
Molecular Biology of the Cell
Vol. 10, 2619–2630, August 1999

Secretagogue-triggered Transfer of Membrane Proteins
from Neuroendocrine Secretory Granules to Synaptic-
like Microvesicles
Jane E. Strasser,* Monica Arribas, Anastasia D. Blagoveshchenskaya, and
Daniel F. Cutler†

Medical Research Council Laboratory for Molecular Cell Biology and Department of Biochemistry
and Molecular Biology, University College London, London WC1E 6BT, United Kingdom

Submitted April 26, 1999; Accepted May 11, 1999
Monitoring Editor: Ari Helenius

The membrane proteins of all regulated secretory organelles (RSOs) recycle after exocytosis.
However, the recycling of those membrane proteins that are targeted to both dense core granules
(DCGs) and synaptic-like microvesicles (SLMVs) has not been addressed. Since neuroendocrine
cells contain both RSOs, and the recycling routes that lead to either organelle overlap, transfer
between the two pools of membrane proteins could occur during recycling. We have previously
demonstrated that a chimeric protein containing the cytosolic and transmembrane domains of
P-selectin coupled to horseradish peroxidase is targeted to both the DCG and the SLMV in PC12
cells. Using this chimera, we have characterized secretagogue-induced traffic in PC12 cells. After
stimulation, this chimeric protein traffics from DCGs to the cell surface, internalizes into trans-
ferrin receptor (TFnR)-positive endosomes and thence to a population of secretagogue-responsive
SLMVs. We therefore find a secretagogue-dependent rise in levels of HRP within SLMVs. In
addition, the levels within SLMVs of the endogenous membrane protein, synaptotagmin, as well
as a green fluorescent protein-tagged version of vesicle-associated membrane protein (VAMP)/
synaptobrevin, also show a secretagogue-dependent increase.

INTRODUCTION

Neuroendocrine cells have the ability to store both neu-
ropeptides and transmitters for rapid release after external
stimulation. Two major types of regulated secretory or-
ganelles (RSOs) are involved: the dense-core granules
(DCGs), which contain peptides as well as classical trans-
mitters, and the synaptic-like microvesicles (SLMVs), which
contain only transmitters and which are closely related to
the small synaptic vesicles (SSVs) of neurons. In neuroendo-
crine cells, comparable numbers of the two RSOs may be
found, whereas the DCGs are the most common RSO of
endocrine cells, and in neurons, SSVs dominate the secretory
process.

The trafficking of membrane proteins found in the RSOs is
complex, not least because the two organelles are formed
and reformed (through recycling) in different ways. There
are at least two routes for SLMV/SSV formation and recy-
cling. SSVs/SLMVs can bud directly from the plasma mem-
brane or an elaboration thereof (Takei et al., 1996; Schmidt et
al., 1997). Alternatively SLMV proteins can pass from the
plasma membrane to the SLMVs via the endosome (Clift-
O’Grady et al., 1990; Régnier-Vigouroux et al., 1991; Desnos
et al., 1995; Grote et al., 1995; Grote and Kelly, 1996; Faundez
et al., 1997, 1998; Lichtenstein et al., 1998). Both routes exist
within PC12 cells (Shi et al., 1998).

Unlike the SLMVs, the formation of DCGs is dependent
on protein content. Newly synthesized proteins are incorpo-
rated into immature DCGs that bud from the trans-Golgi
network (TGN; reviewed by Tooze and Stinchcombe, 1992;
Arvan and Castle, 1998). The recycling of DCG membranes
is much slower than that for SSVs, and it is not known
whether multiple rounds of cycling can take place (Patzak
and Winkler, 1986; Hunter and Phillips, 1989; von Grafen-
stein and Knight, 1992, 1993; Hurtley, 1993). Analyses of
DCG recycling have shown internalization into peripheral
endosomes as well as pericentriolar structures before reap-
pearance in new granules (Patzak and Winkler, 1986; Phil-

* Current Address: The Children’s Hospital Research Foundation,
Division of Infectious Diseases, 3333 Burnet Ave., Cincinnati,
OH 45229-3039.

† Corresponding author. E-mail address: d.cutler@ucl.ac.uk.
Abbreviations used: DBH, dopamine b-hydroxylase; DCG,
dense core granule; GFP, green fluorescent protein; RSO, regu-
lated secretory organelle; SLMV, synaptic-like microvesicle;
SSV, small synaptic vesicle; Tfn, transferrin; TfnR, transferrin
receptor; TGN, trans-Golgi network; VAMP, vesicle-associated
membrane protein.

© 1999 by The American Society for Cell Biology 2619



lips, 1987; von Grafenstein and Knight, 1992; Fischer von
Mollard et al., 1994; Whalley et al., 1995).

In cells with both DCGs and SLMVs, differential release of
peptides and small molecules has been demonstrated (Lun-
dberg et al., 1986; Iverfeldt et al., 1989; Verhage et al., 1991;
Franck et al., 1993). This depends on the two regulated
secretory organelles having different responses to stimula-
tion, which in turn implies their having a different mem-
brane composition. The efficient sorting during traffic of RSO
membrane proteins in the cell is therefore critical for the
maintenance of this function.

Some proteins, such as synaptotagmin and vesicle-associ-
ated membrane protein (VAMP)/synaptobrevin, are found
in both DCG and SLMV membranes (e.g., Lowe et al., 1988,
Walch-Solimena et al., 1993; Papini et al., 1995); these pro-
teins appear to be part of the requisite machinery for regu-
lated exocytosis. The complexities of the trafficking of these
important proteins are not well understood. In particular,
the relationship between the two pools of such biorganellar
proteins has not been explored. In this paper we examine
whether proteins containing targeting signals for both RSOs
could transfer from one RSO to the other, or whether the two
pools of protein are kept separate within PC12 cells.

During stimulation, DCG membrane proteins transfer to
the plasma membrane. From there, recycling back to the
DCG will take place, with membrane proteins trafficking
from the plasma membrane to an endosomal compartment
before arrival at the TGN for incorporation into new gran-
ules. Recycling DCG proteins on their way back to the TGN
will therefore traffic through the compartments (plasma
membrane and endosomes) from which SLMVs are formed.
In support of this scenario, Partoens et al. (1998) have re-
cently demonstrated colocalization of synaptophysin (an
SLMV marker) and dopamine b-hydroxylase (DBH; a DCG
marker) in Rab5-positive endosomes of noradrenergic neu-
rons after stimulation.

