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The BAR Domain Protein PICK1 Controls Vesicle Number
and Size in Adrenal Chromaffin Cells
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Protein Interacting with C Kinase 1 (PICK1) is a Bin/Amphiphysin/Rvs (BAR) domain protein involved in AMPA receptor trafficking.
Here, we identify a selective role for PICK1 in the biogenesis of large, dense core vesicles (LDCVs) in mouse chromaffin cells. PICK1
colocalized with syntaxin-6, a marker for immature granules. In chromaffin cells isolated from a PICK1 knockout (KO) mouse the amount
of exocytosis was reduced, while release kinetics and Ca 2� sensitivity were unaffected. Vesicle-fusion events had a reduced frequency and
released lower amounts of transmitter per vesicle (i.e., reduced quantal size). This was paralleled by a reduction in the mean single-vesicle
capacitance, estimated by averaging time-locked capacitance traces. EM confirmed that LDCVs were fewer and of markedly reduced size
in the PICK1 KO, demonstrating that all phenotypes can be explained by reductions in vesicle number and size, whereas the fusion
competence of generated vesicles was unaffected by the absence of PICK1. Viral rescue experiments demonstrated that long-term
re-expression of PICK1 is necessary to restore normal vesicular content and secretion, while short-term overexpression is ineffective,
consistent with an upstream role for PICK1. Disrupting lipid binding of the BAR domain (2K-E mutation) or of the PDZ domain (CC-GG
mutation) was sufficient to reproduce the secretion phenotype of the null mutant. The same mutations are known to eliminate PICK1
function in receptor trafficking, indicating that the multiple functions of PICK1 involve a conserved mechanism. Summarized, our
findings demonstrate that PICK1 functions in vesicle biogenesis and is necessary to maintain normal vesicle numbers and size.
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Introduction
Adrenal chromaffin cells secrete catecholamines and various
peptides, including chromogranins, into the blood stream as part
of the “breed and feed” and the “fight or flight” response (Fulop
et al., 2005). The final steps leading to exocytosis of large, dense
core vesicles (LDCVs) have been intensively studied, and the
main molecular players linking Ca 2� entry to vesicle fusion iden-
tified (Burgoyne and Morgan, 2003; Kasai et al., 2012). However,
the proper biogenesis of LDCVs, which is fundamental to ensure
that vesicles of the correct size, cargo filling, and membrane pro-
tein content are supplied for subsequent release, is less well un-

derstood (Tooze et al., 2001; Borgonovo et al., 2006; Kim et al.,
2006).

Bin/Amphiphysin/Rvs (BAR) domains are crescent-shaped,
dimeric �-helical modules that are capable of sensing, inducing,
and/or stabilizing membrane curvature (Peter et al., 2004; Frost
et al., 2009; Bhatia et al., 2010; Madsen et al., 2010; Suetsugu et al.,
2010). The diversity of their mechanical function is best under-
stood in relation to clathrin-mediated endocytosis, which in-
volves at least four different BAR domain proteins, including
FCHo1/2, endophilin, amphiphysin, and SNX9, each serving dis-
tinct roles in different steps of the budding and fission process
(McMahon and Boucrot, 2011; Rao and Haucke, 2011; Saheki
and De Camilli, 2012).

Protein interacting with C Kinase 1 (PICK1), islet cell antigen
69 kDa (ICA69), and arfaptin-1/2 constitute a subfamily of BAR
domain proteins that is conserved from Caenorhabditis elegans to
humans (Staudinger et al., 1995; Habermann, 2004). Arfaptin-1
interacts with ADP-ribosylation factors (ARFs; Kanoh et al.,
1997; Shin and Exton, 2001), which have been implicated in ves-
icle budding (Kirchhausen, 2000; Spang, 2008). The absence of
arfaptin-1 in insulin-producing cells impairs formation of
insulin-containing, dense core vesicles and it was proposed that
arfaptin might be important for shielding the vesicle neck to pre-
vent premature fission (Gehart et al., 2012). ICA69 was originally
identified as a diabetes-associated auto-antigen in islet cells
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(Pietropaolo et al., 1993) and, interestingly, the C. elegans or-
tholog of ICA69, RIC-19, has been implicated in the maturation
of neuronal LDCVs (Sumakovic et al., 2009; Hannemann et al.,
2012).

The cellular functions of PICK1 have been extensively studied
in the context of trafficking of AMPA receptors during certain
forms of synaptic plasticity, where the PICK1 PDZ domain plays
an important role (Lu and Ziff, 2005; Jin et al., 2006; Steinberg et
al., 2006; Hanley, 2008; Thorsen et al., 2010). PICK1 has recently
been implicated in the formation and trafficking/maturation of
secretory vesicles (Cao et al., 2013; Holst et al., 2013). However, it
is still unclear whether PICK1 is exclusively involved in vesicle
biogenesis, or whether it might also serve downstream roles once
vesicles have formed. Here, we identified a function for PICK1 in
maintaining the correct size and number of LDCVs in mouse
chromaffin cells, making it a key player in the adrenergic system.
Careful analysis of secretion and ultrastructure further indicate
that formed vesicles retain full fusogenicity in the absence of
PICK1, arguing against a downstream role of PICK1 in vesicle
fusion itself.

Materials and Methods
Mouse line and chromaffin cell culture. We used the PICK1 KO mouse line
generated previously by homologous recombination (Gardner et al.,
2005; Steinberg et al., 2006). The mouse line was kept in the heterozygous
condition and heterozygote crossings were used to create homozygous
KO and WT littermates. Littermate WT animals were used as controls,
unless noted otherwise in the text.

Chromaffin cells were isolated and cultured according to previously
published protocols (Sørensen et al., 2003b). Adrenal glands from P0 –P1
pups of either sex were dissected out, placed in filtered Locke’s solution
(154 mM NaCl, 5.6 mM KCl, 0.85 mM NaH2PO4, 2.15 mM Na2HPO4, and
10 mM glucose, pH 7.0), and cleaned. The glands were digested in 0.3 ml
of papain solution (see below) at 37°C for 40 min followed by the addi-
tion of 0.3 ml of inactivating solution for 5–10 min. This solution was
then replaced by 160 �l of enriched DMEM, and the glands triturated
through a 200 �l pipette tip. Fifty microliters of the cell suspension was
plated as a drop on glass coverslips in 6-well plates, and the cells were
allowed to settle for 20 – 40 min before adding 2 ml of enriched DMEM.
The cells were incubated at 37°C and 8% CO2 and used within 4 d. Papain
solution consisted of DMEM (Gibco) supplemented with 0.2 mg/ml
L-cysteine, 1 mM CaCl2, 0.5 mM EDTA, and 20 –25 U/ml papain (Wor-
thington Biochemical) and equilibrated with 8% CO2. Inactivating solu-
tion consisted of DMEM supplemented with 10% heat-inactivated FCS
(Invitrogen), 2.5 mg/ml albumin, and 2.5 mg/ml trypsin inhibitor
(Sigma-Aldrich). Enriched DMEM consisted of DMEM supplemented
with 4 �l/ml penicillin/streptomycin (Invitrogen) and 10 �l/ml insulin-
transferrin-selenium-X (Invitrogen).

