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Summary

Using confocal laser scanning microscopy we investigated no apparent linear correlation between peptide dosage

the Ca* distribution in single corticotropin releasing
factor- and urocortin-stimulated human skin cells. The
models tested included melanoma cells, neonatal
melanocytes and keratinocytes, and immortalized HaCaT
keratinocytes. The changes in intracellular C&* signal
intensities observed after stimulation of different cell types

and increase of fluorescence intensity, which implied co-
expression of different corticotropin releasing factor
receptor forms in the same cell. Immortalized (HaCaT)
keratinocytes exhibited the strongest differential increases
of a C&* fluorescence after peptide-stimulation.
Corticotropin releasing factor induced C&* flux into the

cytoplasm, while urocortin Ca* flux into the nucleus with
a remarkable oscillatory effect. The latter indicated the
presence of an intracellular urocortin-induced signal
transduction pathway that is unique to keratinocytes.

with corticotropin releasing factor and urocortin showed
that: (1) the increase of intracellular C&* concentration
was caused by a C# influx (inhibition by EGTA); (2) this
Ca?* influx took place through voltage-activated Ca* ion
channels (inhibition by d-cis-diltiazem, verapamil) and (3)
cyclic nucleotide-gated ion channels were not involved in
this process (no effect of M¢). The effects were also
observed at very low peptide concentrations (143 M) with

Key words: CRF, Urocortin, Keratinocytes, Melanocytes, Calcium
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Introduction It is currently accepted that signal transduction through

Corticotropin  releasing factor (CRF), the proximal CRF-Ris primarily linked to the activation of adenylate cyclase
neuroendocrine element in the activation of the hypothalamidollowed by the production of cyclic adenosine monophosphate
pituitary-adrenal axis in mammals (HPA), coordinates thdCAMP) (Perrin and Vale, 1999; Speiss et al., 1998). However,
complex array of behavioral, autonomic and endocringhospholipase C may also be activated, producing inositol
responses to stress. CRF was identified in 1981 as a 41 amifighosphate (IE), which in turn activates PKC-dependent and
acid peptide originating in the hypothalamus (Vale et al.calcium-activated pathways (Chalmers et al., 1996; Speiss et
1981). Two additional CRF-related peptides, urocortin (URCRI., 1998). CRF, URC and CRF-Rs are widely expressed in
and urocortin 1l (URC I1), have been characterized (Reyes gteripheral tissues, where CRF function may be important in
al., 2001; Vaughan et al., 1995). Receptors for CRF and CRK1e local regulation of homeostasis (Linton et al., 2001;
related peptides belong to the family of seven-transmembran&lominski et al., 2000d; Slominski et al., 2001). The
domain G-protein-coupled receptors and are encoded by twintracellular signaling pathway activated through peripheral
genes: CRF receptors type 1 and 2 (CRF-R1 and CRF-R2RF receptors involves the production of cAMP and
(Chalmers et al., 1996; Speiss et al., 1998). In humans sevesalbsequent activation of protein kinase A (PKA) (Linton et al.,
alternatively spliced variants of CRF-R1 and three of CRF-R2001; Slominski et al., 2001). The involvement of calcium-
(a, B andy) have been identified to date (Linton et al., 2001 activated pathways via phospholipase C or membrane-bound
Perrin and Vale, 1999; Pisarchik and Slominski, 2001). Thealcium channels has also been demonstrated, and CRF
phenotypic effects of CRF and URC are mediated by CRF-Rteceptor-mediated activation of mitogen activated protein
and CRF-R2; in general, both peptides are equipotent towar@®AP) kinase signal transduction pathways has been reported
CRF-R1, while CRF-R2 has a greater affinity for URC thanin several cell types (Linton et al., 2001; Slominski et al.,
for CRF (Wei et al., 1998). URC IlI, however, is active only2001).

towards CRF-R2 (Reyes et al., 2001). Mammalian skin is both a source of and a target for CRF-
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related peptides (Slominski et al., 2000c; Slominski et al.maintained at 37°C and 5% @@ DMEM medium supplemented

2001), which led to the proposal that the CRF/URC signalingyith antibiotics in the presence of 10% FBS as described previously
system may play a central role in the skin’s response to stre€gominski et al., 2000b). Human melanoma cells (SKMEL188) were
(Slominski et al., 1999; Slominski et al., 2000d; Slominski egrown in Ham’s F10 medium following standard methods; the media

al., 2001); skin produces CRF and URC and expresses CRYere supplemented with 10% fetal bovine serum and antibiotics
RI (Pisaly'chik and Slominski. 2001: Roloff et al.. 1998: Slominski et al., 1998). Normal human neonatal keratinocytes were

L2 - oo . L 'a gift from Mitchell Denning, Loyola Medical Center (Quevedo et al.,
Slom!nskl e.t al.,. 1995 Slomln§kl et "?"-’ 1,996' Slominski et aI'QOOl). Primary cell cultures were established from foreskin as
1998; Slominski et al., 2000a; Slominski et al., 2000c). Thesgescrined previously (Quevedo et al, 2001). The cells were

CRF-Rs are functional, e.g., they respond to CRF and URfopagated in low-calcium (0.15 mM), serum-free KGM containing

through activation of receptor(s)-mediated pathways to modifBPE (Quevedo et al., 2001). Normal human neonatal melanocytes (a

skin cell phenotype (Fazal et al., 1998; Quevedo et al., 200#gift of Z. Abdel-Malek, University of Cincinnati, OH) were cultured

Slominski et al., 1999; Slominski et al., 2000b; Slominski ein MCDB 153 supplemented with 4% FBS, [i¢fm| BPE, 8 nM TPA,

al., 2001). Human keratinocytes, both normal immortalized Hg/ml a-tocopherol, 0.6 ng/ml basic fibroblast growth factor, 1

(HaCaT) and neonatal express CRF-R1 and bind CRRY/mI transferrin, 5ug/ml insulin and 1% antibiotic-antimycotic

(Quevedo et al., 2001; Slominski et al., 1999; Slominski et alMixture as described previously (Abdel-Malek et al., 1995).