Since some membrane proteins within the DCG also con-
tain targeting signals for SLMVs, they could transfer from
DCGs to SLMV during postexocytic trafficking. Movement
between the two membrane populations would have impor-
tant consequences for the cell. Uncontrolled mixing would
result in the loss of the separate character of the two RSOs,
affecting physiological processes such as differential release.

We have taken a quantitative approach to the analysis of
poststimulation trafficking, primarily using a chimeric
protein composed of the cytoplasmic and transmembrane
domain of P-selectin and the enzymatic marker HRP
(ssHRPP-selectin). We have previously demonstrated that this
chimera is targeted to both DCGs and SLMVs in PC12 cells
(Norcott et al., 1996), thereby providing a model protein with
targeting signals for both RSOs.

Using PC12 cells expressing ssHRPP-selectin we demon-
strate that, after secretagogue stimulation, ssHRPP-selectin

moves out of the DCG and passes over the cell surface and
through the transferrin-positive endosome en route to the
SLMV. Further, both VAMP/synaptobrevin and synapto-
tagmin levels in the SLMVs increase in a secretagogue-
dependent manner.

MATERIALS AND METHODS

The figures of this paper show representative data sets from single
experiments. Where normalization for differences in levels of ex-

pression between experiments has been performed to allow inter-
experimental variation to be determined, the results of such quan-
tifications are in the text.

Cell Culture, Transfection, and Constructs
PC12 cells were grown as described previously (Cramer and Cutler,
1992). One day before transfection the cells were plated to ;45%
confluency. The cells were then transfected as described previously
(Cramer and Cutler, 1992; Norcott et al., 1996). ssHRPP-selectin was
described previously by Norcott et al. (1996), and ssHRPP-selectinKCPL

was described by Blagoveshchenskaya et al. (1998a). The transferrin
receptor (TfnR)-HRP construct was described by Stinchcombe et al.
(1995). The green fluorescent protein (GFP)-VAMP construct was a
gift of Roberto Solari and Nicki Thompson (Glaxo-Wellcome, Steve-
nage, UK).

Antibodies
Rabbit anti-synaptophysin was prepared as described previously
(Cutler and Cramer, 1990). Rabbit anti-synaptotagmin was a kind
gift of Gary E. Dean (Cincinnati, OH), and rabbit anti-GFP was a
kind gift from David T. Shima (Imperial Cancer Research Fund,
London). Monoclonal anti-HRP antibody 2H11 was purchased from
Advanced Immunochemicals (Long Beach, CA). 2H11 and Tfn were
iodinated using iodo-gen as described elsewhere (Blagoveshchen-
skaya et al., 1998a).

Glycerol Gradient for SLMV Isolation
PC12 cells were stimulated as described below at various times post
transfection. They were then either chased for various times or
immediately chilled, homogenized, and fractionated as described
by Kelly and co-workers (Desnos et al., 1995) and subsequently
modified (Norcott et al., 1996).

Ficoll Gradient Fractionation for DCG Enrichment
After transfection cells were grown under normal conditions for the
indicated time. The cells were stimulated as described below, al-
lowed to recover for the indicated time, quickly chilled, homoge-
nized, and then fractionated on 1–16% Ficoll as previously de-
scribed (Cramer and Cutler, 1992; Norcott et al., 1996).

Endosomal Ficoll Gradient Fractionation
The double-gradient system for endosomal enrichment used is a
modification of that described elsewhere (Blagoveshchenskaya et al.,
1998a). Cells were loaded with 125I-Tfn, stimulated, and either im-
mediately placed on ice, rinsed, homogenized, and fractionated on
the first (1–16%) Ficoll gradient, or chased for 30 min and then
chilled and fractionated. Unstimulated controls were processed in
parallel. Fractions enriched in 125I-Tfn were then pooled and sub-
jected to a second (3–16%) Ficoll gradient centrifugation and frac-
tions were assayed for the presence of 125I-Tfn and HRP.

HRP Assay
HRP assays were carried out as previously described (Norcott et al.,
1996). All graphs show data that have been normalized by HRP
activity in the cell lysate.

Secretagogue Stimulation
The DCGs were labeled by incubating the cells for 2 h with 0.5
mCi/ml 3H-dopamine (Amersham International, Amersham, UK) in
DMEM. The external dopamine was then removed by three washes
with DMEM, and the cells were stimulated for 5 min (unless oth-
erwise indicated) with 10 mM carbamylcholine (carbachol) in
DMEM. To determine the percent of 3H-dopamine secreted, the
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amount of 3H in the media and the amount of 3H in the homogenate
were added together and set at 100%. The amount of 3H in the
media relative to the total was then determined.

Stimulation was followed by two washes with DMEM and a
chase in normal growth media for the indicated times, and then cells
were fractionated. If the cells were to be stimulated at a lower
temperature, they were preincubated at that temperature for 20 min
before stimulation.

To determine the amount of ssHRPP-selectin in the SLMV peak
fractions in stimulated or mock-stimulated cells (e.g., Figure 9B), the
area under the peak was determined by adding the HRP activity
(after subtracting background) in the fractions of the peak and
dividing by the activity in the homogenate. The area of the peak in
stimulated cells was then divided by the area (from the same
fractions) in unstimulated cells to give the fold increase.

To quantify the HRP activity in the DCG-containing fractions, the
region of the gradient containing DCGs was identified by the dis-
tribution of preloaded 3H-dopamine. The HRP activity in the peak
was then determined as described for SLMVs. The HRP activity in
the DCG peak before stimulation was then divided by that after
stimulation to give the fold decrease. To compare different experi-
ments it was necessary to compensate for the variation in level of
expression. We have therefore determined the percent change (in
the DCG or SLMV peak) with and without stimulation in each
experiment and used that value to compare different experiments.

