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Introduction
The neuropeptide, neuromedin U (NmU) is widely distributed both in the central nervous system and in the periphery,
particularly the gastrointestinal tract. NmU has been shown
to be involved in an array of physiologic and pathologic events,
including smooth muscle contraction (Prendergast et al., 2006;
Brighton et al., 2008; Mitchell et al., 2009b), thermogenesis,
locomotor activity, satiety (Howard et al., 2000; Hanada et al.,
2004), glucose homeostasis (Kaczmarek et al., 2006; Peier
et al., 2011), inflammatory processes (Johnson et al., 2004;
Moriyama et al., 2005, 2006a,b), and cancer (Alevizos et al.,
2001; Shetzline et al., 2004; Harten et al., 2011; Rani et al.,
2014). NmU mediates these actions via two G protein-coupled
receptors (GPCRs), neuromedin U receptor receptors (NMUs)
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resensitization is faster following NmU compared with NmS
exposure, but is similar if endothelin-converting enzyme-1
activity is inhibited or knocked down. Although acute activation
of extracellular signal-regulated kinase (ERK) is also similar,
activation by NMU2 is longer lasting if NmS is the ligand.
Furthermore, when cells are briefly challenged before removal
of free, but not receptor-bound ligand, activation of ERK and p38
mitogen-activated protein kinase by NmS is more sustained.
However, only NmU responses are potentiated and extended by
endothelin-converting enzyme-1 inhibition. These data indicate
that differential intracellular ligand processing produces different
signaling and receptor resensitization profiles and add to
the findings of other studies demonstrating that intracellular
ligand processing can shape receptor behavior and signal
transduction.

1 and 2 (i.e., NMU1 and NMU2), which are family A GPCRs
that share ∼50% homology (Hosoya et al., 2000; Howard et al.,
2000; Kojima et al., 2000; Raddatz et al., 2000; Shan et al.,
2000; Szekeres et al., 2000). These receptors show distinct
patterns of distribution, with NMU1 having a predominantly
peripheral distribution and NMU2 being found primarily in
the central nervous system, particularly in the hypothalamus,
where it plays a key role in the control of appetite, energy
expenditure, and circadian rhythm (Mitchell et al., 2009a).
Both NMU1 and NMU2 preferentially couple to Gaq/11 to
regulate the activity of phospholipase C, with a number of
reports also highlighting Gai/o coupling to inhibit adenylyl
cyclase activity (Aiyar et al., 2004; Brighton et al., 2004b).
More recently, neuromedin S (NmS) has been identified as
an alternate endogenous ligand for both NMU1 and NMU2
(Mori et al., 2005; Miyazato et al., 2008) NmS shows a more
restricted distribution than NmU, being present primarily in
the central nervous system, particularly the suprachiasmatic
nucleus of the hypothalamus, where it regulates the circadian
rhythm of locomotor activity (Mori et al., 2005). NmU and
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GPCR, G protein-coupled receptor; HEK, human embryonic kidney; HEK-NMU2, human embryonic kidney 293 cells stably expressing human
neuromedin U receptor 2; hNmS-33, human neuromedin S; hNmU-25, human neuromedin U; KHB, Krebs-HEPES buffer; MAPK, mitogen-activated
protein kinase; NmS, neuromedin S; NmU, neuromedin U; NMU, neuromedin U receptor; NMU1, neuromedin U receptor 1; NMU2, neuromedin U
receptor 2; pERK, phospho-extracellular signal-regulated kinase; p38, p38 mitogen-activated protein kinase; pp38, phospho-p38 mitogenactivated protein kinase; siRNA, short interfering RNA; SM-19712, 4-chloro-N-[[(4-cyano-3-methyl-1-phenyl-1H-pyrazol-5-yl)amino]carbonyl]benzenesulfon amide sodium salt hydrate.
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ABSTRACT
The structurally related, but distinct neuropeptides, neuromedin
U (NmU) and neuromedin S (NmS) are ligands of two G proteincoupled NmU receptors (NMU1 and NMU2). Hypothalamic
NMU2 regulates feeding behavior and energy expenditure and
has therapeutic potential as an anti-obesity target, making an
understanding of its signaling and regulation of particular interest. NMU2 binds both NmU and NmS with high affinity,
resulting in receptor-ligand co-internalization. We have investigated whether receptor trafficking events post-internalization
are biased by the ligand bound and can therefore influence
signaling function. Using recombinant cell lines expressing
human NMU2, we demonstrate that acute Ca21 signaling
responses to NmU or NmS are indistinguishable and that
restoration of responsiveness (resensitization) requires receptor
internalization and endosomal acidification. The rate of NMU2
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Materials and Methods
Materials. Minimum essential medium with Earle’s salts, fetal
bovine serum, Dulbecco’s phosphate-buffered saline without calcium and magnesium, penicillin (10,000 U/ml), and streptomycin
(10,000 mg/ml) were obtained from Fisher Scientific (Loughborough,
United Kingdom). Pluronic acid F-127 was obtained from Molecular
Probes (Eugene, OR). Bovine serum albumin, poly-D-lysine, fluo-4acetoxymethylester (fluo-4-AM), cycloheximide, monensin, dynasore,
4-chloro-N-[[(4-cyano-3-methyl-1-phenyl-1H-pyrazol-5-yl)amino]carbonyl]benzenesulfon amide sodium salt hydrate (SM-19712), and
carbachol were obtained from Sigma-Aldrich (Poole, United Kingdom). Human neuromedin U (hNmU-25) and human NmS (hNmS-33)
were purchased from Bachem (St. Helens, United Kingdom). Fluorescently labeled porcine NmU-8 (Cy3B-pNmU-8) was a kind gift from
GlaxoSmithKline (Harlow, UK). Polyvinylidene fluoride membrane
was purchased from Millipore (UK) Ltd. (Watford, United Kingdom).
Prestained protein ladders were obtained from Fermentas (Leon-Rot,
Germany). Greiner ELISA 96-well plates (eight well/strip) were

