synapses, and 40 ms in pi-

tuitary cells after Ca?* has bound to its regulatory sites
(Thomas et al., 1993b), retrieval of the exocytosed mem-
brane is thought to take minutes (time constant 4 min at
23°C in chromaffin cells) (von Grafenstein et al., 1986) to
hours (time constant 3 h in mast cells) (Thilo, 1985).
Nonetheless, electrophysiologic measurements (Thomas et
al., 1990, 1993b; Neher and Zucker, 1993; Tse et al., 1993)
and morphologic studies on quickly frozen or fixed speci-
mens (Knoll et al., 1991, 1992) have provided evidence for
faster retrieval mechanisms after stimulated exocytosis. To
explore this question, we have triggered subsecond bursts of
exocytosis by photolytic release of caged Ca** into the
cytosol, and have tracked membrane retrieval by measuring
the electrical capacitance of the plasma membrane. The ca-
pacitance is proportional to the cell surface area, and may
be used as a time-resolved assay (Neher and Marty, 1982)
that can achieve millisecond resolution (Breckenridge and
Almers, 1987z). Here we report a rapid retrieval pathway
that occurs partly via vesicles of near-micron diameter. This
pathway can be arrested at a late step. When the arrest was
relieved by a large and sudden increase in cytosolic [Ca?*],
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internalization was completed within a second. Evidently
neuroendocrine cells can execute rapid, triggered membrane
retrieval.

Materials and Methods

Melanotrophs were isolated from the pars intermedia of rat pituitaries, and
maintained in culture as described (Thomas et al., 1990). Methods for
recording were as described (Thomas et al., 1993 a,b). Briefly, cells were
voltage clamped at —60 mV in the whole-cell configuration (Hamill et al.,
1981) and the capacitance measured with a lock-in amplifier (Neher and
Marty, 1982) using an 800-Hz, 40-mV peak-to-peak sinusoid. Besides
the capacitance (90° out-of-phase component of the electrical admittance),
the in-phase component was also recorded. Ca; was measured either with
the Ca-indicator fura-2 or with furaptra, and was increased by flash photol-
ysis of Ca-DM-nitrophen. DM-nitrophen and Ca-indicator entered the cell
through the patch pipette; the methods of Ca; measurement and flash pho-
tolysis have been described (Thomas et al., 1993b). After establishing con-
tinuity between the pipette and the cytosol, we waited >120 s before at-
tempting flash photolysis of DM-nitrophen. During this time, the entry of
Ca-indicator dyes into the cytosol was monitored; sufficient dye for Ca;
measurement was present already after the first 5-10 s, Less than 20 s before
the flash, the phase of the lock-in amplifier was carefully set so it excluded
resistive admittance changes from the capacitance trace. The tips of the
glass micropipettes were large (resistances 1-2 MR in the extracellular
recording solution) and made high-conductance connections with the cyto-
sol (G, = 0.33 £ 0.15 uS, mean + SD, n = 53). Consequently, changes
in the pipette-cytosol conductance during an experiment were fractionally
small and had negligible effect on the optimal phase setting. In the dataset
of Figs. 3-5, G; = 0.48 + 003 .S at the beginning of the experiments, and
had changed to 0.95 + 0.11 times that value at the ends (+:SD, n = 14).
Before stimulation, melanotrophs had an average membrane capacitance of
5.2 pF representing a 520 um? surface area.

For step changes in Ca;, the flash struck both the cell and the pipette,
causing photolysis in both. For transient Ca; changes, the flash illuminated
only the cell. The external solution contained 125 mM NaCl, 20 mM tetra-
ethylammonium (TEA)-CI!, 10 mM Na-Hepes, 5.5 mM glucose, 3 mM

1. Abbreviation used in this paper: TEA, tetraethylammonium.
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KCl, 2 mM CaCl; and 1 uM tetrodotoxin, pH 7.4. The solutions supplied
to the cytosol through the glass micropipette are given in the figure legends.
Experiments were carried out at room temperature (21-26°C); measure-
ments are given t standard error.

Some cells were voltage clamped with the perforated patch method
(Horn and Marty, 1988). Glass micropipettes sealed against the plasma
membrane contained nystatin, an ionophore that perforates the membrane
patch beneath the pipette tip with ion channels. These channels pass alkali
metal ions but no larger ions nor proteins, and hence connect the cytosol
and pipette electrically (27 + 9 nS SD, n = 13) without allowing their con-
tents to mix. Nystatin (50 mg/ml) was prepared in dimethylsulfoxide and
then added to the solution in the pipette to 150 ug/ml. After 15-30 min,
the conductance of the connection had risen to 20 nS, and continued to rise
thereafter. Cr, measurements were done with a 320-Hz sinusoid. The ex-
ternal solution contained 115 mM NaCl, 20 mM TEA-Cl, 2 mM KCl,
10 mM Na-Hepes, 10 mM CaCly, 2 mM MgCl,, 56 mM glucose, and
1 uM tetrodotoxin.