Anti-HRP Antibody Uptake
PC12 cells expressing the ssHRPP-selectin chimera were grown on
10-cm dishes and analyzed 8–9 d posttransfection. The cells were
stimulated or mock stimulated with carbachol for 10 min at 37°C in
the growth medium containing 0.5 mg/ml 125I-2H11 (anti-HRP an-
tibody), washed, and chased for an additional 30 min in fresh
medium. Cells were then fractionated in a glycerol gradient as
described above, and the fractions were assayed for the presence of
125I on a g-counter.

To preload cells with antibody, cells were incubated in the pres-
ence of a 100-fold excess of cold antibody for 3 h under normal
culture conditions. After the preload, free antibody was removed by
extensive washing. To examine the stimulation-dependent internal-
ization of iodinated antibody, the cells were stimulated (or mock
stimulated) in the presence of iodinated antibody 125I-2H11 as de-
scribed above. After stimulation, the cells were washed, allowed to
recover, and fractionated on a glycerol gradient.

Immunoblotting
To examine the impact of secretagogue stimulation on the subcel-
lular localization of GFP-VAMP, cells transfected with the GFP-
VAMP cDNA were stimulated or left as controls, chased for 30 min,
and then fractionated on glycerol gradients. The fractions were
analyzed by SDS-PAGE, transferred to nitrocellulose using stan-
dard conditions (Harlow and Lane, 1988), and probed with anti-
body to GFP. The immunoreactivity was quantified using a Bio-Rad
GS-250 Molecular Imager (Bio-Rad, Richmond, CA). The value ob-
tained from each fraction was normalized by division with the value
obtained from the total cell lysate, run in parallel.

To determine the effects of secretagogue stimulation on the local-
ization of endogenous SLMV proteins, cells transfected with
ssHRPP-selectin were stimulated and fractionated on glycerol gradi-
ents. HRP activity was assayed across the gradient to determine the
SLMV peak. Those fractions containing the SLMVs were separated
by SDS-PAGE and immunoblotted for synaptotagmin and synap-
tophysin. The immunoblots were quantified as above. The values
obtained for each fraction of the peak were added and compared
with the amount of protein in the unstimulated SLMV peak, which
was set as 100%.

RESULTS

Postexocytic traffic of molecules that are found in both RSOs
may be very complex. Both organelles will respond to secre-
tagogue by fusing with the plasma membrane, after which
internalization of the membrane proteins will take place,
leading to recycling back to the organelle of origin, or to
cross-targeting to the other RSO. In either case, the route
could be indirect, involving multiple steps. To follow this
trafficking, we have used a chimera between P-selectin and
HRP in which the lumenal part of this type-1 membrane
protein has been replaced with the active enzyme to allow
for easy, sensitive, and quantitative detection of the protein.
The cytoplasmic tail of P-selectin has been shown to contain
sequences needed for targeting to both SLMVs and DCGs as
well as a lysosomal targeting signal (Blagoveshchenskaya et
al., 1999). The transmembrane domain has also been shown
to enhance DCG targeting (Fleming et al., 1998).

After secretagogue action, the ssHRPP-selectin will reach
the plasma membrane. From here, internalization can lead to
a variety of destinations. In this initial analysis of poststimu-
lation trafficking, we have assayed for appearance in the
SLMVs as one of the first destinations that will be reached
once secretion is triggered.

We have used the advantages of transient transfection in a
novel way to simplify the trafficking that occurs after secreta-
gogue stimulation of PC12 cells expressing ssHRPP-selectin.
Since between 30 and 80% of the PC12 cells transiently express
ssHRPP-selectin after electroporation (assayed by immunofluo-
rescence; our unpublished data) this approach does not give
data relating only to a small subset of the cells. Moreover, the
consistency of the data obtained in this and other studies
(Blagoveshchenskaya et al. 1998a,b, 1999) supports our use of
this approach. In order to follow postexocytic traffic, it is im-
portant to distinguish between DCG- and SLMV-derived pools
of chimera. We have been able to do this by exploiting the
differential turnover of the two RSOs. In the absence of stimu-
lation the t1/2 for SLMVs has been measured at ;30 min
(Faundez et al., 1997). Examination of the turnover of stably
expressed P-selectin within PC12 cells (Green et al., 1994) re-
vealed that whereas material in light fractions (including the
SLMVs) is rapidly degraded, material in dense fractions in
which the DCGs are located is more stable. In confirmation
of this, we found that after transient expression of our
ssHRPP-selectin chimera, the HRP activity in DCGs was stable
for many days, while that in SLMVs declined relatively rapidly
(Norcott et al., 1996). Thus, with increasing time after transfec-
tion, an increasing fraction of the HRP activity within the cell
will be in the DCGs. By using cells under such conditions as
starting material for the examination of postexocytic traffick-
ing, we have significantly simplified the problem.

PC12 cells were transfected with ssHRPP-selectin. After 3 d,
one of a pair of parallel dishes of cells was stimulated to
secrete with carbamylcholine and chased for 30 min. Both
dishes were then placed on ice, a postnuclear homogenate
was prepared, and the standard glycerol gradient fraction-
ation was employed to quantify levels of HRP activity in
SLMVs for stimulated and mock-stimulated cells (Desnos
et al., 1995; Norcott et al., 1996). In this as in all other
experiments, levels of HRP activity are normalized for
levels of expression. Figure 1A shows a significant in-
crease in the levels of ssHRPP-selectin in the SLMV peak in
stimulated as compared with unstimulated cells, suggesting
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that ssHRPP-selectin has appeared in the SLMVs in response
to secretagogue stimulation. When a similar experiment was
carried out 7 d after transfection (Figure 1B), the amount of
HRP activity in the SLMV peak in the absence of stimulation
was much lower, as predicted, but secretagogue action again
leads to the appearance of a large SLMV peak.

We find that each set of transient transfections has a
variable rate at which this differential decay occurs. Of the
subsequent experiments shown in this article, one has no
presecretagogue peak, whereas the others do have a preex-
isting SLMV peak in the absence of stimulation. In general,
at least 7 d of growth after transfection is required for no

HRP activity to be found in the SLMVs in the absence of
stimulation.