obtained from Scientific Laboratory Supplies Ltd. (Nottingham, United
Kingdom). Rabbit monoclonal phospho-p44/42 mitogen-activated protein kinases [(MAPKs), extracellular signal-regulated kinase (ERK) 1/2]
(Thr202/Tyr204) antibody, rabbit polyclonal p42 MAPK (ERK2) antibody, rabbit monoclonal S6 ribosomal protein antibody, rabbit polyclonal phospho-p38 MAPK (p38) (Thr180/Tyr182), and horseradish
peroxidase–linked anti-rabbit IgG secondary antibody were obtained
from New England Biolabs (UK) Ltd. (Hitchin, United Kingdom).
Rabbit IgG polyclonal anti-endothelin-converting enzyme-1 antibody
(GTX113676) was obtained from GeneTex (Irvine, CA). OptiLight
chemiluminescent substrate solution was purchased from Cheshire
Sciences (UK) Ltd. (Chester, United Kingdom). The pEGFP-N1 plasmid, containing the coding sequence for enhanced green fluorescent protein (EGFP), was purchased from Clontech (Oxford, United
Kingdom). Lipofectamine RNAiMAX for transfection of short interfering RNA (siRNA) was purchased from Invitrogen (Paisley, United
Kingdom). ON-TARGET plus SMART pool consisting of four distinct
siRNA duplexes of siRNA targeted to human endothelin-converting
enzyme-1 (ECE-1) mRNA and the scrambled siRNA were obtained from
ThermoFisher Scientific (Waltham, MA) and Invitrogen, respectively.
Cell Culture. Human embryonic kidney (HEK) 293 cells with
stable expression of human NMU2 (HEK-NMU2) have been described
and characterized previously (Brighton et al., 2004b). Cells were
cultured in minimal essential medium with Earle’s salts, supplemented with fetal bovine serum (10% v/v), penicillin, and streptomycin
(1% v/v of purchased stocks), and grown in 75 cm2 flasks maintained in
a humidified environment of 95% air and 5% CO2 at 37°C. Cultures
were passaged every 3–5 days, or as required for experiments.
Measurement of Changes in Intracellular Ca21 Concentration. Changes in [Ca21]i were monitored in either single cells by
confocal microscopy or in cell populations using a NOVOstar plate
reader (BMG Labtech, Ortenberg, Germany). For imaging experiments, cells were cultured on 25-mm-diameter coverslips for 24–48
hours to approximately 60% confluence and then loaded with the
fluorescent Ca21 indicator fluo-4 by incubation for 45 minutes at 37°C
in Krebs-HEPES buffer (KHB) (118 mM NaCl, 4.7 mM KCl, 10 mM
HEPES, 11.7 mM glucose, 1.2 mM MgSO4, 4.2 mM NaHCO3, 1.2 mM
KH2PO4, 1.3 mM CaCl2, bovine serum albumin 0.1% w/v, pH 7.4)
containing fluo-4-AM (2 mM) and pluronic acid F-127 (0.036%, w/v).
Following a brief wash, the coverslips were mounted to form the base
of a perfusion chamber and KHB (450 ml) was added. Images were
taken using an Olympus inverted microscope with a 60 oil immersion lens and a PerkinElmer UltraVIEW confocal imaging system
[PerkinElmer LAS (UK) Ltd., Beaconsfield, United Kingdom] using a
laser excitation wavelength of 488 nm and emitted light collected at
wavelengths .510 nm. Images were collected at a rate of approximately 1 frame s21 with an exposure multiplier of 1, exposure times of
∼200 milliseconds, and either 1  1 or 2  2 binning. Minimum and
maximum levels of the gray scales of images were adjusted between
0 and approximately 1000 against a full scale of 4096. Temperature
was maintained at 37°C by a Peltier unit (Harvard Applications Inc.,
Kent, United Kingdom). Basal images were taken at least 30 seconds
before bath addition of agonist. The change in fluorescence was
recorded within a cytosolic region of interest using UltraVIEW 4.0
software and analyzed as an index of [Ca21]i relative to the basal
levels. In experiments where repetitive agonist additions were made,
washes between additions were performed by perfusion of the cells
with KHB (5 ml/min). During these experiments, agonist additions
were made after ensuring that the focus was stable and no further
adjustments were made. Recording in the interval between agonist
additions was stopped to avoid photobleaching. In resensitization
experiments where the recovery period was .45 minutes, initial
stimulation was performed on unloaded cells that were subsequently
loaded with fluo-4 during the last 45 minutes of the experiment prior
to measurement of [Ca21]i. The Ca21 signaling experiments were
performed at 37°C.
For cell population studies, cells were plated in poly-D-lysine-coated
8-well strips of a 96-well plate format for 24 hours. On the day of the
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NmS have generated drug discovery interest, particularly
given their abilities to regulate feeding behavior and energy
homeostasis. Although peripherally located receptors are able
to contribute significantly to these effects (Nakahara et al.,
2010; Malendowicz et al., 2012) most attention has been
focused on central, hypothalamic actions, where NMU2 is
thought to be critical. Thus, intracerebroventricular administration of either NmU or NmS reduces feeding behavior
in rodents, potentially through regulating hypothalamic
corticotropin-releasing hormone release. Interestingly, central administration of NmS mediates a number of these effects
for longer than NmU, including reduced feeding behavior and
increases in plasma oxytocin levels (Mori et al., 2005). It has
been suggested that a potential explanation for such differences might be a greater resistance to proteolytic degradation
of NmS compared with NmU. Indeed, aside from the absolutely conserved C-terminal heptapeptide in human versions
of the two peptides (cf. octapeptide in rat peptides), there
is relatively low sequence homology in the remaining
N-terminal portions of the peptides, providing ample opportunity for differential interactions and/or degradation by
proteases. However, given that there are now many examples
of different ligands causing distinct (biased) signaling events
at the same GPCR (Thompson et al., 2015; Stott et al., 2016),
such alternate possibilities should be considered when taking
into account the variation in the responses to centrally
administered NmU and NmS.
Both NmU and NmS bind to their receptors with high
affinity (Mitchell et al., 2009b), with an indication that NmS
might bind to NMU2 with marginally higher affinity than
NmU (Mori et al., 2005). Despite this, in assays of cell
signaling, particularly the elevation of intracellular Ca21
concentration ([Ca21]i), NmU and NmS show equivalent
potency and intrinsic activity at both NMU1 and NMU2
(Mitchell et al., 2009b). However, assessment of transient
Ca21 signals might not reflect the full extent of the signaling
pathways activated by these receptors, including any additional complexities of receptor regulation and signaling bias
displayed by the different endogenous ligands. In the present
study, we have explored signaling and receptor regulation in
response to NmU and NmS at NMU2 and demonstrate key
differences between these two endogenous ligands that are of
potential physiologic and therapeutic importance.
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room temperature, the siRNA complex was added into each well
(100 ml). After approximately 16-hour incubation, the medium was
replaced with fresh complete medium. The cells were used 48 hours
after transfection. Knockdown of ECE-1 was confirmed by immunoblotting with an anti-ECE-1 antibody (1:1000), using immunoblotting
with an antibody against total ERK (1:1000) as a loading control using
the protocol described subsequently.
Determining ERK and p38 MAPK Activity. The activation of
ERK and p38 MAPK were determined by immunoblotting of phosphoERK (pERK) and phospho-p38 MAPK (pp38), respectively. Cell
monolayers on poly-D-lysine-coated 24-well plates were serum
starved overnight and then washed and equilibrated with KHB at
37°C. An appropriate concentration of agonist was then added and
cells were incubated for the indicated times. In cases where SM-19712
was used, this was added 30 minutes prior to agonist challenge unless
stated otherwise and left in place through subsequent manipulations.
Incubations were terminated by aspiration and addition of ice-cold
solubilization/sample buffer [125 mM Tris-base, 1 mM Na3VO4, 10%
(w/v) SDS; 50% (v/v) glycerol; 0.01% (w/v) bromophenol blue; 250 mM
dithiothreitol, adjusted to pH 6.8]. Cell lysates were sonicated with an
ultrasonic cell disruptor (Sonifier, Branson, CT) for 2 seconds at 10% of

