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Near Simultaneous Release of Classical and Peptide
Cotransmitters from Chromaffin Cells

Matthew D. Whim

Department of Biology, Pennsylvania State University, State College, Pennsylvania 16802

Adrenal chromaffin cells are an important part of the neuroendocrine system and under stressful conditions release catecholamines into
the blood, thus regulating many physiological processes. In addition to the catecholamines, chromaffin cells also synthesize a range of
peptides, including neuropeptide Y. Although the catecholamines and peptides are both contained within dense core granules, whether
they are copackaged is less clear. Here, I investigate whether a single dense core granule can be loaded with both types of transmitter
molecules. Using amperometry and FMRFamide tagging, I simultaneously measure the secretion of the catecholamines and a neuropep-
tide from mouse chromaffin cells in vitro. I find that fusion of a single dense core granule releases both types of transmitters into the
extracellular space. Significant amounts of peptide escape from a fusing granule in 1-2 ms: almost as rapidly as the catecholamines. This
suggests that the kinetics of peptide secretion might not be as sluggish as sometimes thought.
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Introduction

Most neurons and neuroendocrine cells contain several classes of
transmitters. Fast-acting classical transmitters are generally pack-
aged into small vesicles, whereas slower-acting transmitters are
found within large dense core granules (LDCGs). The latter en-
close a chemically diverse array of transmitters but commonly
contain neuropeptides. However, LDCGs can also contain other
transmitter types, including nucleotides and serotonin (Bruns et
al., 2000; Obermuller et al., 2005).

This leads to the question of whether a single LDCG can con-
tain multiple classes of transmitters. Studies at the EM level have
shown that an LDCG can contain different neuropeptides
(Kreiner et al., 1986; Zhang et al., 1993). However, whether a
single LDCG can contain neuropeptides and small molecule
transmitters is less clear. For example, it has been suggested that
LDCGs in pancreatic B-cells contain GABA and insulin (Gam-
melsaeter et al., 2004). Although coexistence in a single granule
remains an open question, it is clear that several populations of
LDCGs can exist within a single cell. Peptides on the same pro-
hormone usually end up in the same LDCGs, but peptides on
different precursors can be packaged into different LDCGs (Da-
cheux, 1981; Zhang et al., 1993; Glombik and Gerdes, 2000).
More rarely, peptides on the same precursor can be packaged into
different LDCGs (Fisher et al., 1988).

In addition to the variability in packaging, LDCG fusion can
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also be regulated. Peptide secretion generally occurs at elevated
firing frequencies (Urban and Randic, 1984; Whim and Lloyd,
1989), and complete release probably occurs when there is full
fusion with the cell membrane (but see Angleson et al., 1999).
However, LDCGs can also make transient connections with the
cell membrane, allowing partial release of the granular contents.
These connections can restrict the type (Barg et al., 2002) or
amount (Perrais et al., 2004) of transmitter that is released. Reg-
ulation of the fusion pore appears to be a point at which release
from LDCGs is controlled (Graham et al., 2002; Fulop et al.,
2005).

These studies indicate that there is modulation of the traffick-
ing and fusion steps. However, functional evidence for corelease
of different transmitters is sparse. Can a single LDCG contain
peptides and small molecule transmitters? If so, are these trans-
mitters coreleased? What are the relative kinetics of transmitter
release?

Here, I address these questions using chromaffin cells. These
neuroendocrine cells are packed with LDCGs containing the cat-
echolamines (Blaschko and Welch, 1953). Chromaffin cells also
synthesize a number of peptides including neuropeptide Y (NPY)
(Henion and Landis, 1990). Using amperometry and FMREF-
amide tagging of the NPY precursor, I simultaneously measure
the release of the catecholamines and a peptide from chromaffin
cells in culture. In transfected cells, a single LDCG is found to
contain both types of transmitter, and these chemically distinct
molecules are released contemporaneously with rapid, millisec-
ond, kinetics.

