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Abstract

Calcium signaling has a versatile role in many important cellular functions. Despite its

importance, regulation of calcium signaling in bone marrow stromal cells (BMSCs, also known as

bone marrow-derived mesenchymal stem cells) has not been explored extensively. Our previous

study revealed that cyclic adenosine monophosphate (cAMP) enabled BMSCs to generate calcium

signal upon stimulation by dopamine, KCl and glutamate. Concurrently, cAMP transiently

activated the transcription factor cAMP response element binding protein (CREB) in BMSCs.

Activity of CREB can be modulated by the calcium/calmodulin-dependent kinase signaling

pathway, however, whether the calcium signaling observed in cAMP-induced BMSCs requires

CREB has not been investigated. In an effort to uncover the role of CREB in the generation of

calcium signaling in response to modulators such as dopamine and KCl, we knocked down CREB

activity in BMSCs. Our study indicated that BMSCs, but not its close relative fibroblasts, are

responsive to dopamine and KCl after cAMP treatment. Calcium signal elicited by dopamine

depends, in part, on calcium influx whereas that elicited by KCl depends completely on calcium

influx. Knock-down of CREB activity significantly reduced or abolished the cAMP-induced

calcium response, and reintroducing a constitutively active CREB partially restored the calcium

response.
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1. Introduction

Bone marrow stromal cells (BMSCs), also known as bone marrow-derived mesenchymal

stem cells, have the potential to undergo osteogenic, chondrogenic and adipogenic

differentiation [1]. Calcium is one of the many important players that regulates

differentiation [2], such as osteogenic [3, 4], chondrogenic [5, 6] and adipogenic

differentiation [7-9]. Regulation of calcium signaling in BMSCs has been explored to some

extent. Human BMSCs has exhibited spontaneous calcium oscillations without agonist

stimulation [10-12]. Inhibition of calcium influx through L-type voltage-gated calcium

channel reduced osteogenic differentiation of BMSCs [4], while stimulating cytosolic

calcium oscillation facilitated osteogenic differentiation in human BMSC [3]. Tropel et al.

demonstrated that mouse BMSCs induced by basic fibroblast growth factor (bFGF) are able

to generate calcium signal upon stimulation by dopamine, glutamate and veratridine [13].

While these studies demonstrated the importance of calcium signaling in BMSCs, studies

regarding calcium signaling in BMSCs is still at an early stage.

Rise in cytosolic calcium concentration mainly results from calcium release from internal

stores or calcium influx from external medium [2, 14]. Endoplasmic reticulum (ER) is

generally recognized as the intracellular calcium stores. Release of calcium from ER is

mediated by second messengers, such as inositol-1,4,5-trisphosphate (Ins(1,4,5)P3) and

calcium itself [14, 15]. It has been shown that spontaneous calcium oscillations observed in

BMSCs mainly occurred through calcium release from internal stores, mediated by the

inositol-1,4,5-trisphosphate receptor (InsP3R) [10]. External medium is another source of

cytosolic calcium. Calcium influx through ion channels on the cell membrane, including

voltage-gated channels and receptor-gated channels, contribute to the dynamical changes in

cytosolic calcium concentrations [2, 14]. Voltage-gated ion channels or receptor-gated

channels are predominantly expressed in excitable cells [15]. However, a previous study

showed that many ion channels, such as L-type voltage-gated Ca2+ channels, voltage-gated

potassium channels, Ca2+-activated potassium channels and voltage-gated sodium channels,

are expressed in undifferentiated rat BMSCs [16]. In addition to voltage-gated channels,

influx of calcium can also be mediated by receptor-gated channels, i.e., G-protein coupled

dopamine receptors. Dopamine induces calcium rise mainly through binding to G-protein

coupled dopamine receptors, the D1-like (including D1 and D5) and the D2-like (including

D2, D3 and D4) dopamine receptors [17, 18].

Cyclic AMP is another important intracellular second messenger that can crosstalk with

calcium signaling and regulates cell function. cAMP activates the downstream transcription

factor cAMP response element binding protein (CREB), which serves as a hub for many

cellular processes including metabolism, survival, immune response as well as learning and

memory [19, 20]. Phosphorylation of CREB at the key serine 133 site by kinases such as

protein kinase A (PKA), Ca2+/calmodulin-dependent kinases (CaMKs), and mitogen-

activated protein kinases (MAPKs) is required for its transcriptional activity [21, 22].
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Previously, we observed that after cAMP treatment, BMSCs exhibited robust calcium

response upon stimulation by dopamine and KCl [23]. Dopamine not only plays an

important role in the central nervous system, but also functions in the peripheral system.

Many conditions, including stress, hypovolemia and exercise, can increase the dopamine

level in the plasma [24]. In mouse bone marrow, evidence of dopamine uptake was

observed, suggestive of the presence of dopamine receptors in the bone marrow [25]. In

further support, dopamine receptor D1 protein was detected in uninduced human BMSCs

which further increased with brain-derived neurotrophic factor (BDNF) treatment [26].