Generation of viral vectors. For short-term re-expression experiments
full-length PICK1 was cloned into a Semliki Forest Virus expression
vector (pSFV1) containing an IRES followed by EGFP, to allow for the
simultaneous, but independent, expression of both proteins. After PCR
amplification PICK1 was inserted into the pSFV1 vector using BamHI
and BssHII restriction sites upstream of the IRES. For long-term re-
expression experiments, full-length PICK1 and PICK1 containing muta-
tions that impair lipid binding of the BAR domain (K266E/K268E) or of
the PDZ domain (C44G/C46G) were amplified by PCR and cloned into
a pLVX-IRES-ZsGreen1 lentiviral (LV) vector (Clontech) using BamHI
and EcoRI restriction sites. All constructs were verified by sequencing.
The generation of LV and SFV particles followed standard protocols.

Exocytosis measurements. Combined capacitance measurements and
amperometric recordings were performed essentially as described previ-
ously (Pinheiro et al., 2013). Capacitance measurements were performed
by using the Lindau–Neher technique implemented as the “sine � dc”
mode of the software lock-in extension of Pulse (HEKA), which allows
long-duration capacitance measurements in a single sweep. A 1000 Hz,
70 mV peak-to-peak sinusoid voltage stimulus was superimposed onto a

DC holding potential of �70 mV. Currents were filtered at 3 kHz and
sampled at 12 kHz using Pulse software. The release of catecholamines
was triggered either by UV flash photolysis of a caged-calcium com-
pound, nitrophenyl-EGTA, which was infused into the cell via the patch
pipette, or by membrane depolarization.

Intracellular calcium concentrations were determined using two fluo-
rescent dyes with different Ca 2� affinities (fura-4F and furaptra; Invit-
rogen; Voets, 2000; Sørensen et al., 2002) which, after calibration, allow
calcium concentration measurements over a large dynamic range. For
the ratiometric determination of the calcium concentration the excita-
tion light was alternated between 350 and 380 nm. Emitted light was
detected with a photodiode, the signal filtered at 3 kHz, and sampled at 12
kHz using Pulse software. The 350/380 signal ratio was calibrated by
infusion of cells with eight different solutions of known calcium concen-
trations. The intracellular solution contained the following (in mM): 100
Cs-glutamate, 8 NaCl, 4 CaCl2, 32 Cs-HEPES, 2 Mg-ATP, 0.3 GTP, 5
NPE, 0.4 fura-4F, 0.4 furaptra, and 1 vitamin C (to prevent flash-induced
damage to fura dyes), pH 7.2 (osmolarity adjusted to �295 mOsm). The
extracellular solution was composed of the following (in mM): 145 NaCl,
2.8 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, and 11 glucose, pH 7.2 (osmolarity
adjusted to �305 mOsm). The basal (pre-flash) calcium was determined
by averaging all measurements in the 20 s preceding the flash protocol
and was adjusted, when required, by brief monochromator illumination
rapidly alternating between 350 and 380 nm, causing gradual photolysis
of caged calcium.

Amperometric recordings were performed using carbon fibers with 5
�m in diameter (Thornel P-650/42; Cytec), insulated using the polyeth-
ylene method (Bruns, 2004). Fibers were clamped to 700 mV, and cur-
rents were filtered at 5 kHz by an EPC-7 (HEKA). Currents were acquired
at 25 kHz and filtered off-line for analysis using a Gaussian filter with a
cutoff set at 1 kHz. Filtering, spike detection, and analysis were per-
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Figure 1. PICK1 is present in mouse chromaffin cells and partly colocalizes with syntaxin-6.
A, Western blot analysis of whole adrenal glands verified expression of PICK1 in the WT and its
elimination in the KO mice. Actin was used as a loading control. B, Immunostaining for both
PICK1 (red channel) and CgA (green channel) in chromaffin cells from WT (top row) and PICK1
KO (bottom row) mice. PICK1 localized to a perinuclear region, reminiscent of the TGN, but was
absent from CgA-positive secretory granules. C, Immunostaining for both PICK1 (red channel)
and syntaxin-6 (green channel) in chromaffin cells from WT (top row) and PICK1 KO (bottom
row) mice. PICK1 partially colocalized with syntaxin-6, suggesting its presence on immature
vesicles budding from the TGN. Scale bars: B, C, 5 �m.
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formed using a custom-written macro
(Mosharov and Sulzer, 2005) running under
IGOR Pro (WaveMetrics).

Information about pool sizes and fusion
rates was obtained by fitting the capacitance
traces with a sum of three exponential func-
tions using custom macros written in IGOR
Pro software. Single-vesicle capacitance was es-
timated using time-locked signal averaging
from simultaneous measurements of mem-
brane capacitance and amperometric spikes
(Moser and Neher, 1997), because fusion of
individual chromaffin granules cannot be re-
solved in whole-cell measurements. The time
at the peak of individual amperometric spikes
was used to align 200 ms segments of the simul-
taneously recorded membrane capacitance sig-
nal for averaging. The resulting capacitance
step was corrected for baseline shift due to on-
going secretion by fitting a linear equation to
the segment before the step and subtracting the
resulting line from the actual data.

Immunocytochemistry. Chromaffin cells
used for immunocytochemistry were cultured
for 2 d on coverslips coated with poly-D-lysine
(Sigma). Cells were fixated in 4% PFA for 10
min on ice and 10 min at room temperature,
permeabilized, and blocked in blocking solu-
tion (PBS w/3% BSA) containing 0.3% sapo-
nin for 30 min. Cells were then incubated
overnight at 4°C with primary antibodies di-
luted in blocking solution. Following extensive
washing, cells were incubated with secondary
antibodies for 30 min at room temperature and
mounted on slides using ProLong antifade
(Life Technologies). PICK1 was visualized us-
ing either a custom-made mouse monoclonal
antibody 2G10 or a polyclonal chicken anti-
PICK1 (Novus Biologicals). Both antibodies were diluted 1:500.
Syntaxin-6 was visualized using mouse monoclonal 3D10 (Abcam) di-
luted 1:1000. Primary antibodies against tyrosine hydroxylase (TH) and
chromogranin A (CgA) were mouse monoclonal MAB318 (Millipore;
used 1:2000) and rabbit polyclonal ab15160 (Abcam; used 1:1000), re-
spectively. All secondary antibodies were from goat (anti-rabbit, anti-
mouse, or anti-chicken) and conjugated to Alexa Fluor 488, Alexa Fluor
546, Alexa Fluor 568, or Alexa Fluor 647 (Life Technologies). The immu-
nofluorescence was visualized using a Zeiss LSM 510 or LSM 710 inverted
confocal laser-scanning microscope equipped with an oil-immersion NA
1.4 63� objective (Zeiss). For quantification of CgA, anti-TH visualized
with Alexa Fluor488-conjugated secondary antibody was used to identify
chromaffin cells. The CgA staining was kept in the far-red channel to
avoid bleed through. CgA quantification was done using ImageJ software
on Z-stacks with a 0.5 �m increment between slices. For quantification of
CgA immunoreactivity ROIs were outlined on images of the TH immu-
noreactivity and these ROIs were subsequently used for measuring total
signal intensity in the far-red channel after background subtraction. All
microscope settings were kept the same during imaging of the CgA signal,
and thresholding for subtraction of background was unchanged during
CgA quantification.