Fig. 1. Ca2+ responses in HEK-NMU2 to applications of either hNmU-25 or
carbachol. Cells were loaded with fluo-4-AM and changes in cytosolic fluorescence intensity were measured as an index of [Ca2+]i using confocal microscopy.
Cells were challenged with either (A) hNmU-25 (30 nM) or (B) carbachol [(Cch),
300 mM] at t = 30 seconds for 60 seconds. Cells were then perfused with KHB,
and after 5 minutes the same ligand was reapplied to the cells. Changes in fluo4 fluorescence are shown relative to the basal level. The dashed lines indicate
where data were not collected. Each line represents data from a single cell and
each representative image (a–d) was taken at the points indicated on the timecourse graph. Data are representative of three separate experiments, with at
least five cells observed in each experiment.
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experiments, growth medium was aspirated and the cells were
washed twice with KHB and loaded with fluo-4-AM as described
previously. Cells were then washed once with KHB and incubated
with 100 ml KHB at 37°C for 5 minutes. Using the NOVOstar plate
reader, changes in fluorescence were then determined as an index of
changes in [Ca21]i. Automated additions were of 20 ml made at a speed
of 230 ml/s. In protocols in which Ca21 signaling by NMU2 was used to
examine desensitization and resensitization, the initial challenge was
performed manually using the same volume as in the automated
additions. In these experiments, the 45-minute loading of fluo-4-AM
and 5-minute postloading incubation were always in the 50 minutes
immediately prior to the measurement of Ca21 signaling. Where
required, the equation [Ca21]i 5 Kd  (F 2 Fmin)/(Fmax 2 F) was used
to convert measurements of fluo-4 fluorescence (F) in populations of
cells into [Ca21]i, where the Kd value of fluo-4-AM was taken as
350 nM (Yamasaki-Mann et al., 2009). Maximal fluorescence (Fmax)
was determined by the addition of ionomycin (2 mM) and 4 mM Ca21 to
selected wells for up to 10 minutes. Minimal fluorescence (Fmin) was
then obtained by replacing the buffer with 150 ml of Ca21-free buffer
containing 2 mM EGTA for up to 10 minutes.
Chemical Treatments in Resensitization Experiments. All of
the chemical interventions in the resensitization experiments were
begun 30–60 minutes (stated in Results) prior to the first challenge with
agonist (desensitizing challenge) and continued throughout all subsequent experimental steps, unless otherwise stated.
Imaging Cy3B-pNmU-8 Binding to HEK-NMU2. Cy3B-pNmU-8
binding to HEK-NMU2 was visualized using confocal microscopy
with an excitation wavelength of 568 nm. Briefly, cells were cultured
on poly-D-lysine-coated 25-mm-diameter glass coverslips for 24–48
hours. Cells were then washed with KHB, the coverslips were
mounted to form the base of a perfusion chamber, and KHB
(450 ml) added. Direct bath addition of Cy3B-pNmU-8 (10 nM final
concentration) was performed and images taken using the Olympus
inverted microscope with a 60 oil immersion lens and a PerkinElmer UltraVIEW confocal imaging system. Cells were excited
using a Kr/Ar laser at a wavelength of 568 nm and emission was
collected with a broad band red-green-blue filter. Temperature was
maintained at 37°C by the Peltier unit. For experiments where long
washing periods were required or a different pH buffer was used,
cells were perfused at 5 ml/min using the appropriate buffer.
Receptor and Ligand Internalization. The cDNA encoding
human NMU2 was inserted into the pEGFP-N1 plasmid to allow
expression of NMU2 with a C-terminal EGFP tag. HEK293 cells were
transfected and a stable cell line was selected. NMU2-EGFPexpressing cells were cultured on glass coverslips for confocal
microscopy imaging of NMU2-EGFP using 488-nm excitation (as
previously described). For dual confocal imaging of NMU2-EGFP
and Cy3B-pNmU-8, cells were imaged alternately with 488 and
568 nm excitation as described previously. Internalization of NMU2EGFP was quantified using the open source, image processing
program, ImageJ. For individual cells, fluorescence intensity was
measured at a region of the plasma membrane and within the cytosolic
compartment. After subtraction of background fluorescence calculated
from regions of the images lacking cells, a measure of internalization
was derived using the following equation: internalization 5 1 2 (Fmt/
Fct)/(Fmb/Fcb), where Fm is the membrane fluorescence, Fc is the
cytoplasmic fluorescence, and t is time (of measurement); Fmb and Fcb
represent these parameters under basal (b) conditions at the start of
the experiment (0 minutes).
Knockdown of ECE-1 Expression. For ECE-1 knockdown, cells
were plated into poly-D-lysine-coated 24-well plates and left to attach
for 5 to 6 hours (50%–60% confluence). The medium was replaced
with Opti-MEM (without serum; 500 ml/well) (Gibco; Thermo Fisher
Scientific). Lipofectamine RNAiMAX Reagent was diluted in OptiMEM (3:50 v/v) and another equal volume of Opti-MEM containing an
appropriate amount of either siRNA against ECE-1 or a scrambled
version (10 pmol/well) was prepared. The diluted siRNA was then
added into the diluted reagent (1:1 v/v). After 20-minute incubation at

Ligand Specificity at NMU2

Results
21

Single-Cell Ca Responses to hNmU-25. Confocal fluorescence imaging of adherent, fluo-4-loaded HEK-NMU2 cells

demonstrated a rapid, transient elevation of [Ca21]i following
addition of hNmU-25 (30 nM) (Fig. 1A). To examine NMU2
desensitization, cells were perfused for 5 minutes with KHB
following an initial 60-second challenge with hNmU-25. Reapplication of hNmU-25 failed to evoke any increase in [Ca21]i
(Fig. 1A), consistent with our previous findings (Brighton et al.,
2004b). In contrast, employing a similar protocol, we could
demonstrate partial desensitization (40% 6 2% of initial
response) of an endogenous M3 muscarinic acetylcholine receptor when measuring [Ca21]i responses (Fig. 1B).
Developing a Protocol to Remove Completely CellBound Ligand. Our previous studies demonstrated that
NmU binding to NMU receptors is essentially irreversible
(Brighton et al., 2004b). To examine whether the observed
functional desensitization of NMU2 Ca21 signaling was altered
by ligand removal, we developed a protocol to dissociate ligand
from cell-surface receptors, without compromising Ca21 signaling or cell viability (described subsequently). Using confocal
imaging of Cy3B-pNmU-8, we have shown that a rapid acidwash procedure removes cell-bound NmU without negatively
impacting receptor-mediated Ca21 signaling or cell viability.
Thus, addition of Cy3B-pNmU-8 to NMU2 resulted in intense
membrane-localized fluorescence that was unaffected by subsequent perfusion with standard KHB (pH 7.4) (Fig. 2A, images
i and ii). Perfusion for 15–25 seconds with acidic KHB solutions
at pH 4.0 (Fig. 2A, image iii), pH 3.5 (Fig. 2A, image iv), or pH
3.0 (Fig. 2A, image v) failed to displace membrane fluorescence;
however, exposure to pH 2.0 completely removed membrane
fluorescence (Fig. 2A, image vi). Fluorescence was not restored
by a 5-minute wash with standard KHB, indicating ligand
removal rather than quenching of fluorescence (Fig. 2B, images
i–iii). Moreover, reapplication of Cy3B-pNmU-8 to these cells
restored membrane fluorescence (Fig. 2B, images iv), indicating
that NMU2 was able to rebind ligand.
To determine whether the brief acid wash influenced
receptor-mediated Ca21 signaling, HEK-NMU2 cells were
first washed briefly (#25 seconds) with KHB at either pH
2.0 or 7.4, followed by either a 5- or 120-minute period in KHB
(pH 7.4) before determining Ca21 responses. The brief wash
with acidified buffer did not affect hNmU-25-mediated Ca21
responses in ligand-naive cells (pEC50 values: 9.17 6 0.02