Although it is well known that the cAMP downstream signaling component CREB can be

modulated by the Ca2+/calmodulin dependent kinases (CaMKs) [21], little is known

regarding the role of the cAMP-CREB pathway on calcium signaling. In particular, the

impact of cAMP-CREB pathway on calcium signaling in BMSCs has not been explored.

cAMP is increased in many pathophysiological conditions, such as fibrous dysplasia of the

bone [27, 28], hyperparathyroidism [29, 30] and myocardial infarction [31, 32]. In other

cases, elevation of cAMP has been beneficial for treating a number of ailments, such as

spinal cord injury [33, 34] and autoimmune diseases [35, 36]. Reagents that are able to boost

cAMP levels are also used widely in modulating osteogenic- and adipogenic-differentiation

of BMSCs [37-40]. BMSCs are excellent sources for cell-based therapies, due to their

differentiation potential, secretion of a plethora of trophic factors, and immunomodulatory

capability [41]. Currently, clinical trials using BMSCs are being studied for a variety of

diseases, such as Graft-versus-Host disease, myocardial infarction, spinal cord injury, stroke,

and amyotrophic lateral sclerosis (ALS) [41, 42]. Accordingly, it is important to understand

how BMSCs would respond to calcium modulators in an environment with elevated cAMP

levels.

Previous studies showed that certain dopamine receptors and voltage-gated calcium

channels are expressed on BMSCs [16, 26], therefore, we set out to determine how the

cAMP-CREB pathway might modulate calcium signaling through receptor-gated channels

stimulated by dopamine and through voltage-gated channels stimulated by KCl. In this

study, we examined intracellular calcium signaling in BMSCs through fluorescence

imaging. CREB activity was modulated by siRNA silencing and the generation of a

dominant negative CREB cell line. Our results suggested that the calcium response to

dopamine and KCl in cAMP-induced BMSCs requires calcium influx from an external

source. Long term knock-down of CREB activity significantly reduced the calcium response

to dopamine and KCl, along with dramatic morphological changes and increased apoptosis

in cAMP-induced BMSCs.

2. Materials and Methods

2.1 Cell culture and materials

All procedures in the cell isolation were approved by the Institutional Animal Care and Use

Committee at Michigan State University. Bone marrow stromal cells (BMSCs) were isolated

from 6-8 week old Sprague-Dawley female rat as previously described [43]. In brief, femurs

and tibias were taken from the hind legs of 6-8 week old rat. The marrow was flushed out

with Dulbecco's Modified Eagle Medium (DMEM) and filtered through a 65 um nylon

Zhang et al. Page 3

Cell Calcium. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



mesh to remove bone debris and blood aggregates. Cells were cultured in DMEM

(Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Invitrogen),

100 ug/mL streptomycin (Invitrogen) and 100 U/mL penicillin (Invitrogen) and placed in an

incubator with a humidified atmosphere containing 5% CO2 at 37 °C. Non-adherent cells

were removed on the second day after plating. After culturing for two passages, magnetic

cell sorting using markers CD54 and CD90 was applied to enrich BMSCs. Cell sorting

results were verified by flow cytometry as shown in [43].

NIH3T3 fibroblasts were purchased from American Type Culture Collection (ATCC). Cells

were cultured in DMEM (high glucose (4.5 g/L) (Invitrogen) supplemented with 10% FBS,

100 μg/mL streptomycin, and 100 U/mL penicillin and placed in an incubator with a

humidified atmosphere containing 10% CO2 at 37 °C.

Forskolin (Sigma, St. Louis, MO, USA) and isobutylmethylxanthine (IBMX) (Sigma) were

used to increase intracellular cAMP levels at concentrations of 10 μM and 100 μM,

respectively.

2.2 Cell proliferation assay

Cell proliferation was measured by the CyQUANT NF cell proliferation assay kit from

Invitrogen. This assay is based on the binding of a fluorescent dye to DNA and therefore

enabled the quantification of cellular DNA. Briefly, cells were cultured in 96-well culture

plate and assayed at the desired time. After washing with Hank's balanced salt solution

(HBSS), the cells were incubated in the dye-binding solution for 45 min at 37 °C.

Fluorescence was measured by Spectra MAX GEMINI EM plate reader at excitation of 485

nm and emission of 530 nm.

2.3 Western blot

Whole cell extracts lysed with CelLytic (Sigma) were assayed for protein concentrations by

Bradford assay (Bio-Rad). 15-30 μg protein samples were separated by 10% Tris-HCl gel

and transferred to nitrocellulose membrane. Membranes were then blocked with 5% milk in

0.05% Tween 20-Tris buffered saline (T-TBS) (USB corporation, Cleveland, Ohio, USA)

for one hour and incubated with primary antibodies, glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) (Cell signaling, Danvers, MA, USA), CREB (Cell signaling),

dopamine receptor D1 (Novus Biologicals), c-fos (Cell Signaling), TATA-binding protein

(TBP) (Sigma) and inducible cAMP early repressor (ICER) (a kind gift from Dr. Carlos

Molina) overnight at 4 °C. After removing excessive primary antibodies, anti-mouse or anti-

rabbit horseradish peroxidase (HRP)-conjugated secondary antibodies (Thermo Scientific)

were added and the blots were incubated for one hour at room temperature. The blots were

then washed three times with 0.05% T-TBS and visualized by SuperSignal West Femto

maximum sensitivity substrate (Thermo Scientific).

2.4 Immunocytochemistry

Triple staining for actin filaments, microtubules and nucleus was performed as previously

described [44]. In brief, actin filaments were stained with Texas Red-X phalloidin

(Invitrogen), microtubules were stained with α-tubulin (Invitrogen) primary antibody

Zhang et al. Page 4

Cell Calcium. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



followed by Alexa Fluor 488-conjugated anti-mouse IgG secondary antibody (Invitrogen),

and the nucleus was stained with DAPI (4′, 6-diamidino-2-phenylindole) (Invitrogen).

Stained glass coverslips were mounted in ProLong Gold (Invitrogen). Fluorescence images

were taken by confocal microscope Olympus FluoView 1000.