One trivial explanation for the secretagogue-dependent
increase in HRP activity within SLMV would be that some
combination of overexpression by transient transfection plus
secretagogue action coupled to the sensitivity of detection
afforded by using HRP chimeras is revealing a nonspecific
overspill into the SLMVs. To control for this, we have ex-
amined the behavior of a chimera between the transferrin
receptor and HRP, in which HRP replaces the lumenal do-
main of the receptor (Stinchcombe et al. 1995). Transient
overexpression of this chimera, followed by determining
levels of HRP activity in the SLMVs from cells 7 d posttrans-
fection that have been treated with secretagogue or left as
controls (Figure 1C), shows that in neither case have we
caused a movement of chimera from its normal itinerary of
cycling between the endosome and the plasma membrane
into the SLMVs. This strongly suggests that we have a
signal-dependent and -specific phenomenon.

To further characterize the phenomenon, we determined the
rate at which appearance of HRP activity in SLMVs occurs.
Cells expressing ssHRPP-selectin were stimulated with secreta-
gogue and then chased for various times, after which they were
fractionated. The results show (Figure 2) that stimulation is
followed by a rapid increase in the amount of ssHRPP-selectin in
the SLMV, the rate of which slows toward a plateau within
;20 min after stimulation (Figure 2). This experiment has been
done on cells 3 or 7 d after transfection. While there is a subtle

Figure 1. Appearance of HRP chimeras in SLMVs after secreta-
gogue stimulation. Pairs of 10-cm dishes were plated with PC12
cells transfected with ssHRPP-selectin (A and B) or TfnR-HRP (C) and
incubated for 3 (A) or 7 d (B and C). One of each pair was then
stimulated to secrete with carbamylcholine for 5 min, chased for 30
min, and then fractionated on a glycerol gradient (MATERIALS
AND METHODS). The graph shows the amount of HRP activity in
gradient fractions (MATERIALS AND METHODS). All points are
the mean of triplicate assays for that fraction. Error bars indicate the
SD for the intraexperimental variation. Note that in this and most
subsequent figures, the variability of the HRP assay is so low that no
error bars can be seen at the scale of reproduction used here.
Interexperimental variation is detailed in the text. The effectiveness
of stimulation was monitored in all cases by preloading with 3H-
dopamine and counting media and cell samples. Fraction 1 is at the
top of all gradients. M, Unstimulated; l, stimulated.

Figure 2. Time course of appearance of HRP activity in SLMVs.
PC12 cells transfected to express ssHRPP-selectin were cultured for 3
(F, E) or 7 d (M, f). Dishes were then kept as controls or stimulated
for 5 min and then chased for a further 5, 10, and 40 or 10, 20, and
40 min before fractionation on glycerol gradients. The HRP activity
in the SLMV peak at each time point was then calculated, the
amount of HRP activity in the SLMV peak at 40 min was set to
100%, and the amount of HRP activity in the SLMV peak before
stimulation was subtracted. Each data point represents the mean of
triplicate assays for that peak. Data from four separate experiments
are shown.
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but reproducible difference between cells examined 3 or 7 d
after transfection, the movement of ssHRPP-selectin into the
SLMV after stimulation is a fast, relatively synchronous pro-
cess at both times, and the slopes between the early lag phase
and the final plateau are very similar in all experiments.

The most likely source of the HRP chimera that is moving
into the SLMVs after stimulation is the DCGs, since these
would provide a secretagogue-responsive stable pool of
membrane within PC12 cells, consistent with both the reten-
tion of the phenomenon 7 d after transfection and with the
known targeting behavior of the chimera. To monitor the
effects of stimulation on granules, we incubated cells with
3H-dopamine for 2 h before the addition of secretagogue in
order to load the granules. This was used to determine both
the effectiveness of secretagogue stimulation and the distri-
bution of DCGs in subcellular fractionation. After secreta-
gogue stimulation and a subsequent 30-min chase, PC12
cells expressing ssHRPP-selectin were fractionated to enrich
for DCGs. Scintillation counting of cell extracts and media
samples demonstrate that 37% (611%; n 5 3) of intracellular
3H-dopamine was released into the bathing medium over
the 5-min secretagogue stimulation, as compared with 9%
(613%; n 5 3) released in the absence of stimulation. Con-
sistent with the loss of 3H-dopamine from the cell homoge-
nates, fractionation revealed a 41% (68%, n 5 3) decrease of
3H-dopamine in the DCG peak after secretagogue-stimula-
tion (Figure 3A). This is in line with work from other groups
indicating that ;30% of the DCGs release their content by
exocytosis in response to stimulation (Schweitzer and Kelly,
1985). The ssHRPP-selectin HRP activity in the DCG peaks
falls by 21% (64%, n 5 3). When the appearance of
ssHRPP-selectin in the SLMV after stimulation is analyzed
in parallel to its disappearance from the DCG, at least 67%
(69%; n 5 3) of the HRP activity lost from the DCGs has
moved to the SLMV (as illustrated for the data set in
Figure 3A by Figure 3B).

The fall in HRP activity within DCGs after stimulation is
smaller than that seen for 3H-dopamine. We suspect that this
may reflect the selective labeling of less-easily-stimulated
older granules with HRP, as compared with the uptake of
3H-dopamine by all granules, because this experiment was
done 7 d after transfection. These data, coupled to the secre-
tagogue dependence of the phenomenon, strongly suggest
that the source of material arriving in the SLMVs is the DCG.

If the HRP activity appearing in the SLMVs after stimu-
lation is indeed originating in the DCGs, then the transfer of
material from one organelle to the other will have predict-
able characteristics. Secretagogue stimulation causes fusion
of RSOs with the plasma membrane. If the chimera passes
from the DCG to the SLMV, then it must transiently appear
on the plasma membrane at DCG exocytosis. To verify that
the ssHRPP-selectin appearing in the SLMV after stimulation
has appeared at the plasma membrane, cells transiently
transfected to express ssHRPP-selectin were stimulated in the
presence of antibodies to HRP that had been radioiodinated.
The antibodies that we used recognize the HRP domain of
ssHRPP-selectin, which is extracellular when RSOs fuse with
the plasma membrane. As seen in Figure 4, the anti-HRP
antibody accumulates in the SLMV peak in a stimulation-
dependent manner, indicating that ssHRPP-selectin does pass
over the cell surface.

