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a b s t r a c t

The study of chromaffin secretory vesicles (SVs) has contributed immensely to our understanding of
exocytosis. These organelles, also called chromaffin granules, are a specific type of large dense secretory
vesicle found in many endocrine cells and neurons. Traditionally, they have been isolated from bovine
adrenal glands due to the large number of SVs that can be obtained from this tissue. However, technical
advances now make it possible to obtain very pure preparations of SVs from mice, which is particular
interesting for functional studies given the availability of different genetically modified strains of mice.
Despite the small size of the mouse adrenal medulla (400e500 mm and less than 2 mg in weight), we
have successfully carried out functional studies on SVs isolated from WT and knockout mice. As such, we
present here our method to purify crude vesicles and to fractionate mouse chromaffin SVs, along with
examples of their functional characterization.

© 2017 Elsevier Inc. All rights reserved.
Introduction

Exocytosis is a keymeans of communication, particularly among
neurons, and it entails the fusion of secretory vesicles (SVs) with
the cell membrane to release part or all of their content into the
extracellular space. Large numbers of SVs can be obtained from
bovine adrenal glands and as such, this tissue has served as an
important source of SVs for many decades, allowing biochemists to
characterize many of their features, such as their vesicular content,
lipid and protein composition, and other dynamic characteristics
[1e3]. Chromaffin granules are a special type of large dense core
vesicles (LDCVs) [4,5] that have also been isolated from human
pheochromocytoma cells [6]. The study of these granules has
allowed us to define their vesicular pH [7,8], the concentrations of
amines [9e11], ATP [12,13] and calcium [14e16], and how these
solutes are regulated. However, bovine tissue has serious
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limitations due to its heterogeneous origin, the difficulty of treating
animals with specific agents or the impossibility of using geneti-
cally modified animals.

The development of micro-techniques (flow cytometry, fluo-
rescence microscopy, proteomics, electrochemistry, etc.) enables
minute amounts of animal tissue to be studied in distinct ways.
When employed in conjunction with the genetically modified mice
currently available, this advance makes the use of isolated SVs [17]
or LDCVs from mouse adrenal glands a very attractive approach to
perform functional studies. Thus, we describe here how to obtain
purified LDCVs from mouse adrenal glands.

To the best to our knowledge, this is the first full description of a
method to fractionate SVs from mouse adrenal glands capable of
producing sufficient amounts of highly purified LDCVs to allow the
analyses of solutes and membrane-bound proteins. These vesicles
retain most of their ability to acidify their lumen, and for amine and
ATP uptake.

Materials and methods

Reagents

The salts used to prepare the buffers should be reagent grade. All
reagents are available from Sigma-Aldrich unless otherwise stated
(Cat. No.): DNase I (D4527), ethylenediaminetetraacetic acid EDTA
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Fig. 1. General procedure to isolate LDCVs from the mouse adrenal medulla. Once
both adrenal glands have been located (A), they are removed and (B) the adrenal
medulla is exposed by peeling off the cortex. Note the different aspect of (from left to
right) the fat, the whole gland and the adrenal medulla. Scale bar ¼ 1 mm. (C) The
medullas are trimmed and pooled, homogenized in a glass homogenizer (D) and
further dispersed by repeated pipetting. Two sequential centrifugations E and F are
employed to obtain a crude LDCV fraction (see text).
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(E6758), HEPES (H3375), oligomycin (O5001), Trizma® base
(T6791), Triton™ X-100 (T9284), Iodixanol (OptiPrep™ (D1556),
cOmplete® protease inhibitors (Roche: Cat. No. 04693116001), and
sucrose (Merck: Cat. No. 1.07651).

Animals

We use 6e8 week old C57BL/6J mice of 25e30 g body weight,
the adrenal gland from which weigh approximately 2 mg. The use
of animals conforms to all institutional and governmental regula-
tions, and the animals were sacrificed by cervical dislocation.