Materials and Methods

Cell culture. Chromaffin cells were cultured (Whim and Moss, 2001)
from C57BL/6 mice [postnatal day 18 (P18) to P29], and then transfected
after 6-24 h with 0.2 ug of pGFP, 0.65 ug of pNPY(G/L).2Fa, and 0.65 ug
of pFaNaCh (a FMRFamide receptor) using Lipofectamine 2000. The
FMRFamide-tagged NPY prohormone (Whim and Moss, 2001) had two
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new modifications: first, another copy of FMR-
Famide was inserted before the stop codon; sec-
ond, the glycine residue at the C terminus of
NPY was mutated to leucine. The tagged pro-
hormone thus encodes two copies of FMRF-
amide and one of nonamidated NPY. The first
modification was designed to increase the levels
of synthesized FMRFamide. The second modi-
fication was designed to prevent activation of
any endogenous NPY receptors by secretion of
the overexpressed NPY (because the terminal
amide is required for NPY receptor activation).
After transfection, 0.5 um TTX was added to the
culture. Cells were used 3—4 d later.

Electrophysiology. Voltage-clamp recordings
were made with a Multiclamp 700A amplifier
(Molecular Devices). Cells were superfused
with extracellular solution containing (in mwm)
135 NaCl, 3 KCl, 2 CaCl,, 1 MgCl,, 10 HEPES,
and 11 glucose, pH 7.3, with NaOH. In some
experiments, 2 mm CaCl, was replaced by 5 mm
CaCl, or 2 mm BaCl, to increase release. The
whole-cell pipette solution contained (in mm)
120 K-acetate, 15 KCl, 5 NaCl, 10 HEPES, 4
MgATP, 0.3 NaGTP, and 1 Na cAMP, pH 7.2,
with KOH. A few recordings were made using
the perforated patch technique in which the pi-
pette solution contained 600 ug/ml amphoter-
icin B (and lacked ATP, GTP, and cAMP). Pi-
pette resistance was ~6 MJ(), and no
compensation was applied. Access resistance
was typically 15-25 M() leading to a voltage
error of <2 mV for the largest secretory cur-
rents. Secretion was triggered with depolarizing
steps from —80 to +20 mV for 0.5-1sat 0.1 Hz.

Amperometric recordings were made using
polyethylene-insulated carbon fiber electrodes
and T650 fibers (Cytec Industries, West Pater-
son, NJ). The fiber was held at +700 mV using
the second headstage of the amplifier. Ampero-
metric (and membrane) currents were sampled
at 5 kHz and filtered at 2 kHz. Experiments in-
dicated that application of 0.2 um FMRFamide
or NPY did not generate an amperometric cur-
rent (data not shown).

Simultaneous measurements of peptide and
catecholamine secretion were made from iso-
lated GFP-positive chromaffin cells. Secretory currents were analyzed
using pClamp 9 (Molecular Devices), OriginPro 7 (Microcal Software,
Northampton, MA), and Excel (Microsoft, Seattle, WA). Statistical sig-
nificance was assessed using the Mann—Whitney U test.

Immunocytochemistry. Cells were stained as described previously
(Whim and Moss, 2001). Primary antibodies were sheep anti-dopamine
B hydroxylase (DBH; 1:2500; Affinity BioReagents, Golden, CO), rabbit
anti-NPY (1:40,000; Peninsula Laboratories, Belmont, CA) and rabbit
anti-FMRFamide [1:20,000 (Peninsula Laboratories); this dilution was
not sufficient to stain an endogenous peptide(s) that was otherwise ob-
served in nontransfected cells (unpublished observation)]. Secondary
antibodies were donkey anti-sheep tetramethylrhodamine isothiocya-
nate (TRITGC; 1:50; Jackson ImmunoResearch, West Grove, PA), donkey
anti-rabbit Alexa 488 (1:200; Invitrogen, Eugene, OR), and swine anti-
rabbit TRITC (1:40; Dako, High Wycombe, UK). In colabeling experi-
ments, antibodies were applied sequentially, with anti-DBH applied first.
Images were obtained with a Nikon (Tokyo, Japan) TE 2000U or an
Olympus (Tokyo, Japan) IX-70 microscope (60X 1.4 numerical aperture
oil-immersion objective).