After appearance on the plasma membrane, there is more
than one route that the chimera could take to the SLMV.
Both a direct route involving budding from the plasma
membrane or an invagination thereof (Takei et al., 1996;
Schmidt et al., 1997) and an indirect route via endosomal
intermediate(s) have been described (see INTRODUC-
TION). Previous experiments (Norcott et al., 1996;
Blagoveshchenskaya et al., 1999) with ssHRPP-selectin in PC12
cells suggested the involvement of endosomes in SLMV
biogenesis. Also, in primary noradrenergic cells, SLMV and
DCG markers colocalize within endosomes after stimulation
(Partoens et al., 1998). Moreover, in PC12 cells the level of

Figure 3. Disappearance of HRP activity from DCGs after secret-
agogue stimulation. PC12 cells transfected to express ssHRPP-selectin

were plated onto two pairs of 10-cm dishes, and preloaded with
3H-dopamine. Stimulation of one pair of dishes for 5 min, and
incubation for 30 min was then carried out. The cells were then
fractionated, one each of stimulated and unstimulated, onto a glyc-
erol gradient to determine appearance in SLMVs and, one each of
stimulated and unstimulated, onto a Ficoll gradient (Norcott et al.,
1996, and MATERIALS AND METHODS) to monitor disappearance
from DCGs. (A) DCG peaks from Ficoll gradients showing 3H-
dopamine (lefthand panel) and HRP activity (righthand panel).
Each data point represents the mean of triplicate assays for that
fraction; error bars indicate the SD within the triplicate. Interexperi-
mental variation is detailed in the text. M, Unstimulated; l, stim-
ulated. (B) Quantification of the change in 3H-dopamine (lefthand
panel) and HRP activity (righthand panel) in the DCG peaks
(DCGs) and in the SLMVs (SLMVs). The latter was determined from
the parallel glycerol gradient (data not shown). The fall or rise in the
total HRP activity in the DCGs and the SLMVs is shown under the
relevant panel. Interexperimental variation is detailed in the text.
Clear column, unstimulated; hatched column, stimulated.
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ssHRPP-selectin in endosome-containing fractions of the
1–16% Ficoll gradients used for a general survey of or-
ganelles (Norcott et al., 1996) increases by 6% (64%, n 5 3)
after stimulation (not shown). This suggested an endosomal
intermediate in the poststimulation traffic of this protein.

Many experiments have shown that reduction of the tem-
perature to 20°C blocks transfer of ligand or pseudoligand
from the early or TfnR-rich endosome to more distal parts of
the endocytic system (Salzman and Maxfield, 1989; Futter et
al., 1996). Further, Kelly and co-workers have shown that
lowering the temperature to 15°C prevents the formation of
SLMVs from an endosomal compartment (Desnos et al.,
1995). We therefore determined the effect of temperature
reduction on the transfer of ssHRPP-selectin into SLMVs. Cells
were stimulated and chased at 37, 20, or 15°C and then
fractionated (Figure 5). Stimulation was effective at all three
temperatures as judged by 3H-dopamine release. Despite
this, at both 15 and 20°C there is no appearance of a peak of
HRP activity in the SLMV-containing fractions, indicating
that both temperatures inhibit the transfer into SLMVs.

If there is an endosomal intermediate involved in the
secretagogue-dependent trafficking of ssHRPP-selectin, it
should be possible to detect a transient increase in the level
of HRP within endosomes as the chimera passes from the
plasma membrane to the SLMVs. We have developed a
gradient system specifically designed to enrich for Tfn-con-
taining endosomes, which we used to determine whether
this is the case. As a control we analyzed in parallel the
behavior of a mutant ssHRPP-selectin chimera, ssHRPP-selectinKCPL,
in which the four amino acids of the P-selectin cytoplasmic
domain indicated are replaced with alanine, is efficiently
targeted to the DCGs but does not enter the SLMVs, accu-
mulating instead within Tfn-containing endosomes
(Blagoveshchenskaya et al., 1998b, 1999). We reasoned that
both chimeras should show a similar secretagogue-induced
transfer from granules into endosomes, but that the mutant
should remain within endosomes while the ssHRPP-selectin

exits toward the SLMVs.
The recycling endosomes of PC12 cells transfected with ei-

ther ssHRPP-selectin or ssHRPP-selectinKCPL were prelabeled with

Figure 4. Stimulation-dependent labeling of SLMVs with 125I-anti-
HRP. PC12 cells expressing ssHRPP-selectin were stimulated or mock
stimulated in the presence of iodinated anti-HRP. After stimulation
the cells were chased for 30 min and then fractionated in parallel on
glycerol gradients. Levels of 125I in individual gradient fractions
were then determined using a g-counter. M, Unstimulated; F, stim-
ulated.

Figure 5. Effects of temperature on appearance of
HRP activity in SLMVs. PC12 cells transfected to
express ssHRPP-selectin were plated onto three pairs
of 10-cm dishes and incubated for 3 d. Cells were
cultured then preloaded with 3H-dopamine, and one
pair was placed at 15°C, one pair at 20°C, and the
third pair remained at 37°C. One of each pair was
then stimulated for 5 min and then chased for 30
min. The other dish was mock stimulated and left as
control. The cells were then fractionated on glycerol
gradients, and HRP activity in each fraction was
determined in triplicate. Error bars indicate the SD
within the triplicate. The mean of activity in each
fraction from stimulated (l) or unstimulated (M)
cells are shown. To monitor for effectiveness of
secretagogue action, 3H-dopamine in media samples
was counted for stimulated (1) and unstimulated
(2) samples. The top panels show data from cells
treated at 37°C, the middle panels show the data
from cells treated at 20°C, and the bottom panels
show data from cells treated at 15°C.
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125I-Tfn. The cells were then stimulated and harvested with or
without a recovery period and then fractionated along with
unstimulated control cells. The mutant protein (Figure 6B)
shows a larger preexisting endosomal pool than the wild-type
chimera (Figure 6A) in the absence of stimulation, as predicted
for a mutation that prevents exit from the TfnR-rich endosome.
However, cells expressing the wild-type ssHRPP-selectin (Figure
6A) or ssHRPP-selectinKCPL (Figure 6B) show a similar striking
increase in endosomal HRP activity immediately after stimu-
lation. The data clearly show that after the chase period,
ssHRPP-selectin leaves the endosome while ssHRPP-selectinKCPL

remains.
Our data are consistent with a model where ssHRPP-selectin

present within the DCGs transiently appears on the plasma
membrane after secretagogue action, and then passes
through Tfn1 endosomes before arriving in SLMVs. How-
ever, it is possible that the DCGs are not the source of the
chimera appearing in the SLMVs, but that the pool of chi-
mera within the endosome (Figure 6A) could instead be the
immediate precursor. To test this hypothesis, we exploited
the fact that the Tfn1 endosomal membranes constitutively
cycle to the plasma membrane, whereas the DCGs are stable
in the absence of secretagogue. This allows for differential
labeling of the two populations by anti-HRP antibodies.