At least 16 adrenal medullas (8 mice) are required to prepare the
crude LDCV purification. However, if LDCVs are to be separated by
continuous gradient centrifugation at least 20 mice are needed.

Equipment for vesicle isolation

The equipment required includes: a glass homogenizer, 0.1 mL
volume (Jencons Scientific Ltd: Cat. No. 361.047); a degassing ul-
trasound bath (Branson, 2510 MT: Cat. No. Z244910); a stereo
binocular-microscope coupled to a cold light source; a gradient
station (BioComp Instruments, Inc, New Brunswick, Canada: Cat.
No. 153e002); open-top 5 mL centrifuge tubes (SETON Scientific
Petaluma, CA: Cat No. 7022); 150 mm glass Pasteur pipettes (Nor-
max, Marinha Grande, Leiria, Portugal. Cat No. 5426015); a refrig-
erated microfuge and 2 mL microcentrifuge tubes suitable for
centrifugation at 25,000 � g (Eppendorf: Cat. No. 0030.120.094);
and an ultracentrifuge (e.g., Optima™ L-100 XP: Beckman Coulter,
Inc.) with a SW 55 Ti swinging bucket rotor.

Reagent setup

All solutions should be stored at 4 �C.

Locke's buffer
Passed through a 0.22 mm filter (in mM): NaCl (154), KCl (5.6),

NaHCO3 (3.6), HEPES (5) and glucose (5.6) [pH 7.3].

Homogenization buffer
Passed through a 0.22 mm filter (in mM): sucrose (250), EDTA

(1), MgSO4 (1), KCl (10), HEPES (10), the cOmplete protease inhib-
itor mixture (1x), oligomycin 1 mM, DNase I 10 mg/mL and [pH 7.0]
(KOH). Measured osmolarity is z310 mOsm.

Working solution
5 vol of commercial OptiPrep™ (60% Iodixanol) diluted in 1

volume of a filtered solution containing (in mM): sucrose (250),
EDTA (6), MgSO4 (6), HEPES (60), KCl (60) and protease inhibitors
(1x) [pH 7] (KOH).

TENT buffer
A solution containing (in mM): Tris-Cl (50) [pH 8.0], EDTA (2),

NaCl (150), protease inhibitors (1x) and Triton X-100 (final con-
centration, 1%).

Procedure

Isolation of the crude LDCV fraction
Once the abdomen has been opened and the adrenal glands

located (Fig. 1A), these organs are removed and placed immediately
in sterile ice-cold Locke's buffer. The white-yellow mouse adrenal
gland is about the size and shape of a pinhead, and this color allows
it to be easily distinguished from the kidney and the surrounding
fat. The adrenal medullary tissue is yellow-orange while the cortex
is darker (Fig. 1B). The glands are placed on a piece of Whatman®
filter paper soaked in Locke's buffer and they are cleaned from the
surrounding fat using a scalpel under a surgical microscope coupled
to a cold light source. Subsequently, the medulla is carefully iso-
lated from the cortex and placed into the glass homogenizer with
50 mL of homogenization buffer (Fig. 1 C, see below). Care is
observed to keep the tissue moist and cold throughout the isolation
procedure.

The adrenal medullas are triturated using 25 strokes to ensure
that most of the cells (>90%) are broken. The glass homogenizer is
washed using a Pasteur pipette in successive steps of 100 mL with
ice-cold homogenization buffer, filling a 2 mL microcentrifuge tube
(Fig. 1D). The tube is centrifuged for 10 min at 1000 � g and 4 �C to
sediment the nuclei and incompletely broken cells (Fig. 1 E).

The supernatant is then centrifuged at 10,000� g for 20min and
4 �C to obtain an enriched pellet of crude LDCVs (Fig. 1F). The
resulting pellet should be highly enriched in LDCVs with little
mitochondrial and lysosomal contamination. This enriched but
heterogeneous fraction contains sufficient vesicles for transmitter
quantification by HPLC, for sizing by dynamic light scattering (DLS)
or for flow cytometry. This crude preparation can also be used for
further purification and separation (see below).