The punctate NPY staining (see Fig. 1) was eliminated by preincuba-
tion with 10 um NPY but not with 10 um met-enkephalin (a neuropep-
tide that is also synthesized in chromaffin cells) (Henion and Landis,

Figure 1.
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Markers of catecholamines and peptides are found in the same chromaffin cells. 4, Example of a chromaffin cell that
was double stained with antibodies for DBH (left) and NPY (middle). Right, Merged image. B, Single confocal slice indicates that
the NPY and D/3H immunoreactivity is punctate and occasionally colocalized (arrow). €, Chromaffin cell cotransfected with GFP
and FMRFamide(Fa)-tagged NPY prohormone. GFP (left) fills the cell, whereas FMRFamide immunoreactivity (middle) is localized
to puncta. Right, Merged image. D, A nontransfected, GFP-negative cell (left) is not FMRFamide immunoreactive (right; see
Materials and Methods). 4, C, D, Insets, Bright-field images of each cell. Scale bars, 5 pum.

1990). Similar punctate NPY staining was also seen using two alternate
anti-NPY antibodies [sheep anti-NPY, 1:200, from Chemicon (Te-
mecula, CA) and goat anti-NPY, 1:100, from Santa Cruz Biotechnology
(Santa Cruz, CA)].

Control experiments showed there was no significant bleed-through
of the two fluorescent labels or cross-reactivity between antibodies.

Results

Chromaffin cells synthesize classical and peptide transmitters
Rat chromaffin cells contain NPY (Henion and Landis, 1990). To
determine whether mouse chromaffin cells are NPY immunore-
active, cells were costained with antibodies recognizing NPY and
dopamine 8 hydroxylase. DBH, an enzyme involved in catechol-
amine synthesis, is associated with the LDCG membrane (Lewis
and Asnani, 1992). As anticipated, all chromaffin cells were im-
munoreactive for DBH. Unexpectedly, all chromaffin cells were
also NPY positive (Fig. 1A). Confocal images indicated that the
staining for both antigens was punctate, and occasional overlap
was observed (Fig. 1 B). However, given the density of the stain-
ing, overlap might be expected to occur by chance. Thus, another
way was sought to determine whether there was functional colo-
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Figure 2.  Classical and peptide transmitters are coreleased from chromaffin cells. A, Sche-
matic of the experimental arrangement. B, Secretion was evoked from a single voltage-
clamped chromaffin cell by changing the membrane potential from —80to +20 mV for 0.5 s
(bottom trace). Rapid inward membrane currents (middle trace) reflect the secretion of the
peptide tag and rapid outward amperometric currents (top trace) reflect the secretion of cat-
echolamines (CA). Three secretory events (asterisks) occur simultaneously. €, Co-occurring se-
cretory events (open arrow) from the experiment shown in B on an extended time scale. D,
Average of all (n = 8) co-occurring secretory events from the cell shown in B. E, Average events
shown in D on an extended time scale.

calization and release of classical and peptide transmitters from
single LDCGs.

Amperometry and FMRFamide tagging measure the secretion
of two types of transmitters

To address this question, I took an electrophysiological approach
in which the secretion of the catecholamines and neuropeptide
was followed in real time. NPY secretion was monitored using the
FMRFamide-tagging technique (Whim and Moss, 2001) and cat-
echolamine release by amperometry (Wightman et al., 1991).