2.5 Annexin V and propidium iodide (PI) staining

Apoptosis and necrosis were measured by the annexin V and propidium iodide (PI) staining

kit (Invitrogen), respectively, according to the manufacturer's instructions. In brief, cells

were stained with Alexa Fluor 488 conjugated annexin V and PI in 1X annexin binding

buffer for 15 minutes at room temperature and then subjected to flow cytometry analysis by

BD FACSVantage. Early apoptotic cells were identified as those stained by Alexa Fluor 488

but not PI, late apoptotic cells were those stained by both Alexa Fluor 488 and PI, and

necrotic cells were those stained by PI but not Alexa Fluor 488.

2.6 Quantitative real time polymerase chain reaction (RT-PCR)

Cells were treated as prescribed and the mRNA was extracted by the RNA extraction kit

from Qiagen according to the manufacture's instruction. mRNAs were then reverse

transcribed into cDNA using the cDNA synthesis kit from Bio-Rad. The following primer

sets (Eurofins MWG Operon) were used for PCR: actin (5′-

CTCTTCCAGCCTTCCTTCCT-3′, 5′-AATGCCTGGGTACATGGTG-3′), dopamine

receptor 1 (D1) (5′-GCCATAGAGACGGTGAGCAT-3′, 5′-

ATTCCACCAGCCTCTTCCTT-3′), dopamine receptor 2 (D2) (5′-

TATGGCTTGAAGAGCCGTGCCA-3′, 5′-TACAGCCATGCACACCAGCACA-3′),

dopamine receptor 3 (D3) (5′-CAGCCGCATTTGCTGTGACGTT-3′, 5′-

AGCAAAAGCCAGCACCCACACA-3′), dopamine receptor 4 (D4) (5′-

TGCTGCTCATCGGCATGGTGT-3′, 5′-AGCCACAAACCTGTCCACGCT-3′), dopamine

receptor 5 (D5) (5′-TGGAGCCTATGAACCTGACC-3′, 5′-

GAAGAAAGGCAACCAGCAAC-3′). Amplification of the cDNA templates were detected

by SYBR Green supermix (Bio-Rad) using Real-Time PCR Detection System (Bio-Rad).

The cycle threshold (CT) values for each condition were determined by the MyIQ software.

2.7 Calcium imaging

Calcium imaging was performed according to the protocol described in [13]. Cells were

cultured in 4-well chambered cover-glass (Thermo Fisher Scientific). After the desired

treatment, the cells were loaded with 4 μM non-ratiometric dye Fluo-4 (Invitrogen) in

ACSF-HEPES (artificial cerebral spinal fluid with HEPES: 119 mM NaCl, 2.5 mM KCl, 1.3

mM MgCl2, 2.5 mM CaCl2, 1 mM NaH2PO4, 26.2 mM NaHCO3, 11 mM dextrose, 10 mM

HEPES, pH=7.4) for 30 min at 37 °C• • Excess dye was removed by washing the cells twice

with PBS and placing them into a 37 °C chamber on the stage of Olympus FluoView 1000.

0.5 ml ACSF-HEPES was added to the well to begin imaging. Images were captured every

1.137 seconds and fluorescence intensity is represented by a spectral table (warmer colors

represent higher intensity whereas cooler colors represent lower intensity). After 15~20

images, 0.5 ml ACSF-HEPES buffer containing the following compounds were added: 200

μM glutamate (final concentration 100 μM), 200 μM dopamine (final concentration 100
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μM), 100 mM KCl (final concentration 50 mM), 100 μM veratridine (final concentration 50

μM) or 200 μM ATP (final concentration 100 μM). A total of 100~200 images were

recorded and the data was analyzed by the FluoView 1000 software. Changes in the

fluorescence intensity of the Ca2+ signal are represented as Ft/F0, where Ft represents the

fluorescence intensity at time t after stimulation and F0 represents the fluorescence intensity

before stimulation. The percent of responsive cells is calculated as the number of cells with

a Ft/F0 signal greater than 20% divided by the total number of cells. A total of around 150

cells are counted for each experiment, and every experiment is repeated for 3 or more times.

2.8 Transfection

For siRNA silencing, siRNAs targeting CREB mRNA (CREB siRNA #1 and #2) as well as

a scramble siRNA (negative control) were purchased from Ambion. In brief, the transfection

reagent Lipofectamine RNAiMAX (Invitrogen) was diluted in Opti-MEM (Invitrogen)

reduced media The siRNAs were also diluted in Opti-MEM and then mixed with

RNAiMAX to allow the formation of siRNA-RNAiMAX complex at room temperature for

20 minutes. Cell culture medium was replaced with media without antibiotics. The siRNA-

RNAiMAX complexes were then added to the corresponding wells to reach a final

concentration of 10 nM siRNA. Medium was replaced after 4~6 hours incubation in a 5%

CO2 incubator at 37 °C• • Treatments were performed 24 hours from the start of silencing.

The constitutively active form CREB (VP16-CREB) and the dominant negative form CREB

(serine 133 mutated to alanine, named M1-CREB) and the empty vector pCMV are kind

gifts from Dr. David Ginty. In brief, cells were transfected with 1.5 μg pCMV, VP16-CREB

or M1-CREB using Lipofectamine 2000 (Invitrogen) according to the manufacture's

instruction. Medium was replaced after 4~6 hours and cells were incubated in fresh culture

medium for up to 24 hours until treatment was carried out. For establish a stable cell line

expressing M1-CREB, BMSCs that are transiently transfected with M1-CREB for 24 hours

were trypsinized and replated at low density in media containing 500 μg/ml geneticin

(Invitrogen) for selection. For control, BMSCs were also transfected with an empty pCMV

vector containing neomycin resistance to establish a control cell line. The geneticin-

containing media was replaced every 3 days for two weeks. Colonies formed from surviving

cells were isolated by cloning cylinders (Sigma) and maintained in culture media containing

geneticin. Clone 2 from Fig. 3A was used for experiments in this study.