Results

Rapid Endocytosis in Melanotrophs

To explore the time course of membrane retrieval in single
melanotrophs, we rapidly deposited new membrane on the
cell surface by exocytosis, and then tracked the decline in
cell surface area that followed. In Fig. 1 a, flash photolysis
of Ca-DM-nitrophen, a photolabile Ca chelator, caused a
step increase of cytosolic [Ca**], Ca;. Changes in cell sur-
face area due to exo- and endocytosis were monitored by
measuring the plasma membrane capacitance, C,. Most
cells responded like cell 1 (see Thomas et al., 1993b). At
first, C,, increased rapidly as 0.5-1% of the cell’s vesicles
were released in an exocytic burst (arrow); next followed a
slower phase of exocytosis probably due to vesicles that had
not yet attained full exocytic competence. In cells 2 and 3,
however, C., rapidly declined following the exocytic burst
and then continued to rise again, We attribute the decline in
C. to a temporary loss in cell surface area and conclude
that the exocytic burst in these cells was followed by an epi-
sode of rapid membrane retrieval. Cell 3 retrieved much
more membrane than the exocytic burst had added (excess
retrieval), and internalized 25% of its surface in 1 s.

Although the responses of cells 2 and 3 were rare (9 of 74),
rapid retrieval probably occurs regularly and fails to appear
in Fig. 1 a (cell 1) only because it is masked by a large exo-
cytic response. When Ca; was allowed to fall again before
the slower phase of exocytosis could fully develop, rapid re-
trieval was seen in half the cases (Fig. 1 b). Out of 38 cells,
14 showed excess endocytosis like cell 1, and 7 responded
like cell 2 where C,, rose and declined to baseline. In 17
cells C,, did not decline completely, staying either constant
(6 cells) or increasing in a pronounced slow phase of exocy-
tosis (e.g., cell 3). Probably Ca; in these cells stayed high
long enough to allow some exocytosis to continue after the
exocytic burst.

When the slow phase of exocytosis was inhibited by acid-
ifying the cytosol, a rise in Ca; triggered only a small but
rapid exocytic burst (Thomas et al., 1993b), and 19 out of
21 cells responded like cells 1 or 2 in Fig. 1 b. The change
in cytosolic pH had little or no effect on the time course of
membrane retrieval. In Fig. 2 a, 17 responses at pH 7.2 as
in Fig. 1 b (cells 1 and 2) were averaged, and compared to
the average of responses at pH 6.2 selected by the same cri-
teria (see legend). Where endocytosis is not overshadowed
by exocytosis, it apparently occurs similarly at both pHs.
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Figure 1. Surface area changes (Cy) in response to step (a) and
transient changes (b) in Ca;. The Ca; trace in a was recorded from
cell 3, that in b from cell 2. In q, the pipette contained 100 mM
Cs-glutamate, 16 mM TEA-Cl, 10 mM Na,DM-nitrophen, 8.5
mM CaCl,, 2 mM NaATP, 0.1 mM furaptra, and 8 mM Cs-Hepes
(pH 7.2); in b the pipette solution contained less Cs-glutamate (76
mM) and more Cs-Hepes buffer (50 mM).

Large Vesicles Contribute to the Rapid Retrieval

In cells with large secretory vesicles, exocytosis is seen to
increase Cy, in steps, each representing a single vesicle (Ne-
her and Marty, 1982; Fernandez et al., 1984; Breckenridge
and Almers, 1987a). This encouraged us to ask whether sin-
gle membrane retrieval events can be similarly resolved (Fig.
2 ¢). In some cells the decline in C, was gradual (Fig. 2 ¢,
cell 1) but in others, it occurred in steps that were superim-
posed on a more gradual decline (Fig. 2 ¢, cells 2 and 3).
To see whether the frequency of steps was correlated with
the rate of membrane retrieval, we counted all steps greater
than 20 fF, the smallest amplitude that is reliably detected
under our conditions. With a specific membrane capacitance
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Figure 2. Stepwise membrane retrieval. (a) Averages of 17 record-
ings at cytosolic pH 7.2 and 18 recordings at pH 6.2. The trace at
pH 7.2 is shorter because a second flash was generally given 5 s
after the first. Dashed line at pH 6.2 shows the average C,, mea-
sured 16 s after the flash. Recordings were included if they satisfied
all of the following: (@) C declined to within 20 fF of the baseline
or beyond; (¥) dC./dt remained negative throughout after C, had
reached its initial peak; and (c) second flashes were given no less
than 5 s after the first. Of the 38 recordings at pH 7.2, 19 met
criteria a and b, and 22 met criterion a. Of 21 recordings at pH
6.2, 19 met criteria a-c. Failure to meet a and b is attributed to
contamination with a slower component of exocytosis (Fig. 1 a).
Composition of solutions: pH 7.2, 76 mM Cs-glutamate, 16 mM
TEA-CI, 2 mM Na,ATP, 50 mM Cs-Hepes buffer, 10 mM DM-
nitrophen, 8.5 mM CaCl;, 0.1 mM fura or furaptra; pH 6.2, as
above but 7.5 mM CaCl,, 50 mM Cs-MES buffer, and no ATP. (b)
Frequency of downward steps of >20 fF in the recordings averaged
in a. As results at pH 7.2 and 6.2 differed little, the two data sets
were combined. 26 downward steps were counted in the first inter-
val (first 1 s following peak Cy,), 7 in the second (1-6 s after flash)
and 1 in the third (6-16 s after flash; pH 6.2 only); the error bars
shown were derived from the standard error, SE, of n, the number
of steps abserved in each bin (SE = n/[n]"?). No downward steps
occurred during the 10-s intervals preceding the flash in any of the
37 cells included. (c) Initial portions of individual traces at pH 6.2
showing examples of downward steps (vertical lines); each trace
from a different cell as indicated by number. The largest steps coin-
cided with brief and transient increases in the in-phase admittance
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Figure 3. Exocytosis and retrieval after six repeated flashes. When
the pipette connected with the cytosol at ¢+ = 0, Ca; transiently
rose to 3 uM as Mg** displaced Ca** from the DM-nitrophen
diffusing into the cell (Neher and Zucker, 1993; Thomas et al.,
1993b). Cr, was not recorded during the first 20 s of this experi-
ment. Later, six flashes were given; Ca; is off the scale during the
first 10-20 s after each flash. Pipette solution as in Fig. 2, pH 6.2;
Ca-indicator dye was 0.1 mM fura-2. In five cells, 0.1 mM furaptra
was used instead of fura-2; flashes of the strength used here raised
Ca; to between 60 and 210 uM.