In the FMRFamide-tagging method, chromaffin cells are
transfected with several plasmids: the first encodes the NPY pro-
hormone, which has been tagged with the coding sequence for a
small neuropeptide, FMRFamide. Expression of the tagged NPY
prohormone results in the synthesis of both NPY and FMRF-
amide. A second plasmid encodes the ionotropic FMRFamide
receptor. Stimulation of a transfected cell results in the cosecre-
tion of NPY and FMRFamide (the tag) because they are stored in
the same LDCGs (Whim and Moss, 2001). The secreted FMRF-
amide activates the ionotropic FMRFamide receptors on the sur-
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Figure3. Characteristics of the co-occurring amperometric and peptide secretory events. 4,

Measuring the amplitude and decay kinetics of the amperometric and peptide secretory events
indicates that there is no significant difference in the characteristics of events that occur simul-
taneously (“co-occurring”) or “solitary” events ( p > 0.05). I-Fa, Peptide secretory events. B,
Relationship between the amplitude of the co-occurring catecholamine and peptide events
(n = 21 events from 4 cells) indicates that there is statistically significant, positive relationship
between the two. The line is a fitted linear regression. €, D, Average of all co-occurring secretory
events (n = 21 events from 4 cells) indicates that although the peak of the secretory events are
offset, the rising phases and time at half-amplitude (arrows) occur almost simultaneously. Note
the difference in time scales between Cand D.

face of the same cell, resulting in an “autaptic” secretory current
reflecting the cosecretion of NPY. This method can track peptide
secretion with a millisecond time resolution. Punctate FMRE-
amide immunoreactivity is seen in the transfected GFP-positive
cells (Fig. 1C,D).

The secretion of the catecholamines was monitored using am-
perometry, an approach which relies on the oxidizable nature of
the catecholamines to generate a current whose amplitude and
kinetics reflect the release of these transmitters through the fu-
sion pore (Mosharov and Sulzer, 2005).

The experimental configuration is shown in Figure 2 A. The-
oretically, three types of granules could exist: granules that con-
tain the catecholamines, granules that contain NPY, or granules
that contain the catecholamines and NPY. Fusion of the latter
type under the amperometric probe would give a simultaneous
amperometric signal and peptidergic autaptic current.

Corelease of catecholamines and a peptide from a

single LDCG

In the cell shown in Figure 2 B, a depolarizing step evoked secre-
tion of catecholamines as revealed by the amperometric current
transients (top trace) and peptide as indicated by the inward
autaptic currents (middle trace). Closer examination showed
that three catecholamine and peptidergic secretory events oc-
curred proximately in time (asterisks). The third of these events is
displayed in Figure 2C. The close correspondence in the time
course of the two events reflects the cosecretion of the cat-
echolamines and peptide from a single dense core granule (see
below). In this cell, eight secretory events occurred closely in
time, and the average of these events (Fig. 2 D, E) indicates that
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the peak of the peptide secretory event was
delayed compared with the peak of the
amperometric event.

>

From Figure 2 B, it can be seen that in
addition to co-occurring catecholamine é ___}\_
and peptidergic events, there are solitary 3 s
events of both types. The reasons for this S %47
are examined below (see Discussion). To g
determine whether the granules that con- %
tain the tag are different from the remain- £ 02-
der of the granule population, solitaryam- 2
perometric events were compared with
amperometric events that co-occurred 0.

with peptidergic events (Fig. 3A). The am- 4 2
plitude and decay kinetics of these two
populations were not significantly differ-
ent. This suggests that the FMRFamide-
tagging technique does not modify syn-
thesis and  packaging of  the
catecholaminergic LDCGs. Similarly,
there was no difference in the characteris-
tics of solitary peptidergic events or those
that co-occurred with amperometric
events (Fig. 3A).

However, a plot of the amplitude of the co-occurring events
revealed a weakly positive correlation between the two (Fig. 3B).
This implies that the levels of both transmitters change in parallel,
suggesting that peptide and catecholamines are stored at a con-
stant concentration, as shown for other LDCGs (Bruns et al.,
2000).

Figure 4.

