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ABSTRACT

An increasing number of putative therapeutic targets have been identified in recent years for the
treatment of neuronal pathophysiologies including pain, epilepsy, stroke and schizophrenia. Many of
these targets signal through calcium (Ca?"), either by directly facilitating Ca®* influx through an ion
channel, or through activation of G proteins that couple to intracellular Ca* stores or voltage-gated Ca*
channels. Immortalized neuronal cell lines are widely used models to study neuropharmacology.
However, systematic pharmacological characterization of the receptors and ion channels expressed in
these cell lines is lacking. In this study, we systematically assessed endogenous CaZ* signaling in
response to addition of agonists at potential therapeutic targets in a range of cell lines of neuronal origin
(ND7/23, SH-SY5Y, 50B11, F11 and Neuro2A cells) as well as HEK293 cells, a cell line commonly used for
over-expression of receptors and ion channels. This study revealed a remarkable diversity of endogenous
Ca®* responses in these cell lines, with one or more cell lines responding to addition of trypsin,
bradykinin, ATP, nicotine, acetylcholine, histamine and neurotensin. Subtype specificity of these
responses was inferred from agonist potency and the effect of receptor subtype specific antagonist.
Surprisingly, HEK293 and SH-SY5Y cells responded to the largest number of agonists with potential roles
in neuronal signaling. These findings have implications for the heterologous expression of neuronal
receptors and ion channels in these cell lines, and highlight the potential of neuron-derived cell lines for
the study of a range of endogenously expressed receptors and ion channels that signal through Ca®*.

Crown Copyright © 2009 Published by Elsevier Inc. All rights reserved.

1. Introduction

In recent years, an increasing number of receptors and ion
channels expressed on central or peripheral neurons have been
identified as putative therapeutic targets for the treatment of
neuronal pathophysiologies such as chronic pain, stroke, epilepsy
and schizophrenia. These targets include transient receptor potential
channels (e.g. TRPV1), voltage-gated calcium channels (e.g. Ca,2.2
and 3.2),ionotropic glutamate (e.g. NMDA and AMPA receptors) and

Abbreviations: Ca?*, calcium ion; GPCR, G-protein coupled receptor; ATP, adenosine
triphosphate; TRPV1, transient receptor potential vanilloid 1; PAR, protease-
activated receptor; GABA, y-aminobutyric acid; DMEM, Dulbeccos’ Modified Eagle
Medium; FBS, foetal bovine serum; PBS, phosphate buffered saline; PSS,
physiological salt solution; EDTA, ethylenediaminetetraacetic acid; HAT, hypox-
anthine, aminopterin and thymidine; db-cAMP, N6,2’-O-dibutyryladenosine 3":5’
cyclic monophosphate; NGF, nerve growth factor; BAPTA, 1,2-bis(o-aminophenox-
y)ethane-N,N,N’,N’-tetraacetic acid; AFU, arbitrary fluorescence unit; SEM,
standard error of the mean; NMDA, N-methyl-p-aspartic acid; pFHHSID, p-
fluorohexahydro-sila-difenidol hydrochloride; PLC, phopholipase C; Fluo-4-AM,
Fluo-4 acetomethoxyester; HEK293, human embryonic kidney cells; RPMI, Roswell
Park Memorial Institute; PDL, Poly-p-lysine.
* Corresponding author. Tel.: +61 7 3346 2984; fax: +61 7 3346 2101.
E-mail addresses: i.vetter@uq.edu.au (I. Vetter),
rlewis@imb.uq.edu.au (RJ. Lewis).

nicotinic acetylcholine receptors (e.g. «7 and a4 nAChR), as well as
numerous G-protein coupled receptors (GPCR)[1-7]. GPCR targets of
particular interest include the protease-activated receptors, speci-
fically PAR1, PAR2 and PAR4, which are expressed in dorsal root
ganglion (DRG) and central neurons and contribute to a variety of
painful conditions, including visceral and arthritic pain and have also
been speculated to contribute to epilepsy and blood brain barrier
integrity [8-13]. Similarly, interestin bradykinin B1 and B2 receptors
has been renewed with the observation that intra-articular
administration of a bradykinin B2 antagonist appears promising
in the treatment of painful osteoarthritis [14], while bradykinin B1
antagonists may be particularly useful in chronic inflammatory pain
[15]. Also emerging as potential therapeutic targets are the
neurotensin receptors, with both neurotensin 1 and neurotensin 2
receptors contributing to the antinociceptive effects of neurotensin
[16] and the neurotensin analogue contulakin G from Conus
geographus [17]. In addition, targeting neurotensin receptors has
also been suggested as a promising novel approach to treat
schizophrenia and epilepsy [18,19]. Additional GPCRs with ther-
apeutic potential in neuronal pathophysiologies such as pain,
epilepsy, stroke and schizophrenia include muscarinic acetylcholine
receptors [20,21], in particular M2 and M4 receptors which mediate
analgesia [22,23]; D2 dopamine receptors [24,25], histamine H1-H3
receptors [26,27], several metabotropic glutamate receptors [28,29],
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GABAg receptors [30] and several serotonin 5-HT [31-34] as well as
purinergic receptor subtypes [35-39].

Importantly, many of these putative therapeutic targets signal
through an increase in intracellular calcium (Ca?*), either by
directly facilitating Ca®* influx through an ion channel, or through
activation of G proteins that couple to intracellular Ca®" stores or
voltage-gated Ca%* channels. This makes assessment of Ca®* fluxes
in response to agonists and antagonists at these targets a broadly
applicable approach that can be optimized for detailed functional
studies as well as the high throughput identification of novel
modulators of these targets.

Primary cultures of adult and embryonic neurons are widely
used to investigate neuronal pharmacology and signaling mechan-
isms. However, the culture of primary neurons is not only time-
intensive but can also yield cell populations that have undergone
variable extents of differentiation associated with their removal
and culture. In addition, in the case of primary DRG neurons,
primary culture yields heterogenous cell populations, which can
make identification of neuronal cells that express receptors or ion
channels of interest difficult. To gain more reproducible responses,
several immortalized dorsal root ganglion and neuroblastoma-
derived cell lines have been established that allow the study of the
physiology and pharmacology of endogenously expressed recep-
tors and ion channels in vitro. While some neuronal cell lines have
been used extensively to assess neuronal physiology such as
neurotransmitter release, the systematic characterization of Ca%*
responses to agonists of endogenously expressed receptors and ion
channels is lacking.