Cells were transiently transfected to express ssHRPP-selectin

and then treated/mock treated with secretagogue and
chased in the presence of 125I-labeled anti-HRP antibodies in
the bathing medium. The dishes were placed on ice, a post-
nuclear supernatant was prepared, and the samples were
fractionated on a glycerol gradient. This allowed us to mon-
itor the secretagogue-dependent appearance within SLMVs
of chimera moving to the cell surface from the granules as
well as monitoring any contribution from the recycling en-
dosomes. In addition, a second pair of dishes were preincu-
bated for 3 h with a 100-fold excess of cold antibody to block
all binding sites on the constitutively recycling endosomal
chimera before stimulation in the presence of labeled anti-
bodies and processing as above. This allowed us to monitor
only that chimera reaching the surface from the granules. If
the endosomal chimera provided a significant proportion of
the ssHRPP-selectin arriving in the SLMVs, then the preincu-
bation should have reduced the secretagogue-dependent
appearance of antibody within the SLMVs. On the other
hand, if the chimera appearing in the SLMVs after stimula-
tion had been sequestered within the DCGs away from the
blocking antibodies, then it would be able to bind the iodin-
ated antibody, and preincubation should have no effect.
Figure 7 shows a large secretagogue-dependent increase in

Figure 6. Poststimulation trafficking involves an en-
dosomal intermediate. PC12 cells expressing either
ssHRPP-selectin or ssHRPP-selectinKCPL were preloaded
with 125I-Tfn and were stimulated and chased. Cells
were then fractionated on a 1–16% Ficoll gradient.
Those fractions enriched for endosomes, as judged by
iodinated transferrin, were pooled and run on a second
7–25% Ficoll gradient from which fractions were again
collected and assayed for the presence of HRP activity
as well as 125I-Tfn. M, HRP activity; F, levels of 125I
radioactivity, shown for one representative gradient.
(A) ssHRPP-selectin. (B) ssHRPP-selectinKCPL.
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anti-HRP within the SLMVs, which is unaffected by the
preincubation. This serves to confirm that the endosomal
pool of chimera is not the source of HRP activity that ap-
pears in the SLMVs after stimulation.

To demonstrate that the compartment into which the
ssHRPP-selectin was transferring after stimulation is a bona
fide RSO, we transfected PC12 cells with ssHRPP-selectin and
carried out a multiple stimulation experiment. Cells were
stimulated once, twice, or three times with and without
subsequent incubation before fractionation. As shown in
Figure 8, after a first stimulation and chase, HRP activity
within the SLMV peak rises as expected (compare peaks 1
and 2). If the cells are stimulated again and fractionation is
carried out immediately after the second stimulation (peak
3), the ssHRPP-selectin in the peak falls by 70% (6 2%; n 5 3),
indicating that this is a secretagogue-responsive compart-
ment and that, like granules, not all SLMVs fuse at each
stimulation. Presumably the disappearance of HRP activity
from the SLMV peak is accompanied by its appearance on
the plasma membrane or in other compartments of the re-
cycling route. A detailed examination of SLMV functioning
should now be possible with this system.

If the cells are then chased for a further 30 min, the HRP
activity in the SLMV peak rises again, but to a level that is
not much higher than that found after the first stimulation
and chase (compare peaks 2 and 4). Because peak 4 is only
slightly larger than peak 2, the majority of the increase

between peak 3 and peak 4 probably reflects recycling from
the SLMV rather than transfer from granules, given that few
granules have responded to the second stimulation (see
lower panel). This data set is therefore also consistent with
the DCGs being the origin of the ssHRPP-selectin that is ar-
riving in the SLMVs in response to secretagogue. The small
response of the SLMV population to a third stimulation, as
reflected by the difference in HRP activity in SLMVs be-
tween panels 4 and 5, suggests that the SLMVs as well as the
DCGs are showing a diminished response to repetitive ap-
plications of carbamylcholine.

ssHRPP-selectin is not found endogenously in PC12 cells. It
is therefore possible that the route we describe is not the
route taken by endogenous proteins but an anomaly. DePot-
ter’s group (Partoens et al., 1998) has demonstrated the in-
termingling of at least one endogenous DCG protein (DBH)
and one endogenous SLMV protein (synaptophysin) in rab5-
positive endosomes after stimulation. This indicates that at
least part of the pathway is followed by endogenous pro-
teins. To verify that transfer occurs with proteins normally
found in PC12 cells, we examined the poststimulation traffic
of VAMP.

VAMP is normally found in both DCGs and SLMVs in PC12
cells (Papini et al., 1995). To examine the behavior of VAMP
under the conditions used to characterize ssHRPP-selectin

trafficking, we followed the trafficking of VAMP tagged with
green fluorescent protein (GFP) after transfection. PC12 cells tran-
siently transfected with either GFP-VAMP or ssHRPP-selectin were
stimulated to secrete, and then chased and fractionated as
described above. The amount of GFP in the SLMV peak with and
without stimulation (normalized for expression) was then quan-
tified by immunoblotting and compared with HRP activity
from ssHRPP-selectin processed in parallel. As seen in Figure 9A,
the movement of VAMP-GFP into the DCG after stimulation is
comparable to that of ssHRPP-selectin, suggesting that endoge-
nous proteins do utilize this pathway.