LDCV fractionation
We prepare the 5, 8 and 26% (w/v) iodixanol (Optiprep®) solu-

tions by diluting a working solution (50% iodixanol) in homogeni-
zation buffer. The solution must be degassed and kept in ice-cold
water. To form the continuous gradient, we add the 8% iodixanol
solution to centrifuge tubes (open-top centrifuge tubes polyclear
Seton Ref. 7022) to the level marked in the Gradient Station manual
for short caps. We then inject the 26% iodixanol solution into the
bottom of each tube until it reaches the same mark, taking special
care not to disturb the interface between the two solutions when
removing the cannula and avoiding the formation of air bubbles.
Each tube is completely filled with 5% solution. We next plug the
tube with the short cap (Cat No. 105-413-6, BioComp Ins.) and
rotate them for 55 s at an angle of 87� and 28 rpm in the Gradient
Station. The crude pellet is re-suspended in 115 mL of 5% iodixanol
solution and 100 mL of this solution is used to fill the centrifuge
tubes to the very top, adding only the 5% solution to one tube as a
control to measure the density of the gradient (Fig. 2) [18]. After a



Fig. 2. Iodixanol gradient. A) The scheme shows the procedure to establish a typical continuous iodixanol gradient in a gradient station using 5, 8 and 26% iodixanol solutions, and
spinning the tubes at an angle of 87� and 28 rpm for 55 s. B) Graph showing the mean density profile of 12 representative fractions from 6 continuous gradients (the error bars are
smaller than the dots). Note: the colors used in this cartoon to represent iodixanol intend to reflect the gradient (iodixanol is transparent). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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1 h centrifugation at 100,000 � g and 4 �C, we place 12 tubes in the
gradient station to collect the 12 fractions sequentially from top to
the bottom. It is crucial to maintain the tubes at 4 �C.

Due to the round bottom of the centrifuge tubes we program 15
fractions of 3.34 mm along the 43 mm of the parallel walls of the
tube, yielding 11 equal fractions of z450 mL. As the total length of
the tube is 50 mm, the last fraction (#12) lies in the round bottom
and it has to be collected manually. To determine the density of
each fraction, we use the tube that was not loaded with vesicles by
measuring the absorbance at 340 nm (Nanodrop® 1000 spectro-
photometer, Thermo Scientific, USA), converting the absorbance
values into the density using a standard iodixanol calibration curve
(see Fig. 2B).

To remove iodixanol, we collect the fractions in 2 mL micro-
centrifuge tubes capable of resisting centrifugation, filling the tubes
with standard phosphate buffer (PBS) and centrifuging for
40min at 20,000� g and 4 �C. The supernatant is discarded and the
pellets are usually re-suspended in 35 mL of a given solution. For
instance, we use TENT to lyse the LCDVs. Samples can now be
frozen at �80 �C until use. The remaining solution (z15 mL of the
sample) is used for control measurements (HPLC, western blotting,
etc.).

Analytical techniques

Catecholamines are measured by HPLC coupled to electro-
chemical detection [19]. ATP is measured using the luciferin-
luciferase reaction (A22066, Thermo Fisher San Diego, CA) and
luminescence is measured on a Luminoskan Ascent luminometer
(Thermo Fisher). Western blot analyses are conducted according to
published protocols [13].
We used a ZetaSizer Nano ZS (Marvern Instruments, Malvern,

UK) for the analysis of vesicle size by dynamic light scattering (DLS),
using 450 mL cuvettes at 25 �C, with 2 min stabilization prior to
carrying out the measurements. The DLS data are represented as
histograms of size distribution and number of particles. The fit to
Lorentzian function is done using GraphPad Prism 7 (La Jolla, CA,
USA).