In the present study, we have systematically characterized
endogenous Ca* responses to several agonists at GPCRs and ion
channels in three dorsal root ganglion-derived neuronal cell lines,
F11 [40], ND7/23 [41] and 50B11 [42] cells, as well as the
commonly used human neuroblastoma cell lines SH-SY5Y [43] and
Neuro2A [44], and HEK293 (human embryonic kidney) cells [45]
which are commonly used to express neuronal receptors and ion
channels. Surprisingly, Ca?* responses of these cell lines were
diverse, with HEK293 and SH-SY5Y cells responding to the largest
number of agonists with potential roles in neuronal signaling. Our
results highlight the potential of DRG- and neuroblastoma-derived
cell lines for the study of endogenously expressed neuronal
receptors and ion channels through CaZ* signaling and provide the
first systematic evaluation of endogenous Ca?* signaling in
commonly used cell lines of neuronal origin.

2. Materials and methods
2.1. Compounds

The following compounds and materials were obtained from
the sources indicated: L-glutamine, horse serum, Dulbecco’s
Modified Eagle Medium (DMEM), Ham’s F12, Neurobasal, RPMI
(Roswell Park Memorial Institute), 0.25% trypsin/EDTA, B27, foetal
bovine serum (FBS), Fluo-4-AM (Fluo-4 acetomethoxyester),
phosphate buffered saline (PBS), Invitrogen (Mulgrave, Victoria,
Australia); HAT media supplement Hybri-Max™, trypsin, brady-
kinin, adenosine triphosphate (ATP), nicotine, acetylcholine, cho-
line bitartrate, noradrenaline, dopamine, histamine, glutamate, N-
methyl-p-aspartic acid (NMDA), ~y-aminobutyric acid (GABA),
serotonin, adenosine, substance P, neurotensin, neurokinin A,
neurokinin B, capsaicin, Triton-X 100, MnCl,, HOE-140, p-
fluorohexahydro-sila-difenidol hydrochloride, pyrilamine, piren-
zepine (pFHHSiID), BAPTA (1,2-bis(o-aminophenoxy)ethane-
N,N,N’,N’-tetraacetic acid), ranitidine, Sigma-Aldrich (Castle Hill,
New South Wales, Australia); morphine, David Bull Laboratories
Australia (Rowville, Victoria, Australia); nerve growth factor (NGF),
GroPep Australia (Thebarton, South Australia, Australia). Capsaicin

was prepared as a stock solution in ethanol, with the maximum
final ethanol concentration not exceeding 0.001%. All other
reagents were prepared as stock solutions in PBS. SLIGRL-NH,
and TFLLR-NH, were a kind gift from Prof. David Fairlie, The
Institute for Molecular Bioscience, University of Queensland.

2.2. Cell lines and culture

All cell lines were routinely maintained in antibiotic-free
media, with regular testing confirming mycoplasma-free status of
cell lines.

HEK293 cells (American Tissue Culture Collection, Manassas,
VA, USA) were maintained at 37 °C in a 5% humidified CO,
incubator in DMEM containing 10% heat-inactivated FBS, 2 mM L-
glutamine, pyridoxine and 110 mg/ml sodium pyruvate. Cells were
split every 4-6 days or when approximately 90% confluent in a
ratio of 1:5 to 1:10 using 0.25% trypsin/EDTA and subcultured into
T-75 cm? or T-175 cm? tissue culture flasks.

SH-SY5Y human neuroblastoma cells, a kind gift from Victor
Diaz (Max Planck Institute for Experimental Medicine, Goettingen,
Germany), were maintained at 37 °C/5% CO, in RPMI containing
15% FBS and 2 mM L-glutamine. Cells were routinely passaged at a
1:5 dilution every 3-5 days using 0.25% trypsin/EDTA (Gibco).

F11 neuroblastoma x DRG neuron hybrid cells were kindly
provided by Daniel Kapitzke (School of Pharmacy, The University
of Queensland, Australia) and maintained in Ham’s F12 media
supplemented with 10% FBS, 100 wM hypoxanthine, 0.4 uM
aminopterin and 16 wM thymidine (HAT media supplement
Hybri-Max™, Sigma-Aldrich, Castle Hill, Australia). F11 cells
were passaged at a 1:5 dilution following mechanical dissociation
every 2-3 days or when approximately 80% confluent.

ND7/23 neuroblastoma x DRG neuron hybrid cells were
obtained from Sigma-Aldrich (Castle Hill, New South Wales,
Australia) and grown to approximately 90-95% confluency in
DMEM containing 10% heat-inactivated FBS, 2 mM L-glutamine,
pyridoxine and 110 mg/ml sodium pyruvate. Confluent cultures
were dissociated using 0.25% trypsin/EDTA and split at 1:5 dilution
every 3-5 days.

The immortalized DRG sensory neuron cell line 50B11 was a
kind gift from A/Prof Ahmet Hoke (Departments of Neurology and
Neuroscience, Johns Hopkins University, Baltimore, USA). 50B11
cells were maintained in Neurobasal medium (Gibco) supplemen-
ted with 10% FBS, 1x B27 (Gibco), 0.5 mM L-glutamine and 0.2%
glucose [42]. Cells were grown to approximately 90-95%
confluency and dissociated using 0.25% trypsin/EDTA for passaging
at 1:3 dilution every 3-5 days. Under these conditions, 50B11 cells
remained sensitive to differentiation by forskolin for up to 20
passages.

Neuro2A cells (American Tissue Culture Collection, Manassas,
VA, USA) were maintained in DMEM containing 10% heat-
inactivated FBS, 2 mM t-glutamine, pyridoxine and 110 mg/ml
sodium pyruvate. Cells were split every 4-6 days or when
approximately 90% confluent at a 1:2 to 1:4 dilution using
0.25% trypsin/EDTA and subcultured into T-75 cm? or T-175 cm?
tissue culture flasks.

Experiments on each cell line were conducted over a period of
several months and spanned on average a minimum of 10-20
passages per cell line. Responses were not significantly affected by
passage number, with the exception of histamine responses in SH-
SY5Y cells, which were consistent in size during the first 5 passages
before becoming variable in subsequent passages.

2.3. Measurement of intracellular Ca®>* responses

To assess increases in intracellular Ca2" in response to addition
of agonists, cells were seeded on either uncoated (SH-SY5Y and
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50B11 cells) or Poly-p-lysine (PDL)-coated (HEK293, ND7/23, F11
and Neuro2A cells) black-walled imaging plates (Corning, Lowell,
MA, USA) 48 h prior to the experiment. Seeding densities were
50 000 cells/well (HEK293, ND7/23, F11 and Neuro2A cells),
100 000 cells/well (50B11 cells) or 120 000 cells/well (SH-SY5Y
cells), resulting in 90-95% confluent monolayers on the day of Ca®*
imaging.