2.9 Statistical analysis

All experiments were performed at least three times and results were shown as mean ±

standard deviation. Statistical analysis were carried out by an unpaired, two tail Student's t-

test. * indicates p<0.05, ** indicates p<0.01 and *** indicates p<0.001.

3. Results

3.1 BMSCs but not fibroblasts are responsive to dopamine and KCl

In our previous study, we reported that BMSCs exhibited enhanced calcium response upon

stimulation by dopamine and KCl when the cells were treated with 10 μM forskolin and 100

μM IBMX (reagents used to increase cAMP levels, abbreviated as FI) [23]. Fibroblasts,
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which share many mesenchymal phenotypes with BMSCs [45], showed similar

morphological changes upon FI treatment and these morphological changes remain at one

day post treatment (Supplementary Fig. S1) [23]. Since FI-induced morphological changes

are not unique to BMSCs and also occurred in fibroblasts, we therefore set out to determine

if the ability of BMSCs to generate enhanced calcium signal after FI induction is a universal

effect due to the FI treatment. Although some control BMSCs were responsive to dopamine

and KCl stimulation (Supplementary Fig. S2), FI treatment further increased the number of

cells responsive to dopamine and KCl (Fig. 1). Unlike the BMSCs, neither control

fibroblasts nor FI-treated fibroblasts were responsive to dopamine or KCl stimulation

(Supplementary Fig. S2 and Fig. 1). These results suggest that although FI induced

morphological changes in both BMSCs and fibroblasts, it resulted in dopamine and KCl

responses only in BMSCs. As the morphologies of the FI-treated fibroblasts were altered

dramatically, we evaluated whether the decrease or loss of response to dopamine and KCl

was through general damage of membrane bound channels and intracellular calcium stores

such as ER. We applied a positive control, ATP, which can cause calcium influx through the

P2X inotropic receptors, and cause calcium release from ER through stimulating

Ins(1,4,5)P3 production by binding to the P2Y metabotropic receptors [46, 47]. The FI-

treated fibroblasts were able to respond to ATP similarly as the FI-treated BMSCs (Fig. 1),

suggesting that the lack of calcium rise in response to dopamine and KCl is not likely due to

general damage to the membrane bound channels or ER. These results indicate that the

ability of BMSCs to respond to dopamine and KCl is not a universal effect of cAMP

treatment.

3.2 Silencing of CREB reduces the number of dopamine and KCl responsive cells in cAMP
induced BMSCs

CREB was transiently activated by cAMP in BMSCs as indicated by our previous study

[23]. To determine if CREB plays a role in modulating calcium signal, we silenced CREB in

BMSCs and assessed the dopamine and KCl response upon cAMP induction (Fig. 2). Upon

silencing with either a scramble siRNA (control) or CREB siRNA #1 (Fig. 2B) or CREB

siRNA #2 (Supplementary Fig. S3), the BMSCs in control medium or cAMP induction

medium were stimulated with dopamine or KCl. CREB siRNA silenced BMSCs in control

medium (no FI) responded similarly to the scramble siRNA silenced BMSCs. However, the

number of dopamine and KCl responsive cells were reduced in the CREB silenced BMSCs

when treated with FI for one day (Fig. 2C and 2D). Average fold change at peak intensity

for the responsive cells appears to be only slightly lower when CREB is knocked down (Fig.

2E and 2F). When the dopamine responsive cells were divided into four groups based on the

fold change (1.2-2.0, 2.0-3.0, 3.0-4.0 and >4.0 fold change), the FI treatment led to more

cells with stronger dopamine response, in particular, those with greater than 4-fold change

(Supplementary Fig. S4). Notably, no statistical difference was observed between cells

transfected with the scramble siRNA and CREB siRNA (Supplementary Fig. S4),

suggesting that CREB silencing reduced the number of dopamine and KCl responsive cells

but not the intensity of the calcium signal.
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3.3 Knock-down of CREB activity minimally affect calcium signaling in BMSCs without
cAMP treatment

To assess further the long term effect of CREB on calcium signaling, we engineered BMSCs

to stably express the dominant negative form of CREB (M1-CREB, whose serine 133 site is

mutated to alanine) and compared their response to BMSCs stably transfected with a control

vector that contains neomycin-resistance. BMSCs stably expressing M1-CREB, denoted as

M1-BMSCs, have higher total CREB expression than the control BMSCs (Fig. 3A). The

M1-BMSCs grew slightly slower as compared with the BMSCs expressing the control

vector (Fig. 3B) and are able still to form colonies (Fig. 3C). The intracellular calcium

stores, such as the Ins(1,4,5)P3 regulated calcium stores, also appear to be functioning

properly in the M1-BMSC when stimulated with the positive control ATP (Fig. 3D). The

response of the M1-BMSCs to dopamine and KCl is similar to BMSCs prior to FI treatment

(Fig. 3D). To assess whether knock-down of CREB activity affects the intensity of calcium

signal, fold change at the peak intensity for the individual cells were taken and averaged.