of 10 fF/um?, 20 fF represents a surface area of 2 um?,
enough to surround a 0.8-um diam vesicle. Fig. 2 & plots the
frequency of steps against time for the cells analyzed in Fig.
2 a. Steps were clearly most frequent while C,, declined the
fastest, i.e., during the first 1 s after an exocytic burst. How-
ever, steps also occurred later. If referred to the surface area
retrieved, the difference between the first 1 s (3.7 + 07
steps/pF) and next S s (2.3 1 0.9 steps/pF) is no more than
twofold. Evidently retrieval occurs at least partly via struc-
tures much larger than clathrin-coated vesicles (100-nm
diam, expected capacitance 0.3 fF).

Nonetheless, most of the decline in C, was not clearly

stepwise. Even when steps could be resolved (Fig. 2 ¢), the.

smailest steps were the most frequent (Fig. 2 d). Evidently
retrieval structures varied widely in size, and only the very
largest were resolved as steps.

Excess Retrieval

At pH 6.2, repeated flash-induced Ca; transients to 20 uM
and beyond (Fig. 3) readily elicited repeated cycles of exocy-
tosis and retrieval. Retrieval and exocytic insertion of mem-
brane were closely matched, except that the first flash was
nearly always foliowed by excess retrieval (16 out of 19 cells).
The excess, and that it occurred only after the first flash, in-
dicate that the cell surface had accumulated membrane
marked for rapid internalization. In Fig. 3, C. remained
constant for >6 mir before the first flash. Evidently mem-

(not shown, see Materials and Methods); these probably reflect the
constriction and closing of the aqueous channel connecting the vesi-
cle with the extracelluiar space (Rosenboom and Lindau, 1994).
(d) Histogram of step sizes larger than 20 fF; the frequency of
smaller steps is unknown, but expected to be large since most of
the capacitance decline occurs in steps that are too small to resolve.
Combined data at pH 7.2 and 6.2.
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brane so marked remained on the cell surface for minutes un-
til a flash triggered its retrieval.

Probably, the excess membrane retrieved after the first
flash had been added during an earlier episode of exocytosis.
Such exocytosis occurs when Ca-DM-nitrophen first enters
the cell through a patch pipette. The Mg?* in the cell then
displaces Ca?* from the chelator, and the ensuing transient
rise in Ca; (to ~3 pM at the beginning of Fig. 3) results in
slow exocytosis lasting tens of seconds (Neher and Zucker,
1993; see also Fig. 7). We measured C, <20 s after estab-
lishing continuity between cytosol and pipette, and once
more after 90-120 s, just before flash photolysis of DM-
nitrophen. During this time C,, grew by 258 + 83 fF (56%
of the cell surface, n = 16) under the conditions of Fig. 3.
Excess retrieval in that group of cells was 205 + 40 {F (50%
of the cell surface) and tended to be largest in cells that had
added the most membrane before the flash (correlation
coefficient 0.43; P < 0.01). However, the correlation was not
tight; one cell, for example, added >100 fF before the flash
but performed no excess retrieval.