To induce differentiation, media was changed 24 h after plating
to DMEM supplemented with 0.5% FBS, 1 mM db-cAMP (N6,2'-O-
dibutyryladenosine 3’:5' cyclic monophosphate) and 2 nM NGF
(ND7/23, F11 and Neuro2A cells) or complete Neurobasal media
containing 75 wM forskolin (50B11 cells). Microscopic examina-
tion of cells differentiated in this manner confirmed extensive
neurite outgrowth and neuronal morphology compared to
undifferentiated cultures.

Cells were loaded for 30 min at 37 °C with 5 .M Fluo-4-AM in
physiological salt solution (PSS; composition NaCl 140 mM,
glucose 11.5 mM, KCl 5.9 mM, MgCl, 1.4 mM, NaH,PO,4 1.2 mM,
NaHCO3; 5mM, CaCl, 1.8 mM, HEPES 10 mM) containing in
addition 0.3% BSA. To allow for completion of de-esterification,
cells were incubated for 10-15 min with PSS. These conditions
resulted in good loading for all cell lines assessed, evidenced by
good signal-to-noise ratios. After 2 washes with PSS, or Ca®*-free
PSS containing 0.5 mM BAPTA to assess ATP responses in the
absence of extracellular Ca®*, cells were transferred to the
FLIPR™E™A (Molecular Devices, Sunnyvale, CA) fluorescent plate
reader and Ca®* responses measured using a cooled CCD camera
with excitation at 470-495nM and emission at 515-575 nM.
Camera gain and intensity were adjusted for each plate to yield a
minimum of 1000 arbitrary fluorescence units (AFU) baseline
fluorescence. Prior to addition of agonists, 10 baseline fluorescence
readings were taken, followed by fluorescent readings every
second for 300 s.

To normalize fluorescence signals between cell lines, maximum
(Fmax) and minimum (Fy;in) fluorescence values were determined
for each well. Specifically, to determine maximal fluorescence
(Fmax values) for each well, 0.3% Triton X-100 was added at the end
of each experiment and resultant fluorescence increases mon-
itored for a further 60 s. To determine Fy;, values, 100 mM MnCl,
was subsequently added and fluorescence monitored for an
additional 60 s. Responses were then normalized as described in
Section 2.4. Fyax values obtained after addition of 0.3% Triton-X
were 6099 +239 for 50B11 cells, 4242 +220 for F11 cells,
2424 + 118 for Neuro2A cells, 4438 +544 for ND7/23 cells,
6559 £ 343 for SH-SY5Y cells and 5729 + 117 for HEK293 cells
(n = 4-6 plates).

To assess putative endogenous Ca®* responses to agonists, an
initial screen was carried out using a single agonist concentration
approximating literature reported ECgg values. Agonists that failed
to change the Fluo-4 fluorescence were confirmed a minimum of
three times, and full concentration-response curves were deter-
mined for responders. For each concentration-response curve, Ca>*
responses were assessed in at least triplicate and confirmed in at
least 3 independent experiments.

2.4. Data analysis

Unless otherwise stated, all data are expressed as mean
+ standard error of the mean (SEM) either from a single representa-
tive experiment or averaged data from at least three separate
experiments. Unless otherwise stated, statistical significance was
determined using an unpaired, two-tailed Student’s t-test, with
statistical significance defined as p < 0.05.

To enable comparison of the magnitude of responses between
cell lines, raw fluorescence values were converted to % Fyax values
using (F — Fuin)/(Fmax — Fmin) X 100 where F is the fluorescence

Table 1

Characterization of endogenous Ca?* responses in cell lines of neuronal origin®.

Neuro2A HEK
PECso

SH-SY5Y

50B11
PECso

F11

ND7/23
PECso

pECsO % FMax

%FMax

pECSO % FMax

%FMax

pEC50 % FMax

%FMax

57.9-65.0
40.6-55.0

7.1+£0.02

6.0+0.1
6.9+0.5

29.6-46.4

6.7+0.2

Acetylcholine

ATP

1.8-3.5
5.6-6.0

5.2+0.5

26.0-41.7 4.9+0.1 1.5-6.8

4.9+0.1

6.3-11.4

6.6 +0.07

4.1-51

74+03

11.4+0.1 47.2-69.3
8.7+0.1

12.6-16.2

8.3+0.1

Bradykinin

45.6-71.0

5.1+0.2

Choline

2.7-3.2
3.2-3.6

49+0.1

12.3-23.7

5.84+0.09

Histamine

7.2+0.1

Neurotensin
Nicotine

Trypsin
3Ca?* responses to addition of agonists were assessed by monitoring Fluo-4 fluorescence in HEK293, ND7/23, SH-SY5Y, 50B11, F11 and Neuro2A cells using a FLIPR™E™ fluorescence plate reader. Responders and non-responders (—)

13.4-29.0
27.6-47.8

5.5+0.04
7.0+0.1

67.5-77.1

8.3+0.03

3.1-33

7.8+0.02

22.6-38.2

74+0.2

were determined by initial assessment of approximately literature ECgo agonist concentrations. No responses were observed in these cell lines to addition of adenosine, capsaicin, dopamine, GABA, glutamate, morphine, neurokinin A
and B, NMSA, noradrenaline, serotonin and substance P. ECsos, maximum response (% Fyax) and Hillslope were determined for acetylcholine, ATP, bradykinin, choline, histamine, neurotensin, nicotine and trypsin in responding cell
lines. Hillslopes were 1.0 for all agonists except acetylcholine in HEK293 cells (2.2 + 0.1), ATP in F11 (2.1 + 0.3) and HEK293 cells (2.2 + 0.9), choline in SH-SY5Y (2.7 + 0.3) and trypsin in F11 cells (3.3 + 0.8). Data are presented as range (%

Fuax) or mean +SEM (pECsp) of 3 independent experiments.



L. Vetter, R]. Lewis/Biochemical Pharmacology 79 (2010) 908-920 911

after agonist addition and Fy;, is the fluorescence after addition of
MnCl,, which was generally comparable to baseline fluorescence.
To establish concentration-response curves, the maximum
increase in % Fyax after addition of agonist was plotted using
GraphPad Prism Version 4.01 and a 4-parameter Hill equation
either with Hill coefficient = 1, a variable slope, or a two-site fit was
fitted to the data. For statistical comparison of best-fit values for
the different concentration-response curves, the comparison
function of GraphPad Prism was used to compute the F-test value,
with statistical significance defined as p < 0.05.