Catecholamines and peptides are released from a fusing
granule at comparable times

The kinetics of an amperometric event reflects the rate of cate-
cholamine release from a fusing granule (Mosharov and Sulzer,
2005). Similarly, the rising phase of the peptidergic current indi-
cates the time at which the peptide tag starts to escape from the
fusing granule. Comparing the rising phases of the two types of
events allows an estimate of the time course of release from a
single granule to be made. Thus, co-occurring events were aver-
aged, and the start time was compared for the two types of secre-
tory events. Using this approach, the peptidergic event was found
to be delayed by 0.1 = 1.2 ms compared with the amperometric
event (Fig. 3C,D) (mean = SD, n = 4 cells). Even the delay at
half-maximal amplitude was only 1.5 ms, indicating that signifi-
cant catecholamine and peptide secretion occurred in <2 ms
(Fig. 3D).

An important control was to determine whether overlap of the
two types of events was significant. In the subset of cells that had
co-occurring events (those initiated within 5 ms), 14% of the
amperometric spikes co-occurred with peptide events (21 of 145
events). Could cosecretion occur by chance? To investigate this
possibility, a perievent histogram was constructed by measuring
the time intervals between each peptidergic event and the am-
perometric events that immediately preceded and followed it. A
clear peak is seen in this distribution (Fig. 4A) at the 0—5 ms bin
in agreement with the amperometric—peptidergic delay noted
above (if overlap occurred randomly, then no peak should be
observed because it would be equally likely for any given ampero-
metric event to precede or follow a peptidergic event). A second
estimate of the probability that a peptidergic event could occur
during the rise time of an amperometric event was calculated
from the following: P(ime intervany = 1 — € ! where t is average

At peptide - previous amperometric event (sec)
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Estimation of the likelihood that overlapping events occur by chance. A, Perievent distribution of the time interval
between each peptide secretory event and the preceding and following amperometric events. The peak in the histogram occurs at
0-5ms. The frequency was calculated as a normalized value from each of 4 cells (n = 672 data points). Typical events are shown
with start times indicated by filled symbols. B, Distribution of time intervals between each amperometric spike and the nearest
following peptide secretory event (data from a single cell that had the highest frequency of co-occurring secretory events; 9
co-occurring events). The histogram was fit with a first-order exponential function (n = 48 data points; bin width, 400 ms). The
inset shows how time intervals were measured.

rise time of amperometric events, and 7 is time constant of the
interval between each peptide and the preceding amperometric
event. This approach relies on secretion following a Poisson dis-
tribution (see Bruns et al., 2000). For the cell shown in Figure 2 B,
the distribution of interevent intervals was fit with a single expo-
nential, giving a time constant of 468 ms (Fig. 4 B). The average
rise time of the amperometric spikes was 2.4 = 2.2 ms (n = 71).
The likelihood that one or more events would occur within a 3 ms
window was p = 0.006. Thus, both methods indicate that the
overlapping events are most likely caused by the corelease of
catecholamines and peptide from a single granule rather than the
chance overlap of amperometric and peptidergic events.

Discussion

In this study, I examine the release of a classical transmitter and a
neuropeptide from individual chromaffin cells. The primary
finding is that a single LDCG can contain two classes of transmit-
ters, which are released with a very similar time course.

Chromaffin cells synthesize, transport, and secrete the cat-
echolamines and a variety of peptides (Wilson et al., 1982; Johns
et al., 2001; Perrais et al., 2004). Whether peptides such as NPY
can be present in the catecholamine-containing granules and
coreleased is unclear [although electron microscopy (EM) stud-
ies have localized NPY to dense core granules] (Steiner et al.,
1989). Because partial emptying of LDCGs can occur (Perrais et
al., 2004; Fulop et al., 2005), the coexistence of multiple transmit-
ters in the same organelle does not imply that all transmitters will
be released once the fusion pore forms. Work on insulin-
secreting cells has shown that nucleotides can be released
promptly, whereas larger peptides are released more slowly
(Obermuller et al., 2005).