Rapid and Siower Phases of Retrieval
How fast is excess retrieval? Fig. 4 compares responses to
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Figure 4. Two kinetic components of rapid retrieval. (a) Responses
to the first two flashes. Continuous lines are the sum of a sloping
baseline (fitted from 16 to 22-24 s after the flash) and a declining
exponential (fitted from 1.6 to 8-10 s). (b) Rate constants of ex-
ponentials were fitted as in a (filled circles) and initial rate constants
(triangles) were calculated as the steepest downward slope of the
Ch, trace divided by the amplitude of the decline; care was taken
to include only sections of traces containing no steps (see Fig. 2
¢). For each cell, the rate constant of the exponential fitted to the
second flash response was taken as a reference, and all other rate
constants were normalized to it. Its mean value (0.27 + 003/s, n
= 12) defines the ordinate. (c) Fast component after the first flash,
calculated as indicated by subtracting either the fitted exponential
or the response to the second flash multiplied by the ratio of the
two Cy, peaks (first/second). In the upper trace the initial rise in
C,, reflects the exocytic burst; the pre-flash baseline was drawn at
the level of the C, peak. In the lower trace the initial Cy, increase
results from C, rising faster after the first flash than after the sec-
ond; the arrow marks the peak of the second flash response. Condi-
tions same as in Fig. 3.
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first and later flashes. Rate constants were measured in two
ways. First, the final portions of the traces were fitted with
declining exponentials, shown superimposed onto the traces
as continuous lines (Fig. 4 a). Their time constants are plot-
ted as reciprocals in Fig. 4 b (filled circles) and were constant
from flash to flash. Next, initial rate constants (Fig. 4 b, open
triangles) were calculated by fitting straight lines to the early
portion of capacitance decline (not shown) and dividing
them by the amplitude of the decline. Both measurements
agreed except after the first flash, where the initial rate con-
stant was higher. While a slower component of membrane
retrieval (time constant 3.8 s) is evidently seen after each
flash, there is an additional, much faster component after the
first. The initial rate constant after the first flash does not
fully reflect the speed of the underlying process, partly be-
cause it is the average from a data set that also includes cells
without a fast phase. For a more accurate evaluation, the fast
phase was separated out in Fig. 4 ¢, either by subtracting the
exponential (upper trace) or by subtraction of the response
to the second flash, scaled up in proportion to the amplitudes
of the exocytic bursts (lower trace). Both methods gave simi-
lar results. In 11 cells where the fast phase had an amplitude
>70 fF, the time constant was 350 + 61 ms (subtracted ex-
ponential; Ca; 60-210 uM).

The slower component probably retrieves the membrane
added by the most recent exocytic episode, i.e., by the exo-
cytic burst. After second and subsequent flashes, it is the
only component seen, and its amplitude equals that of the
preceding exocytic burst (ratio of endo- over exocytosis 1.03
+ 0.10; n = 11). Also after the first flash, slow component
and exocytic burst had similar amplitudes (ratio 1.20 + 0.09;
n = 16). The slow component is less likely to show resolv-
able steps; in none of eight experiments did we observe steps
(>20 fF amplitude) after the second flash.

In contrast, the fast phase reflects mostly excess retrieval.
Like excess retrieval, it is seen only after the first flash. Cells
showing no excess retrieval after the first flash also had no
fast phase (Fig. 5 a). The amplitudes of both were linearly
correlated (Fig. 5 b; correlation coefficient 0.90; P < 0.001);
the regression line had a slope close to unity (0.81 + 007

o
o

600 r

8
S

g

fast componertt (fF}

..
0 e " i
o] 200 400 600
Yy Excess retrgval (fF}

Figure 5. Correlation between excess endoctyosis and the fastest
phase of retrieval. (@) First-flash recordings from three cells illus-
trating the range of responses seen. (b) Amplitude of the endocytic
burst is the difference between peak C,, and the fitted exponential.
Excess retrieval is the difference between C, measured before and
3 7 after the flash, where 7 is the time constant of the fitted exponen-
tial (mean 3.8 + 0.4 s for first flashes, n = 18). Conditions same
as in Fig. 3.
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fF/fF). Probably the fast phase retrieves membrane that was
left stranded on the cell surface after past exocytic episodes.

In summary, we have observed endocytosis showing two
kinetic components. Even the slower of the two is much
faster than the clathrin-mediated endocytosis so extensively
studied in other cells. Since clathrin-mediated endocytosis
probably occurs as an additional mechanism also in melano-
trophs, the two kinetic components described here are col-
lectively called rapid retrieval.

Excess Retrieval Starts with a Delay

It seemed possible that excess retrieval starts as soon as
Ca?* appears in the cytoplasm. To test this idea, exo- and
endocytosis were considered separately in model calcula-
tions. Fig. 6 a simulates exocytosis, E, as the increase in cell
surface caused by a typical exocytic burst,

E = B[l — exp(—at)) 0y

where B is the total membrane added during the burst, a the
rate constant of the burst and z the time after the flash. Fig.
6 b simulates the decrease in cell surface caused by retrieval.
Retrieval, R, is assumed to occur initially linearly, R = —rt,
and is plotted for two different rates, r (solid and dotted
lines). Fig. 6 ¢ shows the net change in surface area, AC:

a e d
S s
1l f -
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: £ 200t
- *
b S § e ®
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g - S100fq_ 2
(o] = \
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e — a0 rate of Cp,, decline (fF/s)
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Figure 6. Effect of retrieval rate on the peak capacitance reached
during the exocytic burst. (a—c) Model calculations considering
exo- and endocytosis in isolation. (a) Cn change during an exo-
cytic burst in the absence of retrieval; the curve is Eq. 1 witha =
25/s. (b) Retrieval is assumed to occur linearly and at two different
rates. (¢) Net changes in cell surface area, calculated as in Eq. 2
by adding the curve in a to each of the curves in b. (d) Calculated
and observed relationships between the peak Cy, increase, By, and
the rate, r, of the C,, decline. Calculations by Eq. 3 with B = 105
+ 9 fF (n = 5), a value based on cells where r/a < 2 and where,
therefore, B, underestimates B by < 10 fF when B < 150 fF. As-
sumed rate constants were a = 27/s (solid line) or 8.7/s (dashed
line). (@) Data from 17 cells as in Figs. 3-5 at saturating Ca;; (&)
data from 7 cells under conditions similar to Figs. 3-5 except that
the flash caused a smaller but permanent rise in Ca; (18 to 28
uM). For each cell, the rate of C decline was obtained as in Fig.
4 b by measuring the steepest downward slope of the C,, trace.
The rate constant of the exocytic burst was measured as the initial
rate of C,, increase divided by the the peak amplitude. Peak ampli-
tudes and rates of Cy, decline were each divided by the initial ca-
pacitance, and then multiplied by the average initial capacitance of
the two data sets. This allows for a tendency for larger cells having
larger burst amplitudes and, possibly, faster rates of Cn decline.
Throughout, responses were included only if C,, declined to within
20 fF of the baseline or beyond.

