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Abstract The intracellular second messenger cAMP is

frequently used in induction media to induce mesenchymal

stem cells (MSCs) into neural lineage cells. To date, an

understanding of the role cAMP exerts on MSCs and

whether cAMP can induce MSCs into functional neurons is

still lacking. We found cAMP initiated neuron-like mor-

phology changes early and neural differentiation much

later. The early phase changes in morphology were due to

cell shrinkage, which subsequently rendered some cells

apoptotic. While the morphology changes occurred prior to

the expression of neural markers, it is not required for

neural marker expression and the two processes are dif-

ferentially regulated downstream of cAMP-activated

protein kinase A. cAMP enabled MSCs to gain neural

marker expressions with neuronal function, such as, cal-

cium rise in response to neuronal activators, dopamine,

glutamate, and potassium chloride. However, only some of

the cells induced by cAMP responded to the three neuronal

activators and further lack the neuronal morphology, sug-

gesting that although cAMP is able to direct MSCs towards

neural differentiation, they do not achieve terminal

differentiation.
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Abbreviations

cAMP Cyclic adenosine monophosphate

MSCs Mesenchymal stem cells

PKA Protein kinase A

PKAc PKA catalytic subunit

pPKAc Threonine 197 phosphorylated PKAc

SCI Spinal cord injury

IBMX Isobutylmethylxanthine

FI Forskolin and IBMX

ActD Actinomycin D

CHX Cycloheximide

Ptx Paclitaxel

PI Propidium iodide

NSE Neuron-specific enolase

Tuj1 b-III Tubulin

GFAP Glial fibrillary acidic protein

CREB cAMP response element binding protein

pCREB Serine 133 phosphorylated CREB

Introduction

Mesenchymal stem cells (MSCs) are adult stem cells with

multipotency to differentiate into mesodermal lineage cells

such as osteoblasts [1], adipocytes [2], and chondrocytes

[3]. Studies also suggested that these cells have the

potential to transdifferentiate into other lineages, such

as hepatocytes [4], cardiomyocytes [5], neurons [6], and
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astrocytes [7]. Several recent studies indicated that the

shape of the cell [8] guided by surface cues [9], and matrix

elasticity [10] can influence the lineage commitment of

stem cells. Thus, these studies suggest that the surface is as

important, if not more so, in directing cell lineage and

guiding function to follow form. In contrast, we found that

cyclic adenosine monophosphate (cAMP) induced the

function but not the form.

cAMP is a soluble, biochemical cue that is frequently

used either alone [11] or in combination with other factors

[12–14] to induce neural differentiation of MSCs. cAMP

initiated transient neuron-like morphology changes that

lasted only a few hours. This morphology change was the

result of cell shrinkage and did not contribute to the later

phase neural differentiation. Similarly, studies using

b-mercaptoethanol (BME), dimethyl sulfoxide (DMSO),

and butylated hydroxyanisole (BHA) to induce neural

differentiation of MSCs have attributed the neuron-like

morphology to an artifact of cell shrinkage rather than

neurite outgrowth [15]. However, unlike BME, which

induced changes in morphology for up to 24 h [15], cAMP

initiated a transient change in morphology for up to 3 h that

decreased over time.

The classical cAMP signaling pathway involves acti-

vation of PKA, which is composed of two catalytic

subunits, PKAc, and two regulatory subunits, PKAr [16].

Binding of cAMP to the regulatory subunits dissociates

PKAr from PKAc, thereby enabling the activation of PKAc

[17]. Signaling events initiated by PKAc play important

roles in regulating cell death and survival [18, 19], cell

movement and structure [20], as well as differentiation

[21, 22]. We investigated whether PKA is involved in

regulating both the morphology changes and neural dif-

ferentiation and function and whether neural differentiation

is contingent upon the changes in morphology.