Western blot. Mouse adrenal glands were collected at P1 and homoge-
nized in RIPA lysis buffer (Sigma) containing 1 mM PMSF and Complete
Protease Inhibitor Cocktail (Roche). The lysate was cleared by a 15 min
centrifugation at 11,000 � g at 4°C. COS-7 cells were seeded out in 6-well
plates, 250,000 cells per well, 1 d before infection. After LV infection the
cells were left to express for 48 h, then lysed in lysis buffer, and cleared by
centrifugation. Total protein in the lysates was determined by a BCA
assay (Thermo Scientific). Proteins in the COS-7 cell and adrenal gland
lysates were separated by SDS-PAGE and blotted onto PVDF mem-
branes. An amount of lysate corresponding to half a gland or 8 �g total

protein for the COS-7 cells was loaded per well. Membranes were blocked
in PBS with 0.1% Tween 20 and 5% dry milk. The following primary
antibodies were used, diluted in blocking solution: polyclonal rabbit
anti-PICK1 (Abcam; 1:500), mouse monoclonal anti-PICK1 (Antibod-
ies; 1:500), and polyclonal rabbit anti-CgA (Santa Cruz Biotechnology;
1:1000). After incubation in primary antibody for 1 h at room tempera-
ture the blots were washed extensively and incubated in HRP-conjugated
anti-mouse or anti-rabbit antibodies (Thermo Scientific; 1:10.000) and
HRP-conjugated mouse monoclonal anti-� actin antibody (Sigma;
1:10.000) in blocking solution for 30 min. Following further washing the
blots were developed using the ECL detection system (GE Healthcare)
and imaged using a cooled CCD camera.

Electron microscopy of cultured chromaffin cells. Chromaffin cells from
PICK1 KO mice and WT littermates (P0 –P1) were plated on coverslips
coated with rat tail type 1 collagen (Cellocate; Eppendorf). After 2 DIV
the cells were fixated for 45 min at room temperature with 2.5% glutar-
aldehyde in 0.1 M cacodylate buffer, pH 7.4. After fixation cells were
washed with cacodylate buffer, embedded, and analyzed as described
before (Toonen et al., 2006). Analysis of secretory vesicle distribution was
done blinded for the genotype of the animal. For each condition the
distribution of secretory vesicles was analyzed in serial ultrathin sections
(�90 nm) of randomly selected chromaffin cells from different animals.
Chromaffin cells were selected at low magnification in the JEOL 1010
electron microscope and subsequently examined at 20,000� magnifica-
tion. Only cells with a visible nucleus and clear-cut plasma membrane
were taken into account. Secretory vesicles were recognized by their
round, dense core. Docked vesicles were without any measurable dis-
tance between granule and plasma membrane. Distances from the gran-
ule membrane to the plasma membrane were measured on digital images
acquired at 20,000� magnification by a Kodak Megaplus 1.4i camera
controlled by analySIS (Soft Imaging Systems/Olympus). For each con-

500

400

300

200

100

0

Δ
C

m
 (f

F)

543210
Time (s) 

30

20

10

0

Q
A

m
p  (pC

)

30

20

10

0[C
a2+

] i 
(μ

M
)

80

60

40

20

0

I A
m

p (
pA

)
PICK1 WT
PICK1 KO

A

fast 
burst

slow 
burst Sust.

0

4

8

12

16

τ
 (m

s)

0.0

0.1

0.2

0.3

τ
 (s

)

fast burst slow burst

B

Ci

0

50

100

150

0

10

20

30

40

50

**
* * **

Δ
C

m
 (f

F)

Sust. rel. (fF/s)

fa
st sl
ow

Cii

Figure 2. Genetic removal of PICK1 causes the reduction of secretory amplitude without affecting release kinetics. A, Intracel-
lular Ca 2� uncaging revealed reduced catecholamine release from PICK1 KO chromaffin cells. Top, Mean � SEM intracellular
Ca 2� concentration attained after UV photolysis of caged Ca 2� (red arrow). Middle, Averaged traces of the change in membrane
capacitance upon Ca 2� uncaging. Bottom, Mean amperometric current (left axis, thick traces) and mean amperometric charge
(right axis, thin traces). B, Kinetic analysis revealed a significant reduction of all phases of release in PICK1 KO mice, without any
change in the overall rates of secretion (C). The sustained component (Sust.) was calculated as the slope of the capacitance trace
between 1.5 and 5.5 s. This component was also reduced in the absence of PICK1 (WT, n � 34 cells; PICK1 KO, n � 29 cells; *p �
0.05, **p � 0.01, and ***p � 0.001; Student’s t test).
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dition the relative frequency of docked vesicles was calculated, and cu-
mulative distance histograms were created of the relative frequency of all
vesicles according to the number of vesicles counted in this area. In
addition, the total number of vesicles was counted and the diameter of
secretory vesicles was analyzed.

Statistical analysis. Data are presented as mean � SEM with n indicat-
ing the number of cells. Statistical comparisons were made using an
unpaired, two-tailed Student’s t test, or one-way ANOVA, unless other-
wise stated.

Results
Adrenal chromaffin cells release adrenaline, which is a major
output of the sympathetic nervous system, together with various
peptides. Catecholamine and peptide secretion occurs through
the fusion of LDCVs with the plasma membrane using the same
basic exocytotic machinery that operates in transmitter release in
central neurons. Easily accessible and amenable to direct mea-
surements of release by capacitance and amperometry measure-
ments, chromaffin cells constitute a versatile assay system for fast,
calcium-triggered exocytosis (Rettig and Neher, 2002).

Genetic removal of PICK1 impairs catecholamine secretion
To understand what role, if any, PICK1 plays in adrenal chromaf-
fin cell physiology, we began by assessing whether it is expressed
in these cells. Western blotting of adrenal gland extracts verified
expression of PICK1, as well as its elimination in PICK1 KO
animals (Fig. 1A). We next performed immunostaining for
PICK1 as well as for either CgA, which localizes to LDCVs, or
syntaxin-6, which localizes to immature vesicles at the trans-
Golgi network (TGN; Klumperman et al., 1998; Wendler et al.,
2001). We found that the PICK1 immunosignal was localized to a

perinuclear compartment and appeared
to be largely absent from mature secretory
granules positive for CgA, which are local-
ized at the cell periphery (Fig. 1B). The
remaining weak signal throughout the cell
was also found in cells from PICK1 KO
mice and was, therefore, unspecific (Fig.
1B, bottom). PICK1 was also found, at
least partially, to colocalize with syntaxin-
6-positive compartments (Fig. 1C), in
agreement with recent studies in growth
hormone-secreting cells (Holst et al.,
2013). Those studies also identified defi-
cits in the levels of secreted hormones, but
a detailed analysis of secretion using
single-cell methods with high temporal
resolution was not performed. Thus, it re-
mains unknown whether deletion of
PICK1 affects only vesicle biogenesis, or
also downstream steps in the exocytotic
cascade, including vesicle docking to the
plasma membrane, priming to gain re-
lease competence, or fusion.