Fig. 2. Visualizing ligand binding and the
removal of ligand bound to NMU2. HEKNMU2 cells were challenged with the fluorescently labeled NmU ligand, Cy3B-pNmU-8
(10 nM) and visualized by confocal microscopy.
Image i in (A) shows fluorescence directly after
addition of Cy3B-pNmU-8. Cells were then
washed with KHB (5 ml/min) pH 7.4 (A, image
ii), followed by a brief 30-second wash with KHB
at pH 4 (A, image iii), pH 3.5 (A, image iv), pH
3.0 (A, image v), or pH 2.0 (A, image vi). Image i
in (B) shows fluorescence 60 seconds after
addition of Cy3B-pNmU-8 (10 nM) and immediately following a brief wash (#25 seconds)
with KHB at pH 2.0 (B, image ii). Further
images were taken after perfusion with KHB,
pH 7.4 (5 ml/min) for 5 minutes (B, image iii)
or following reapplication of Cy3B-pNmU-8
(B, image iv). Temperature was maintained at
12°C to prevent receptor internalization.
Images are representative of at least three
experiments where similar results were
obtained.
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maximal power and then centrifuged (12,000g for 10 minutes at 4°C).
Supernatants were either used immediately or stored at 280°C until use.
Proteins were separated by SDS-PAGE using a 10% resolving gel and
transferred onto polyvinylidene fluoride membranes. Following blocking of the membrane for 1 hour at room temperature in Tween-20 buffer
[Tris-buffered saline/Tween 20: 50 mM Tris-base, pH 7.5; 150 mM NaCl;
0.05% (v/v) Tween-20] containing 5% bovine serum albumin, membranes were probed overnight at 4°C using either rabbit monoclonal
phospho-p44/42 MAPK (pERK1/2) antibody (1:2000), pp38 (1:1000), or
rabbit monoclonal S6 ribosomal protein antibody (1:20,000). Following
washing, membranes were incubated in Tris-buffered saline/Tween
20 with 5% (w/v) fat-free milk containing goat anti-rabbit IgG and
horseradish peroxidase–linked secondary antibody (1:3000) for 60 minutes at room temperature. Detection was performed by applying the
OptiLight chemiluminescent reagent. Using ribosomal S6 band intensities, loading was assessed to be equivalent before analysis of the
band intensities of the phospho-proteins. To allow direct comparison of
band intensities, all samples for each experimental replicate in which
the effects of hNmU-25 and hNmS-33 in the presence and absence of the
ECE-1 inhibitor (SM-19712) were to be compared were run together and
ultimately exposed on the same piece of film.
Data Analysis. Data were analyzed using Prism software (version
7.0; GraphPad Software Inc., San Diego, CA) and expressed as mean 6
S.E.M. unless otherwise stated. Where representative data are shown,
these are of at least three independent experiments. To construct
concentration-response curves for agonist-mediated changes in [Ca21]i,
the maximal changes in fluorescence were subtracted from the basal
values. Concentration-response curves were fit for each experiment
using a four-parameter logistical equation to allow determination of
individual maximal values (Emax) and pEC50 values (2log10 M EC50) for
any subsequent descriptive or comparative statistical analyses: curves of
the mean data of all experiments are displayed in Figures 3 and 5. For
measuring the recovery of either Ca21 concentration-response curves or
maximal Ca21 responses, changes in fluorescence were expressed as a
percentage of the maximum response in cells pre-exposed to buffer only
(i.e., no initial agonist challenge). All statistical analyses were performed
on the raw data before normalization. In recovery experiments, for each
recovery time point, a control/response was also measured. Comparative
statistics were performed using one-way analysis of variance, followed by
an appropriate range test, with P , 0.05 considered significant.
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with acidic buffer (KHB, pH 2.0; #25 seconds) and reperfusion
with normal buffer (KHB, pH 7.4; 5 minutes), reapplication of
hNmU-25 (30 nM) now resulted in a Ca21 response that was
56% 6 8% of the initial agonist-stimulated response (n 5 3,
Fig. 3C). In the same series of experiments using carbachol
instead of hNmU-25, the Ca21 response to the rechallenge
with carbachol was 39% 6 8% of the initial response (n 5 3;
Fig. 3D), similar to the extent of M3 muscarinic acetylcholine
receptor desensitization observed previously (Fig. 1B).
Resensitization in the Absence or Continuing Presence of Extracellular Ligand. To assess the impact of the
duration of ligand exposure on the subsequent desensitization, HEK-NMU2 cells were exposed to a maximally effective
concentration of hNmU-25 (30 nM) for 1, 3, 5, or 30 minutes.
Ligand was then removed with a brief KHB, pH 2.0, wash and
subsequent washing with KHB, pH 7.4; cells were then
allowed to recover for 5 minutes before rechallenge with

Fig. 3. Ca2+ responses in HEK293-NMU2 are unaltered by
brief acid washing. For a 5-minute recovery period (A) HEKNMU2 cells were loaded with fluo-4-AM and then exposed to
a brief wash (#25 seconds) with KHB at either pH 7.4 or 2.0,
followed by three washes with KHB (pH 7.4). Cells were
then challenged with hNmU-25 and changes in fluorescence
intensity were measured as an index of [Ca2+]i. For the
2-hour recovery period (B), cells were washed as previously
described, but loaded with fluo-4-AM during the last
45 minutes of the 2-hour recovery period. For either recovery period, maximal changes in fluorescence following
hNmU-25 challenge were determined and used to construct
concentration-response curves. Data are mean 6 S.E.M., n = 3.
For imaging experiments, fluo-4-AM-loaded cells were challenged with either (C) hNmU-25 (30 nM) or (D) carbachol
[(Cch), 300 mM) at t = 30 seconds for 60 seconds. Cells were
then perfused briefly (#20 seconds) with KHB pH 2.0
followed by perfusion with KHB pH 7.4, and after approximately 6 minutes the same ligand was used to rechallenge the
cells. The dashed lines indicate periods when data were not
collected. Each line represents data from a single cell and
each representative image (a–d) was taken at the points
indicated on the time-course graph. Data are representative
of three separate experiments, with at least five cells
observed in each experiment.
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and 9.18 6 0.10 with KHB, pH 2.0, wash and 5- or 120-minute
recovery, respectively; 9.43 6 0.08 and 9.16 6 0.11 with KHB,
pH 7.4, wash and 5- or 120-minute recovery, respectively)
(Fig. 3, A and B). Furthermore, cell viability, as assessed by
confocal imaging of trypan blue exclusion, was unaffected by
the wash with acidified KHB (cell viability 89% 6 5% at
30 minutes following acid wash compared with 90% 6 7%
following wash with KHB, pH 7.4). However, extending the
wash with KHB, pH 2.0, to 45–55 seconds did have a marked
detrimental effect on cell viability (34% 6 5%).
Functional Desensitization of NMU2. Having established a wash procedure that removes surface-bound ligand,
but retains receptor-mediated Ca21 signaling and cell viability, this protocol was next used to explore NMU2 desensitization in the absence of ligand bound to cell-surface receptors.
When fluo-4-loaded HEK-NMU2 cells were challenged with
hNmU-25 (30 nM, 60 seconds), followed by a brief wash