To ensure that the phenomenon of transfer is not the
result of expression by transfection, we have also followed
the behavior of an endogenously expressed protein. Synap-
totagmin is another example of a membrane protein found
in both RSOs (Elferink et al., 1993). Experiments in which
synaptotagmin and ssHRPP-selectin were analyzed together
(Figure 9B) indicate that like ssHRPP-selectin and GFP-VAMP,
levels of endogenous synaptotagmin in the SLMVs increase
after stimulation. Clearly, the fold increase seen with syn-
aptotagmin after stimulation is consistently less than that
found for ssHRPP-selectin and GFP-VAMP. Presumably, this
is because we are monitoring an endogenous protein for
which there is a larger preexisting pool of material within
the SLMVs than is the case for a heterologously expressed
protein. The difference in fold increase between the trans-
fected and endogenous proteins serves to illustrate the way
in which a transient transfection approach has helped in the
analysis of postexocytic trafficking. Synaptophysin, in con-
trast to the aforementioned proteins, is found in the SLMV
but not in the DCG (Jahn et al., 1985; Weidenmann and
Franke, 1985; Rehm et al., 1986). We would predict, there-
fore, that there would be no increase in levels of synapto-
physin in the SLMV after stimulation. In support of our
hypothesis, synaptophysin levels are essentially unchanged
in response to stimulation (Figure 9B). It is worth noting that
there is also a large pool of synaptophysin within endo-

Figure 7. The endosome is not the donor compartment. PC12 cells
expressing ssHRPP-selectin were incubated in the presence or absence
of a 100-fold excess of HRP antibody for 3 h (preincubatedı̂). The
cells were then stimulated or mock stimulated and chased in the
presence of radioiodinated anti-HRP, and postnuclear supernatants
were fractionated on glycerol gradients. Levels of 125I in individual
gradient fractions were then determined using a g-counter and
presented as counts per min normalized by levels of HRP activity in
cell homogenates. M, Unstimulated with no preincubation; f, stim-
ulated with no preincubation; E, unstimulated and preincubated; F,
stimulated and preincubated

J.E. Strasser et al.

Molecular Biology of the Cell2626



somes in PC12 cells. The failure to see a rise in levels of
synaptophysin within the SLMV after stimulation therefore
also confirms that there is no secretagogue-triggered spill-
over from the endosomes into the SLMVs.

DISCUSSION

This work provides a detailed examination of the poststimu-
lation traffic of individual proteins that are found in both
RSOs in a system where both organelles can be monitored.
Our experimental design, exploiting transient transfection in
a novel way, has allowed us to selectively track a protein
originating in the DCG rather than the SLMV or the secre-
tory pathway (as for a newly synthesized component). We
have discovered that upon stimulation, ssHRPP-selectin ap-
pears at the cell surface followed by a rapid and transient
increase of HRP activity within Tfn-positive endosomes
(Figure 6), and then finally appears within secretagogue-
responsive, i.e., functionally active SLMVs. Our data char-
acterize a novel trafficking pathway and reveal the potential
for postexocytic transfer from one RSO (the DCG) to another
(the SLMV) in PC12 cells.

The secretagogue dependence of the appearance of
ssHRPP-selectin in the SLMVs strongly suggests that the or-
ganelle from whence the secretagogue-dependent increase
in SLMV-located chimera arises is the DCG. This is also
consistent with the secretagogue-dependent surface expo-
sure of the chimera that appears in the SLMVs (Figure 4), as
well as its transient passage through endosomes (Figure 6).
The fact that the increase in SLMV-associated HRP activity is
67% of the HRP activity that disappears from DCGs after
stimulation also supports the idea of the DCG as the donor
organelle. This is supported further by the correlation be-
tween the levels of dopamine release (i.e., granule exocyto-

sis) and the magnitude of the rise in HRP activity within the
SLMVs (Figure 3).

Three observations argue against the endosome as the
organelle from which the chimera is transferred. First, an
endosomal marker, the TfnR-HRP chimera, does not appear
in the SLMVs after stimulation (Figure 1C), showing that
appearance in the SLMVs is not nonspecific, but requires
appropriate targeting signals. Second, synaptophysin does
not increase within the SLMV after stimulation (Figure 9)
even though it must contain SLMV-targeting signal(s) and
PC12 cells contain a significant endosomal pool of synapto-
physin (Cameron et al., 1991; Lah and Burry, 1993). Third,
our direct examination of the contribution from the consitu-
tively recycling endosomally located ssHRPP-selectin to the
SLMV peak after stimulation (Figure 7) confirms that this
population of ssHRPP-selectin does not play a significant role
in this phenomenon.

The exact route taken by RSO membranes after fusion
with the plasma membrane is not clear. Historically, it has
been thought that proteins recycling to SSVs and newly
synthesized proteins reaching SLMVs do so after trafficking
through endosomal intermediates. More recently, it has
been shown (Takei et al., 1996; Murthy and Stevens, 1998)
that in primary neurons, SSVs can reform directly from the
plasma membrane via clathrin-coated pits. Moreover, work
from Huttner’s group (Schmidt et al., 1997) indicates that
SLMVs can bud from the plasma membrane in PC12 cells.
This is supported by data from the Kelly laboratory demon-
strating that there are two routes to the SLMV from the
plasma membrane in PC12 cells. One pathway is AP3 de-
pendent and utilizes an endosomal intermediate (Faundez et
al., 1997, 1998; Lichtenstein et al., 1998). The second route is
clathrin and dynamin dependent and involves direct bud-
ding from the plasma membrane (Schmidt et al., 1997; Shi

Figure 8. Effects of multiple stimulations on
HRP activity in SLMVs. Five 10-cm dishes were
plated with PC12 cells transfected to express
ssHRPP-selectin, left for 3 d, and then incubated
with 3H-dopamine for 2 h. One dish was left
unstimulated (control; panel 1), one dish was
stimulated for 5 min and then left for 30 min
(stimulate, 1 30 min; panel 2), one dish was
treated as in panel 2 and then stimulated again
for 5 min (stimulate, 1 30 min, stimulate; panel
3), one dish was treated as in panel 3 and then
allowed to recover for 30 min (simulate, 1 30
min, stimulate, 1 30 min; panel 4), and one dish
was treated as in panel 4 and then stimulated
for a third time for 5 min (stimulate, 1 30 min,
stimulate, 1 30 min, stimulate; panel 5). Each
dish was then fractionated and HRP activity in
fractions from a glycerol gradient was mea-
sured in triplicate. Means of determinations are
shown; error bars indicate the SD for that ex-
periment. Interexperimental variation is de-
tailed in the text. The bar graph under each
panel indicates the amount of 3H-dopamine re-
leased during the last 5-min stimulation of the
procedure carried out on that dish.
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1998). There is a growing body of data in primary adrenergic
and neuronal cells of a differential secretagogue responsive-
ness of RSO subpopulations (Kuromi and Kidokoro, 1998;
Smith et al., 1998). The two different routes may be an
extension of this differential responsiveness. Our data
strongly suggest that P-selectin passes from the plasma
membrane to the SLMV via an endosomal intermediate.