We examined catecholamine secretion
from PICK1 KO chromaffin cells, and
PICK1 WT littermates, using electrophys-
iological techniques. This was accom-
plished by monitoring membrane
capacitance, which is proportional to cell
membrane area and increases upon vesi-
cle fusion. Simultaneously, we measured
the secreted catecholamines by carbon fi-
ber amperometry. This method detects

the electrochemical current caused by electron transfer during
transmitter oxidation on the fiber surface, and allows for single-
vesicle fusion events to be resolved. Exocytosis was triggered by
UV flash photolysis of caged Ca 2�, which allows for a near-
instantaneous and uniform elevation of the [Ca 2�]i, which de-
pletes the primed vesicle pools and reveals both the vesicle pool
size and fusion kinetics. Furthermore, the basal (pre-flash)
[Ca 2�]i was kept relatively high (639 � 28 nM, n � 34 for WT and
619 � 22 nM, n � 29 for PICK1 KO) to build up a large releasable
pool of vesicles by stimulating priming (Voets, 2000). In this
experimental setting PICK1 KO cells displayed a marked reduc-
tion in secretion, as revealed by both membrane capacitance and
amperometric measurements (Fig. 2A, middle and bottom). All
phases of secretion, discriminated by fitting a sum of exponential
components to the membrane capacitance traces, were signifi-
cantly reduced (fast burst, 123 � 10 fF, n � 34 for WT and 66 �
6 fF, n � 29 for KO, p � 0.0001; slow burst, 99 � 9 fF, n � 34 for
WT and 71 � 9 fF, n � 29 for KO, p � 0.0226; sustained, 39 � 4
fF/s, n � 34 for WT and 25 � 2 fF/s, n � 29 for KO, p � 0.0048;
Fig. 2B). The fast burst of release originates from the readily
releasable pool (RRP) of vesicles, whereas the slow burst of release
is commonly assumed to originate from a slowly releasable pool
(SRP). However, in a recent study we concluded that the SRP vesicles
are most likely not fusogenic and need to mature to the RRP state
before fusing (Walter et al., 2013). Our data show that both pools are
decreased in size in the absence of PICK1. There were no changes in
fusion kinetics of either the fast or slow bursts (Fig. 2Ci,Cii).

We also stimulated the cells using a membrane depolarization
protocol designed to distinguish between the immediately releas-
able pool (IRP) of vesicles and the RRP (Fig. 3A,B). Six brief
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depolarizations (10 ms to �20 mV) cause
a spatially restricted increase in [Ca 2�]i

and release the IRP vesicles, which are po-
sitioned close to calcium channels, and
are followed by four longer depolariza-
tions (100 ms to �20 mV) that cause
global [Ca 2�]i elevation and release the
entire RRP (Horrigan and Bookman,
1994; Voets et al., 1999). A calcium-
uncaging stimulus was applied to assess the
remaining release capability of the cells. In
the absence of PICK1 the exocytotic re-
sponses to membrane depolarizations were
impaired, already from the first short stim-
ulus (Fig. 3A, bottom, C). The IRP (inte-
grated capacitance over the six brief
depolarizations) was significantly reduced
(43.3�3.4 fF, n�24 for WT and 29.9�3.2
fF, n � 24 for PICK1 KO, p � 0.0066; Fig.
3Bi) without changes to either calcium cur-
rents (Fig. 3Bii) or sodium currents (Fig.
3Biii). Normalizing the capacitance traces to
the same IRP size showed that the release
probability by a single depolarization was
identical between WT and PICK1 KO cells
(Fig. 3A, insert). Overall, these results dem-
onstrate that, in PICK1 KO cells, the releas-
able pools of vesicles, including the IRP,
RRP, and SRP, are all reduced in size, but
fuse with normal kinetics.

Unchanged calcium dependence of
release in the absence of PICK1
PICK1 has been reported to bind calcium
and to function as a calcium sensor for
AMPA receptor trafficking induced by
NMDA receptors (Hanley and Henley,
2005) and AMPA receptor intracellular
retention during synaptic plasticity pro-
cesses (Jo et al., 2008; Citri et al., 2010).
We therefore asked whether PICK1 might
exert a direct calcium-dependent role in
chromaffin granule exocytosis. To exam-
ine the calcium dependence of fusion on-
set, we illuminated the cells by rapidly
alternating monochromator illumination
between 350 and 380 nm; this causes slow
calcium uncaging and allows for simulta-
neous capacitance and ratiometric cal-
cium measurements (Sørensen et al.,
2002). The resulting calcium “ramp” (Fig.
4A,B, top) elicits a sigmoid-shaped in-
crease in membrane capacitance (Fig.
4A,B, red trace in middle; shown are two
representative recordings). The secretion
threshold was determined as the [Ca 2�]i

at the first maximum of the second deriv-
ative of the capacitance trace, reflecting
the maximal acceleration in release (Fig.
4A,B, bottom). The secretion threshold provides a sensitive mea-
surement of the calcium dependence of release, which is altered
by mutations in synaptotagmin-1 that change its Ca 2� affinity
(Sørensen et al., 2003a), or when interfering with the ability of

SNAP-25 to interact with synaptotagmin-1 (Mohrmann et al.,
2013). We found that in PICK1 KO cells this threshold for secre-
tion onset was unchanged (Fig. 4A,B), indicating that PICK1
does not affect the calcium dependence of LDCV fusion.
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Reduced single-vesicle transmitter release but unaltered
fusion kinetics
In the experiments described previously, simultaneous ampero-
metric recordings of released catecholamines were also per-

formed (Fig. 4A,B, blue trace in middle), and revealed a quite
striking phenotype; not only were there less single-fusion events
in the PICK1 KO, but they appeared to be of much smaller am-
plitude. Thus, we performed a thorough analysis of single am-
perometric spike parameters (Fig. 5A; Mosharov, 2008). This
revealed that, indeed, not only the number of detected events was
significantly reduced in PICK1 KO cells (Fig. 5B), but also the
amplitude (Fig. 5C) and charge (which is calculated as the time
integral of the amperometric current and directly reflects the
total amount of catecholamines oxidized at the electrode; Fig.
5D) were decreased to �59% of control cells. The kinetic features
of single spikes were not changed (Fig. 5E–G), with exception of
the total spike duration, which was shorter in the KO cells (Fig.
5H). However, this could be caused indirectly because a smaller
spike will blend with the noise of the recording, resulting in an
underestimation of the duration. Amperometric spikes are often
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Figure 7. Reduced number and size of vesicles in PICK1 KO chromaffin cells. A, B, Electron
micrographs of a representative WT cell and a PICK1 KO cell. C, D, Insets of the dotted areas in A
and B at higher resolution. E, Cumulative vesicle distribution within the first 100 nm from the
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preceded by a so-called pre-spike foot that reflects transmitter
leakage trough the forming fusion pore (Chow et al., 1992; Jack-
son and Chapman, 2008). The pre-spike foot parameters were
indistinguishable between PICK1 KO and control cells (Fig.
5 I, J), further supporting the notion that PICK1 does not directly
participate in LDCV fusion. These results show that less LDCVs
fuse with the plasma membrane in PICK1 KO than in WT cells,
but also suggest that those LDCVs are either smaller in size or
pack smaller amounts of transmitter.