3. Results

Endogenous Ca?* responses to 19 agonists of ligand-gated ion
channels and G-protein coupled receptors were assessed in
HEK293, SH-SY5Y, ND7/23, 50B11, F11 and Neuro2A (Table 1).

HEK293
SH-SY5Y
709 & F1q

60 % Neuro2A

* >

A0 44 40 9 8 7 & 5
log trypsin concentration (M)

—¥— 100 nM trypsin
80 —e— 10 nM trypsin
70- Z —=— 1 nM trypsin

-10- 50 100 150 200
time (seconds)

—m— HEK293
—¥— SH-SY5Y
—e— F11

Neuro2A

% Fiax
N
el

time (seconds)

-10- 50 100 150 200

Initially, responses to approximately literature ECgg concentra-
tions of agonists were assessed to identify responders and non-
responders, followed by generation of full concentration-response
curves for agonists eliciting detectable Ca?* responses. Specifically,
Ca?* responses to addition of trypsin (1 M), bradykinin (100 M),
nicotine (100 wM), acetylcholine (10 wM), noradrenaline
(100 wM), dopamine (1 mM), histamine (1 mM), glutamate
(1 mM), NMDA (1 mM), GABA (1 mM), serotonin (1 mM), adeno-
sine (100 wM), ATP (1 mM), substance P (100 wM), neurotensin
(1 M), neurokinin A and B (1 M), capsaicin (300 nM) and
morphine (1 wM) were assessed by monitoring Fluo-4 fluores-
cence using the FLIPRTE™A fluorescence plate reader. One or more
cell lines responded with either transient or sustained Ca®*
increases to addition of trypsin, bradykinin, ATP, nicotine,
acetylcholine, histamine and neurotensin (Figs. 1-8). No increases
in intracellular Ca?* were observed in response to addition of

(D) 809 . e
704 4 sH-sysy

60- + F11
* NeurozA

% FMax
'S
il

-9 8 7 -6 -5 -4 -3

log SLIGRL-NH2 concentration (M)

(E) 70 & e
60 a SH-SY5Y

+ F11
#  Neuro2A

% Fax

9 8 7 6 5 4 3
log TFLLR-NH2 concentration (M)

—=—SLIGRL-NH,

(F) 70
—— TFLLR-NH

% FMax

0 50 100 150 200
time (seconds)

Fig. 1. Trypsin elicits Ca?* transients in HEK293, SH-SY5Y, F11 and Neuro2A cells. (A) Addition of trypsin caused concentration-dependent increases in intracellular Ca®* in
HEK293, SH-SY5Y, F11 and Neuro2A but not ND7/23 and 50B11 cells. Trypsin-mediated Ca?* responses were largest in HEK293 cells, intermediate in SH-SY5Y and F11 cells
and of relatively small magnitude in Neuro2A cells. (B) Addition of trypsin to HEK293 cells caused concentration-dependent Ca?* oscillations, with high (100 nM)
concentration leading to rapid and sustained elevations in Ca?* (red trace), while repeated peaks were observed upon addition of 10 nM trypsin (purple trace). Low (1 nM)
trypsin concentrations caused small transient with delayed onset (blue trace). (C) Representative Ca®* transients to addition of 1 wM trypsin in HEK293 (red trace), SH-SY5Y
(blue trace), F11 (green trace) and Neuro2A (orange trace) cells. (D) Addition of the PAR2-selective agonist SLIGRL-NH, caused a measurable increase in intracellular Ca2+ in
HEK293, but not SH-SY5Y, F11 or Neuro2A cells. (E) The PAR1-specific agonist elicited responses in HEK293, SH-SY5Y, F11 and Neuro2A cells. (F) HEK293 cells responded to
addition of SLIGRL-NH, (purple; 1 M) and TFLLR-NH; (blue; 1 uM) with concentration-dependent transient increases in intracellular Ca?*. While TFLLR-NH, lead to only a
single Ca?* transient, SLIGRL-NH,, similar to trypsin, caused concentration-dependent Ca?* oscillations in HEK293 cells. Data are presented as mean + SEM of n = 3-4 wells and
are representative of 3 independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 2. Bradykinin elicits Ca?* transients in HEK293, SH-SY5Y, ND7/23, F11 and
Neuro2A cells. (A) Addition of bradykinin caused concentration-dependent
increases in intracellular Ca®* in HEK293, SH-SY5Y, ND7/23, F11 and Neuro2A
cells but not 50B11 cells. F11 cells (green) responded to addition of bradykinin with
large Ca?" transients that fit preferentially to a two-site fit (p < 0.05). Responses in
ND7/23 cells (purple) were intermediate, with relatively small responses in
Neuro2A (orange), HEK293 (red) and SH-SY5Y (blue) cells. (B) Representative Ca**
transients to addition of 1 M bradykinin in F11 (green), ND7/23 (purple), Neuro2A
(orange), HEK293 (red) and SH-SY5Y (blue) cells. (C) The bradykinin B2 antagonist
HOE-140 inhibited bradykinin (1 M) induced Ca* transients in a concentration-
dependent manner in F11 (green), ND7/23 (purple), SH-SY5Y (blue), HEK293 (red)
and Neuro2A (orange) cells. Data are presented as mean =+ SEM of n = 3-4 wells and
are representative of 3 independent experiments. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)

noradrenaline, dopamine, glutamate, NMDA, GABA, serotonin,
adenosine, substance P, neurokinin A and B, capsaicin and
morphine in any of the cell lines investigated.