BMSCs and M1-BMSCs showed very similar average fold change for both dopamine and

KCl responses (Fig. 4A). When the cells were divided into different groups based on the

fold change at the peak intensity, no difference was observed between BMSCs and M1-

BMSCs (Fig. 4B and 4C), suggesting that knock-down of CREB activity did not influence

calcium signaling in the control condition.

Although individual cells respond differently to dopamine, the overall trend of their

response to dopamine and KCl over time is similar for the BMSCs and M1-BMSCs (Fig. 5).

However, the pattern of dopamine response and KCl response are quite different. While

dopamine elicited a stronger calcium signal which decayed rapidly (Fig. 5A), KCl

stimulated calcium signal is weaker and remained stable over time (Fig. 5B). In addition to

the different pattern, the dependence on the external calcium source also appears to differ for

dopamine and KCl. When calcium is removed from the external medium, the dopamine

responsive cells reduced to ~40% and almost no cells responded to KCl (Fig. 6A and 6B).

Average peak intensity of the dopamine response changed ~2.92-fold in the presence of

calcium, and ~2.56-fold in the absence of calcium. The difference between the two

conditions is not statistically significant, with a p-value of 0.059. However, more cells

generated stronger dopamine response in the presence of calcium (Fig. 6C). When the

dopamine responsive cells were separated into different categories based on their fold

change in peak intensity, significantly higher number of cells showed a greater than 3-fold

change in peak intensity (Fig. 6C), indicating the presence of external calcium not only

enabled more cells to respond to dopamine but also more cells to generate stronger

dopamine response. Peak intensity of KCl response changed 1.75-fold in the presence of

calcium, and almost zero in the absence of calcium. The loss of KCl responsive cells in the

absence of calcium indicates that calcium influx through membrane bound channels is

required for generating a robust KCl-induced calcium signal in the FI-treated BMSCs.

Unlike KCl, calcium signal elicited by dopamine is partially dependent on external calcium

influx. The reduction but not complete loss of dopamine responsive cells upon external

calcium removal suggests the dopamine responsive cells are likely generating calcium

signals from internal calcium stores. As such, the stronger signal generated by dopamine
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stimulation may due to the cumulative effect of both calcium influx and calcium release

from internal stores.

3.4 Knock-down of CREB activity greatly reduces calcium signaling in cAMP-induced
BMSCs

After FI induction for one week, however, M1-BMSCs lost their ability to respond to

dopamine as compared to BMSCs (Fig. 7A). Quantification of the results suggests that the

uninduced M1-BMSCs and uninduced BMSCs respond similarly to dopamine and KCl (Fig.

7B). However, the response of M1-BMSCs to dopamine and KCl reduced dramatically after

one week of FI induction (Fig. 7B). When a constitutively active form of CREB (VP16-

CREB) was transiently introduced into the M1-BMSCs, the number of dopamine responsive

cells was significantly increased, while the KCl responsive cells increased only slightly and

non-significantly (Fig. 7B), suggesting a role of CREB in the calcium rise in response to

these two modulators. Since the responses of the M1-BMSCs to dopamine and KCl were

compromised (Fig. 7B), we evaluated whether the cell integrity was affected after one week

of FI treatment. Apoptosis and necrosis staining indicate that ~93% of the attached BMSCs

and ~90% of the attached M1-BMSCs are still healthy (Supplementary Fig. S5), indicating

the reduction or loss of calcium response to dopamine and KCl stimulation is not likely from

loss of cellular integrity. Second, we used a positive control, ATP, to evaluate whether M1-

BMSCs are still able to generate calcium signal when stimulated. The M1-BMSCs induced

with FI for a week remained responsive to ATP (Fig. 7C), indicating that calcium signaling

is still functioning properly in cAMP induced M1-BMSCs, although these cells are

significantly less responsive to dopamine and KCl.

3.5 CREB alters expression of certain dopamine receptors

As the dopamine response is stronger and more robust as compared to the KCl response, we

focused further analysis on the dopamine response. To investigate how CREB modulates the

calcium signaling upon stimulation by dopamine, we assessed whether CREB could

modulate the transcription of dopamine receptors. To our surprise, knock down of CREB

activity increased rather than decreased the mRNA levels of the dopamine receptor D1 (Fig.

8A). The mRNA levels of the dopamine receptor D2 was undetectable while the dopamine

receptors D3, D4 and D5 were not affected by knocking-down CREB activity in the BMSCs

(Fig. 8A). When the BMSCs were treated with FI, D1 mRNA increased ~3.2 fold as

compared to control BMSCs (Fig. 8A). After FI treatment, D1 mRNA level was

significantly higher in M1-BMSCs than in BMSCs (Fig. 8A). Since the D1 mRNA level

exhibited greater differential change with both CREB knock-down and FI treatment, we

further assessed the regulation of D1 by overexpression and silencing studies.

Overexpression is achieved by introducing the constitutively active form of VP16-CREB

and silencing through CREB siRNA #1. Overexpression of CREB led to a ~20% reduction

in D1 mRNA level, silencing resulted in approximately 60% increase in D1 mRNA level

(Fig. 8B), These results support our observation that knocking down CREB activity in the

M1-BMSCs caused an increase in D1 mRNA levels after FI treatment for 7 days.