Although cAMP has been shown to induce neural

marker expression [11, 13], we show that cAMP also

induced a calcium rise, an indicator of neural function, that

persisted for at least 1 week. We found that MSCs showed

differential responses to neuronal activators (i.e., dopa-

mine) despite the lack of neuron-like morphology, thus

cAMP is able to facilitate neural differentiation but by

itself is not sufficient to induce MSCs to terminally dif-

ferentiated neurons.

Materials and methods

Materials

Forskolin (Sigma, St. Louis, MO, USA) and isobutylmeth-

ylxanthine (IBMX) (Sigma) were used to increase intra-

cellular cAMP levels at concentrations of 10 and 100 lM,

respectively. H89 (Sigma) and Rp-cAMPS (Sigma) were

used as PKA inhibitors at concentration of 2.5 and 10 lM.

Actinomycin D (ActD) (Sigma) was used to inhibit tran-

scription at concentration of 1 lg/ml. Cycloheximide (CHX)

(Sigma) was used to inhibit translation at concentration of

10 lg/ml. Paclitaxel (Ptx) (Sigma) was used to stabilize

microtubules at concentration of 0.4 lM. The three neuronal

activators used during calcium imaging were: 100 lM

dopamine (Sigma), 100 lM glutamate (Sigma) and 50 mM

KCl (J.T. Baker, Phillipsburg, NJ, USA).

Cell isolation and culture

All procedures in the cell isolation were approved by the

Institutional Animal Care and Use Committee at Michigan

State University. Bone marrow mesenchymal stem cells

were isolated from 6 to 8-week-old Sprague-Dawley

female rat as previously described [23]. In brief, femurs

and tibias from 6 to 8-week-old rat were dissected and the

two ends were cut open. The marrow was flushed out with

DMEM using a needle and syringe. The cell suspension

was filtered through a 65-lm nylon 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 lg/ml streptomycin

(Invitrogen) and 100 U/ml penicillin (Invitrogen) and

placed in an incubator with a humidified atmosphere con-

taining 5% CO2 at 37�C. Non-adherent cells were removed

on the second day after plating. Media was replaced every

3–4 days until the cells reached 80–90% confluence.

Confluent cells were detached by 0.25% trypsin–EDTA

(Invitrogen) and plated for further experiments.

Primary cortical neurons were isolated as described in

[24]. In brief, animal heads were decapitated from 1-day-old

Sprague-Dawley rat pups. Cortical neurons were obtained

from the brain and cultured on poly-L-lysine-coated plates in

cortical media [DMEM (Invitrogen) supplemented with

10% horse serum (Sigma), 2 mM glutamine (Invitrogen),

100 lg/ml streptomycin (Invitrogen) and 100 U/ml peni-

cillin (Invitrogen)] in an incubator with a humidified

atmosphere containing 5% CO2 at 37�C. Cells were used

within 3 days after isolation.

Live cell imaging

Cells were cultured in a four-well chambered glass bottom

plate (Thermo Fisher Scientific, Rochester, NY, USA). Before

taking images, the media was changed to 0.5 ml Leibovitz

(Liz) media (Sigma). The plate was mounted in a temperature-

controlled chamber set at 37�C on the microscope station and

then 0.5 ml Liz media containing 20 lM forskolin and

200 lM IBMX was added to the chambered well to achieve a

final concentration of 10 lM forskolin and 100 lM IBMX.
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Phase-contrast images were captured by confocal microscope

Olympus FluoView 1000 at 5-min intervals.

cAMP assay

Intracellular cAMP levels were measured by a competitive

immunoassay from Assay Designs (Assay Designs, Ann

Arbor, MI, USA) according to the manufacturer’s

instructions. In brief, cells were lysed with 0.1 M HCl and

the supernatant collected. The cAMP in the samples or

standards was allowed to bind to a polyclonal cAMP

antibody in a competitive manner with alkaline phospha-

tase-conjugated cAMP. Cleavage of a substrate by the

alkaline phosphatase is inversely proportional to the cAMP

level in the samples or standards. Colorimetric readings

were taken by SPECTRAmax plus384 from Molecular

Device at 405 nm. All the readings were normalized to

protein levels (lg/ml) by Bradford assay.