To distinguish between these two hypotheses we further ana-
lyzed the data depicted in Figure 4 to extract the mean single-
vesicle capacitance, which is proportional to the vesicles’
membrane area. Since the fusion of individual chromaffin gran-
ules cannot be resolved in whole-cell measurements, we used
time-locked signal averaging from the simultaneous measure-
ments of membrane capacitance and amperometric spikes
(Moser and Neher, 1997). The time at peak of each amperometric
spike was used to align and average 200 ms segments of the si-
multaneously recorded membrane capacitance (204 events for
PICK1 KO and 609 events for WT). The resulting capacitance
step, after correction of the sloping baseline (see Materials and
Methods; Fig. 6A), represents the mean change in membrane
capacitance upon fusion of a single LDCV (Fig. 6B). Single am-
perometric spikes were also averaged for comparison (Fig. 6C).
This exercise revealed an estimate of the single-vesicle capaci-
tance of 0.94 fF/vesicle in WT cells, slightly less than the 1.3 fF
(Moser and Neher, 1997) and 1.25 fF (Tabares et al., 2001) re-

ported previously for adult mouse and adult rat chromaffin cells,
respectively. This is in line with the finding that chromaffin cells
from newborn mice (used here; see size estimate below) have, on
average, smaller vesicles than adult ones (Lipovs̆ek et al., 2013). In
PICK1 KO cells the single-vesicle capacitance was markedly re-
duced (to 0.31 fF/vesicle), indicating that fusing LDCVs are
smaller in the absence of PICK1.

Reduced LDCV size and number in the absence of PICK1
The reduced number of single-release events and their smaller
charge, together with a smaller single-vesicle capacitance, all
point to the presence of smaller and fewer vesicles. However,
other scenarios are also possible; for example, the absence of
PICK1 could lead to changes in LDCV formation or maturation
that would cause small vesicles to fuse preferentially, without
altering their number or cellular distribution. To clarify this we
performed EM in PICK1 KO cells, in parallel with littermate
controls, and quantified LDCV number, size, and cellular distri-
bution (Fig. 7). The EM revealed normal cell morphology (Fig.
7A,B and higher magnification insets in C,D). However, there
was a clear change in the number of vesicles in the cell (Fig.
7E,G), with a reduction in both the number of vesicles docked to
the plasma membrane (32 � 2, n � 23 for WT and 13 � 1, n � 25
for PICK1 KO; p � 0.0001; Fig. 7F) and the total number of
vesicles per EM section (136 � 7, n � 23 for WT and 81 � 5, n �
25 for PICK1 KO; p � 0.0001; Fig. 7G). There was also a clear shift
in the distribution of LDCVs size (Fig. 7H), and the mean vesicle
diameter was significantly smaller in the absence of PICK1
(137.2 � 3.9 nm, n � 23 cells for WT and 113.3 � 2.8 nm, n � 25
cells for PICK1 KO; p � 0.0001; Fig. 7I). With these data, we
repeated the CgA staining in PICK1 KO and WT cells, now using
simultaneous staining against TH to identify chromaffin cells
independently of their CgA or PICK1 staining. These stainings
confirmed that the levels of CgA were significantly reduced in the
PICK1 KO chromaffin cells (Fig. 8A,B). A similar reduction in
the PICK1 KO was found by immunoblotting protein extracts
obtained from individual adrenal glands (Fig. 8C,D).

Remarkably, the LDCV volume in PICK1 KO cells, estimated
from the vesicle diameter obtained in the EM micrographs, is
expected to be 56% of the WT LDCV volume, which aligns well
with the reduction of quantal content to 59%, as detected by
amperometry (see above). This suggests no defect in transmitter
filling in the PICK1 KO. The reduction in single-vesicle capaci-
tance in the PICK1 KO, as estimated by electrophysiology, is
larger than expected from EM, which is probably due to the very
noisy nature of the single-vesicle capacitance signal (Fig. 6B). We
conclude that the EM analysis establishes the presence of smaller
and fewer LDCVs in PICK1 KO cells.

Normal secretion can be restored by long-term but not short-
term PICK1 re-expression
The secretion deficit and the changes in vesicle number and size
observed in PICK1 KO cells are quite profound and could be
associated with developmental shortfalls indirectly linked to the
loss of PICK1. We, therefore, sought to rescue the null phenotype
by re-expressing the full-length PICK1 protein in dissociated
chromaffin cells using an SFV; it expressed PICK1 followed by an
IRES and EGFP as an expression marker. The cells were infected
for 6 –7 h and then analyzed for a possible rescue of secretion,
using the calcium uncaging protocol (Fig. 2), by direct compari-
son with uninfected PICK1 KO cells and littermate WT cells.
This, however, led to a failure in rescuing the secretion deficit
seen in PICK1 KO cells (Fig. 9A–C). We, nevertheless, found the

P
IC

K
1 

K
O

P
IC

K
1 

W
T

TH Chromogranin A

N
or

m
. f

lu
or

. i
nt

en
si

ty

***

BA

0.00

0.25

0.50

0.75

1.00

1.25

PICK1 WT
PICK1 KO

C

PI
CK

1 
KO

PI
CK

1 
W

T

CgA

actin

0.0

0.2

1.0

1.2

N
or

m
. C

gA
 le

ve
ls

CgA

***

0.8

0.6

0.4

CgAD

Figure 8. CgA is reduced in the absence of PICK1. A, Single confocal slices of chromaffin cells
from both WT and PICK1 KO mice immunostained for TH (green channel) and CgA (red channel).
The TH staining was used to allow the unbiased identification of chromaffin cells. B, Normalized
CgA fluorescent signal in WT (black; n � 51 cells) and PICK1 KO cells (blue; n � 53 cells)
obtained from the maximum intensity projection of a confocal stack through the entire cell. C,
Western blot against CgA in single adrenal glands from PICK1 WT and KO animals. D, Quantifi-
cation of three Western blots from different animals. In the absence of PICK1 there was a
marked reduction in the amount of CgA present in the adrenal glands and in individual chro-
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levels of PICK1 expression in EGFP-positive cells to be manyfold
higher than in WT cells (Fig. 9D,E,M), but, in accordance with
the failure to rescue secretion, the levels of CgA were still reduced
in these cells (Fig. 9F). This same SFV expression system has
successfully rescued the secretion deficits associated with the loss
of proteins that are directly involved in exocytosis, such as
SNAP-25 (Sørensen et al., 2003b), synaptobrevin-2 (Kesavan et
al., 2007), Snapin (Tian et al., 2005) and synaptotagmin-1 (Nagy
et al., 2006). Therefore, this result points to a likely function of
PICK1 upstream of exocytosis itself or, alternatively, to a devel-
opmental phenotype that cannot be rescued by re-expression of