2000b: Slominéki et a'l 2001) Furthe'rmore, CRF stimulate(g; For optical measurements, the cells were cultivated for 2 days on
L " . L |

; A . . ass cover slips (30 mm diameter). After washing with phosphate
CAMP production and inhibited the proliferation of HacaTbuffered seline (PBS), cells were loaded with thé*@alicator Fluo-

keratinocytes with a higher potency than either urocortin 0g/am (4.4x106 M in the culture medium (see above) in the presence

sauvagine (Slominski et al., 2000b). Similarly, CRF modulate@f 0.01% Pluronic F-127) for 30 minutes at 37°C in darkness, then

the interferon induced expression of hCAM and ICAM-lwashed three times and incubated in the medium (see below for the
adhesion molecules and of the HLA-DR antigen in neonataheasurements).

keratinocytes (Quevedo et al., 2001). In melanoma cells, CRF

binding sites were detected, and CRF and URC, added

cell suspensions, produced dose-dependent increases
intracellular calcium. The effect showed a fairly rapid onse

tical Ca2* measurements using confocal laser scanning
icroscope

S . el he present studies were performed utilizing an LSM 410 and an LSM
(within a second) (Fazal et al., 1998; Slominski et al., 1999 10 invert confocal laser scanning microscope (Carl Zeiss Jena,

g .
the C&* signal did not, however, return to the basal level, bu ermany) with ax100/1.3 oil immersion objective and an argon-

rather continued to increase gradually with time. To understangynion laser (488 nm) excitation source. The excitation wavelength
this phenomenon better we investigated in detail thas selected by a dichroitic mirror (FT510). The fluorescence
mechanism of CRF- and URC-mediated calcium signaling ifhtensities were detected at wavelengths greater than 515 nm using an
skin cells in situ, using laser confocal microscopy. Thisadditional cut-off filter (LP515) in front of the detector. Fluorescence
technique has a high space resolution, which we exploited tmages were scanned and stored as a time series (approx. 11 minutes).
investigate the C4 distribution in single peptide-stimulated The peptides were applied to the cells 1 minute after scanning began.
cells. Regions of interest (ROI's) were subsequently selected for

determination of the fluorescence intensities in the cytosol and the

nucleus. These data were stored as ASCII files and computed off-line.
Materials and Methods Differe_nt solutions_were used as the extracellular medium:

medium 1 [C&'] in mM: 140 NaCl, 4.6 KCI, 2 Cag|l 10 glucose;
Reagents medium 2 [0 C#&7] in mM: 140 NaCl, 4.6 KCI, 0.55 EGTA, 10
Human CRF and thex-helical CRF(9-41) were obtained from glucose;
Michael Beyermann (Institute of Molecular Pharmacology, Berlin, medium 3 [Mg*] in mM: 140 NaCl, 4.6 KCI, 2 Cag| 15 MgCh,
Germany). Human URC were obtained from Edward WeilO glucose.
(University of California, Berkeley, CA) and J. K. Chang (Phoenix All three mediums%290 mOsm/kg) were adjusted to pH 7.4 (with
Pharmaceuticals, Mountain View, CA) and M. Beyermann. The purittNaOH). Medium 1 represented a normal extracellular solution for
of the custom synthesized peptides was 95-99% as determined by higlracellular C&* measurements (Weisner and Hagen, 1999). EGTA
performance liquid chromatography (HPLC) and mass spectrometr@in medium 2) has a high affinity for €aand complexes the free
Dulbecco’s modified minimal essential medium (DMEM), Ham’s F10C&™ in the medium; under these conditions &'Qaflux into the cells
medium, fetal bovine serum (FBS), antimycotic/antibiotic mixture,is impossible (Bers, 1998; McGuian et al., 1991; Miller and Smith,
trypsin (0.25%) and calcium/magnesium-free Hank’s solution werd984; Williams and Fray, 1990). The function of cyclic nucleotide-
from Gibco BRL Life Technologies (Gaithesburg, USA). Low- gated (CNG) ion channels is blocked by extracellula?Mthree to
calcium (0.15 mM) serum-free keratinocyte growth medium (KGM)five times more effectively than &3 (Frings et al., 1995; Weyland
culture medium containing human recombinant epidermal growttet al., 1994). With medium 3 we have the possibility of testing whether
factor, insulin, hydrocortisone, bovine pituitary extract (BPE) ancthe increase of intracellular €aconcentration is caused by a2Ca
antibiotics, MCDB 154 medium and BPE were from Clonetics Corpinflux through such CNG channels. The extracellular 2Mg
(San Diego, CA). The cell-permeant acetomethoxy ester of FLUO-8oncentrations (10-15 mM) were selected so as not to cause blockage,
(Haugland, 1992; Minta et al., 1989; Thomas and Devaille, 1991however, of voltage activated €aion channels (McDonald et al.,
(Fluo-3/AM, MoBiTech GmbH Géttingen, Germany) was used in thel994). The cells were variously preincubated for 30 minutes with:
presence of Pluronic F-127 (MoBiTech GmbH, Gattingen, Germany) (1) d-cis-diltiazem [DIL]: 2.%10° M in medium 1;
as C&t indicator. All other reagents were purchased from Sigma- (2) verapamil [VER]: 2.8106 M in medium 1;
Aldrich Chemie (Deisenhofen, Germany). (3) staurosporine [STA]:®108 M in medium 1.
D-cis-diltiazem (Ferry et al., 1993; Matlib and Schwartz, 1983)

and verapamil (Atlas and Adler, 1981; Fleckstein, 1977) cause the
Cells blockage of voltage gated ion channels in the plasma membrane.
Semi-confluent HaCaT immortalized human keratinocytes wer&taurosporine is an effective inhibitor of the cyclic guanosine