Promoter analysis revealed that the D1 promoter contains a half CRE site that could be

regulated by the CREB/ATF family transcription factors (Supplementary Fig. S6A). CREB
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is a transcriptional activator, and thus knock-down of CREB is expected to increase rather

than decrease D1 gene expression. A potential reason for the upregulation of D1 mRNA

after CREB knock-down is: while CREB is an activator of the cAMP-responsive genes, it

could induce the expression of a transcriptional inhibitor, inducible cAMP early repressor

(ICER), which could compete with CREB for binding to the CRE sites to thereby repress the

transcription of cAMP-responsive genes [19]. We observed that cAMP treatment resulted in

a constant upregulation of ICER (Supplementary Fig. S6B). It is possible that ICER could

bind to the CRE site and inhibit D1 transcription. Therefore, when CREB activity is

knocked down, expression of ICER would be inhibited, thereby relieving the transcriptional

inhibition of D1. Alternatively, CREB may modulate D1 transcription indirectly through the

regulation of other transcription factors. We have observed that c-fos was transiently

upregulated by cAMP (Supplementary Fig.S6C). c-fos has been shown to upregulate Sp3

[48], a transcription factor that inhibit D1 expression [49]. Therefore, it could be possible

that CREB indirectly inhibits D1 transcription by upregulating c-fos expression, which

increases Sp3 expression and in turn represses D1 transcription.

While D1 mRNA level is higher in the M1-BMSCs as compared to the BMSCs upon FI

treatment, the change in protein level was reversed. Immunoblotting results suggest that the

M1-BMSCs treated with FI for 7 days express less D1 than the BMSCs treated with FI for 7

days (Fig. 8C). The immunostaining results further confirmed the immunoblotting results,

i.e. down-regulating CREB activity decreased the dopamine receptor D1 protein level.

Fluorescence intensity of individual M1-BMSCs (expressing M1-CREB) immunostained

against the D1 antibody also appeared to be lower than that of the control BMSCs (Fig. 8D

and 8E). The reduced protein levels of dopamine receptor D1 could contribute, in part, to the

reduced dopamine response in M1-BMSCs.

4. Discussion

In this study, we have shown that CREB plays an important role in regulating the calcium

signal induced by dopamine and KCl in cAMP-induced BMSCs. Both silencing CREB and

a dominant negative CREB (M1-CREB) reduced the calcium response (Fig. 2 and 7), and

reintroducing a constitutively active CREB into the M1-BMSCs partially restored the

calcium response (Fig. 7B), implicating a role of CREB in the regulation of calcium

signaling. One possible reason for the partial, i.e. incomplete, restoration after reintroducing

the constitutively active CREB (VP-CREB) is the transient transfection in which not all of

the cells present are transfected. However, the transfection efficiency is sufficiently high

(>60%) for assessing the effect of VP-CREB on calcium imaging in the M1-BMSCs.

How CREB regulates calcium signaling remains a mystery. Potential mechanisms could

involve the down-regulation of the membrane receptors that respond to the modulators. We

investigated the impact of CREB on the expression of the dopamine receptors, since

dopamine elicited the most robust response. Knock-down of CREB activity in the M1-

BMSCs reduced the protein level of D1 (Fig. 8C, 8D and 8E). A reduction of the dopamine

receptors could contribute, in part, to the observed reduction in the dopamine response.

However, this does not preclude other mechanisms that might contribute to the CREB-

mediated calcium response elicited by dopamine. One of the mechanisms that the D1
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receptor modulate intracellular calcium signaling is through stimulating phospholipase C

(PLC) activity, which leads to hydrolysis of phosphatidylinositol (PI) and subsequent

production of inositol 1,4,5-trisphosphate (Ins(1,4,5)P3) that triggers calcium release from

internal stores [17]. In addition, signaling initiated by the D1 receptor may result in calcium

channel phosphorylation and affect its activity. It has been shown that calcium currents in rat

striatal neurons is blocked by PKA inhibitors [50]. Recent identification of the dopamine-

receptor interacting proteins (DRIPs) adds another level of complexity to dopamine

stimulated calcium signaling. The DRIP proteins includes a cohort of receptors and

channels, cytoskeletal proteins, signaling proteins, and adaptors that act in concert to

transduce dopamine stimulated calcium signal [51]. Moreover, dopamine can also generate

calcium through potentiation of the N-methyl-D-aspartate (NMDA) receptor. A previous

study demonstrated that application of a D1 agonist increased the activity of NMDA

receptors [52]. Another study indicated that NMDA receptors are expressed on rat BMSCs

[53]. Therefore, it is likely that CREB could have both direct and indirect effects on the

calcium signal elicited by dopamine. Taken together, calcium signal generated by dopamine

stimulation can be regulated by a number of mechanisms and is quite complicated. In

contrast, calcium signal generated by KCl stimulation is relatively simpler and mainly

occurs through activation of voltage-gated calcium channels (VGCCs) by depolarizing the

membrane. The mechanistic difference upon dopamine and KCl stimulation could explain in

part the differential calcium signaling patterns (Fig. 5). VGCCs are composed by a complex

of proteins, including a pore forming α1 subunit (10 known isoforms), a transmembrane α2

and δ subunit (4 known isoforms), an intracellular β subunit (4 known isoforms), and

sometimes a transmembrane γ subunit [54]. Li and co-workers reported that the L-type

calcium channel α2 subunit (CCHL2a) is expressed in rat BMSCs [16]. It is postulated that

KCl induced calcium signal in cAMP-induced BMSCs could occur through activation of

certain types of VGCCs, however, further experiments are required to characterize the

specific channels. Since the regulation of the calcium response by the modulators used in

this study involves a variety of signaling components [17, 54-56], unraveling the complete

mechanism by which CREB regulates calcium signaling remains an important task for the

future.