PICK1. Interestingly, a study using a fluorescent “timer” protein
showed that newly generated vesicles equilibrate with the reserve
pool of vesicles within 16 h (Duncan et al., 2003). This could
mean that 6 h of PICK1 re-expression is not enough time for cells
to recycle all or most of their LDCVs and replace them with
properly generated ones.

We therefore turned to a longer term rescue strategy, using an
LV vector expressing PICK1 followed by an IRES and ZsGreen1
as an expression marker. The cells were infected for 48 h and
again tested for secretion by calcium uncaging. As can be seen in
Figure 9G (and quantified in H and I), long-term PICK1 expres-
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sion significantly increased secretion in
KO cells by �2-fold. Immunostaining on
infected cells revealed that PICK1 was ex-
pressed throughout the cell, which con-
trasts with the restricted localization
pattern seen in WT cells (compare Figs. 1,
9J; Fig. 9M demonstrates expression of
PICK1 by the LV construct in cultured
cells), and indicates that part of the pro-
tein was mislocalized. Nevertheless, the
rescue of secretion and the increased
amounts of CgA by �2-fold (Fig. 9 J–L)
show that expressed PICK1 was func-
tional, implying that part of the protein
must be properly localized. The in-
creased amount of CgA is consistent
both with the increased secretion seen in
infected cells and with the �2-fold dif-
ference in the amount of CgA found be-
tween WT and KO cells (Fig. 8). We
conclude that the effect of removing
PICK1 is cell autonomous, but re-
establishing function requires long-
term expression. This is consistent with
PICK1 playing an upstream role in ves-
icle biogenesis and size maturation.

PICK1 lipid interactions are essential
for functional LDCV generation
Using our LV rescue system, we next
asked which properties of the PICK1 pro-
tein are required for LDCV generation.
We focused on two well-characterized
mutations, which have previously been
shown to eliminate the function of PICK1
in AMPA receptor trafficking. The 2K-E
mutation (K266E/K268E) targets two
lysines in the BAR domain, which are im-
plicated in lipid interaction. The mutation
reduces, but does not eliminate, PICK1
lipid interaction and disrupts synaptic
targeting of PICK1 and GluR1/2 recep-
tors, as well as the induction of long-term
depression (Jin et al., 2006; Steinberg
et al., 2006). The other mutation was the CC-GG substitution
(C44G/C46G) within the CPC motif, located close to the PDZ
domain. The CPC motif binds directly to membranes, thereby
anchoring the PDZ domain, which interacts with various binding
partners. The CC-GG mutation reduces lipid interaction of the
PDZ domain and eliminates PICK1 clustering and synaptic tar-
geting of PICK1 and GluR1 and GluR2/3 receptors (Pan et al.,
2007).

When expressed in the PICK1 KO chromaffin cells using LV
transduction, both mutations failed to re-establish release (Fig.
10A–G). Neither mutation resulted in significant changes of ei-
ther the burst or the sustained-release components (Fig.
10B,C,E,F). Quantitative immunofluorescence demonstrated
that both mutations were expressed at similar levels as the WT
protein (Fig. 11A,B). Surprisingly, the 2K-E mutation actually
caused a similar increase in overall CgA staining as WT PICK1
(rescue), whereas the CC-GG mutation caused a smaller, but
significant, increase in CgA, which did not reach the same level as
when expressing PICK1 WT (Fig. 11A,C). Since secretion was

still depressed upon 2K-E or CC-GG expression, we conclude
that the overexpression of these mutations causes the formation
of CgA accumulations, which do not represent functional
granules.

In conclusion, two PICK1 mutations that disrupt lipid bind-
ing and AMPA receptor trafficking also fail to re-establish func-
tional vesicle biogenesis in adrenal chromaffin cells, indicating
that a common mechanism of PICK1 function is involved in the
two processes.

Discussion
The biogenesis of secretory vesicles is an essential cellular process
that must be strictly regulated to ensure that the formed vesicles
are suitable to fulfil their ultimate purpose: the release of their
contents upon fusion with the plasma membrane. In the present
work we have identified a function for the BAR domain protein
PICK1 in the regulation of LDCV biogenesis in chromaffin cells.
We found that (1) in the PICK1 KO catecholamine secretion
from chromaffin cells is severely impaired, with no change in its
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Neither the burst phase of release nor the sustained phase (C) displayed any rescue upon expression of the 2K-E mutation in PICK1
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expression of PICK1 2K-E and CC-GG in COS-7 cells.
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release kinetics or calcium dependence; (2) single-vesicle fusion
events are fewer, release smaller amounts of catecholamines, and
contribute smaller increases to the membrane capacitance; (3)
LDCVs are smaller and fewer, with a corresponding decrease in
the overall level of CgA in the cell; (4) long-term re-expression of
PICK1 is required to rescue normal levels of CgA and of catechol-

amine secretion; and (5) lipid binding of
both the BAR and PDZ domains is essen-
tial for the function of PICK1 in vesicle
generation. Thus, our data clearly indicate
that the main defect in PICK1 KO cells is
the reduced or aberrant biogenesis of se-
cretory granules, leading to impaired
secretion.

One could envision two scenarios
where the absence of PICK1 would influ-
ence membrane fusion. One would be in-
directly, by creating vesicles with altered
composition during biogenesis, or by
halting maturation of immature vesicles,
which could lead to downstream defects
in fusion. The other would be directly, by
interference with the fusion machinery it-
self. The latter mechanism would require
PICK1 to be localized to either mature
vesicles or the plasma membrane, which
we did not find evidence for in chromaf-
fin cells. The predominant localization
to a syntaxin-6-positive compartment
in chromaffin cells agrees with studies in
human growth hormone-producing cells
(Holst et al., 2013). In �-cells, PICK1
(with ICA69) was found partly localized
to immature vesicles, and partly (without
ICA69) to mature, dense core vesicles
(Cao et al., 2013). Nevertheless, the ratio
of secreted insulin to total cellular insulin
was unchanged after deletion of PICK1,
leading the authors to conclude that the
exocytosis machinery is most likely not
defective in the absence of PICK1 (Cao et
al., 2013), even though cellular release as-
says were not performed. In contrast, a
recent study of Arfaptin-1, a BAR domain
protein closely related to PICK1, identi-
fied smaller insulin granules, impaired
docking of granules, and reduced insulin
secretion upon depletion of Arfaptin-1
and attributed these findings to the gener-
ation of nonfunctional insulin granules,
which would be subsequently degraded
(Gehart et al., 2012).