CRF and urocortin induced calcium signaling 1263

monophosphate (cGMP)- and the cAMP-dependent protein kinasesignificantly inhibited the stimulatory effect of CRF. In

as described previously (Matsumoto and Sasaki, 1989; Tamakori atidition, DIL, VER and STA inhibited basal intracellular

al., 1996). These media and active compounds afforded variogsalcium in HaCaT cells, which suggested a possible

possibilities of investigating changes in the intracellulat*Gagnal.  attenuation of autocrine stimulation of intracellular calcium
levels in this cell type

Results
Cytosolic calcium levels after application of CRF Cytosolic calcium levels after application of URC

Changes in intracellular €& signal intensity after CRF The data for calcium level changes in HaCaT and

stimulation are shown in Fig. 1. An increase in {iais  melanocytes after URC treatment (Fig. 2) shows lack of dose-

evident for all cell types at peptide concentrations o¥4007  dependent responses for URC. Which is similar to that

M; in the case of HaCaT cells this is seen at concentrations psesented for CRF in Fig. 1. Thus, URC significantly

low as 1613 M (P<0.05, Fig. 1A,C,E,G). However, the stimulated intracellular [(4]; in HaCaT keratinocytes at

increase in C& signal appears to be independent of theconcentrations of 133107 M and in normal melanocytes at

concentration of ligand used. Fig. 1B,D,F,H illustrate that ari0-10 M. The effects were significantly inhibited by EGTA,

increase of intracellular asignal (shown for a concentration DIL, VER and STA.

of 10-10 M CRF) is found when the medium containing?Ca

and Mg* is used, and is inhibited in the calcium-free medium o )

(EGTA is present). Pre-exposure of the cells to the voltagecharacterization of the receptor-mediated Ca?*

gated C&" channel blockers d-cis-diltiazem (DIL) and response

verapamil (VER) and an effective inhibitor of the cGMP- andThe receptor antagonisi-helical CRF(9-41) was used to

the cAMP-dependent protein kinases staurosporine (STAjlarify the nature of the receptor-mediated signal pathway
(Chalmers et al., 1999). Human normal

< 600 =350 melanocytes were pre-incubated with
E = . . .
< 500 =300 B 10°® M antagonist for 20 minutes in cell
7 400 g 250/—* . medium, which was subsequently
- 2 500 replaced by medium 1 for the
o 300 s 150 + measurements. The pre-treatment with
g 200 £ 100 B T SN 1. o-helical CRF(9-41) abolished or
£ 100 £ 50 significantly inhibited C#& uptake in
g 0 L] 2 ol e - . melanocytes after CRF or URC
107 107 10 10t 18 Ca®™ 0Ca* DIL VER STA Mg¥ stimulation (Fi 3)
CRF concentration (M) CRF concentration: 107" M 9. 9)-
F 350 3350
3,300 c 2300 D Measurements of intra-nuclear Ca?*
Z 250 Z 250 indicator fluorescence
£ 200 . " * E 200 . Intra-nuclear fluorescence intensity
g 150 g 150 e changes, measured after peptide
2 120 % 100 stimulation, are depicted in Fig. 4. The
£ 50 g 50 nuclear fluorescence values are
= 0 107 10° 10" 10" 108 = 0 geE 0Ca2" DIL VER STA Mg expressed as ratios to the corresponding
CRF concentration (M) CRF concentration: 107" M cytosolic values. The data from HaCaT
g 350 g 350
£ 300 E 2300 F Fig. 1. Relative cytosolic fluorescence
g2 250 2250 intensities of the G4 indicators (mean and
£ 200 % E 200 s.d.; control=fluorescence intensity before
g 150 * * g 150 the application of the peptide=100%) at the
g 100 g 100 final values of the time-dependent response
£ 50 £ 50 (see Fig. 6) in HaCaT keratinocytes (A,B),
£ (. _\J Ty " — & ol - . o neonatal normal keratinocytes (C,D), human
1= 10 1™ 10 _ N Ca QCT DIL V'_:R. Sr!ﬁ,‘}} .Mg melanoma cells (E,F) and neonatal normal
CRF concentration (M) CRF concentration: 107" M melanocytes (G,H) after stimulation with
3350 3350 different concentrations of CRF (A,C,E,G)
=300 * G =300 H and with different extracellular mediums and
z z ; . .
Z 2501, preincubation regimes (B,D,F,H).
£ 200 * _ *Statistically significant differences
% 150 (P<0.05, unpaired-test) from the control; +,
£ 100 2 statistically significant difference®<0.05,
1= o .
Z 5 Z ur_lpalreqt-test') from the effect after
E 0 E 0 stimulation with 161°M CRF. Number of

107 107 10" 10" 108 Ca* 0Ca&" DIL VER STA Mg* cells recordedn() is shown in the respective
CRF concentration (M) CRF concentration: 107" M columns.



1264 Journal of Cell Science 116 (7)

h
=

(=]
=
[}
*

[ S P R Y ]

+ Fig. 2. Relative cytosolic fluorescence

*+ .4 intensities of the G4 indicators (mean and
s.d.; control=fluorescence intensity before
the application of the peptide=100%) at the
107 10° 1000 10 1073 Ca 0Ca& DIL VER STA Mg> maximal valges of the time-dependent

URC concentration (M) URC concentration: 10 '° M response (Fig. 6) in HaCaT keratinocytes
(A,B) and human melanocytes (C,D) after
stimulation with different concentrations of
D URC (A,C) and using different extracellular
0 medium and preincubation conditions (B,D).
0 F *Statistically significant difference$€0.05,
0 =+ ¥ + * unpaired--test) from the control; +,
0 statistically significant difference®<0.05,
0
0

= b o Lh

L
o o oo o o

fluorescence intensity (%)

350
300 c

L
=

=
=

250
200 x
150
100

—_—— Dk L

unpaired t-test) from the effect after
stimulation with 1619M URC. Number of

107 100 10" 10" 10" Ca™ 0Ca&* DIL VER STA Mg* cells recordedn) is shown in the respective
URC concentration (M) URC concentration: 10 "M columns.