Results and discussion

Cow adrenal glands have been used for several decades to purify
large amounts of LDCVs, also called chromaffin granules, by sub-
cellular fractioning [20]. This is because of the gland's size and the
large abundance in LDCVs (12,000e20,000/cell) [1,21], which takes
up z17% of the total cell volume [22]. These vesicles are charac-
terized by their relatively large size (100e250 nm diameter) and by
the presence of a dense core that makes them easy to identify by
electron microscopy. In addition, chromaffin LDCVs contain an
astonishingly large concentration of catecholamines (0.4e1 M)
[23,24]. Furthermore, the internal content of proteins like chro-
mogranins or dopamine-b-hydroxylase facilitates their identifica-
tion by proteomic or antibody techniques.

The procedure to isolate vesicles starts at the local abattoir
where the fresh glands are obtained, from which the cortex is
removed in an ice-cold buffer that contains protease inhibitors and
it is trimmed to obtain the medullar tissues [25,26]. By contrast,
other procedures start by isolating bovine chromaffin cells [27]
[28], which although it produces a lower yield it may be of inter-
est when the cells are to be treated in some way (Table 1



Table 1
Comparison of methods for purifying chromaffin granules.

A- From bovine adrenal medulla

Starting with 50 g of adrenal medulla

A.1. Sedimentation through a discontinuous sucrose density gradient [20,26]
Useful to obtain the granule membrane or contents.

- provides a greater yield10 mL suspension of 10 mg/mL chromaffin
granule protein.

- highly purified chromaffin granules
- lysis after purification on the step gradient

A.2. Differential centrifugation in an iso-osmotic medium [16,26]
Useful to obtain the intact granules for functional studies.

- yields intact chromaffin granules10 mL suspension of 5 mg/mL chromaffin
granule proteins.

B- From mouse adrenal medulla

Starting with 80 mg of adrenal medulla

B.1. Differential centrifugation [34,35]
Useful to obtain enriched functional LDCVs.

- provides a greater yield1 mL suspension of 1 mg/mL chromaffin granule proteins.

B.2. Centrifugation in an iso-osmotic discontinuous gradient (iodixanol) [34,35]
Useful to purified LDCVs.

- highly purified chromaffin granules50 mL pellet of 2 mg/mL chromaffin
granule proteins.

B.3. Ultracentrifugation in an iso-osmotic continuous gradient (iodixanol)
(This paper)Useful to separate functional adrenaline from noradrenaline LDCVs.

- highly purified chromaffin granules
- yields intact chromaffin granules1 mL suspension of each fraction of 0.5 mg/mL

chromaffin granule proteins.
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summarizes the main characteristic of the most popular methods
used to isolate LDCVs from bovine adrenal glands).

The current availability of genetically modified animals with
altered vesicular composition raises interest in designing a method
to purify mouse vesicles [29e31]. However, despite such interest,
the study of LDCVs frommouse adrenal glands has been limited by
theminute amounts of startingmaterial (Table 1). Nevertheless, the
continuous miniaturization of analytical methods allows the
chemical composition of extremely small amounts biological
samples to be quantified. Indeed, methods to monitor the func-
tionality of LDCVs (motion, pH gradient, Ca2þ fluctuation, amine
and ATP uptake) are now fully available, even for micro-samples.

We have successfully developed a method to obtain high yields
of purified LDCVs from mouse adrenal glands based on iodixanol
gradient centrifugation. We have also implemented a further sep-
aration into twelve fractions, which reveals some degree of het-
erogeneity in these LDCV populations. For example, in these
vesicles we have been able to analyze three soluble cargo species
Fig. 3. Fractionation of mouse chromaffin granules on a continuous iodixanol
density gradient. A) Representation of the noradrenaline (NA, red circles), adrenaline
(A, Black circles) and ATP (blue triangles) content in each fraction. The left ordinate
indicates the catecholamine quantification, the right axis indicates the amount of ATP.
B) Western blots of each fraction showing the distribution of granins and synapto-
brevin (VAMP2). The lighter fraction is #1 and the heavier fraction is #12. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
(noradrenaline, adrenaline and ATP), three cargo proteins (chro-
mogranin A, chromogranin B and secretogranin II) and the vesicular
SNARE membrane protein synaptobrevin (VAMP2: see Fig. 3).