Caspase 3 activity assay

Caspase 3 activity was measured by a kit from BIOMOL

(BIOMOL, Plymouth Meeting, PA, USA) according to the

manufacturer’s instructions. Briefly, cell extracts were

incubated with substrate Ac-DEVD-AMC. The cleavage of

the substrate generates fluorescence which is proportional

to the concentration of active caspase 3 in the cell extracts.

Fluorescence was measured by Spectra MAX GEMINI EM

plate reader at excitation of 360 nm and emission of

460 nm. All the readings were normalized to protein levels

(lg/ml) by Bradford assay.

Western blot

Whole-cell extracts lysed with CelLytic (Sigma) were

assayed for protein concentrations by Bradford assay (Bio-

Rad, Hercules, CA, USA). Protein samples of 15–30 lg

were separated by 10% Tris–HCl gel and transferred to

nitrocellulose membrane. Membranes were then blocked in

5% milk and 0.05% Tween 20–TBS (Tris buffered saline)

(USB corporation, Cleveland, OH, USA) for 1 h and

incubated with primary antibodies, NSE (neuron-specific

enolase) (BIOMOL, Plymouth Meeting, PA, USA), Tuj1

(bIII-tubulin) (Millipore, Billerica, MA, USA), GFAP

(Glial fibrillary acidic protein) (DAKO, Carpinteria, CA,

USA), GAPDH (Cell Signaling, Danvers, MA, USA),

PKAc (R&D Systems, Minneapolis, MN, USA), pPKAc

(Cell Signaling), ser133 phosphorylated CREB (pCREB)

(EMD Chemicals, Gibbstown, NJ, USA) and ICER (a kind

gift from Dr. Carlose Molina) overnight at 4�C. Anti-

mouse or anti-rabbit HRP-conjugated secondary antibody

(Thermo Scientific, Rockford, IL, USA) were added the

second day after primary antibody incubation. The blots

were incubated for 1 h and then washed three times with

0.05% Tween 20–TBS. The blots were then visualized by

SuperSignal west femto maximum sensitivity substrate

(Thermo Scientific).

Immunocytochemistry

For staining against Tuj1, cells were fixed in PBS con-

taining 3.7% formaldehyde for 15 min and permeabilized

with 0.5% Triton X-100 (Research Products Internationals,

Mt. Prospect, IL, USA) for 20 min at room temperature.

After washing with PBS three times, the cells were blocked

in 1% BSA (bovine serum albumin) (US Biological,

Swampscott, MA, USA) for 20 min and incubated with

Tuj1 (Millipore) antibody at room temperature for 1 h.

Cells were then washed with PBS three times and incu-

bated with Alexa Fluor 488-conjugated anti-mouse IgG

secondary antibody (Invitrogen) for 1 h at room tempera-

ture. Stained glass coverslips were washed three times with

PBS and mounted in ProLong Gold (Invitrogen). Fluores-

cence images were taken by confocal microscope Olympus

FluoView 1000.

Triple staining for actin filaments, microtubules and

nucleus was performed as previously described [25]. In

brief, actin filaments were stained with Texas Red-X

phalloidin (Invitrogen), microtubules were stained with

a-tubulin (Invitrogen) primary antibody followed by Alexa

Fluor 488-conjugated anti-mouse IgG secondary antibody

(Invitrogen), and the nucleus was stained with DAPI (40,
6-diamidino-2-phenylindole) (Invitrogen). Stained glass

coverslips were mounted in ProLong Gold (Invitrogen).

Fluorescence images were taken by confocal microscope

Olympus FluoView 1000.