Ligand Specificity at NMU2

the same concentration of hNmU-25 (Fig. 4A). A rapid,
progressive reduction in the Ca21 response to rechallenge
was observed as the duration of the initial challenge was
increased from 1 to 5 minutes (Fig. 4B), while increasing the
duration of the initial challenge from 5 to 30 minutes did not
further reduce the response to hNmU-25 rechallenge (Fig. 4,
B and C).
To determine 1) the time course of receptor resensitization
and 2) the effect of ongoing ligand binding to NMU2, cells were
challenged with a maximal concentration of hNmU-25 (30 nM)
for 5 minutes and then washed with either KHB, pH 2.0, or
KHB, pH 7.4. Following recovery periods of 5–360 minutes in

standard KHB, Ca21 responses on rechallenge with different
concentrations of hNmU-25 (0.1–100 nM) were assessed. In
the absence of the brief acid wash to unbind ligand from
receptor, functional recovery of the full intrinsic activity
(Emax) and potency (EC50) of hNmU-25 required ∼300 minutes
(Fig. 5A, Table 1). In contrast, when the acid-wash procedure was applied to cells, full recovery of agonist-stimulated
Ca21 signaling occurred within approximately 120 minutes
(Fig. 5B, Table 1). These data provide strong evidence that
the presence of ligand bound to receptors prolonged the
time required for resensitization of NMU2-mediated Ca21
signaling.
hNmS-33 and hNmU-25 Are Equipotent, Full Agonists at
NMU2, but Differ in Their Effects on Receptor Desensitization/Resensitization. NmS has been identified as a second
endogenous ligand for NMU receptors, in particular, for those
expressed centrally (Mori et al., 2005; Miyazato et al., 2008). NmS

Fig. 5. Resensitization of Ca2+ responses to hNmU-25 in HEK-NMU2
following ligand removal using the standard or brief acid-wash protocol.
For experiments in which a 5-minute recovery period following an initial
agonist challenge was required, cells were loaded with fluo-4-AM and then
challenged with either buffer (control) or hNmU-25 (30 nM) for 5 minutes.
For the longer recovery periods (1–6 hours), cells were challenged and
washed as previously described, but loaded with fluo-4-AM during the last
45 minutes of the recovery period. Initial agonist exposure was followed by a
brief wash (#25 seconds) with either (A) standard KHB (pH 7.4) or (B)
acidified KHB (pH 2.0), followed by two washes and a 5-minute recovery
period in KHB (pH 7.4). Cells were subsequently rechallenged with different
concentrations of hNmU-25 (0.1–100 nM) and fluorescence was monitored
using a NOVOstar plate reader. Concentration-response curves were constructed based on maximal changes in fluorescence as an index of [Ca2+]i and
expressed as a percentage of the maximum response in HEK-NMU2 preexposed to buffer only (i.e., no initial hNmU-25 challenge). Control concentration-response curves were generated for each time point and were not
significantly different from each other. Data are mean 6 S.E.M., n = 3–6.
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Fig. 4. Effect of the duration of pre-exposure to hNmU-25 on homologous
desensitization of NMU2. HEK-NMU2 cells were loaded with fluo-4-AM
and challenged with either buffer or hNmU-25 (30 nM) for 1, 3, 5, or
30 minutes. Following the initial agonist challenge, cells were briefly
washed (#25 seconds) with acidified KHB (pH 2.0) and washed twice with
KHB (pH 7.4), and then left in the latter buffer for 5 minutes. Cells were
then stimulated with hNmU-25 (30 nM) and changes in fluorescence
intensity were measured as an index of [Ca2+]i using a NOVOstar plate
reader. (A) Experimental protocol. (B) Representative Ca2+ responses to
hNmU-25 (30 nM) in HEK-NMU2 pre-exposed to buffer only (control) for
5 minutes or hNmU-25 (30 nM) for 1, 3, 5, or 30 minutes. (C) Maximal
changes in cytosolic fluorescence following the second hNmU-25 challenge.
Data are mean 6 S.E.M., n = 3; **P , 0.01; ***P , 0.001 by Bonferroni’s
multiple comparisons test following one-way analysis of variance.
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TABLE 1
Resensitization of Ca2+ responses to hNmU-25 in HEK-NMU2 following
ligand washout using the standard or brief acid-wash protocol
Data are derived from the concentration-response curves shown in Fig. 5, demonstrating changes in pEC50 and Emax values during recovery from hNmU-25-mediated
desensitization. For full details see the legend to Fig. 5 and Materials and Methods.
Data are mean 6 S.E.M., n = 3–6. *P , 0.05; ***P , 0.001 vs. control by Bonferroni’s
multiple comparisons test, following one-way analysis of variance. Em dash (—)
indicates that the experiment was not performed.
KHB Wash (pH 7.4)

Acidified Buffer Wash
(pH 2.0)

Recovery Time
pEC50

Emax

pEC50

%

Control
5 min
1h
2h
3h
6h

9.29 6 0.06
100
NA
3.1 6 1.1
NA
9.4 6 1.7
8.62 6 0.29*
29.1 6 5.9
8.24 6 0.23*** 56.4 6 4.7
9.07 6 0.07
96.0 6 4.0

Emax
%

9.26
8.51
8.89
9.22

6 0.06
100
6 0.07* 32.7 6 4.2
6 0.38 81.4 6 6.4
6 0.03 89.4 6 4.1
—
—
—
—

and NmU bind with similar affinity to NMU receptors, and
consistent with other studies we have shown that hNmS-33
mediates Ca21 signaling at NMU2 with equivalent maximal
responses and potency to hNmU-25 [pEC50 (2log M) values:
hNmU-25, 9.18 6 0.05; hNmS-33, 9.30 6 0.10; n 5 4].
Here, we compared the rates of resensitization of NMU2mediated Ca21 signaling following a 5-minute challenge with
either hNmU-25 (30 nM) or hNmS-33 (30 nM) under conditions where free ligand, but not receptor-bound ligand, was
removed by washing with KHB, pH 7.4. Challenge of HEKNMU2 with either ligand, followed by washing and a 5-minute
recovery period, resulted in equivalent and marked reductions
in Ca21 signaling (Fig. 6, A and B). The time courses of
recovery following the desensitization protocol were also
determined for each ligand. Under these conditions, NMU2mediated Ca21 signaling was fully restored following a 360minute recovery period after initial challenge with hNmU-25;
however, only approximately 50% of the Ca21 response was
recovered in this time period when hNmS-33 was applied as
the desensitizing stimulus (Fig. 6C).
Co-Internalization of Ligand and Receptor. Ligands
that bind with high affinity are likely to be co-internalized
with the receptor (Oakley et al., 2001). Here, we show that
this is true for Cy3B-pNmU-8 that co-internalizes with
NMU2 in a HEK cell line stably expressing C-terminally
EGFP-tagged NMU2 (NMU2-EGFP) (Fig. 7A). Time courses
of NMU2-EGFP were also quantified following application of
hNmU-25 or hNmS-33, with the profiles of NMU2-EGFP
internalization being essentially indistinguishable in extent
and profile for the two ligands (Fig. 7, B and C).
Mechanistic Insights into the Resensitization of
NMU2. A mechanistic understanding of the NMU2 resensitization process requires knowledge of how the ligand-receptor
complex is endocytosed and processed toward recycling. The
dynamin GTPase inhibitor dynasore (80 mM) (Macia et al.,
2006) markedly reduced resensitization of NMU2 signaling
following challenge with either hNmU-25 (Fig. 8A) or hNmS33 (Fig. 8B); inhibition of endosomal acidification with either
monensin (50 mM) (Fig. 8, C and D) or bafilomycin A (200 nM;
data not shown) also significantly reduced resensitization
following challenge with either ligand. In contrast, a concentration of cycloheximide (17.5 mM) that markedly reduced
protein synthesis (.80% reduction based on incorporation of

Fig. 6. Comparison of NMU2 desensitization and resensitization following challenge with hNmU-25 or hNmS-33. Fluo-4-loaded cells were either
untreated (0) or pretreated with 30 nM hNmU-25 (A) or 30 nM hNmS-33
(B), and then washed with KHB (pH 7.4). After a further 1–10-minute
recovery period, cells were rechallenged with 30 nM of the same ligand and
Ca2+ responses were determined. Alternatively, cells were untreated or
pretreated with either 30 nM hNmU-25 or hNmS-33 for 5 minutes, and
then washed and left to recover for 1, 3, or 6 hours. During the final
45 minutes of the recovery period, cells were loaded with fluo-4-AM and
then rechallenged with 30 nM ligand using a NOVOstar plate reader to
allow for determination of the Ca2+ responses (C). Data are mean 6 S.E.M.,
n = 3; *P , 0.05; **P , 0.01; ***P , 0.001 by Bonferroni’s multiple
comparisons test, following one-way analysis of variance (A and B) or
unpaired Student’s t test (C).