3.1. Trypsin

HEK293, SH-SY5Y, F11 and Neuro2A cells responded to the PAR
agonist trypsin with increases in intracellular Ca*, while 50B11
and ND7/23 cells did not respond (Fig. 1A). The observed ECsgs for
trypsin-induced Ca®* responses in SH-SY5Y, F11 and Neuro2A
cells were 8.9 x 1078, 4.1 x 1078 and 1.7 x 10~8 M, respectively,
while trypsin was ~10-fold more potent (ECso 0f 5.1 x 1072 M) in
HEK293 cells. Trypsin responses in SH-SY5Y, F11 and particularly
Neuro2A cells were significantly smaller compared to responses
in HEK293 cells (Fig. 1A). In HEK293 cells, addition of intermediate
concentrations of trypsin evoked Ca?* oscillations, consistent
with IP3-mediated release of Ca?' from intracellular stores
through PAR2 (Fig. 1B). In contrast, addition of trypsin to SH-
SY5Y, F11 and Neuro2A cells caused a single transient Ca*
increase, consistent with activation of GPCR without Ca2*
oscillations (Fig. 1C). In SH-SY5Y, F11 and Neuro2A cells, trypsin
did not cause Ca®* oscillations at concentrations from 1 nM to
1 wM. To confirm the PAR subtype(s) involved in mediating
responses to trypsin, increases in intracellular Ca®* to the PAR2-
specific peptide SLIGRL-NH, and the PAR1-specific peptide TFLLR-
NH, were assessed. Only HEK293 cells responded to addition of
SLIGRL-NH, with an EC5q0f 1.1 x 10-¢ M, while F11, Neuro2A and
SH-SY5Y cells did not respond to SLIGRL-NH,, (Fig. 1D). In contrast,
all cell lines responded to addition of the PAR1 agonist TFLLR-NH,
with transient increases in intracellular Ca®* (Fig. 1E). The
observed ECsos for TFLLR-NH,-induced Ca?* responses in
HEK293, SH-SY5Y, F11 and Neuro2A cells were 5.4 x 1075,
5.0 x 1075, 3.2 x 107 and 5.2 x 1076 M, respectively. Similar to
trypsin responses, SLIGRL-NH, caused Ca?* oscillations in HEK293
cells, while TFLLR-NH, caused a single transient Ca®" increase
(Fig. 1F).

3.2. Bradykinin

All cell lines except 50B11 immortalized DRG neurons
responded to bradykinin with a transient increase in intracellular
Ca?* (Fig. 2A and B). HEK293, SH-SY5Y and Neuro2A cells exhibited
small increases in intracellular Ca* in response to bradykinin and
had comparatively high ECs values of 1.4 x 1077, 3.8 x 10~® and
2.3 x 1077 M, respectively. ND7/23 cells responded with higher
magnitude increases in intracellular Ca®*, with a low nanomolar
ECs00f 7.5 x 1072 M. F11 cells displayed very large Ca®* transients
in response to addition of bradykinin, with responses occurring
over a wide range of concentrations. The preferred fit (p < 0.05)
was a two-site model with ECs¢s of 1.8 x 1072 and 3.7 x 10712 M
and an approximate response fraction of 0.5, suggesting the
presence of distinct subtypes or two conformational or signaling
states of the bradykinin B2 receptors.

The specific bradykinin B2 receptor antagonist HOE-140
inhibited bradykinin (1 wM) responses with an ICso of 4.1 x
108 M in HEK293, 7.0 x 10~ M in SH-SY5Y cells, 5.8 x 1078 M in
ND7/23 and 5.8 x 1078 M in Neuro2A cells. Surprisingly, brady-
kinin-induced responses in F11 cells were less sensitive than the
other cell lines to inhibition by HOE-140, with an ICsq of
3.0 x 1077 M and, despite a two-site fit for bradykinin, were fully
inhibited by HOE-140 (Fig. 2C).

3.3. Acetylcholine

Addition of acetylcholine induced Ca?* responses in SH-SY5Y
and HEK293 cells with ECsos of 1.8 x 1077 and 7.8 x 1078 M,
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respectively (Fig. 3A and B). While the ECsos for acetylcholine-
induced Ca?* responses were similar in both cell lines, the
magnitude of the response was significantly (p < 0.05) larger in
HEK293 (maximum response 60.5 4 2.2% Fyax) compared to SH-
SY5Y cells (maximum response 35.9 + 1.5% Fyax). Surprisingly, the
M3 receptor-specific antagonist p-fluorohexahydro-sila-difenidol
hydrochloride (pFHHSIiD) completely inhibited acetylcholine-
induced responses in both HEK293 and SH-SY5Y cells with similar
ICs0s of 2.2 x 1077 and 8.2 x 108 M, respectively (Fig. 3C), suggest-
ing a predominant role for M3 muscarinic receptors in acetylcholine-
induced responses in these cells. While pFHHSID is generally
considered a M3 muscarinic receptor-specific antagonist, it distin-
guishes only poorly between M3 and M1 subtypes. Thus, inhibition of
acetylcholine-induced responses by the M1-specific antagonist
pirenzepine was also assessed. Pirenzepine is typically more potent
at M1 (pICsg 7.8-8.5) than M3 (pICsg 6.7-7.1) muscarinic receptors
[46-49].

Consistent with predominant involvement of endogenous
M3 receptors in HEK293 and SH-SY5Y cells, pirenzepine
inhibited the acetylcholine-evoked Ca?* responses with ICsos of
1.8 x 1077 and 2.6 x 100’ M (pICso 6.3 and 6.5), respectively
[48,50].

3.4. Nicotine

Of the cell lines tested, only SH-SY5Y neuroblastoma cells
responded to the addition of nicotine with an increase in
intracellular Ca®* (Fig. 4A and B). Specifically, addition of nicotine
induced a transient Ca%* increase with an ECso of 3.1 x 107 M.
This response was fully inhibited by tubocurarine, partially
inhibited by the a3[34 nicotinic antagonists AulB (10 wM) while
methyllycaconitine (100 nM) did not significantly inhibit nicotine-

induced Ca®* responses (Fig. 4C). Addition of the a7 nicotinic AChR
agonist choline up to 30 wM did not induce a Ca®* response in SH-
SY5Y cells (Fig. 5A). However, in the presence of the allosteric a7
modulator PNU120596 (10 uM), choline elicited large Ca®*
transients (Fig. 5A and B). We confirmed these Ca?* responses
were elicited by a7 receptors, as the a7-selective antagonist
methyllycaconitine  completely abolished choline-induced
responses with an ICsq of 2.8 x 10~° M (Fig. 5C).