Why would a DCG-derived protein pass to SLMVs via the
more complex of the two possible routes? Passage through a
sorting compartment might be needed to effectively separate
proteins that are only to be found in DCGs and therefore are
en route back to the forming DCGs in the TGN from those
that can transfer. The endosome is primarily a sorting com-
partment.

There is an extensive literature examining the poststimu-
lation morphology of neurons and endocrine cells. Several
groups have observed an increase in number of small vesi-
cles, potentially SLMVs, relative to DCGs after stimulation
(Palay and Palade, 1955; Geffen and Ostenberg, 1969; Smith,
1971; Thureson-Klein, 1983; Patzak and Winkler, 1986). We
have now examined the behavior of individual proteins
within this context. Our data suggest that at least some of
these small vesicles could be functionally active regulated
secretory organelles.

Recycling of DCG membranes after stimulation from pri-
mary chromaffin cells has also been studied (Patzak et al.,
1984; Patzak and Winkler, 1986; Hunter and Phillips, 1989;
von Grafenstein and Knight, 1992, 1993; von Grafenstein et
al., 1992; Hurtley, 1993). von Grafenstein and Knight have
demonstrated that after stimulation the DCG protein DBH
colocalizes with an internalized fluid phase tracer in an
uncharacterized compartment distinct from DCGs that is
responsive to secretagogue stimulation (von Grafenstein
and Knight, 1992). The generation of this secretagogue-re-
sponsive endosome is blocked by low temperature (von
Grafenstein and Knight, 1993). This compartment may be
closely related to the rab5-positive endosome that contains
both synaptophysin and DBH after stimulation in primary
noradrenergic neurons (Partoens et al., 1998). The relation-
ship between these studies and our own findings has not yet
been clarified.

Our data support the hypothesis of Huttner and col-
leagues (Bauerfeind et al., 1995), who characterized cate-
cholamine-containing small vesicles in rat vas deferens that
appear to be a hybrid of the SSV and the DCG. They sug-
gested that these resulted from the mixing of the two mem-
brane populations after exocytosis. Our data provide evi-
dence of the trafficking route that would, in principle, be
required for this to happen.

Another important consequence of our findings relates to
the fact that in cells with both DCGs and SLMVs, differential
release of the two kinds of transmitter; peptides, and small
molecules has been demonstrated (Lundberg et al., 1986;
Iverfeldt et al., 1989; Verhage et al., 1991; Franck et al., 1993).
This differential release depends on the two organelles hav-
ing different content and differential responsiveness to stim-
ulation. Both of these will presumably depend on their
membrane composition and therefore on the efficient sorting
of RSO membrane proteins in the cell. Recycling must make
an even more significant contribution to the maintenance of
RSOs in tissues (given their low levels of synthesis) com-
pared with culture-adapted cell lines that are actively divid-
ing and synthesizing new membrane proteins. This suggests
that in vivo the postexocytic trafficking and, in particular,
the ability of the cell to separate the two pools of membrane
proteins from each other is of vital importance. In light of
this it is surprising that VAMP and synaptotagmin, which
are part of the docking and fusion machinery (Ferro-Novick
and Jahn, 1994; Schiavo et al., 1995), are able to move into the
SLMV. This would indicate that the amount of these pro-
teins in the SLMV is not tightly controlled. Alternatively, the
number of SLMV could increase after stimulation such that
the concentration of these proteins per vesicle would remain
unchanged. However, the level of synaptophysin in the
SLMV peak does not rise after stimulation, suggesting that
the numbers of vesicles is relatively unchanged. Moreover,

Figure 9. Trafficking of endogenous proteins after stimulation. (A)
One each of paired dishes of cells expressing GFP-VAMP or
ssHRPP-selectin were kept as controls or stimulated and then chased
and fractionated on glycerol gradients. Fractions were collected and
assayed for the presence of GFP-VAMP (by quantitative immuno-
blotting using antibodies to GFP) or HRP (determined by enzyme
activity). f, unstimulated; E, stimulated. (B) Cells expressing
ssHRPP-selectin were stimulated, chased and then fractionated on
glycerol gradients. The region of the gradient containing the SLMVs
was determined by assaying for HRP activity. Those fractions that
contained SLMVs were subjected to quantitative immunoblotting
using antibodies to synaptophysin or synaptotagmin. Levels of
expression in the SLMV peak without stimulation were set to 1
(control). Each group represents an individual experiment (data
from 5 individual experiments are shown).
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others have demonstrated that a 50-fold change in the ratio
of VAMP to synaptophysin is possible in the SLMVs of PC12
cells (Grote et al., 1995), suggesting that SLMVs do not
tightly regulate the concentration of these membrane pro-
teins. One intriguing alternate possibility is that the cell does
allow the number of SLMVs to rise but retains a tight control
on the total amount of synaptophysin permitted to enter a
regulated secretory compartment, for some reason related to
its as-yet-unidentified function. Clearly, secretagogue action
has profound effects on the intracellular distribution of these
membrane proteins, and further studies will be needed to
unravel all of the implications of these findings.

Finally, although we have shown transfer in one direction,
from the DCG to the SLMV, we predict that the converse
will also happen, albeit with much slower kinetics. It may be
that the presence of a lysosomal targeting signal in P-selectin
(Green et al., 1994; Blagoveshchenskaya et al., 1998a,b, 1999;
Straley et al., 1998) reduces this component of its trafficking.
We are currently carrying out a detailed characterization of
the targeting signals in P-selectin and, should it prove pos-
sible to reduce lysosomal targeting without affecting RSO
targeting, we will be able to examine in detail both recycling
to the granule and transfer from the SLMV to the granule
after stimulation.
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