Thomas et al. Triggered Endocytosis in Pituitary Cells

AC=B[l — exp(—at)] — rt 2)

Clearly, the peak reached during the exocytic burst, B,, is
smaller when the rate of retrieval is larger. The relationship
between the two variables B, and r can be derived from

Eq. 2:

B,=8-I[i +1n($)] @)

In Eq. 3, B, depends on the relative magnitudes of the rate
r and the rate constant a.

Experiments as in Figs. 3-5 were analyzed to test this
prediction, and Fig. 6 d plots the peak amplitude of the rise
in C, against the maximal rate at which C, subsequently
declined. While the rate of decline varied from cell to cell
over a more than 50-fold range, the peak amplitude varied
much less. Two data sets are compared with our model’s
predictions. In the first (filled circles), strong flashes raised
Ca; to 130 uM (range 60-210 xM) and stimulated exocytic
bursts with an average rate constant of 27 + 2/s (n = 17, see
legend), the maximum reached at saturating Ca; (Thomas
et al., 1993b). For this rate constant, the model predicts the
continuous line in Fig. 6 d. In the other data set, weaker
flashes caused smaller rises in Ca; (to 20 xM, range 18 and
28 pM) and triggered slower exocytic bursts (rate constant
87 + 1.4, n = 7). The model predicts the dashed line.

The data are inconsistent with the model in two ways.
First, peak amplitudes were no larger for the faster (133 +
8 fF, n = 17) than the slower exocytic bursts (155 + 21 fF,
n = 7); this is contrary to Eq. 3. When peak amplitudes of
exocytic bursts were plotted against their rate constants (not
shown), the regression line had a slope of —1.3 + 0.7 fF s
with no correlation between the two variables (correlation
coefficient » = 0.12, n = 26, P > 0.95). Second and more
strikingly, in neither data set did peak amplitude diminish
with increasing retrieval rate. This is seen also in Fig. 5 g,
where the cell with the slowest retrieval (cell 1) had a re-
sponse no larger than two cells with much faster retrieval
(cells 2 and 3). Instead there was a tendency for retrieval to
be fastest after the largest exocytic bursts, as if the two events
were co-regulated, or as if a substance required for rapid re-
trieval were released in proportion to the exocytic burst.
Model and data might yet be reconciled if cells with faster
retrieval also had exocytic bursts with proportionately faster
rate constants. However the two variables were uncorrelated
(r2 = 005, P > 095, n = 25). Clearly, retrieval does not
diminish the peak capacitance reached during the exocytic
burst. Evidently no significant retrieval occurs during the
burst, hence retrieval must start with a delay lasting about
as long as the burst.

Only a Limited Amount of Membrane
Is Retrieved Rapidly

In Fig. 3, membrane retrieval was complete even after
repeated flashes. This is because at cytosolic pH = 6.2 rela-
tively little exocytosis takes place; even after six repeated
flashes, cumulative exocytosis is only 384 + 16 fF (n = 9).
At pH = 7.2, in contrast, a step rise in Ca; elicits an exo-
cytic burst followed by a slower but larger exocytic phase of
~] pF amplitude (Fig. 1 a, cell 1) (Thomas et al., 1993b),
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Figure 7. Massive exocytosis exhausts the rapid retrieval mecha-
nism. (@) Same as in Fig. 3 but with cytosolic pH = 7.2 (pipette
solution as in Fig. 1 a). Ca; was measured with 0.1 mM fura-2,
and was therefore off the scale for the first few seconds after each
flash. In this cell, the first flash caused massive exocytosis, possibly
because Ca; did not fall rapidly enough to prevent a large, slower
phase of exocytosis (compare Fig. 1 b, cell 3) described elsewhere
(Thomas et al., 1993b). (b) Response to 9 rapidly repeating fiashes
in another cell, where the first flashes caused only moderate rises
in Ca;. Ca; measured with 0.1 mM furaptra, a Ca** indicator of
lower affinity. Pipette solution same as in Fig. 1 b. Note slow C,
increase before the flash; membrane exocytosed during that time
may contribute to excess retrieval. Throughout, the Ca; trace
starts when the pipette first connects to the cytosol.

and this slower phase of exocytosis is sometimes seen also
during a transient rise in Ca; (Fig. 1 b, cell 3). Once Ca;
had fallen and exocytosis had stopped in such cases (Fig. 7
a), endocytosis at a speed comparable to the slower compo-
nent in Figs. 3-5 was seen, but only about half the added
membrane was retrieved at that speed. The remainder was
retrieved in an ultraslow phase that continued when the sec-
ond and subsequent flashes brought additional exocytosis. In
three cells the first flash raised C, by more than 1 pF
(C17% of the cell surface); these cells retrieved only ~0.5
pF (7.3 £ 2.0% of cell surface} within 10 s after C, had
reached a peak. Evidently the rapid retrieval mechanisms
studied here have a limited capacity.