3.5. Histamine

Only HEK293 and SH-SY5Y cells responded with increases in
intracellular Ca®* following addition of histamine (Fig. 6A and B).
ECsos for histamine-induced Ca?* transients differed significantly
(p < 0.05) between cell lines, with responses in SH-SY5Y cells
displaying a higher affinity (ECso 1.4 x 107 M) compared to
HEK293 cells (ECso 1.4 x 107> M). A second component, matching
the affinity seen for HEK293 cells, was apparent in some batches of
SH-SY5Y cells but did not consistently reach statistical significance
over a single-site fit in Prism. The ECs for histamine-induced Ca?*
transients in HEK293 cells was 1.4 x 10> M and preferably fit a
single-site model. Histamine-induced Ca?* transients were gen-
erally small, with responses in SH-SY5Y cells significantly larger
(maximum response 15.8 & 2.6% Fy.x) compared to HEK293 cells
(maximum response 3.0+ 0.2% Fyax p < 0.05). The H1-specific
antagonist pyrilamine completely inhibited histamine-induced
increases in Ca®* in HEK293 with an ICsq of 7.0 x 10 M (Fig. 6C).
In SH-SY5Y cells, pyrilamine inhibited histamine-induced responses
with an ICsq of 1.6 x 107° M (Fig. 6C). In contrast, the H2-specific
antagonist ranitidine up to a concentration 10 uM did not affect
histamine-induced responses in either SH-SY5Y or HEK293 cells
(Fig. 6D).
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3.6. Neurotensin

Surprisingly, neurotensin only elicited Ca?* transients in
HEK293 cells, with an ECsq of 6.5 x 1078 M (Fig. 7A and B). Ca®*
responses to addition of neurotensin were small with a maximum
response of 2.4 + 0.9% Fyax.
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3.7. ATP

HEK293, F11, 50B11 and Neuro2A cells responses to addition of
ATP with a transient increase in intracellular Ca®* (Fig. 8A and B). In
contrast, ND7/23 and SH-SY5Y cells did not respond to addition of
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ATP up to 1mM (data not shown). HEK293 cells exhibited
comparatively large responses to ATP and were the most sensitive
to ATP-induced Ca®" influx, with an ECsq of 9.2 x 1077 M. In
contrast, ATP induced Ca?* responses of intermediate magnitude in
F11 cells, with an ECso of 1.3 x 10~> M, while 50B11 and Neuro2A
cells responded with very small increases in intracellular Ca**,
with ECss of 1.2 x 107> and 7.0 x 10~6 M, respectively. Due to the
lack of highly selective agonists or antagonists, as well as the large
number of ATP-sensitive P2X and P2Y receptors, the exact receptor
subtypes contributing to these responses remain to be determined.
However, as evidenced by the ability of ATP to elicit Ca®* responses
in the absence of extracellular Ca?*, it appears that G-protein
coupled P2Y receptors account for the majority of ATP-induced
Ca?* influx in HEK293, F11, 50B11 and Neuro2A cells (Fig. 8C-F).

4. Discussion

The study of endogenously expressed receptors and ion
channels can provide physiologically relevant information often
lacking in over-expression systems which fail to adequately
account for the role of auxiliary protein effects on receptor
function and regulation. Immortalized neuronal cell lines provide a
convenient model to study neuronal pharmacology, circumventing
primary culture of neurons, and allowing access to endogenous
receptors. However, systematic data on receptors and ion channels
expressed in these cell lines is lacking.

Here, we describe the first systematic evaluation of endogenous
Ca2" responses to several agonists at potential therapeutic targets
in F11, ND7/23, 50B11 as well as Neuro2A, SH-SY5Y and HEK293
cells. These cell lines represent commonly used DRG-derived cells,
as well as neuroblastoma cells and a non-neuronal cell line
commonly used for expression of neuronal receptors and ion

channels. Endogenous Ca®* responses were obtained upon addition
of bradykinin, trypsin, ATP, nicotine, acetylcholine, histamine and
neurotensin in one or more of these cell lines. While precise
involvement of specific receptor subtypes remains to be verified at
protein and mRNA level, insight into possible receptor subtypes
involved in these responses was provided by establishment of full
concentration-response curves as well as pharmacological char-
acterization using receptor subtype specific agonists and antago-
nists. Such information is particularly valuable when identifying
cell lines which are suitable to study putative neuronal targets, as
over-expression of these targets in non-neuronal cell lines may
alter the properties of these receptors and ion channels. For
example, TRPV1 overexpressed in non-neuronal cell lines has a
markedly different pharmacological profile compared to native
TRPV1, most likely due to the absence of the neuronal accessory
protein Fas-associated factor 1 [51]. In addition, the reverse is true
when expressing receptors in cell lines that already constitutively
express the target of interest. One such example is the bradykinin
B2 receptor, which, despite being endogenously expressed in
HEK293 cells, has been overexpressed in these cells to study
bradykinin signaling [52,53]. Not surprisingly, this can lead to
results that are conflicting or difficult to interpret, especially when
non-human receptor is expressed. This systematic characteriza-
tion of receptors endogenously expressed in commonly used cell
lines may facilitate the study of receptors and ion channels
associated with neuronal signaling.

4.1. Trypsin
Trypsin activates protease-activated receptors or PARs, which

are GPCR that couple to increases in intracellular Ca®* through
activation of PLC (phospholipase C). Specifically, trypsin activates
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PAR2 with an ECsq of approximately 1-10 nM [54-56], but also
PAR1 and PAR4 isoforms albeit with higher ECsos [57,58].
Surprisingly, all cell lines except 50B11 and ND7/23 responded
to addition of trypsin with increases in intracellular Ca2*, though
the higher ECsq values suggest the involvement of PAR isoforms
other than PAR2 in these neuronal cell lines. In light of expression
of PAR1 and PAR4 on both central and peripheral neurons,
involvement of one or more of these isoforms in the trypsin-
mediated responses in F11, SH-SY5Y and Neuro2A cells seems
likely. In contrast, PAR2 expression has previously been reported in
HEK293 cells [59] and indeed the ECsq of trypsin-mediated Ca?*
mobilization was consistent with activation of PAR2. Surprisingly,
trypsin at an ECso concentration (10 nM) induced Ca?* oscillations
in HEK293 cells, similar to thrombin-evoked responses in platelets
[60]. As this is the first report to describe trypsin-induced Ca?*
oscillations, the physiological mechanism involved remains to be
determined, though it is likely that release of Ca?" from
intracellular stores contributes to this phenomenon. It has recently
been proposed that the release of Ca?*, and thus Ca?* oscillations, is
controlled by the regulators of G protein signaling (RGS) proteins,
in particular RGS4, which in turn is regulated by PIP; and CaZ*-
calmodulin [61,62]. It remains to be determined if such a
mechanism could also contribute to the trypsin-evoked oscilla-
tions observed in here in HEK293 cells.