By using calcium uncaging to measure
the fusion rates of primed vesicles, cal-
cium ramps to detect the secretion thresh-
old, and by analyzing single-vesicle fusion
events in detail, we find no evidence that
PICK1 participates in the fusion process
itself. Thus, the smaller LDCVs generated
in the absence of PICK1 retain fusogenic-
ity, implying that PICK1 controls vesicle
formation and size, but not the fusion re-
action itself. Different stimulation proto-

cols resulted in somewhat different estimates of the reduction in
fusion capacity in PICK1 KO cells. Upon depolarization, the size
of the IRP was reduced by �30%, whereas the overall reduction
in Ca 2�-uncaging experiments was by �40% (Fig. 2). These re-
ductions are less than expected from the combined decrease in
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overall vesicular content (reduction by 40%) and vesicular size
(expected decrease in single-vesicle capacitance by �31%, esti-
mated by EM), yielding an overall expected reduction of �59%.
Therefore, either the smaller vesicles in the PICK1 KO are more
fusogenic than in the WT, or—which is probably more likely—
some other mechanism regulates the number of vesicles fused.
One such mechanism could be the association of vesicles to a
priming receptor/machinery. This receptor would include prim-
ing proteins such as CAPS (Liu et al., 2010), and—if present in
limiting amounts—it might act to keep the number of primed
vesicles constant in the face of a reduced vesicle availability.

Recent studies have demonstrated the participation of BAR
domain proteins, including PICK1, in vesicle biogenesis. Both
PICK1 and ICA69 were found to regulate the formation of
insulin- and growth hormone-containing granules; in their ab-
sence there is a reduction in the amount of released hormones
(Cao et al., 2013; Holst et al., 2013), which correlates with either
the presence of more immature granules (Cao et al., 2007) or with
a marked reduction in their number (Holst et al., 2013). How-
ever, no significant changes in vesicle size were reported by other
studies on PICK1 function suggesting that its function in control-
ling the size of secretory granules might depend on the specific
cellular context.

Another interesting finding in our study was that, in order to
rescue normal levels of secretion in PICK1 KO chromaffin cells,
long re-expression (48 h) with a lentivirus was required, whereas
6 – 8 h strong expression using Semliki virus was ineffective. We
have recently published similar findings upon deletion of the
SNARE protein vti1a, where vesicles were also reduced in num-
ber and size, and long-term expression was necessary for rescue
(Walter et al., 2014). However, rescue of KOs for integral vesicu-
lar proteins (synaptobrevin-2/VAMP-2 and synaptotagmin-1) is
complete within 6 – 8 h using Semliki viruses (Borisovska et al.,
2005; Nagy et al., 2006). We therefore suggested that vti1a might
participate in an upstream reaction near the TGN, which leads to
the formation of premature vesicles that later incorporate mem-
brane proteins necessary for exocytosis. Strikingly, vti1a has a
similar distribution as PICK1 and also partly overlaps with that of
syntaxin-6 (Walter et al., 2014). Thus, a syntaxin-6-positive com-
partment near the TGN (Kuliawat et al., 2004)—probably related
to the compartment necessary for GLUT4 recycling (Shewan et
al., 2003)—might be involved in forming vesicles of the correct
number and size. While depletion of PICK1 or vti1a leads to
reduction in vesicle size and number, fully functional vesicles are
generated. Thus, both vti1a and PICK1 might be nonessential
modulators of vesicle biogenesis or there is some degree of redun-
dancy, which can partially compensate for their losses. Neverthe-
less, our finding that expression of the 2K-E PICK1 mutation
rescues the CgA content, but not secretion, indicates that upon
mutation of PICK1 nonfunctional vesicles can be formed.

Arfaptin-1 was shown to interact with small GTPases (ARF
and Rac1; Kanoh et al., 1997; Shin and Exton, 2001) of the Ras
superfamily. Interestingly, the monomeric G-proteins Rab3
(Rab3A–D) are necessary to maintain normal vesicle numbers in
mouse chromaffin cells, indicating that they are involved in ves-
icle biogenesis (Schonn et al., 2010). However, secretion was re-
stored by short-term overexpression of Rab3A, even though the
vesicle number was not, indicating that Rab3 proteins play an
additional downstream promoting role in vesicle priming
(Schonn et al., 2010). Future experiments will reveal whether
Rab3 and PICK1 might interact to stimulate vesicle biogenesis.

How, then, would PICK1 participate in the biogenesis of
LDCVs? The PICK1 BAR domain possesses membrane-sculpting
properties, at least in vitro, and thus has the principal capacity to
directly facilitate the budding process (Holst et al., 2013). In ad-
dition, PICK1 might participate in the formation of protein scaf-
folds that would shield the vesicle neck and prevent premature
fission, as proposed for Arfaptin-1 (Gehart et al., 2012). The com-
bination of those two mechanisms would cause formation of
fewer vesicles (due to impaired budding) of smaller size (due to
premature fission) in the absence of PICK1, in agreement with
our findings. In support of a role for PICK1 lipid interaction
during vesicle biogenesis, we found that two mutations, the 2K-E
and the CC-GG, which reduce lipid binding of the BAR domain
and the PDZ domain, respectively, both eliminated functional
rescue of the PICK1 KO. Both mutations also eliminate synaptic
targeting of PICK1 and glutamate receptors (Jin et al., 2006;
Steinberg et al., 2006; Pan et al., 2007). Thus, it appears that
PICK1 relies on the same basic properties, which at least involve
membrane interaction, during the trafficking of AMPA receptors
and the generation of secretory vesicles.

The absence of granins also leads to defects in the number of
LDCVs and, importantly, to larger sized vesicles (Kim et al., 2001,
2005; Courel et al., 2010; Díaz-Vera et al., 2012). The latter find-
ing could imply some functional interplay between the two
classes of proteins. Granins function as the core around which
budding from the TGN is initiated (Kim et al., 2006). However,
when left to its own devices, this might lead to the formation of
smaller vesicles, whereas PICK1 (or other BAR proteins) could
stabilize the nascent vesicle from the outside as a scaffolding or
proofreading mechanism to ensure a larger size. This would agree
with the opposing effects on vesicle size when deleting CgA (Kim
et al., 2005) and PICK1 (this study). However, this mechanism
probably cannot explain why deletion of a SNARE protein, vti1a,
results in a similar reduction in vesicle size (Walter et al., 2014). It
is likely that the putative syntaxin-6-positive subcompartment at
or near the TGN plays a more complex role, which has yet to be
described, in the generation of proper-sized and functional secre-
tory vesicles.
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Chow RH, von Rüden L, Neher E (1992) Delay in vesicle fusion revealed by
electrochemical monitoring of single secretory events in adrenal chromaf-
fin cells. Nature 356:60 – 63. CrossRef Medline