Adrenal chromaffin cells contains either adrenaline or
noradrenaline, although a population of LDCVs that contain both
amines has also been described [32]. As our starting material
contains both adrenergic and noradrenergic cells, the LDCVs iso-
lated should be a mixture of both species. However, noradrenergic
vesicles are almost only present in the fraction #12 (heavier),
whereas vesicles containing adrenaline are evenly distributed
along the gradient (Fig. 3). ATP is present in all secretory vesicles
from all known animal species, with almost no exceptions [33]. We
recently characterized the functional role of vesicular ATP in the
accumulation of catecholamines in LDCVs. When the accumulation
of vesicular ATP is impaired by knocking down the vesicular puri-
nergic carrier, the vesicular catecholamine content is reduced
through a specific reduction in adrenaline and with little change in
noradrenaline [13]. This tight association between adrenaline and
ATP is also observed in the gradient shown in Fig. 3.

Chromogranins A and B are the main intravesicular proteins in
LDCVs. We demonstrated their crucial role in the accumulation of
catecholamines by either abolishing their expression [24,34e36] or
by over expression [37]. In western blots, we identified a large
concentration of chromogranins A & B in lighter fractions (#1e4)
and in the heaviest fraction (#12). Conversely, secretogranin II,
another vesicular granin formerly called chromogranin C, is also
present in fractions #5e7.

Synaptobrevin, also known as vesicle-associated membrane
protein 2 (VAMP2), is an essential component of the exocytosis
apparatus. Its relative abundance in fractions #2e7 and in fractions
#12 could indicate that not all LDCVs become releasable organelles.
The mitochondrial markers COX-1 and COX IV were not detected in
any fraction, indicating that there is no appreciable contamination
by mitochondria (data not shown). In previous papers from our
group, we carried out detailed descriptions of the protein content of
the crude purification of mouse chromaffin granules. For instance,
we could not find any measurable activity of succinate dehydro-
genase indicating no significant contamination from mitochondria
[34]. Even more, in these chromaffin granule samples, the protein
analysis using MALDI-TOF revealed that, in spite of the presence of
minute amounts of mitochondrial and cytosolic proteins, most of
the found proteins belonged to those described in chromaffin
granules [34,35].



Fig. 6. Effect of several treatments on the size of mouse secretory vesicle measured
by DLS. A) Vesicles are placed in the DLS chamber in the absence of ATP (black circles).
The addition of ATP to a final concentration of 4 mM produces an increase in the
apparent vesicle size (blue squares). The addition of ATP in the presence of the VNUT
antagonist DIDS (5 mM) drastically reduces the size of the vesicles (green triangles). B)
The incubation of vesicles with NA (100 mM) in the presence of ATP largely increases
the size of vesicles (from blue squares to green inverted triangles). The V-ATPase in-
hibitor bafilomycin (100 nM) abolishes the effect of NA and ATP. Abnormally large
vesicles (over 500 nm) are could be produced by granule aggregation. The data in each
panel come from one representative experiment from 2 independent LDCV prepara-
tions. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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A separate strategy was followed to test how the lack of vesic-
ular chromogranins affects the catecholamine and ATP cargo. We
compared the vesicle composition from wild type mice (WT) with
animals without chromogranins (CgA&B-KO) [35] and the cate-
cholamine distribution in WT vesicles was similar to that seen
previously (compare Figs. 3 and 4). However, the lack of chro-
mogranins almost completely abolishes the amine and ATP content
in the intermediate fractions (#4e10). For clarity, in order to
analyze the consequences of the lack of chromogranins A and B on
the relative composition of the vesicles, we divided the gradient
into three sections: lighter, intermediate and heavier (indicated by
vertical dashed lines in Fig. 4).