[35S]-methionine into HEK cell total protein) had no significant impact on resensitization following challenge with
either ligand (Fig. 8, D and E). None of these pretreatments
(dynasore, monensin, or cycloheximide) affected Ca21 responses of naive HEK-NMU2 cells to hNmU-25 or hNmS-33
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NA, not applicable.
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(data not shown). Taken together, these data indicate that
dynamin-dependent NMU2 internalization and endosomal
acidification, but not de novo synthesis of NMU2, are required
for resensitization of NMU2-mediated Ca21 signaling irrespective of the agonist mediating the initial desensitization.
Role of Ligand Processing in the Resensitization of
NMU2. Given that bound hNmU-25 and hNmS-33 will internalize with NMU2, we next considered if ligand processing
might occur during NMU2 recycling and whether differences
in the processing of hNmU-25 and hNmS-33 might account for
differing rates of resensitization. Previous studies have shown
that ECE-1 plays a role in the endosomal processing of a
number of peptide ligands (Padilla et al., 2007; Roosterman
et al., 2007, 2008; Law et al., 2012). Here, we explored the
potential role of ECE-1 in the processing of the endogenous

NMU2 ligands using the ECE-1 inhibitor, SM-19712 (Umekawa
et al., 2000). SM-19712 (10 mM; 30-minute pretreatment)
significantly reduced the rate of resensitization of the Ca21
response to hNmU-25 (Fig. 9A), but was without effect on
the recovery of Ca21 signaling following challenge with
hNmS-33 (Fig. 9B) in HEK-NMU2 cells. SM-19712 also had
no detectable effect on the much more rapid recovery of Ca21
responses to carbachol (300 mM) following an initial activation of the endogenous M3 muscarinic acetylcholine receptors
with this ligand (Fig. 9C). SM-19712 (10 or 100 mM) was
without effect on Ca21 responses to either hNmU-25 or
hNmS-33 in ligand-naive cells (data not shown). The neutral
endopeptidase inhibitor thiorphan (10 mM) did not significantly alter resensitization time courses to either hNmU-25
or hNmS-33 (data not shown).
The ability of SM-19712 selectively to reduce the recovery of
Ca21 responses to rechallenge with hNmU-25 might be explained
by: 1) the protection of extracellular peptide from degradation
(thereby potentially enhancing the extent of the initial stimulation and potential desensitization) and/or 2) the protection of
intracellular peptide from degradation (thereby potentially reducing the rate of receptor recycling and subsequent resensitization). To assess these possibilities, experiments were conducted
in which SM-19712 was added only after the initial stimulation
and removal of free hNmU-25. When SM-19712 was added only to
be present after removal of the initial challenge with hNmU-25,
the extent of inhibition of resensitization was comparable to that
observed when the inhibitor was added 30 minutes before the
desensitizing exposure to ligand (Fig. 9D), suggesting that
protection from postinternalization processing contributes to the
action of this inhibitor.
Transfection of cells with siRNA against ECE-1 resulted in
a significant reduction in expression (to 31% 6 4% of control
levels; Fig. 10A). This knockdown of expression was associated
with a marked inhibition of NMU2 resensitization following
prechallenge with hNmU-25 (Fig. 10B), but was without effect
on the rather slower resensitization seen following prechallenge with hNmS-33 (Fig. 10C).
Ligand-Dependent Regulation of ERK and p38
MAPK Activity in HEK-NMU2. Challenge of HEK-NMU2
cells with either hNmU-25 or hNmS-33 (30 nM) resulted in
time-dependent increases in pERK that remained elevated for
at least 3 hours in the continued presence of ligand (Fig. 11). It
was noteworthy that the pERK response to hNmS-33 was
better sustained (Fig. 11B) compared with the hNmU-25
response (Fig. 11A). Agonist-stimulated increases in pERK
were concentration dependent [pEC50 (2log M) values 8.54 6
0.07 and 8.83 6 0.08 (n 5 3) at 5 minutes for hNmU-25 and
hNmS-33, respectively]. Under these experimental conditions, where ligand was not removed, preaddition of the
ECE-1 inhibitor SM-19712 (10 mM) had no effect on either
the magnitude or temporal profile of ERK activation stimulated by either ligand (Fig. 11).
Removal of free hNmS-33 using a buffer wash after
5-minute stimulation resulted in a slow decline in the levels
of pERK, but this was still approximately 40% of the initial
response 180 minutes after removal of free, extracellular
ligand (Fig. 12B). In contrast, removal of free hNmU-25 using
a buffer wash after 5-minute stimulation resulted in a faster
and greater loss of pERK, such that at 180 minutes after
removal of free, extracellular ligand, pERK immunoreactivity
had returned to basal levels (Fig. 12A). Preaddition of
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Fig. 7. Co-internalization of ligand and NMU2. HEK293 cells stably
expressing NMU2 with a C-terminal EGFP tag (NMU2-EGFP) were
cultured on 25 mm glass coverslips for 24–48 hours. Cells were challenged
with 10 nM Cy3B-pNmU-8 (A) in KHB and visualized immediately
(0 minutes) or after 25 minutes (at 37°C) by confocal microscopy
consecutively at 488 and 568 nm to image NMU2-EGFP and Cy3BpNmU-8. NMU2-EGFP and Cy3B-pNmU-8 images were merged (A, right
panels) postacquisition. Data are representative of three independent
experiments where similar results were obtained. NMU2-EGFP was also
visualized by confocal microscopy during challenge with 30 nM of either
hNmU-25 (B, images a–d) or hNmS-33 (B, images e–h). NMU2-EGFP
internalization was then calculated as described in Materials and Methods
and plotted as a function of time (C). Data are mean 6 S.E.M., n = 4 to
5 cells.
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Fig. 8. Effects of inhibitors of receptor internalization, endosomal acidification, or protein synthesis on NMU2 resensitization following challenge with
either hNmU-25 or hNmS-33. HEK-NMU2 were preincubated in the absence or presence of an inhibitor of receptor internalization (dynasore, 80 mM) (A
and B), endosomal acidification (monensin, 50 mM) (C and D), or protein synthesis (cycloheximide, 17.5 mM) (E and F) for 30 minutes before challenge
with buffer or ligands hNmU-25 (A, C, and E) or hNmS-33 (B, D, and F), each at 30 nM for 5 minutes). Cells were washed and allowed to recover for
6 hours (6 inhibitor) before determination of the Ca2+ response to the same ligand (30 nM). Data show maximal responses following addition of ligand
and are mean 6 S.E.M., n = 3; *P , 0.05; **P , 0.01; ***P , 0.001 by Bonferroni’s multiple comparisons test, following one-way analysis of variance.