Citri A, Bhattacharyya S, Ma C, Morishita W, Fang S, Rizo J, Malenka RC
(2010) Calcium binding to PICK1 is essential for the intracellular reten-

10698 • J. Neurosci., August 6, 2014 • 34(32):10688 –10700 Pinheiro et al. • PICK1 Controls Secretory Vesicle Number and Size

http://dx.doi.org/10.1016/j.semcdb.2009.12.004
http://www.ncbi.nlm.nih.gov/pubmed/20006726
http://dx.doi.org/10.1016/j.ceb.2006.06.010
http://www.ncbi.nlm.nih.gov/pubmed/16806882
http://dx.doi.org/10.1038/sj.emboj.7600696
http://www.ncbi.nlm.nih.gov/pubmed/15920476
http://dx.doi.org/10.1016/j.ymeth.2004.01.004
http://www.ncbi.nlm.nih.gov/pubmed/15183180
http://www.ncbi.nlm.nih.gov/pubmed/12663867
http://dx.doi.org/10.1523/JNEUROSCI.2040-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/18032668
http://dx.doi.org/10.1371/journal.pbio.1001541
http://www.ncbi.nlm.nih.gov/pubmed/23630453
http://dx.doi.org/10.1038/356060a0
http://www.ncbi.nlm.nih.gov/pubmed/1538782


tion of AMPA receptors underlying long-term depression. J Neurosci
30:16437–16452. CrossRef Medline

Courel M, Soler-Jover A, Rodriguez-Flores JL, Mahata SK, Elias S, Montero-
Hadjadje M, Anouar Y, Giuly RJ, O’Connor DT, Taupenot L (2010)
Pro-hormone secretogranin II regulates dense core secretory granule bio-
genesis in catecholaminergic cells. J Biol Chem 285:10030 –10043.
CrossRef Medline

Díaz-Vera J, Camacho M, Machado JD, Domínguez N, Montesinos MS,
Hernández-Fernaud JR, Luján R, Borges R (2012) Chromogranins A
and B are key proteins in amine accumulation, but the catecholamine
secretory pathway is conserved without them. FASEB J 26:430 – 438.
CrossRef Medline

Duncan RR, Greaves J, Wiegand UK, Matskevich I, Bodammer G, Apps DK,
Shipston MJ, Chow RH (2003) Functional and spatial segregation of
secretory vesicle pools according to vesicle age. Nature 422:176 –180.
CrossRef Medline

Frost A, Unger VM, De Camilli P (2009) The BAR domain superfamily:
membrane-molding macromolecules. Cell 137:191–196. CrossRef
Medline

Fulop T, Radabaugh S, Smith C (2005) Activity-dependent differential
transmitter release in mouse adrenal chromaffin cells. J Neurosci 25:
7324 –7332. CrossRef Medline

Gardner SM, Takamiya K, Xia J, Suh JG, Johnson R, Yu S, Huganir RL (2005)
Calcium-permeable AMPA receptor plasticity is mediated by subunit-
specific interactions with PICK1 and NSF. Neuron 45:903–915. CrossRef
Medline

Gehart H, Goginashvili A, Beck R, Morvan J, Erbs E, Formentini I, De Matteis
MA, Schwab Y, Wieland FT, Ricci R (2012) The BAR domain protein
Arfaptin-1 controls secretory granule biogenesis at the trans-Golgi net-
work. Dev Cell 23:756 –768. CrossRef Medline

Habermann B (2004) The BAR-domain family of proteins: a case of bend-
ing and binding? EMBO Rep 5:250 –255. CrossRef Medline

Hanley JG (2008) PICK1: a multi-talented modulator of AMPA receptor
trafficking. Pharmacol Ther 118:152–160. CrossRef Medline

Hanley JG, Henley JM (2005) PICK1 is a calcium-sensor for NMDA-
induced AMPA receptor trafficking. EMBO J 24:3266 –3278. CrossRef
Medline

Hannemann M, Sasidharan N, Hegermann J, Kutscher LM, Koenig S, Eimer
S (2012) TBC-8, a putative RAB-2 GAP, regulates dense core vesicle
maturation in Caenorhabditis elegans. PLoS Genet 8:e1002722. CrossRef
Medline

Holst B, Madsen KL, Jansen AM, Jin C, Rickhag M, Lund VK, Jensen M,
Bhatia V, Sørensen G, Madsen AN, Xue Z, Møller SK, Woldbye D, Qvor-
trup K, Huganir R, Stamou D, Kjaerulff O, Gether U (2013) PICK1
Deficiency impairs secretory vesicle biogenesis and leads to growth retar-
dation and decreased glucose tolerance. PLoS Biol 11:e1001542. CrossRef
Medline

Horrigan FT, Bookman RJ (1994) Releasable pools and the kinetics of exo-
cytosis in adrenal chromaffin cells. Neuron 13:1119 –1129. CrossRef
Medline

Jackson MB, Chapman ER (2008) The fusion pores of Ca2�-triggered ex-
ocytosis. Nat Struct Mol Biol 15:684 – 689. CrossRef Medline

Jin W, Ge WP, Xu J, Cao M, Peng L, Yung W, Liao D, Duan S, Zhang M, Xia
J (2006) Lipid binding regulates synaptic targeting of PICK1, AMPA
receptor trafficking, and synaptic plasticity. J Neurosci 26:2380 –2390.
CrossRef Medline

Jo J, Heon S, Kim MJ, Son GH, Park Y, Henley JM, Weiss JL, Sheng M,
Collingridge GL, Cho K (2008) Metabotropic glutamate receptor-
mediated LTD involves two interacting Ca(2�) sensors, NCS-1 and
PICK1. Neuron 60:1095–1111. CrossRef Medline

Kanoh H, Williger BT, Exton JH (1997) Arfaptin 1, a putative cytosolic
target protein of ADP-ribosylation factor, is recruited to Golgi mem-
branes. J Biol Chem 272:5421–5429. CrossRef Medline

Kasai H, Takahashi N, Tokumaru H (2012) Distinct initial SNARE config-
urations underlying the diversity of exocytosis. Physiol Rev 92:1915–
1964. CrossRef Medline

Kesavan J, Borisovska M, Bruns D (2007) v-SNARE actions during Ca(2�)-
triggered exocytosis. Cell 131:351–363. CrossRef Medline

Kim T, Tao-Cheng JH, Eiden LE, Loh YP (2001) Chromogranin A, an “on/
off” switch controlling dense-core secretory granule biogenesis. Cell 106:
499 –509. CrossRef Medline

Kim T, Zhang CF, Sun Z, Wu H, Loh YP (2005) Chromogranin A deficiency

in transgenic mice leads to aberrant chromaffin granule biogenesis. J Neu-
rosci 25:6958 – 6961. CrossRef Medline
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