Amperometry and FMRFamide tagging were used to simulta-
neously measure the secretion of the catecholamines and a pep-
tide. This approach had two advantages. First, amperometric
spikes reflect secretion from individual LDCGs (Wightman et al.,
1991). Second, amperometry and FMRFamide tagging have a
millisecond time resolution. Thus, transmitter release from sin-
gle LDCGs was followed more rapidly than would be possible
with fluorescent markers. Fortuitously, all chromaffin cells were
found to be NPY immunoreactive. Therefore, it is likely that
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secretion was measured from cells that endogenously contained
both NPY and the catecholamines. One consideration in experi-
ments of this type is that overexpression could lead to the pres-
ence of the tag in LDCGs that do not normally contain peptides.
This possibility is difficult to eliminate because even minor mis-
targeting might be detected (the electrophysiological approach
can detect secretion from a single granule).

When secretion was evoked, co-occurring amperometric
spikes and peptidergic secretory currents were observed. By ap-
plying two independent methods, it was determined that these
events were unlikely to have occurred at the same time by chance.
It therefore appears that in chromaffin cells some granules can
contain both classical and peptide transmitters, and these can be
released virtually simultaneously.

From measurements of the rise time of the secretory events,
peptide release from a single LDCG was delayed compared with
the catecholamines by <<1-2 ms. However, this value is an upper
estimate because the kinetics of the peptidergic events are prob-
ably distorted by a diffusional delay between peptide release and
receptor activation. The decay of the amperometric events was
significantly faster than that of the peptidergic events. This is
expected because the amperometric signal is self-limiting (trans-
mitter oxidation leads to loss of the detectable molecule). In con-
trast, decay of the peptidergic signal is likely to involve diffusion
and peptidase-dependent destruction of the peptide tag.

Although co-occurring catecholamine and peptidergic secre-
tory events were observed, why were these events only a fraction
of the total number recorded? The amperometric electrode selec-
tively monitors secretory events occurring close to the probe,
estimated at 6—25% of the total number of secretory events
(Chowetal., 1992; Grabner et al., 2005). In contrast, FMRFamide
tagging should sample events occurring over the entire surface of
the cell. Thus, some peptide events would be observed in the
absence of amperometric events. However, why are some am-
perometric events not associated with peptidergic events? One
possibility is that these are LDCGs formed before transfection
and thus would not contain any peptide tag. Depending on the
cell type, the half-life of the catecholamines can be up to 18 d
(Corcoran et al., 1984), whereas these experiments were con-
ducted 3-4 d after transfection. Chromaffin cells contain
~20,000 dense core granules (Plattner et al., 1997), but the NPY
immunoreactivity did not markedly overlap with that of DBH,
suggesting that not all LDCGs contain NPY. The tendency for
newly synthesized granules to be preferentially released (Duncan
et al., 2003) may explain why cosecretory events are even ob-
served. Although some individual LDCGs were found to contain
both peptide and catecholamines, this does not mean that all
granules contain both transmitter types. Sometimes considered
to be homogenous, recent evidence indicates the presence of sev-
eral populations of LDCGs in mouse chromaffin cells (Grabner et
al., 2005).

Although this work indicates that the timing of peptide release
can be comparable with that of classical transmitters, the rate of
release is likely to depend on the particular peptide. The time
course of transmitter release will be affected by the diameter of
the fusion pore and the molecular weight of the transmitter. Be-
cause the rate of diffusion is inversely proportional to the cube
root of the molecular weight (MW), epinephrine (MW, 183Da)
would theoretically diffuse ~1.5 times as rapidly as FMRFamide
(MW, 599Da). The molecular weight of FMRFamide is compa-
rable with that of met-enkephalin (MW, 574Da), an endogenous
peptide in chromaffin cells, but less than that of NPY (MW,
4272Da). However, other factors such as interactions with the
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granule matrix are also likely to regulate the rate at which trans-
mitter leaves a fusing granule.

In conclusion, these results support the idea that single LDCGs
can contain multiple classes of transmitters and that some peptides
can exit a fusing granule as rapidly as classical transmitters.
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