In Fig. 7 b, the flashes repeated so rapidly that Ca; could
not decline completely during the intervals, and instead
summed from flash to flash. After the first two flashes, Ca;
fell sufficiently before the slower phase of exocytosis could
occur, and retrieval was seen to occur at a rate similar to that
of the slower component in Figs. 3-5. After later flashes,
however, any such retrieval was masked by exocytosis, Ulti-
mately, it was abolished altogether, because when Ca; was
allowed to decline to levels too low to support exocytosis,
C,, declined at a rate that was barely measurable (8.5 + 2.9
fF/s, n = 24). At that rate, the 1.3 + 0.1 pF (n = 36) added
in such experiments would be retrieved with a rate constant
of 0.7 %/s, or a time constant of 150 s. This is similar to the
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much slower endocytosis measured with extracellular marker
in chromaffin cells (time constant 222 s at 23°C) (von Graf-
enstein et al., 1986). When Ca; rose again after a final
flash, it neither caused exocytosis nor did it hasten mem-
brane retrieval. Under our conditions of a Mg?*-free cyto-
sol, strong stimulation evidently exhausts a cell’s capacity for
both exocytosis and rapid retrieval, but retrieval is exhausted
first. The effect cannot reflect the escape of a soluble cyto-
solic mediator into the pipette (washout). While vigorous re-
trieval still occurred 430 s after pipette and cytosol became
continuous (Fig. 3), stimulation caused exhaustion within
only 50 s in Fig. 7 a.

Rapid Retrieval in Intact Cells

To study retrieval under more physiologic conditions, we
recorded from cells through perforated patches that create an
electrical connection between micropipette and cytosol
without allowing their contents to mix. Since DM-nitrophen
cannot pass through the perforated patch, Ca; was raised by
making the plasma membrane voltage positive and opening
voltage-gated Ca channels. Cells were kept at 30-32°C to in-
crease Ca influx and exocytosis (Thomas et al., 1990).

In Fig. 8, three voltage pulses were applied to the plasma
membrane to open Ca channels and raise Ca;. Three times
C., rose and declined. In half the cases (7 of 13 cells) C,
declined to the baseline, occasionally even beyond it. The
time constant of decline (4.6 + 0.9 s, n = 15) was similar
to that of the exponentials fitted in flash photolysis experi-
ments Figs. 4 a and 5 a (21-26°C), though, given the higher
temperature, it must be considered to be somewhat slower.
In the other six cells, the decline of C,, was incomplete; if
these cells are included, membrane retrieval was 90% com-
plete in 20-30 s (35 trials on 13 cells). We conclude that the
retrieval mechanism operating after flash photolysis also op-
erates under more physiologic conditions.

Em

—~——T———~Al —————— [ —————— +20 mv
-60 mV

Figure 8. Membrane retrieval in intact cells. Three 200-ms long
voltage pulses transiently stepped the plasma membrane potential
from —60 mV to 20 mV; each opened voltage-gated Ca channels,
transiently raised Ca;, and caused episodes of exo- and endocyto-
sis. Ca; is unknown because the cytosol contained no Ca-indica-
tor. Since no tetraethylammonium* was present internally, Ca-
activated K channels caused large conductance increases; the C,
trace was blanked out while the conductance declined to 100-
200 nS but is considered reliable thereafter. For analysis, a straight
line was fitted to the 10-s segment preceding each voltage pulse
(dashed) and taken as a baseline for the later rise and fall of Cy,.
For each cell, we analyzed the first three trials that resulted in a
C,, change greater than 50 fF. The pipette contained 135 mM Cs-
giutamate, 20 mM TEA-glutamate, 5 mM MgCl:, 2 mM Na,ATP,
0.4 mM Li,GTP, 150 pug/ml nystatin, and 10 mM Cs-Hepes, pH
7.3. The cytosol is expected to gain Cs* and lose Na* and K*, but
other changes are expected to be minimal. Temperature 30-32°C.
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Discussion

When cytosolic [Ca?*] rises above 20 uM, it triggers in
neuroendocrine (Neher and Zucker, 1993; Thomas et al.,
1993a,b) and mast cells (Kirillova et al., 1993) an exocytic
burst that runs its course in a fraction of a second. Here we
provide evidence for a retrieval mechanism that can re-
internalize nearly all the exocytosed membrane within 10 s.
The mechanism has limited capacity (generally <1 pF or
<20% of the cell surface area), and is exhausted by massive
exocytosis. It is prominent in melanotrophs under physio-
logic conditions where exocytosis is rarely exhaustive; its
probable action may be recognized also in recordings from
chromaffin cells stimulated by plasma membrane depolar-
ization (Neher and Marty, 1982) and from gonadotrophs se-
creting rhythmically in response to gonadotropin-releasing
hormone (Tse et al., 1993).