fluorescence intensity (%)
fluorescence intensity (%)

n
= o

cells (Fig. 4A) indicate a nuclear &dluorescence intensity respectively, after CRF stimulation, emphasizing again the

1.25-1.45-fold higher than that of the cytosol after URCdifferences between these cell lines and HaCaT keratinocytes.

stimulation at 1619107 M, and a ratio close to 1 at#&  Furthermore, at concentrations of 3band 1619M of CRF

1011 M. In contrast, after CRF stimulation, the ratios werethe ratios were significantly lower in neonatal keratinocytes

consistently below 0.5 over the complete concentration rang@an in neonatal melanocytes, indicating a difference between

employed, i.e. they were only approximately one-third agpithelial and pigment cells. The time-gallery of confocal

high as those calculated for URC stimulation. This strikingmages (Fig. 5) of HaCaT cells confirms the effcets shown in

difference between nuclear and cytosolic signals was ndiig. 6A and B.

observed in the case of human malignant melanocytes (Fig.

4B), in which the median relative intensity increases were )

lower, e.g., at 1.3 after URC (comparable to HaCaT cellsjTime course of the changes of intracellular Ca2*

and 1.0 after CRF stimulation. Although at peptideFig. 5 illustrates the variable intranuclear and cytosolic

concentrations of T3%-10-° M the ratios were significantly fluorescence changes following CRF and URC stimulation.

higher for URC than for CRF, these differences did not reaclihus, URC predominantly stimulates fca flux into the

the striking values observed for HaCaT keratinocytes. Imucleus (right panel), while CRF into the cytoplasm (left

addition, the ratios were observed on neonatal epidermphnel). Note that there is an oscillatory effect of URC on

keratinocytes and neonatal normal melanocytes. Theg€a?*]i in HaCaT cells, while CRF induces a linear

yielded median relative ratios (Fig. 4C) of 0.81 and 0.87accumulation of C&. The relative fluorescence intensities
(cytosolic and intra-nuclear) from the images in Fig. 5 over an
11 minute period of observation are summarized in Fig. 6A and

£ 250 B. Cytosolic fluorescence (Fig. 6A) is seen to rise continuously
£ 200 = * over the time period after CRF application, while that within

z * 1 the nucleus follows only after an apparent lag of around 200

£ 150 ¥ > seconds. After 11 minutes, a significant increase in cytosolic

¢ 100 fluorescence is established. The signal pattern is, however,
2 50 | different after URC stimulation (Fig. 6B). In this case, the

§ i 7115 6lle increase of intra-nuclear fluorescence intensity appears

0 N S

= Cl 2 Ul U2 Cl C2 Ul 2 stronger from th_e beglnn!ng tha_m was indicated by the
107 M 10°°M difference in relative intensities (Fig. 4A). We have assumed

that calcium increases in the cytosol before reaching the

Fig. 3. Relative cytosolic fluorescence intensities of thé*Ca nucleus; however, the sensitivity of the time of measurements

indicators (mean and s.d.; control=fluorescence intensity before thedoes not allow accurate accurate assessment of intracellular
application of the peptide=100%) at maximal (URC) or final (CRF) |gcalization.

nelanocytes after preincubation wih the speciic antagost  Furthermore, URC-induced oscillations in?Cdevels are
helical-CRF(9-41) (2) and stimulation with CRF (shaded, C) and ~ 00S€rved in both the cytosol and nucleus, as indicated in Fig.
URC (unshaded, U). *Statistically significant differendes(.05, SB. Addltlc.)nal. data pertaining to these oscillations are
unpaired-test) from the control (control=100%); +, statistically presented in Fig. 6. It can be seen that the frequency of the
significant differencesP<0.05, unpaired-test) from the effects after ~0scillations is independent from the peptide concentration (Fig.
stimulation with either peptide in the absence of antagonist (1). 6C). It begins to change only at the concentration o¥I\.
Number of cells recordedis shown in the respective columns. In addition to this concentration-independent variation in
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Fig. 4. Ratio of the relative fluorescence intensities (nucleus/cytosol;
mean and s.d.) of the &andicators at maximal (URC) or final

(CRF values of the time-dependent response (see Fig. 6) in HaCaT
keratinocytes (4A) and human malignant melanocytes (4B) after
stimulation with URC (U, filled bars) and CRF (C, unfilled bars) and
in neonatal keratinocytes (K, unfilled) and normal melanocytes (NM,
filled) after stimulation with CRF (4C). *Statistically significant
differences P<0.05, unpaired-test) between the ratios after
stimulation with URC and with CRF; +, statistically significant
differences IP<0.05, unpaired-test) between the ratios in
keratinocytes and normal melanocytes. Number of cells recanjled (
is shown in the respective columns.

Discussion

Receptor-mediated changes in cytosolic Ca2* levels
after application of CRF and URC

The changes in intracellular €asignal intensities observed
after stimulation of different cell types with CRF and URC
imply that: 1) the increase of intracellular®@oncentration

is caused by a Gainflux (results of EGTA experiments), 2)
this C&* influx takes place through voltage-activated Gan
channels (results with DIL, VER, STA) and 3) cyclic
nucleotide-gated ion channels do not have an important role in
this process (results with Mt). These conclusions are in
agreement with studies with non-skin models, which showed
a CRF-stimulated G4 influx through voltage-activated ion
channels of the L-, P- or T-type in other cell lines (Guerineau
et al., 1991; Kiang, 1994; Kuryshev et al., 1996). Of the cell
types used in this study, the HaCaT keratinocytes consistently
exhibited the strongest increase ofCiuorescence intensity
after peptide-stimulation, which is in agreement with a central
role of calcium in the regulation of differentiation and

oscillation frequency, the numbers of cells displaying suctproliferation of keratinocytes.