SM-19712 had no impact on the time course of the pERK
response following addition and withdrawal of hNmS-33 (Fig.
12B); however, addition of this inhibitor significantly increased and prolonged the pERK response following addition
and wash removal of hNmU-25 (Fig. 12A).
Using a similar protocol (30 nM ligand for 5 minutes,
followed by washing to remove free, extracellular ligand)

resulted in a relatively sustained increase in the levels of
pp38 over the 175 minutes following ligand withdrawal with
preaddition of SM-19712 having no effect on this time course
(Fig. 12D). In contrast, pp38 responses to hNmU-25 declined
between 25 and 175 minutes after the 5-minute agonist
addition (Fig. 12C). Preaddition of SM-19712 significantly
increased and prolonged the pp38 response (Fig. 12C). These
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data demonstrate that the susceptibility of hNmU-25, but not
hNmS-33, to the action of ECE-1 generates different liganddependent patterns of ERK/p38 MAPK activation.

Discussion
Our previous study established that NmU binds essentially
irreversibly to NMU receptors at the plasma membrane
(Brighton et al., 2004b). Such persistent agonist occupation
prevents assessment of receptor desensitization that is independent of continued ligand binding and the possible
sustained depletion of signaling components. Here, we used
a rapid, acid-wash protocol to remove ligand, either free or
bound at the cell surface, to demonstrate that NMU2 desensitization can occur independently from the continued
presence of bound ligand. Indeed, the extent of desensitization
is comparable to that of the Gaq/11-coupled M3 muscarinic
receptor, which binds low-affinity small molecule ligands that

are readily removed by simple wash protocols. The present
data highlight the additional role played by the essentially
irreversible binding of peptides to NMU2 that occurs under
physiologic conditions.
The present data also demonstrate that ligand binding to
NMU2 considerably lengthens the recovery time of receptormediated Ca21 signaling. This slow resensitization is similar to
that observed for a number of other peptidergic GPCRs. For
example, neurokinin 1 receptor Ca21 responses require ∼3 hours
to recover following challenge with substance P, while the
CLR/RAMP1 complex needs 4–6 hours for full resensitization
of CGRP-mediated Ca21 signaling (Schmidlin et al., 2001;
Padilla et al., 2007). The slower recovery of signaling following
transient exposure to hNmU-25 was markedly faster than that
following an identical exposure to hNmS-33, clearly demonstrating the critical nature of the ligand in determining the rate of
resensitization. Independent of the ligand used, resensitization
required receptor internalization and endosomal acidification,
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Fig. 9. Effect of the ECE-1 inhibitor,
SM-19712, on NMU2 resensitization.
For the 5-minute recovery protocol,
cells were preincubated in the absence
or presence of SM-19712 (10 mM,
30 minutes) and loaded with fluo4-AM before challenge with 30 nM
hNmU-25 (A), 30 nM hNmS-33 (B),
100 mM carbachol (C), or buffer for
5 minutes, followed by two KHB
washes and a 5-minute recovery period
in KHB. For longer recovery periods
(1–6 hours), cells were pretreated with
SM-19712 (10 mM, 30 minutes) or
vehicle, and then challenged with ligand or buffer and washed as previously described; during the last
45 minutes of the recovery period, cells
were loaded with fluo-4-AM. Following
the recovery period, cells were challenged with 30 nM hNmU-25 (A),
30 nM hNmS-33 (B), or 100 mM carbachol (C), and changes in cytosolic fluorescence were recorded using a
NOVOstar plate reader as an index of
changes in [Ca2+]i. Data are expressed
as a percentage of the maximum response to ligand in HEK-NMU2 challenged initially with buffer only.
Alternatively, cells were challenged
with buffer or hNmU-25 (30 nM, 5 minutes), washed, and allowed to recover
for 3 hours in the presence or absence of
SM-19712 (10 mM), which was only
added after ligand stimulation and
washing (D). Data are mean 6 S.E.
M., n = 3–6 in duplicate; ***P , 0.001
by Bonferroni’s multiple comparison
test, following two-way analysis of variance (A) and one-way analysis of variance (D).
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but not de novo protein synthesis, which is entirely consistent
with the generally accepted paradigm for GPCR trafficking
following agonist activation. Thus, agonist-mediated conformational changes in the receptor result in the recruitment of G
protein-coupled receptor kinase isoenzymes and subsequent
phosphorylation of serine/threonine residues within intracellular regions of the receptor, particularly the C-terminal tail and
third intracellular loop (Pitcher et al., 1998). Such phosphorylation provides docking sites for b-arrestin, which generates steric
hindrance to further G protein coupling, thereby initiating rapid
receptor desensitization. Bound b-arrestin provides a scaffold for
the internalization machinery, ultimately resulting in the removal of receptors from the cell surface into an endosomal
compartment. Endosomal acidification promotes dissociation of
any internalized ligand with the subsequent loss of b-arrestin
binding, receptor dephosphorylation, and ultimately the recycling of receptors to the plasma membrane for further rounds of
signaling (Marchese et al., 2008). The time required to fully
resensitize differs among GPCRs, ranging from minutes, as for
the b2-adrenoceptor, to hours for some receptors including the V2
vasopressin receptor (Moore et al., 2007). Such differences are a
consequence of various factors, but include the affinity for
b-arrestin binding (Oakley et al., 1999; Pierce et al., 2002). With

respect to this, different classes of GPCRs have been identified.
Type A GPCRs bind b-arrestin-2 more favorably than b-arrestin1, although with relatively low affinity, resulting in rapid
dissociation of the receptor-b-arrestin complex at the cell surface,
or directly after internalization resulting in fast recycling and
resensitization (Moore et al., 2007). In contrast, type B GPCRs
bind with high affinity to either b-arrestin-1 or b-arrestin-2,
which internalize together with the receptor to endosomes and
dissociate at a slow rate, delaying recycling and resensitization
(Moore et al., 2007), which is consistent with the slow resensitization of NMU2. Although little is known regarding agonistmediated phosphorylation of NMU2, the C-terminal tail contains
15 serine and threonine residues, including three pairs of serine
residues that are often associated with phosphorylation and
arrestin binding (Brighton et al., 2004a).
In this scheme of receptor internalization and recycling,
attention rarely focuses on either the potential role or fate of
the ligand. This is critical given that the presence of ligand,
particularly bound to the receptor, may influence the nature
and duration of b-arrestin binding. This, in turn, is of
particular importance given the role of b-arrestin in scaffolding signaling complexes for both G protein-dependent
(Thomsen et al., 2016) and G protein-independent signaling
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Fig. 10. Cellular depletion of ECE-1
impairs resensitization following hNmU25 but not hNmS-33 challenge. Cells were
transfected with either anti-ECE-1
siRNA or a scrambled siRNA and the
expression of ECE-1 was determined
48 hours later by immunoblotting. Total
ERK1/2 immunoreactivity was used as a
loading control (A). Cells transfected
with either anti-ECE-1 siRNA (+) or
scrambled siRNA (2) for 48 hours were
pretreated with buffer, hNmU-25 (B), or
hNmS-33 (C) (both at 30 nM for 5 minutes), and then washed with KHB. Cells
were allowed to recover for 6 hours,
loaded with fluo-4-AM during the final
45 minutes, and then challenged or
rechallenged with the same concentration of each respective ligand. Changes in
cytosolic fluorescence were recorded using a NOVOstar plate reader as an index
of [Ca2+]i. Data are representative or
mean 6 S.E.M., n = 3, and were analyzed
by Student’s paired t test (A) or Bonferroni’s multiple comparisons test, following one-way analysis of variance (B and
C); *P , 0.05; **P , 0.01; ***P , 0.001.
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Fig. 11. Time course of NMU2-mediated activation of
ERK1/2 in the presence and absence of ECE-1 inhibition
in the continued presence of ligand. HEK-NMU2 cells were
incubated with or without SM-19712 (10 mM) for 30 minutes
prior to challenge with 30 nM hNmU-25 (A) or 30 nM hNmS33 (B). Cells were then left for the required time before
solubilization and assessment of pERK by immunoblotting
and densitometry. Data are representative or mean 6 S.E.
M., n = 3. Ribosomal S6 protein (total S6) is shown as a
loading control. Note that pERK and total S6 were identified
on the same blot but are shown here with different exposure
times for clarity.