Annexin V and PI (propidium iodide) staining

Apoptosis and necrosis were measured by the annexin V

and PI (propidium iodide) staining kit (Invitrogen),

respectively, according to the manufacturer’s instructions.

In brief, cells were stained with Alexa Fluor 488-conju-

gated annexin V and PI in 1X annexin-binding buffer for

15 min 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.

Calcium imaging

Calcium imaging was performed according to the protocol

described in [26]. Cells were cultured in four-well cham-

bered cover-glass (Thermo Fisher Scientific). After the
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desired treatment, the cells were loaded with 4 lM 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 cells

with PBS twice placing into a 37�C chamber on the stage

of Olympus FluoView 1000. Then 0.5 ml ACSF–HEPES

was added to the well to begin imaging. Images were

captured every 1.137 s and fluorescence intensity is rep-

resented 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 con-

taining the following drugs was added: 200 lM glutamate

(final concentration 100 lM), 200 lM dopamine (final

concentration 100 lM), 100 mM KCl (final concentration

50 mM), or 200 lM ATP (final concentration 100 lM). A

total of 200–300 images were recorded and the data was

analyzed by the FluoView 100 software. Changes in the

fluorescence intensity of the Ca2? signal are represented as

F/F0. The percent of responsive cells is calculated as the

number of cells with a F/F0 signal greater than 20% divi-

ded by the total number of cells.

Cell counting

Cells were trypsinized by 0.25% trypsin–EDTA (Invitro-

gen, Carlsbad, CA, USA) and an equal volume of media

was added to inactivate the trypsin. Number of cells was

determined by diluting the cell suspension 1:1 with 0.4%

trypan blue (Sigma) and then counted on a hemocytometer.

Stable cell lines express dominant negative CREB

Mesenchymal stem cells were transfected with the empty

control pCMV vector containing neomycin resistance and

the dominant negative CREB mutant (serine 133 mutated to

alanine) M1-CREB (a kind gift from Dr. David Ginty) using

Lipofectamine 2000 (Invitrogen). Twenty-four hours after

transfection, the cells were trypsinized and replated at low

density in media containing 500 lg/ml Geneticin (Invitro-

gen) for selection. The Geneticin-containing media was

replaced every 3 days for 2 weeks. Colonies formed from

surviving cells were isolated by cloning cylinders (Sigma)

and maintained in culture media containing Geneticin.

Statistical analysis

All experiments were performed at least three times and

results are shown as mean ± standard deviation. Statistical

analysis was carried out by an unpaired, two-tail Student’s

t test. Asterisks indicate p \ 0.05; double asterisks indicate

p \ 0.01; and triple asterisk indicate p \ 0.001.

Results

cAMP induced early phase neuron-like morphology

changes

Deng et al. [11] showed that upon exposure of human MSC

to cAMP elevating agents, 1 mM dibutyryl cyclic AMP

(dbcAMP) and 0.5 mM IBMX, for 2 days, the cells exhibit

neuron-like morphology. However, we found that the neu-

ron-like morphology occurred much earlier than previously

reported. Uninduced MSCs exhibited flat-like morphology

(Fig. 1a), whereas MSCs induced with 10 lM forskolin and

100 lM IBMX (abbreviated as FI) showed neuron-like

morphology within an hour of induction (Fig. 1b). These

MSCs isolated from rat were characterized as described

previously [23]. They have the ability to self-renew as well

as undergo multilineage differentiation to other cell lin-

eages such as adipocytes and osteoblasts (Supplementary

Fig. S1). A recent study attributed the morphology change

to an artifact of cell shrinkage rather than neurite outgrowth

[15]. We imaged live cells to determine whether the neuron-

like morphology induced by cAMP was also a result of cell

shrinkage. As the induction time increases, the cytoskeleton

progressively retracts towards the cell center (Fig. 1c–f).