We are also able to functionally characterize other aspects of
LDCVs from the different fractions using techniques like dynamic
light scattering (Fig. 5).

The volume of secretory vesicles can be quantified by dynamic
light scattering (Fig. 5). Although chromogranins have been
implicated in the accumulation of amines within secretory vesicles
[38], this has not been directly evaluated in isolated vesicles. We
used secretory vesicles from WT and CgA&B-KO mice, and to in-
crease the amount of sample and economize the use of animals we
selected two major types of vesicles: light (by pooling fractions 1, 2
and 3) and heavy fractions (by pooling fractions 11 and 12: see
green dashed lines in Fig. 4). We observed important disparities
between WT and CgA&B-KO vesicles and whilst there were clear
size differences between the light and heavy fractions in WT mice
Fig. 4. Effect of the lack of the intravesicular soluble chromogranins A and B proteins
distribution of different vesicular components across the 12 fractions of the gradient from co
red circles), adrenaline (A, black circles) and ATP (blue triangles). We perform a rough classifi
green lines to analyze the distribution of noradrenaline, adrenaline and ATP along the gradien
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. The size of secretory vesicles in the light and heavy fractions obtained from W
fractions are pooled as indicated by the discontinuous traces in Fig. 4. Light- (gray traces) an
analyzed by DLS. The data (mean ± SEM) are represented as histograms of size distribution a
right of each panel.
(100 vs. 220 nm), both have the same size distribution in KO vesi-
cles (330 nm). Moreover, the catecholamine distribution in both
types of vesicles was distinct with a drastic reduction of adrenaline
on the vesicular content of chromaffin LDCVs. Panels A and B show the normalized
ntrol (WT) mice and from mice lacking chromogranins CgA&B-KO: noradrenaline (NA,
cation in three (light, medium and heavy) fractions as indicated by the vertical dashed
t. Normalized distributions are indicated below. (For interpretation of the references to

T mice and those lacking chromogranins, and their catecholamine content. The
d heavy-fractions (black traces) from WT (panel A) and CgA&B-KO (panel B) mice were
nd number of particles. The adrenaline (A)/noradrenaline (NA) ratios are shown to the
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in CgA&B-KO vesicles, whereas noradrenaline remains unaffected.
This confirmed that the changes observed in whole adrenal glands
[35] are mainly based on the vesicular distribution of
catecholamines.

One of the advantages of DLS is that it is possible to carry out
functional studies on vesicle size. Since pure SVs from mice can
now be isolated, the specific proteins involved functionally in the
accumulation of neurotransmitters can be explored directly in dy-
namic real-time studies, as illustrated (see Fig. 6). ATP is crucial for
the accumulation of soluble species in SVs as it is a mandatory
element to activate the V-ATPase, thereby creating a pH and a po-
tential gradient across the vesicle membrane by pumping Hþ to-
wards the internal volume. As Hþ acts as a counter-ion, this
gradient is necessary for the accumulation of catecholamines, cal-
cium and ATP in SVs. Also, intravesicular ATP largely contributes to
the accumulation of amines [13]. In this scenario, the incubation of
isolated vesicles with compounds that facilitate the entry of soluble
components (NA, ATP) will increase the vesicle size (see Fig. 6).
Conversely, blocking the purinergic and Cl� carrier with DIDS (a
VNUT antagonist) causes vesicles shrinkage. The HPLC analyses of
the catecholamine content of vesicles show a 2.5 increase in the net
content of catecholamines when ATP is present.

These results show that our method to purify and then frac-
tionate LDCVs from mouse adrenal glands facilitates the chemical
characterization of both soluble and membrane-bound compo-
nents. The method isolates functional organelles from either WT or
genetically modified animals, which can be now studied using
several different in vitro techniques.
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