4.2. Bradykinin

Bradykinin B1 and B2 receptors belong to a GPCR family that
signals through G4 to increases in intracellular Ca?*. The principal

agonist of these receptors is bradykinin, which activates recombi-
nant human B1 with an ECsg of 1 wM and B2 with an ECsq of 2 nM
[63]. However, while the bradykinin B2 receptor is constitutively
expressed in many tissues, including the central and peripheral
nervous system, bradykinin B1 receptor expression is rapidly
induced from low basal levels following tissue injury and
inflammation [15,64]. Accordingly, bradykinin B2 receptors may
play a greater role in acute pain, whereas bradykinin B1 receptors
appear an interesting therapeutic target in chronic pain [15,64].
Interestingly, F11 cells responded to addition of nM and sub-
nanomolar concentrations of bradykinin with Ca?* transients that
were best fitted with a two-site model. Heterogeneity of B2
receptors has been suggested previously, with high and low
affinity bradykinin B2 receptor sites observed in several tissues
[65-68]. A related phenomenon has been described in NG108
neuroblastoma cells [67], where guanyl-5'-yl-imidodiphosphate
converted the high affinity bradykinin B2 site into a low affinity
site. However, such a mechanism is not necessarily applicable to
functional responses in live cells and the different affinities of
bradykinin observed in F11 cells may represent different B2
receptor subtypes, binding to non-bradykinin receptor sites, or
may perhaps be the result of activation of different effector
pathways or cell sub-populations. While SH-SY5Y and Neuro2A
cells responded only to high concentrations of bradykinin and
ND7/23 cells responded to nM concentrations of bradykinin, which
could suggest a B1 response, inhibition of bradykinin responses by
the B2 antagonist HOE-140 supports predominant involvement of
B2 receptors in all three cell lines.

4.3. Acetylcholine and nicotine

Acetylcholine activates muscarinic and nicotinic AChR, of which
there are several subtypes. HEK293 and SH-SY5Y cells responded
to addition of acetylcholine, while only SH-SY5Y cells responded to
nicotine, suggesting that acetylcholine-induced Ca* responses in
HEK293 cells are mediated by muscarinic rather than nicotinic
receptors. Indeed, HEK293 cells express M3 muscarinic AChR [50],
though the presence of M1 muscarinic receptors has also been
suggested [69,70]. Acetylcholine responses in HEK293 cells
displayed a marked second phase, indicative of M3 rather than
M1 acetylcholine receptor Ca>* mobilization characteristics [71].
Supporting the predominant involvement of M3 receptors in the
acetylcholine-evoked response in HEK293 cells, the M3-specific
antagonist p-fluorohexahydro-sila-difenidol hydrochloride com-
pletely abolished acetylcholine-induced Ca®* transients.

Although the presence of &7 and a5 nicotinic AChR subunits in
HEK293 cells has been suggested at the mRNA level [72], neither
nicotine nor the a7-selective agonist choline were able to evoke
Ca®" responses in HEK293 cells. Indeed, this is consistent with the
reported absence of a7 AChR protein endogenously expressed in
HEK293 cells [73]. Conversely, SH-SY5Y cells have been reported to
express a3, a5, a7, 32 and 34 nicotinic AChR subunits [74,75] and
did indeed respond to addition of nicotine with transient increases
in intracellular Ca%*. These responses were not mediated through
a7 nicotinic AChR, as the specific 7 antagonist methyllycaconi-
tine did not inhibit nicotine-evoked responses. However, SH-SY5Y
neuroblastoma cells do express functional 7 nAChR, as responses
to the specific a7 agonists choline in the presence of the a7
allosteric modulator PNU120596 were completely abolished by
methyllycaconitine. Consistent with a model describing >1 agonist
binding sites in the homopentameric o7 nAChR, the Hill slope for
choline-induced responses was approximately 2.7 4 0.3, suggest-
ing that >1 molecule of choline is required for activation of «7 nAChR,
while block of only one binding site by methyllycaconitine is
sufficient to completely abolish these responses. Nicotine-evoked
responses were inhibited by tubocurarine with an ICsy of
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1.7 x 107 M, suggesting involvement of nicotinic AChR containing
{32 subunits [76]. While previous studies were unable to demonstrate
contribution of 334 nAChR to the nicotine-evoked Ca®* responses in
SH-SY5Y cells [75], we found that the a334-specific conotoxin AulB
[77] inhibited approximately 50% of the nicotine-evoked response,
confirming involvement of o334 containing nAChRs. Surprisingly,
the acetylcholine-evoked response was also completely abolished by
the M3 antagonist p-fluorohexahydro-sila-difenidol hydrochloride,
suggesting that activation of nicotinic receptor subtypes did not
contribute to the acetylcholine response in SH-SY5Y cells.

4.4. Histamine
All four subtypes of histamine receptors, H1-H4, belong to the

GPCR family of receptors, with H1 linked to intracellular Ca®*
mobilization through G4 coupled IP3 production and subsequent

store release. Albeit histamine H2, H3 and H4 receptors are
generally considered to couple to other G protein effectors
including adenylate cyclase and voltage-gated Ca®* channels,
several reports have demonstrated increases in intracellular Ca®*
through activation of H4, H2 and H3 receptors in mast cells,
keratinocytes and neuroblastoma cells, respectively [78-80].
However, where histamine H1 and H2 subtypes demonstrate
relatively low affinity to histamine (ECsos of 24 and ~10 uM,
respectively) [81,82], H3 and H4 receptors are high affinity
histamine receptors with ECsg values in the nanomolar range
[83,84].

In light of the relatively wide tissue distribution of histamine H1
and H2 receptors, together with literature ECsqy values similar to
those obtained in the present study, it seems likely that the
histamine-mediated increase in Ca%* observed in HEK293 and SH-
SY5Y cells are mediated through H1 or H2 receptors. Indeed, using
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the H1 antagonist pyrilamine, we were able to show that the
histamine-induced responses in HEK293 cells were mediated
through H1 receptors, with responses completely inhibited by
pyrilamine. Indeed, the H2-specific antagonist ranitidine had no
effect on histamine-induced responses, confirming predominant
involvement of H1 receptors. A second, low affinity histamine site
was apparent in some batches of SH-SY5Y cells. While a model
suggesting two binding states of the H1 receptor has indeed been
proposed in rat thalamus and guinea-pig cardiac muscle [85,86],
such a mechanism is not necessarily applicable to functional
responses in live cells, and the precise causes of the second site
remain to be determined. These results are in contrast to the
reported absence of endogenous histamine H1 receptor mRNA in
HEK293 cells [72] or lack of any report on histamine receptor
expression in SH-SY5Y cells. Both HEK293 and SH-SY5Y cells could
be useful to further study the pharmacology of endogenously
expressed human histamine receptors.