oscillations remain rather constant with a decrease only at The results with both peptides showed no correlation
concentration of 185M (Fig. 6D). The observed oscillatory between peptide dosage and increase of the fluorescence
behavior appears to be a specific characteristic of the resporistensities (dose-effect-correlation). We also observed the
of HaCaT keratinocytes to URC stimulation, since it has noincrease in intracellular €& levels at very low peptide

been seen in any other cell type.

control

600s|

concentrations, e.g., ¥ M (see Figs 1, 2), which contrasted

Fig. 5. Time galleries of
fluorescence images of theCa
indicators in HaCaT after
stimulation with CRF (10" M, left

panel) and URC (3 M, right
panel). The intensity range (8 bit)

low intensity

is indicated below the images

p high intensity  galleries.
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£ 400 £ 400 I\ / \ AL
g 300 g 300 I\ ! \ / Fig. 6.(A,B) Time course of the relative
g 200 2 200 = _/ fluorescence intensities (unbroken line,
g 100 g 100 = cytosol; broken line, nucleus) of the®Ta
1 1 1 | 1 | 1 | 1 | 1 1 H H H H
= 00 100 200 300 400 500 600 700 = 00 100 200 300 400 500 600 700 |nd|cat0_rs n t-WO single HaCaT cells after
time after the pebtid licati _ ti fter th tid licati _ stimulation with CRF (A, 10 M) and
peptide application (s) ime after the peptide application (s) URC (B, 107 M). (C) Dose-dependent
12 100 frequency of the oscillations in HaCaT-
7 10 for = 0 D cells after stimulation with URC (mean
T = and s.d.). Number of cells recorde) i
SR £ shown in the respective columns.
g o E (D) Dose-dependent numbers of HaCaT
5 4 g cells with oscillations after stimulation
E 5 T 20 with URC (percentage of total number of
0 g cells recorded). Number of cells recorded
107 10 10719 10" 1073 10714 10°15 107 107 1019 101 10-13 10°4 107* with oscillations ) is shown in the
concentration of urocortin (M) concentration of urocortin (M) respective columns.

with reported K's of 1012109 M and 168 M for CRF and  effect was very rapid (within one second), while the current
URC in CHO cells transfected with CRF-R1 and CRF-RZchanges were observed only after several minutes of
cDNAs, respectively (Tojo and Abou-Samra, 1993; Vaughan éhcubation. Referring to the time response similar*Ca
al., 1995). This raised an important question on the nature sfgnals were observed after ACh-induced?'Ceelease in
the signal pathways activated by CRF and URC. Theocytes expressing two hybrid mAChRs (Lechleiter, 1991).
preincubation of the cells with the specific CRF-R antagonisin this investigation a continuous increase in thé*Gegnal
a-helical CRF(9-41) reduced CRF or URC induced increasearound 500 seconds after stimulation was found. As regards
in the C&* levels (see Fig. 3). Moreover, previous studiesto the response to low peptide concentrations another study
showed the expression of CRF-R1 in melanocytes anshowed that CRF-like peptides 10 M stimulated a C&
keratinocytes and the presence of specific cell surface CREsponse in human epidermoid A-431 cells (Kiang, 1997).
binding sites (Fazal et al., 1998; Slominski et al., 1995Moreover, stimulus-response curves for muscarinic and
Slominski et al., 1999; Slominski et al., 2000b). Theseadrenoreceptors indicate that maximal response can be
receptors were functional, i.e. CRF and URC inhibited growthproduced by submaximal stimuli (submaximal receptor
stimulated cAMP production and modulated the expression afccupancy) (Kenakin, 1993). This phenomenon, described as
adhesion molecules in cultured human keratinocytes in a dos&eceptor reserve” (spare receptors, spare capacity), leads to
dependent fashion (Quevedo et al., 2001; Slominski et alan ultrasensitivity of the system. In this case, the dose-
2000b; Slominski et al., 2001). Therefore, we conclude that theesponse curve is not a typical Michaelis-Menten curve but
reported stimulation of Gafluorescence intensity by CRF and rather a nearly digital response (all or nothing) (Germain,
URC is mediated through interaction with CRF receptors. 112001).
other systems similar effects of CRF appear to be mediated by Therefore, we suggest that skin cells co-express different
a pathway involving the adenylate cyclase/cAMP-depender@RF-R forms, which are coupled to different signal
protein kinase system (Guild and Reisine, 1987; Reisine, 1988ansduction pathways (Pisarchik and Slominski, 2001;
Tojo and Abou-Samra, 1993). Slominski et al., 2001). Although the individual functions of
CRF-RIn is the most efficient receptor isoform for the various receptor subtypes remains to be determined, the
transducing the CRF signal into cAMP mediated pathwaydglifferential regulation of C# signal by CRF and URC in
while other isoformsf{, ¢ and d) are inefficiently coupled to HaCaT keratinocytes (Figs 5, 6) show similarities to those
CAMP production (Chalmers et al., 1996; Linton et al., 2001described by others (Germain, 2001; Kenakin, 1993; Kiang,
Perrin and Vale, 1999; Speiss et al., 1998). Since the mo%997; Lechleiter et al., 1991; Reetz and Reiser, 1996).
prevalent form of the CRF receptor expressed in human skin
is the Rb isoform (Pisarchik and Slominski, 2001; . ) . o
Slominski et al., 2001), and STA significantly inhibits the Unusual ligand induced Ca2* signaling in HaCaT
stimulatory effect of CRF on @4 we suggest that some of keratinocytes
these effects are mediated by CRFaRthrough cAMP-  The strong signal enhancement observed in the nucleus of
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showing that CRF at #® M can induce entry of CGa in (Bhattacharya et al., 1999; Kenakin, 1993), but we observed
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CRF and urocortin induced calcium signaling 1267