It is unclear why the D1 mRNA level increased while its protein level decreased. In fact,

many times mRNA and protein levels poorly correlate with each other due to several

reasons: complex posttranscriptional regulation, varied protein half life, and noise in data

processing [57]. As an example, D1 expression can be posttranscriptionally regulated by

microRNAs (miRNAs), which bind to the 3′-untranslated (3′-UTR) regions of the mRNA

and suppress translation [58]. A recent study suggested that the expression of D1 can be

modulated by miRNA miR-504 [59], although it is unknown how miR-504 expression is

regulated. Analysis of the miR-504 promoter region reveals that it contains a half CRE site

(TGACG), indicating that it could be regulated by CREB [60, 61]. Thus a possible scenario

is that knock-down of CREB activity results in an upregulation of the miR-504 levels

through a yet unknown mechanism, to downregulate the D1 protein level.

In addition to the impact on calcium signaling, knock-down of CREB activity also appeared

to affect the cell morphology. The M1-BMSCs initially appeared similar to the BMSCs, but

continuous remodeling of the cytoskeleton during FI induction resulted in long projections
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in the M1-BMSCs (Supplementary Fig. S7). Potential regulators of the morphological

changes are the Rho GTPase family proteins, Rho, Rac and Cdc42, which are key players in

regulating cytoskeletal reorganization [62]. Activity of Rho GTPases is regulated by the

association with GTP (active state) or GDP (inactive state) [63]. Guanine nucleotide

exchange factors (GEFs) are Rho activators which switch Rho to a GTP-bound state,

whereas GTPase-activating proteins (GAPs) are inhibitors which switch Rho to a GDP-

bound state [63, 64]. It has been shown that CREB can transcriptionally regulate a RhoA

GTPase named p190RhoGAP [65] and two p190RhoGAP inhibitors, Par6C and Rnd3 [66].

In addition, a search of a CREB target gene database suggests that the Rho signaling

downstream component, p21-activated kinase 1 (PAK1), can also be transcriptionally

regulated by CREB [61]. Therefore, it is possible that knock-down of CREB activity

influences the Rho signaling pathway and in turn modulates cytoskeletal changes in the

cAMP-induced BMSCs.

In conclusion, we examined the role of CREB in mediating calcium signaling elicited by

modulators in cAMP-induced BMSCs. The absence of CREB activity greatly reduced the

calcium response to dopamine and KCl in cAMP-induced BMSCs. The lack of CREB

activity also appears to result in dramatic morphological changes and render the cells more

prone to apoptosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• BMSCs but not fibroblasts are responsive to dopamine and KCl.

• Silencing of CREB reduces the number of dopamine and KCl responsive cells in

cAMP induced BMSCs.

• Knock-down of CREB activity minimally affect calcium signaling in BMSCs

without cAMP treatment.

• Knock-down of CREB activity greatly reduces calcium signaling in cAMP-

induced BMSCs.

• CREB alters expression of certain dopamine receptors.
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Fig. 1.
BMSCs and fibroblasts in response to dopamine, KCl and ATP stimulation. BMSCs and

fibroblasts were treated with 10 μM forskolin and 100 μM IBMX (FI) for 1 day. After FI

treatment, cells were loaded with Fluo-4 and images were taken under time-lapse mode

upon stimulation with 100 μM dopamine, 50 mM KCl or 100 μM ATP. Representative

images before stimulation and 16 seconds after stimulation are shown. Fluorescence images

represented by a spectral table; warmer colors indicate higher fluorescence intensities

(yellow to red) and cooler colors indicate lower fluorescence intensities (blue to green). The

basal fluorescence intensity is blue or very light green, which is around 500 relative

fluorescence units (RFU). When the cells were stimulated, the highest RFU that was

obtained was around 3000 (colored red) and the majority of the responsive cells had RFU

between 1000~2000 (colored yellow to red). Gain and offset were held constant in each

experiment (before stimulation until the end of stimulation). Scale bar: 50 μm.
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Fig. 2.
Calcium response to dopamine and KCl stimulation after silencing of CREB. (A) Calcium

imaging in response to dopamine and KCl. BMSCs were transfected with scramble siRNA

(Scbsi) or CREB siRNA (CREBsi) and induced with 10 μM forskolin and 100 μM IBMX

(FI) for 1 day. Representative images before dopamine stimulation and 18 seconds after

dopamine stimulation were presented. Fluorescence images were represented by a spectral

table; warmer colors indicate higher fluorescence intensities (yellow to red) and cooler

colors indicate lower fluorescence intensities (blue to green). Gain and offset are held

constant in each experiment (before stimulation until the end of stimulation). Scale bar: 50

μm. (B) Protein levels of CREB for cells transfected with scramble or CREB siRNA and

incubated in the absence (−) or presence (+) of FI. (C-D) Quantification of the percentage of
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cells responsive to dopamine (C) and KCl (D) (n=4). (E-F) Quantification of average fold

change at peak intensity for cells responsive to dopamine (E) and KCl (F) (n=3). *: p <0.05,

**: p <0.01, ***: p <0.001.
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Fig. 3.
Evaluation of BMSCs expressing the dominant negative CREB (M1-CREB). (A) Expression

of CREB in BMSCs expressing the control vector and BMSCs expressing the dominant

negative M1-CREB (M1-BMSCs). Clone 2 in (A) was used for the following experiments.