4.5. Neurotensin

The neuropeptide neurotensin exerts its various central and
peripheral biological roles through activation of the neurotensin
receptors NTS1, NTS2 and NTS3 [87]. While NTS3 is homologous to
gp95/sortilin, NTS1 and NTS2 are GPCRs which act via activation of
PLC pathways linked to increases in intracellular Ca%*. Surprisingly,
HEK293 cells responded to addition of neurotensin with transient
increases in intracellular Ca?*, suggesting the presence of
functional NTS1 or NTS2 receptors. HEK293 cells have been
reported to be derived from transformation of neuronal lineage
cells in embryonic kidney cultures and display several properties of
neuronal cells [72]. Specifically, HEK293 cells are reported to
express neuronal proteins such as neurofilament subunits usually
restricted to expression in neuronal cells, and many of the
intracellular signaling pathways and membrane proteins
restricted to neuronal cells, including voltage-gated Ca®* and
potassium channels, are also present in HEK cells [72,88].

Neurotensin has also been reported to activate bradykinin B2
receptors in PC12 cells, albeit at high .M ECso [89]. However, it is
unlikely that neurotensin-evoked Ca* transients in HEK293 cells
were mediated through activation of bradykinin B2 receptors, as
functional bradykinin receptors were expressed in all other cell
lines except 50B11 cells, but neurotensin did not evoke responses
in any of these cell lines. In addition, the observed ECsqo for
neurotensin-evoked Ca?* responses was 7.9 x 10~8 M, consider-
ably lower than those reported to be required for activation of B2
receptors by neurotensin. Thus, it appears that HEK293 cells
express endogenous neurotensin receptors, further supporting the
neuronal-like character of a cell line often considered to be of
kidney epithelial origin. While the precise neurotensin receptor
subtypes involved in mediating neurotensin-evoked Ca®*
responses in HEK cells remain to be determined, the high affinity
NTS1 appears the most likely candidate, as activation of NTS2 by
neurotensin does not lead to an increase in Ca?* in overexpressed
systems [90].

4.6. ATP

Several subtypes of purinergic receptors can respond to
addition of ATP with increases in intracellular Ca?*. Broadly, these
receptors include the ligand-gated ion channels P2X1 to P2X7 and
the GPCRs P2Y2, P2Y4, P2Y11 and P2Y12. Not surprisingly, due to
the wide tissue distribution of these receptors, most cell lines
assessed here responded to addition of ATP with increases in
intracellular Ca®*, albeit the magnitude of responses varied widely.
Interestingly, no significant increases in intracellular Ca%* were
apparent upon addition of 1 mM ATP in ND7/23 and SH-SY5Y cells.

While the presence of P2X7 receptors in SH-SY5Y cells has been
reported previously and these cells respond with increases in
intracellular Ca?* to BzATP [91], it is possible that we did not
observe P2X7 responses here because the response to ATP is either
absent or undetectable. Due to the lack of highly selective
pharmacological modulators of purinergic receptors, assessment
of the precise receptor subtypes involved in these responses is
beyond the scope of this study. However, the ability of ATP to elicit
Ca2" responses in the absence of extracellular Ca?* would suggest
predominant involvement of P2Y rather than P2X receptors in HEK,
Neuro2A, F11 and 50B11 cells.

While several agonists did not produce Ca®* responses, this
does not necessarily indicate the absence of functional receptors,
but rather the lack of coupling to intracellular Ca?* pathways.
Endogenous [32 adrenergic receptors are reported to be expressed
in HEK cells, however, as these receptors do not couple to G4, no
Ca®* signal was observed in response to addition of noradrenaline
[92]. Furthermore, the absence of a noradrenaline response is
informative as it suggests the absence of o adrenoreceptors, which
are known to couple to increases in intracellular Ca®*. Similarly, the
presence of glutamate receptors, specifically mGlul, has been
described at mRNA level, suggesting that HEK293 cells should
respond with increases in intracellular Ca?* to addition of
glutamate [72,93]. Absence of a Ca?* response could indicate
insufficient expression of functional protein, and indeed, the
absence of endogenous mGlu1 responses in HEK293 cells has been
reported previously [94].

The responses described here (with the exception of histamine
responses in SH-SY5Y cells) were robust over several months and
multiple passages. Surprisingly, although TRPV1 expression has
been reported in F11 and 50B11 cells [42,95], none of the cell lines
assessed here responded to addition of the TRPV1 agonist capsaicin
with increases in intracellular Ca?*. While the causality of these
differences is not entirely clear, the absence of TRPV1 responses in
F11 cells has previously been attributed to batch-specific variation
which could be a contributing factor here. In addition, Ca®*
responses to addition of capsaicin were previously observed at
relatively high capsaicin (10 wM) concentration and may have
involved non-specific Ca%* increases. Alternatively, variations in
experimental or differentiation conditions may also contribute to
these differences.

In conclusion, this is the first study to establish full concentra-
tion-response curves to trypsin, bradykinin, acetylcholine, nico-
tine, choline, histamine, neurotensin and ATP, enabling direct
comparison of the magnitude, potency and kinetics of their effect
across HEK293, SH-SY5Y, Neuro2A, 50B11,ND7/23 and F11 cells. In
the course of these studies we identified a surprising Ca®" transient
in response to neurotensin and Ca?* oscillations in response to
trypsin in HEK293 cells; a high affinity bradykinin effect in F11
cells; and an unexpected lack of responses to ATP in SH-SY5Y and
ND7/23 cells. Possible receptor subtype(s) involved in these
responses were inferred from agonist ECsq values, in conjunction
with ICso values of receptor subtype selective antagonists where
possible. Systematic characterization of endogenous Ca®*
responses in cell lines of human origin, in particular HEK293
and SH-SY5Y cells, provide access to endogenously expressed
human receptors, presumably expressed together with the
appropriate accessory proteins and signaling machinery intact,
which may facilitate the discovery and characterization of
therapeutics acting at these targets. The absence of calcium
signaling in response to agonists of targets commonly found in
DRG neurons in the DRG-derived cell lines F11, 50B11 and ND7/23
suggests that these cells lines are representative of a subset of DRG
cells that do not express common nociceptors or do not utilize the
same signaling pathways as native DRG neurons which typically
respond with increases in intracellular Ca®* to the agonists
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investigated. Additional immortalized DRG cell lines selected for
expression of markers such as CGRP (calcitonin-gene related
peptide) or IB4 (isolectin B4) that respond to other agonists of
antinociceptive targets not covered by the cell lines assessed here
(such as adenosine, capsaicin, dopamine, GABA, glutamate,
morphine, neurokinin A and B, NMSA, noradrenaline, serotonin
and substance P) may expand the range of endogenously expressed
nociceptive targets accessible with this approach.
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