receptors have also been reported on the nuclear membraReferences
When IR binds to these receptors, a?Canflux from the  Abdel-Malek, Z., Swope, V. B., Suzuki, I., Akcali, M. D., Harriger, S. T,
cytosol to the nucleus, or conversely,2Ceelease from the Bosllce, K., Uff_ﬁlbeyl K. ar;d Heafllnr?, V. J-(1I995)- Mlt?)genlcl and
H : H : i i melanogenic stimulation of normal human melanocytes by melanotropic
\I”/I\l/.l_lcleusllggghev\?lpposﬂe ?Irel(g[:)04n al‘re hpOSSIble (Ch.allls and peptidesProc. Natl. Acad. Sci. US®2, 1789-1793.
licox, » Wilcox et al., ). In this case, an increas@jas p. and Adler, M. (1981). Alpha-adrenergic as possible calcium channel
of intracellular IR would be expected after stimulation with inhibitors. Proc. Natl. Acad. Sci. USES, 1237-1241.
URC. Although IR signaling has not been analyzed in HaCaTBers, D. M. (1998). A simple method for the accurate determination of free
cells, CRF-related peptides induce 3 IRroduction and Bh[;i;]hgr)%aﬁGLAe Sowtionshim. . Pliysiol242 CA04 CA0B. tichi H
subsquent Ga mobilization in A-431. e_)plt_jermal ca_rcmoma Hou, X., Va’rma,, D. R ar‘1d Chemtob, 5(19’99)’. Localizat’ion 2)f functi,ona‘l
cells (Kiang et al., 1995). Therefore, itis likely that in HaCaT prostaglandin E2 receptors EP3 and EP4 in the nuclear envaldpiel.
keratinocytes the URC signal would be similarly coupled to Chem.274 15719-15724.
production of IR. In addition, these data show that CRF andChIaltliS& ﬁ' |andc \g/l\flﬁox, R-(t1996T)- Rgceppﬁor and ilonS g\annfellnginenclaturei
H H ntracellular omeostasisirends armacol. uppl. 1-ol.
UF\E)C Slgljla||? ar.e tranSdlIJ:CGdh throth hdlﬁereim recept.oéhalmers, D. T., Lovenberg, T. W., Grigoriadis, D. E., Behan, D. P.
subtypes In e_ratmocytes'_ urthermore, t e nuc ear ta_rge“ngand de Souza, E. B(1996). Corticotropin-releasing factor receptors:
of the URC signal (e.g., intracellular calcium oscillations) from molecular biology to drug desigfirends Pharmacol. Scl7, 166-
suggests a role for this pathway in transcriptional regulation. 172. S
Others also reported nuclear calcium transient rise in respon§éa'g19DrS' D. T, E“’VB‘*”f;egg' TCV‘{ ?”gﬂf'ad'sl' D. E-’f tha”' D. tP- _
tO. integ_rin-ligand intgraction (Shankar etal, 1.993) or after ?rgm meoslgléizr b'iolo'g(:)y to Zjlrugotrjtlecs?grf(ﬁ)rznggliﬁgrsrlr?agcoicsc::rl;?i?é-or&
stimulation of rat liver nuclear prostaglandin receptors 172
(Bhattacharya et al., 1999). Fazal, N., Slominski, A., Choudhry, A., Wei, E. T. and Sayeed, M. M.
The differences in time courses of the fluorescence signals(lEL'E?S)-dEffect <|>f CRF an(fgfélgtsedl_ peggelssf;nlg?)lcium signalling in human
after peptide stimulation are intriguing. Stimulation of HaCaT,_ a"d rodent melanoma ce et -190. .
cells I?Nili)h URC produced a re?nargable oscillator effectFe"Y’ D. R, Goll, A. and Glossmann, H.(1993). Calcium channels:
> . p y - evidence for oligomeric nature by target size analy\$BO J.2, 1729-
Oscillation of intracellular CH levels was previously 1732
demonstrated in bovine pulmonary artery endothelial cell§leckstein, A.(1977). Specific pharmacology of calcium in myocardium,
over approximately 15 minutes after stimulation with the %;(I‘(':if f?cfga';ggsy and vascular smooth muéoleu. Rev. Pharmacol.
peptlde bradyklnlnl_(SEé%e etal, 19_89)' A Slmtglar OsglllitoryFrir!gs, S, éeifert, R., God_de, M. and Kaupp, U. B_(1995). Prof(_)yndly _
Increase In cytosolic Ga concentration was observed after ifferent calcium permeation and blockage determine the specific function
stimulation with CRF (Kuryshev et al., 1996). Furthermore, a of distinct cyclic nucleotide-gated channéi&uron15, 169-179.
long-term perfusion with bradykinin was described as Causin@e_rmain, R.N.(2001). The art of the probable: system control in the adaptive
oscillation of cytosolic C¥ activity in rat glioma cells (Reetz _ mmune sﬁtegﬁﬂfi&?:‘ é‘”é‘grm A and Molard, P. (1951)
and Reiser, 1996). This €arise was associated _Wlth Spontaneous and corticotropin-releasing factor-induced cytosolic free
synchronous plasma membrane oscillating hyperpolarization. caicium transients in corticotroptsndocrinology129, 409-420.
The authors proposed that the initial transien£*Case  Guild, S. and Reisine, T.(1987). Molecular mechanisms of corticotropin-
induced immediately with bradykinin administration resulted fe:easm? factor ?timu'at_i?r,‘tm C’:"Ci“m m‘ig'gﬁﬁon a”‘f agfe”‘%‘;]mgzo”om”
from IPs-mediated C# release, whereas subsequent ;5252 TOm anerion PRUTaly fHmor ceib Fhatmacol =xp. The L
oscillations depended malnly onZinflux. Such Cé”'splkes Haugland, P. P.(1992). Handbook of fluorescent probes and research
were observed in time intervals from seconds to minutes. Thischemicals. Eugene: Molecular Probes. _ _
phenomenon was generally discussed as a mechanism Kghakin, T. (1993). Stimulus-response mechanisms. Rharmacologic

regeneration, e.g. @Hnflux  stimulates an increase in Analysis of Drug-Receptor Interactiqed. T. Kenakin), pp. 39-64. New
York: Raven Press.