(B) Proliferation curves for BMSCs and M1-BMSCs during culture. (C) Colony formation

of M1-BMSCs (expressing M1-CREB). (D) Calcium signaling upon stimulation by ATP,

dopamine and KCl in BMSCs and M1-BMSCs. Cells were loaded with Fluo-4 and images

were taken under time-lapse mode upon stimulation with 100 μM ATP, 100 μM dopamine

or 50 mM KCl for a total of around 100 seconds. Fluorescence images represented by a

spectral table; warmer colors indicate higher fluorescence intensities and cooler colors

indicate lower fluorescence intensities. Gain and offset were held constant in each

experiment (before stimulation until the end of stimulation). Scale bar: 50 μm.
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Fig. 4.
Quantification of fold changes of dopamine and KCl responsive cells. (A) Quantification of

average fold change at peak intensity for cells responsive to dopamine and KCl in BMSCs

and M1-BMSCs (n=3). (B) Distribution of dopamine responsive BMSCs and M1-BMSCs

into different categories (<=1.2 (non-responsive), 1.2-2.0, 2.0-3.0, 3.0-4.0 and >4.0) based

on the fold change at peak intensity (n=3). (C) Distribution of KCl responsive BMSCs and

M1-BMSCs into different categories (<=1.2 (non-responsive), 1.2-2.0, 2.0-3.0, 3.0-4.0 and

>4.0) based on the fold change at peak intensity (n=3).
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Fig. 5.
Fluorescence intensity profiles of uninduced BMSCs and M1-BMSCs stimulated by

dopamine and KCl. (A) Fluorescence profile for five representative cells stimulated with

100 μM dopamine. Fluorescence intensity at time t (Ft) is normalized to fluorescence

intensity at the starting point (F0). Arrows indicate the time of dopamine addition. (A)

Fluorescence profile for five representative cells stimulated with 50 mM KCl. Fluorescence

intensity at time t (Ft) is normalized to fluorescence intensity at the starting point (F0).

Arrows indicate the time of KCl addition
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Fig. 6.
Increase in calcium signal upon agonist stimulation requires calcium influx. (A) Calcium

imaging in response to dopamine and KCl stimulation. BMSCs were treated with 10 μM

forskolin and 100 μM IBMX (FI) for 1 week before stimulation. After FI treatment, cells

were loaded with Fluo-4 in ACSF-HEPES buffer or calcium-free ACSF-HEPES buffer. To

check whether calcium influx is the mechanism for signal increase, either ACSF-HEPES

buffer or calcium-free ACSF-HEPES buffer was used during imaging. Images were taken

under time-lapse mode upon stimulation with 100 μM dopamine or 50 mM KCl.

Representative images before stimulation and 9 seconds after stimulation are shown.

Fluorescence images represented by a spectral table; warmer colors indicate higher

fluorescence intensities (yellow to red) and cooler colors indicate lower fluorescence

intensities (blue to green). Gain and offset are held constant in each experiment (before

stimulation until the end of stimulation). Scale bar: 50 μm. (B) Quantification of dopamine

and KCl responsive cells in the presence (+Ca) or absence (−Ca) of calcium (n=4). (C)

Distribution of dopamine responsive cells into different categories (1.2-2.0, 2.0-3.0, 3.0-4.0

and >4.0) based on the fold change at peak intensity (n=3). **: p <0.01, ***: p <0.001.
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Fig. 7.
Calcium response upon stimulation by dopamine and KCl in cAMP-induced cells. (A)

BMSCs (expressing control vector) and M1-BMSCs (expressing M1-CREB) before

dopamine stimulation and 12, 34 and 56 seconds after 100 μM dopamine stimulation. Cells

were induced with 10 μM forskolin and 100 μM IBMX (FI) for 7 days before dopamine

stimulation. Scale bar: 50 μm. (B) Quantification of the percentage of cells that respond to

dopamine and KCl (n=4). Ctrl: control cells; M1: M1-BMSCs; FI7d: control cells treated

with FI for 7 days; M1 FI7d: M1-BMSCs treated with FI for 7 days; M1+pCMV FI7d: M1-
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BMSCs transfected with control pCMV vector and treated with FI for 7 days; M1+VP-

CREB FI7d: M1-BMSCs transfected with the constitutively active VP16-CREB and treated

with FI for 7 days. *: p <0.05; **: p<0.01, ***: p <0.001; NS: not significant. (C) Calcium

imaging in response to the positive control ATP for M1-BMSCs induced with FI for 7 days.

Cells were loaded with Fluo-4 and stimulated with 100 μM ATP. Representative images

before ATP stimulation and 8, 20 and 40 seconds after ATP stimulation were shown. Scale

bar: 50 μm.
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Fig. 8.
Expression of dopamine receptors. (A) mRNA levels of dopamine receptors D1, D3, D4 and

D5 for control cells and cells treated with 10 μM forskolin and 100 μM IBMX (FI) for 7

days (n=3). BMSCs: expressing the control vector; M1-BMSCs: expressing M1-CREB. (B)

D1 mRNA levels for BMSCs with CREB overexpression or silencing. CREB

overexpression was achieved by transfection of the constitutively active VP16-CREB

(denoted as VP-CREB) and silencing was achieved by CREB siRNA #1. pCMV and

scramble siRNA were used as controls (n=5). The western blot insert in figure (B) indicates

the overexpression and silencing results of CREB. Endogenous CREB is denoted as

endoCREB. (C) Protein levels of dopamine receptor 1 (D1) for BMSCs and M1-BMSCs

treated with FI for 7 days (n=3). (D) Dopamine receptor D1 staining for BMSCs. (E)

Dopamine receptor D1 staining for M1-BMSCs. Green: D1 staining; blue: nucleus staining.

*: p<0.05. **: p<0.01, ***: p<0.001.
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