The present study demonstrates a role for ECE-1 within the
cell in promoting NMU2 recycling leading to resensitization,
but this is dependent on the nature of the ligand. Pharmacological inhibition of ECE-1 or knockdown with siRNA both
inhibit resensitization following hNmU-25, but not hNmS-33,
suggesting that either hNmS-33 is resistant to ECE-1 activity
within the cell or that products of its degradation can continue
to reduce receptor recycling. Interestingly, like NMU2,
corticotropin-releasing factor receptor 1 can be activated by
either of the two endogenous ligands, urocortin or the
corticotrophin-releasing factor. Urocortin not only binds to
corticotropin-releasing factor receptor 1 with higher affinity
than the corticotrophin-releasing factor, but is also a better
substrate for ECE-1, providing an explanation for the sensitivity to ECE-1 inhibition of corticotropin-releasing factor
receptor 1 recycling and resensitization following urocortin,
but not the corticotrophin-releasing factor (Hasdemir et al.,
2012).
The present study identified different temporal profiles
of ERK signaling, particularly following ligand removal. In
particular, NMU2-mediated activation of ERK was more
sustained following hNmS-33 than hNmU-25. This is consistent with a more sustained signaling complex, possibly as a
consequence of the resistance of hNmS-33 to ECE-1 proteolytic
degradation and sustained G protein-dependent or -independent signaling. Such signaling may be from internalized
receptors since NMU2 is markedly internalized. Although the
removal of free extracellular ligand is clearly central to
experimental studies of resensitization, this has been less
commonly used when examining signaling events following a
single exposure to ligand. However, such a paradigm may well
reflect more accurately the type of exposure that cells are
subject to in vivo. Thus, receptor ligands are more often than
not released in a pulsatile or phasic manner, followed by
removal by a variety of processes including dilution, extracellular degradation, and cellular uptake. Although the physiologic consequences of transient versus more sustained signaling
have yet to be fully defined, the present study highlights that
such considerations are critical in identifying ligand-specific
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(DeFea, 2011; Shenoy and Lefkowitz, 2011; Luttrell and
Miller, 2013) from within the cell. Given the extremely highaffinity binding of some peptide ligands and the extent of
acidification that is required to drive dissociation, it is possible
that some ligands retain receptor association for some time
despite endosomal acidification to pH 4.8–6.0 (Hilal-Dandan
et al., 1997; Qi et al., 2005). Although some peptide ligands
may recycle to the plasma membrane intact, others are
processed within the cell. Indeed, a series of important studies
has highlighted a key function of such processing within the
cell in defining both receptor resensitization and the duration of receptor-mediated signaling (Padilla et al., 2007;
Roosterman et al., 2007, 2008; Cottrell et al., 2009; Pelayo
et al., 2011; Hasdemir et al., 2012). In particular, ECE-1 is able
to process a number of internalized peptide ligands to regulate
receptor signaling and recycling. Although ECE-1 is best
known for its ability to convert plasma big endothelin to active
endothelin-1, the identification of four isoenzymes with
differential subcellular distributions is consistent with alternative functions, including the degradation of peptide receptor
ligands within the endosomal compartment. Interestingly, the
substrate specificity of ECE-1 is pH dependent (Ahn et al.,
1998) and the acidic pH of the endosomal compartment
provides ideal conditions for the degradation of substance P,
calcitonin gene-related peptide, and somatostatin 14 (Poole
and Bunnett, 2016). Indeed, the degradation of internalized
peptide ligands within the endosomal compartment destabilizes signaling complexes and promotes recycling and resensitization of a number of receptors (Padilla et al., 2007;
Roosterman et al., 2007, 2008; Cottrell et al., 2009; Pelayo
et al., 2011; Hasdemir et al., 2012). More recently, sustained
signaling by the neurokinin 1 receptor and calcitonin receptorlike receptor from within endosomes has been shown to be
responsible for sustained neuronal activity and the transmission of pain (Jensen et al., 2017; Yarwood et al., 2017).
Furthermore, targeting receptor antagonists to this compartment was demonstrated to inhibit endosomal signaling and the
sustained neuronal activity highlighting novel and exciting
therapeutic opportunities.
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signaling profiles and ultimately, therefore, differences in biologic
activity and therapeutic potential. With specific reference to
ligands of NMU2, there is evidence to support the notion that
signaling differences, such as those reported here, may be relevant
in more physiologic settings. Thus, bolus intracerebroventricular
administration of NmU to rats increased the neuronal electrical
activity in the paraventricular nucleus between 30 and 60 minutes,
whereas NmS increased activity for at least 120 minutes (Ida
et al., 2005). This is potentially consistent with a more potent and
prolonged suppression of food intake by NmS compared with
NmU following intracerebroventricular administration to freely

feeding rats (Ida et al., 2005; Miyazato et al., 2008). One suggestion
for such differences was that NmS might be more resistant to
proteolytic degradation than NmU. Clearly, such resistance could
maintain effective extracellular concentrations of NmS for longer.
However, the present study demonstrates an alternative possibility: that cellular signaling at NMU2 in response to NmS is
prolonged compared with that in response to NmU. Furthermore,
the data suggest that such a disparity is a consequence of
differences in the intracellular processing of the two peptide
ligands by intracellular, probably endosomal, ECE-1, or a similar
SM-19712-sensitive protease.
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Fig. 12. Time course of NMU2-mediated activation of ERK1/2 and p38 MAPK in the presence and absence of ECE-1 inhibition following removal of free,
extracellular ligand. HEK-NMU2 cells were incubated with or without SM-19712 (10 mM) for 30 minutes prior to challenge with 30 nM hNmU-25 (A and
C) or 30 nM hNmS-33 (B and D) for 5 minutes. Free, extracellular ligand was removed by washing the monolayer twice with KHB, and then the cells were
left in KHB for the required time before assessment of either pERK (A and B) or pp38 (C and D) immunoreactivity. Data are representative or mean 6 S.E.
M., n = 3; 0 represents the point immediately before ligand addition; 5* represents the point of ligand removal; other times represent the points following
ligand removal. **P , 0.01; ***P , 0.001 by Bonferroni’s multiple range test, following two-way analysis of variance. Levels of ribosomal S6 protein were
assessed (see Fig. 11) to ensure equivalent loading but are not shown here for clarity.
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