phospholipase C activity whereby an increase @fd€Curs  yiang, 3. G. (1994). Corticotropin-releasing factor increases2favia
and this results in a €arelease (Woods et al., 1986). receptor-mediated €achannels in human epidermoid A-431 cefisi. J.
Oscillating C&* concentrations might thus have been Pharmacol.267, 135-142. S .
anticipated after stimulation of CRF receptors. Our datdiang, J. G. (1995). Mystixin-7 and mystixin-11 increase cytosolic freéCa
indicate, however, that this was the case only after stimulationigg_'lnf;'m' trisphosphates in human A-431 céilsx J. Pharmacol291
with URC i.e. not after CRF S“mU'a.t'On (see Fig. 6). _Th_USKiang, J. G. (1997). Corticotropin-releasing factor-like peptides increase
these results show that HaCaT keratinocytes behave distinctlycytosolic [Ca2+] in human epidermoid A-431 celtsr. J. Pharmacol329,
differently from other cell types and imply the presence of an 237-244.

; ; ; i<Kuryshey, Y. A., Childs, G. V. and Ritchie, A. K.(1996). Corticotropin-
intracellular signal transduction pathway for URC. In this cleasing hormone stimulates Z-zentry through Lo and P-type €a

context, HaCaT kera}tlnqcytes serve as an excellent cell modethannds in rat corticotrophEndrocrinology137, 2269-2277.
for further characterization of this pathway. Lechleiter, J., Girard, S., Clapman, D. and Peralta, E(1991). Subcellular
patterns of calcium release determined by G protein-specific residues of

We appreciate excellent technical assistance from L. Fox (Chicago) muscarinic receptordature 350, 505-508.

and B. Oczko (Berlin) and thank the co-workers of the mechanicdlinton, E. A., Woodman, J. R., Asboth, G., Glynn, B. P., Plested, C. P. and

workshop, J. Mevert and K. Hoffmann (Berlin), for their invaluable Bemal, L. A. (2001). Corticotrophin releasing hormone: its potential for a

help. We acknowledge gifts of human CRF, human URC and the CRF "0le in human myometriunExp. Physiol36, 273-281. -

(9-41) from M. Beyermann (Berl), human URC from E. Wei /210 I A and Schwrtz & (1963 Seecve cfecs o dltazem. 2

(Berkeley), ”eo"‘at"".' melanocytes from Z. AbdeI-MaIek (Cincinnati) benzodiazepines on the Na+/Ca2+ exchange carrier system on heart and

and neonatal keratlnqcytes fr_qm M_. Denmng (Maywood). We also prain mitochondriaLife Sci.32, 2837-2842.

thank J. Dickson (Berlin) for critical discussion of the manuscript. Th@atsumoto, H. and Sasaki, Y.(1989). Staurosporine, a protein kinase C

work was supported in part by grants from the NIH (1R01-AR047079- inhibitor, interferes with proliferation of arterial smooth muscle cells.

01A2) and NSF (IBN-0049087) to A.S. Biochim. Biophys. Res. Commuis8, 105-109.



1268 Journal of Cell Science 116 (7)

McDonald, T. F, Pelzer, S., Trautwein, W. and Pelzer, D. J(1994). Wortsman, J. (2000a). The skin produces urocortih.Clin. Endocrinol.
Regulation and modulation of calcium channels in cardiac, skeletal, and Metab.85, 815-823.
smooth muscle cell®hysiol. Rev74, 365-507. Slominski, A., Roloff, B., Zbytek, B., Wei, E. T., Fechner, K., Curry, J. and
McGuian, J. A. S., Luthi, D. and Buri, A. (1991). Calcium buffer solutions Wortsman, J. (2000b). Corticotropin releasing hormone (CRH) and related
and how to make them: A do it yourself gui@an. J. Physiol. Pharmacol. peptides can act as bioregulatory factors in human keratinotyt®gtro
69, 1733-1749. Cell Develop. Biol36, 211-216.
Miller, S. T. and Smith, G. L. (1984). EGTA purity and the buffering of Slominski, A., Wortsman, J. and Szczesniewski, A(2000c). Liquid
calcium ions in physiological solutionam. J. Physiol246, C160-C166. chromatography-mass spectrometry detection of corticotropin-releasing

Minta, A., Kao, J. P. and Tsien, R. Y.(1989). Fluorescent indicators for hormone and proopiomelanocortin-derived peptides in humanJ skatin.
cytosolic calcium based on rhodamine and fluorescein chromopllores.  Endocrinol. Metab85, 3575-3581.

Biol. Chem 264, 8171-8178. Slominski, A., Wortsman, J., Luger, T., Paus, R. and Salomon, £000d).
Perrin, M. H. and Vale, W. W. (1999). Corticotropin releasing factor Corticotropin releasing hormone and proopiomelanocortin involvement in
receptors and their ligand familfinnu. NY Acad. Sc&85 312-328. the cutaneous response to str&ssiol. Rev80, 979-1020.

Pisarchik, A. and Slominski, A.(2001). Alternative splicing of CRH-R1  Slominski, A., Wortsman, J., Pisarchik, A., Zbytek, A., Linton, E. A,
receptors in human and mouse skin: identification of new variants and their Mazurkiewicz, J. and Wei, E. T. (2001). Cutaneous expression of

differential expressiorFASEB J15, 2754-2756. corticotropin releasing hormone (CRH), urocortin and CRH receptors.
Quevedo, M. A., Slominski, A., Pinto, W., Wei, E. and Wortsman, J2001). FASEB J15, 1678-1693.

Pleiotropic effects of corticotropin releasing hormone (CRH) on normalSpiess, J., Dautzenberg, F. M., Sydow, S., Hauger, R. L., Ruhmann, A.,

human keratinocytesn Vitro Cell Develop. Biol37A, 50-54. Blank, T. and Radulovic, J. (1998). Molecular properties of the CRF
Reetz, G. and Reiser, G(1996). [Ca2+]i oscillations induced by bradykinin receptor.Trends Endocrinol. Metal®, 140-145.

in rat glioma cells associated with Ca2+ store-dependent Ca2+ influx afBamakori, T., Nomoto, H., Takahashi, I., Kato, Y., Morimoto, M. and

controlled by cell volume and by membrane poten@ell Calcium19, 143- Tomita, F. (1996). Staurosporine, a potent inhibitor of phosopholip/Ca

156. dependent protein kinasBiochim. Biophys. Res. Commui35, 397-402.