Though uncharacterized morphologically, the structures
used by this mechanism are unlikely to be clathrin-coated
vesicles. First, retrieval continues vigorously under condi-
tions that block clathrin-mediated endocytosis in other cells,
namely lack of cytosolic K* (Larkin et al., 1985) and low
cytosolic pH (Davoust et al., 1987; Sandvig et al., 1987,
Heuser, 1989). Second, some of the rapid retrieval occurs
in steps indicating retrieval structures of >0.8-um diam,
much larger than the 100-nm diam clathrin-coated vesicles.
Lastly, even the slower of the two kinetic components re-
trieves membrane with a time constant of ~4 s (21-26°C);
much faster than any measurement of clathrin-mediated en-
docyosis that we are aware of. The fastest probably clathrin-
mediated endocytosis occurs at neuronal synapses with a
time constant (r) of tens of seconds (Miller and Heuser,
1984). BHK cells internalize bound Semliki forest virus via
coated pits; 60% of the bound virus is internalized in 30 min
at 37°C, corresponding to 7 = 33 min (Marsh and Helenius,
1980). In chromaffin cells, coated vesicles retrieve exocy-
tosed membrane with 7 = 15 min at 37°C (Patzak et al.,
1987); if measured with extracellular markers, retrieval hap-
pens with 7 = 4 min at 23°C (von Grafenstein et al., 1986),
possibly via coated vesicles. The retrieval observed here is
faster also in absolute terms. BHK cells internalize 1-2%/s
of their surface area at 37°C (Marsh and Helenius, 1980).
After an exocytic burst in melanotrophs, the faster of the two
components retrieves membrane at an average initial rate of
600 fF/s or 12% surface area per second.

In a variety of cells there is evidence for retrieval mecha-
nisms other than, and operating in parallel with, clathrin-
mediated endocytosis (reviewed by van Deurs et al., 1989;
Watts and Marsh, 1992). In motor nerve terminals, so-called
vacuoles appear within the first few seconds after stimulation
and differ from coated vesicles by their content of intramem-
brane particles (Miller and Heuser, 1983). So-called vacu-
oles also form in neuroendocrine cells, where they are as
large as (and occasionally larger than) dense core secretory
vesicles, and readily fill with extracellular marker (chro-
maffin cells; Baker and Knight, 1981; posterior pituitary
nerve endings, Nordmann and Artault, 1992; melanotrophs,
Bick et al., 1993). In single posterior pituitary nerve termi-
nals, such vacuoles were observed to form at a rate of
0.4-0.7/s during the first 0.5 s after a stimulus, and at only
0.03-0.13/s during the next 5 s (Knoll et al. 1992). If the rate
of vacuole formation in this work was proportional to the
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amount of membrane awaiting retrieval, then this retrieval
proceeded with a time constant of 1-1.5 s (37°C). We suggest
that the retrieval seen here occurs similarly, that the vacuoles
retrieved vary in size and that the very largest were detected
as steps. The steps indicate structures (>0.8-pm diam) larger
than the largest secretory vesicles (0.3-um diam in rat
melanotrophs) (Béck, 1992).

Excess Retrieval Is a Triggered Event

When exocytosis was caused by the smaller Ca; increases
(1-5 uM) occurring when the Ca-DM-nitrophen entered the
cell (loading transients), C,, rose slowly but did not decline
(e.g., Fig. 7). Evidently, the retrieval mechanism studied
here caused no, or incomplete, retrieval in this case. How-
ever, when a later and larger rise in Ca; triggered an exo-
cytic burst, retrieval was vigorous, had two kinetic compo-
nents, and exceeded the membrane deposited by the exocytic
burst. In all likelihood, the excess retrieval removes mem-
brane that had been added during the loading transient. (@)
Once triggered by a first flash, excess retrieval failed to ap-
pear again after subsequent flashes; (b) the excess was simi-
lar in magnitude to the exocytosis recorded before the first
flash; and (¢) it tended to be largest in cells that had added
the most membrane before the flash. Excess retrieval after
flash photolysis of DM-nitrophen was seen also in chro-
maffin cells (Neher and Zucker, 1993); there, too, exocytosis
had occurred previously and the added membrane had es-
caped endocytosis. We suggest that the fastest retrieval com-
ponent seen here internalized membrane that had accumu-
lated on the cell surface during previous exocytic episodes.
This retrieval may be termed triggered in that it is temporally
correlated with the flash and not with the event that had
added the membrane originally.

The added membrane and its resident proteins are insuffi-
cient as a trigger, because otherwise no such membrane
could accumulate. The trigger could be an agent liberated
during the exocytic burst; this could explain why excess re-
trieval starts with a delay. Alternatively, it could be the high
Ca; triggering the burst. At the motor nerve terminal, endo-
cytosis requires Ca?* since exocytosis stimulated by o-latro-
toxin causes depletion of vesicles when Ca?* is lacking
(Cecarelli and Hurlbut, 1980). In rat mast cells where a rise
in Ca; alone fails to trigger exocytosis, micromolar Ca*
was shown to stimulate retrieval independently of exocytosis
(Almers and Neher, 1987). In previous work on melano-
trophs, however, retrieval was not clearly Ca; sensitive in
the micromolar range (Thomas et al., 1990). Regulation of
endocytosis was observed also in A431 cells where epider-
mal growth factor stimulates macropinocytosis via large
vacuoles (Haigler et al., 1979; West et al., 1989).

Excess retrieval is clearly related to the fastest of the two
kinetic components seen here, and is the fastest membrane
internalization event that we are aware of (r = 350 ms at
21-26°C). Its speed suggests to us that preparations for this
event had started well before the flash, but had become ar-
rested at a late step. An example for genetic arrest at a late
step of membrane retrieval is the shibire mutant of Drosoph-
ila, where clathrin-coated vesicles form but fail to pinch off
the plasma membrane (Kosaka and Ikeda, 1983). This phe-
notype results from a defect in the protein dynamin (Chen
et al., 1991; Van der Blick and Meyerowitz, 1991).
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Figure 9. Proposed origin of the two kinetic components of rapid
retrieval. Exocytosis leads to retrieval vesicles (R;) that are similar
in size to secretory vesicles, possibly because they are the empty
secretory vesicles. It is proposed to take 3.45 s to prime or generate
the machinery (black dots) for pinching off the vesicle from the
plasma membrane. At this point (R;), retrieval may be arrested for
minutes. During that time, some of the vesicles may coalesce into
larger structures that cause downward capacitance steps. Comple-
tion of retrieval is initiated by an unknown mediator (possibly
[Ca?*] >20 uM) that takes effect after a short delay (~100 ms, not
shown) and causes the fastest phase of retrieval (time constant 0.35
ms). The membrane deposited during an exocytic burst is retrieved
without arrest and with a time constant of 3.45 + 0.35 = 38 s.

Assuming that the two kinetic phases of rapid retrieval rep-
resent the same pathway, we suggest that they represent late
and early steps. In Fig. 9, Ca-induced exocytosis and mem-
brane retrieval are shown schematically. R; and R; repre-
sent different stations along the retrieval pathway, and I is the
internalized vesicle after it has disconnected from the cell
surface. We propose that the reactions R,-R, are normally
rate limiting after an exocytic burst, so that retrieval occurs
with an overall time constant of 3.45 + 0.35 = 3.8 s. Under
some conditions, however, retrieval is arrested at R;, possi-
bly because a substance needed for a final retrieval step is
lacking. We suggest that this is the case after the loading
transient at the start of an experiment has caused slow exocy-
tosis. Retrieval structures then accumulate, and some may
coalesce to form large vesicles that cause stepwise capaci-
tance changes. When the trigger appears during the exocytic
burst, the retrieval vesicles disconnect from the plasma
membrane in 0.35 s. Because excess endocytosis starts after
a delay about as long as the exoctyic burst (~100 ms), we
must assume either that trigger does not appear instantly af-
ter a rise in Ca;, or that a sequence of reactions is required
before accumulated vesicles disconnect from the cell surface.

Speed Enhances the Selectivity of Retrieval

The exposure of vesicle antigens on the cell surface of
chromaffin cells for up to 45 min (e.g., Patzak et al., 1987)
shows that some vesicles completely flatten out into the
plasma membrane after exocytosis, and that their membrane
is retrieved only slowly. Nonetheless, it seems possible that
many (and, under our conditions most) secretory vesicles
fuse and release their contents without flattening out into the
plasma membrane. Instead they may remain connected by an
aqueous channel that is closed again a few seconds after exo-
cytosis (Fig. 9). This was suggested for synaptic vesicles at
the vertebrate motor nerve terminal (Meldolesi and Cec-
carelli, 1981), and applies also to Paramecium, where the
exocytic opening of the trichocyst cavity closes <0.35 s after
exocytic expulsion of the trichocyst (Knoll et al., 1991). It
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is tempting to suggest that a similar mechanism operates in
neuroendocrine cells: (a) retrieval is fast; (b) except for the
excess after a first flash, retrieval is closely matched to exo-
cytosis; and (¢) retrieval vesicles of the same size as secre-
tory vesicles are seen morphologically. Furthermore, in
mast cells where exocytosis of single secretory vesicles can
be observed as stepwise increases in C,, secretory vesicles
open reversibly to the extracellular space (Fernandez et al.,
1984; Spruce et al., 1990) and close before having released
all their contents (Breckenridge and Almers, 1987b; Alvarez
de Toledo et al., 1993).

Such a mechanism would need no molecular recognition
to selectively retrieve exocytosed membrane proteins. As-
sume a 210-nm vesicle connected through exocytosis to the
plasma membrane of a 15-pm diam neuroendocrine cell by
a 42-nm diam neck (see Schmidt et al., 1983) that is
infinitesimally short. Except for a scaling factor, this geome-
try corresponds to one solved by Rubin and Chen (1990;
their Fig. 2 b) in the context of membrane mixing after the
fusion of a viral envelope with the cell membrane. For pro-
teins moving in the plane of the membrane with a typical
diffusion coefficient of 0.01-0.001 um?/s (Jacobson et al.,
1987), Rubin and Chen’s model predicts equilibration with
time constants of 40-400 s, 10-100 times longer than the av-
erage time such a vesicle stays connected to the cell surface.
For proteins, this retrieval mechanism would be selective
simply because the bilayers of vesicle and plasma membrane
do not remain connected long enough for their proteins to
mix extensively. By contrast, lipids diffusing at a typical 1
pm?/s would equilibrate completely (time constant 0.4 s).
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