Reisine, T.(1989). Phorbol esters and corticotropin releasing factor stimulatd&homas, A. P. and Devaille, {1991). The use of fluorescent indicators for
calcium influx in the anterior pituitary tumor cell line, AtT-20, through  measurements of cytosolic-free calcium concentration in cell populations

different intracellular sites of actiod. Pharmacol. Exp. TheR48 984- and single cells. IrCellular Calcium: A Practical Approactied. J. G.
990. McCormack and P. H. Cobbold), pp. 1-54. Oxford: IRL Press.

Reyes, T. M., Lewis, K., Perrin, M. H., Kunitake, K. S., Vaughan, J., Arias,  Tojo, K. and Abou-Samra, A. B. (1993). Corticotropin-releasing factor
C. A., Hogenesch, J. B., Gulyas, J., Rivier, J., Vale, W. W. et a2001) (CRF) stimulateg>Ca* uptake in the mouse corticotroph cell line AtT-20.

Urocortin 1l: A member of the corticotropin-releasing factor (CRF) Life Sci.52, 621-630.

neuropeptide family that is selectively bound by type 2 CRF receptors. Vale, W., Spiess, J., Rivier, C. and Rivier, J{1981). Characterization of a

Natl. Acad. Sci. USAS8, 2843-2848. 41-residue ovine hypothalamic peptide that stimulates secretion of
Roloff, B., Fechner, K., Slominski, A., Furkert, J., Botchkarev, V. A., corticotropin and beta-endorphi@cience213 1394-1397.

Bulfone-Paus, S., Zipper, J., Krause, E. and Paus, RL998). Hair Cycle-  Vaughan, J., Donaldson, C., Bittencourt, J., Perrin, M. H., Lewis, K.,

Dependent Expression of Corticotropin Releasing Hormone (CRH) and Suttom, S., Chan, R., Turnbull, A. V., Lovejoy, D., Rivier, C. et al(1995).

CRH Receptors (CRH-R) in Murine SKIRASEB J12, 287-297. Urocortin, a mammalian neuropeptide related to fish urotensin | and to
Sage, S. O., Adams, D. J. and van Breemen, CL989). Synchronized corticotropin-releasing factoNature 378 287-292.

oscillations in cytoplasmic free calcium concentration in confluentWei, E. T., Thomas, H. A., Christian, H. C., Buckingham, J. C. and

bradykinin-stimulated bovine pulmonary artery endothelial cell monolayers. Kishimoto, T. (1998). D-amino acid-substituted analogs of corticotropin-

J. Biol. Chem264, 6-9. releasing hormone (CRH) and urocortin with selective agonist activity at
Shankar, G., Davison, |., Helfrich, M. H., Mason, W. T. and Horton, M. CRH; and CRHyg receptorsPeptidesl9, 1183-1190.

A. (1993). Integrin receptor-mediated mobilisation of intranuclear calciumWeyand, I., Godde, M., Frings, S., Weiner, J., Miller, F., Altenhofen, W.,

in rat osteoclastsl. Cell Sci.105 61-68. Hatt, H. and Kaupp, U. B.(1994). Cloning and functional expression of a
Slominski, A., Ermak, G., Hwang, J., Chakraborty, A., Mazurkiewicz, J. cyclic-nucleotide-gated ion channel from mammalian spé&ature 368

and Mihm, M. (1995). Proopiomelanocortin, corticotropin releasing 859-863.

hormone and corticotropin releasing hormone receptor genes are expressfftesner, B. and Hagen, V.(1999). Measurements of intracellular 2€a

in human skinFEBS Lett374, 113-116. changes using novel caged cyclic nucleotides and confocal laser scanning
Slominski, A., Ermak, G., Hwang, J., Mazurkiewicz, J., Corliss, D. and microscopyJ. Photochem. Photobiod9, 112-119.

Eastman, A.(1996). The expression of proopiomelanocortin (POMC) andWilcox, R. A., Challiss, R. A., Traynor, J. R., Fauq, A. H., Oganayanov,

of corticotropin releasing hormone receptor (CRH-R) genes in mouse skin. V. |., Kozikowski, A. P. and Nahorski, S. R(1994). Molecular recognition

Biochim. Biophys. Acta289 247-251. at the myo-inositol 1,4,5-trisphosphate receptor. 3-position substituted myo-
Slominski, A., Ermak, G., Mazurkiewicz, J. E., Baker, J. and Wortsman, inositol 1,4,5-trisphosphate analogues reveal the binding afidr€laase
J. (1998). Characterization of corticotropin releasing hormone (CRH) in requirements for high affinity interaction with the myo-inositol 1,4,5-
human skinJ. Clin. Endocrinol. Metab83, 1020-1024. trisphosphate receptal. Biol. Chem269, 26815-26821.
Slominski, A., Botchkarev, V., Choudhry, M., Fazal, N., Fechner, K., Williams, D. A. and Fray, F. S.(1990). Intracellular calibration of the
Furkert, J., Krause, E., Roloff, B., Sayeed, M., Wei, E. T. et al1099). fluorescent calcium indicator Fura-Qell Calcium11, 75-83.
Cutaneous expression of CRH and CRH-R: is there a “skin stress system®oods, N. M., Cuthbertson, K. S. R. and Cobbold, P. H1986). Repetitive
Annu. NY Acad. Sc885, 287-311. transient rises in cytoplasmic free calcium in hormone-stimulated

Slominski, A., Roloff, B., Curry, J., Dahiya, M., Szczesniewski, A. and hepatocytesNature 319, 600-602.