Microtubules and actin filaments staining confirmed the

reorganization and retraction of the cell body towards the

cell center. The retraction appears incomplete, with partial

disruption of the cytoplasm in some of the cells (Fig. 1b;

Supplementary Fig. S2, arrows). As with the previous study,

the cAMP-induced neurite-like structure is due to a dis-

ruption in the cytoskeleton and cell shrinkage rather than

neurite outgrowth.

Neuron-like morphology decreases along time

A large percentage of cells developed neuron-like mor-

phology within an hour after FI treatment (Fig. 2a, denoted

by the arrowhead), with an appreciable number still

showing neuron-like morphology 3 h later (Fig. 2b, k).

However, unlike the previous study with BME, which

showed continuous changes in morphology [15], the pop-

ulation of cells with altered morphology decreased with

increasing treatment time (Fig. 2k), with fewer cells

showing neuron-like morphology 6 (Fig. 2c), 12 (Fig. 2d),

and 24 h (Fig. 2e) after FI treatment. By the second day,

even with fresh induction media, essentially no change in

morphology was observed (Fig. 2f, g, k), which suggested

that the neuron-like morphology cannot be re-induced by

FI. Similar neuron-like morphology was initiated by the

apoptosis inducer staurosporine (Supplementary Fig. S3),

therefore we evaluated whether the morphology changes

induced by FI treatment were due to apoptosis. However,

the rise in apoptotic cells did not occur within the first 3 h
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after FI treatment (Fig. 2l), during which maximal changes

in morphology resulted (Fig. 2k), suggesting the change in

morphology was not likely due to apoptosis.

Morphology changes induced subsequent apoptosis

Changes in cell morphology and cytoskeletal structure can

switch cells from surviving to apoptotic [27, 28]. Disrup-

tion of the cytoskeletal structure can lead to cell rounding

and even detachment, which can result in anchorage-

dependent apoptosis called anoikis [29]. Since cAMP ele-

vation induced a disruption of the cytoskeletal structure in

the MSCs (Supplementary Fig. S2), we assessed whether

the morphology changes led to apoptosis. Initially, FI

treatment disrupted the cytoskeletal structure in a large

number of cells (Fig. 2a–c). However, most of the cells

with changes in morphology remained attached and apop-

tosis or necrosis was not observed within the first few hours

(Fig. 2l). As FI treatment continued, some cells that

underwent morphology changes began to round up (Sup-

plementary Fig. S4, arrows) and detach from the surface,

likely due to a loss in their ability to anchor (Supplemen-

tary Fig. S4, arrowhead). The cells that round up (Fig. 3a,

arrows) also showed positive staining against annexin-V

(Fig. 3b, c, arrows), indicating that they have become

apoptotic. The number of detached cells increased after

12 h, with cells floating after 24 h of treatment (data not

shown), corresponding to the time at which the cells

stained for apoptosis (Fig. 2l). Apoptosis increased sig-

nificantly after 24 h (Fig. 2l) and was further enhanced

after 48 h of FI treatment (denoted as day 2), albeit not

statistically (Fig. 3d). Since additional morphology chan-

ges did not occur on the second day of FI treatment

(Fig. 2k), i.e., very little cell rounding and detachment,

correspondingly, increases in apoptosis was not observed

(Fig. 3d). Concomitantly, caspase-3 activity, another indi-

cator of apoptosis, increased significantly upon FI

treatment but remained constant during the second day of

treatment (Fig. 3e). Accordingly, these results suggest that

a disruption of the cytoskeletal structure, induced upon

cAMP elevation, resulted in subsequent apoptosis of

*10% of the MSCs.

cAMP induced late phase neural differentiation

Unlike the early phase changes in morphology, which

occurred quickly, neural differentiation took much longer.

A previous study using DMSO/BHA to induce neural dif-

ferentiation of MSCs did not observe an increase in mRNA

level of neuron-specific enolase (NSE) [15], while we

observed an increase in both mRNA (Supplementary Fig.

S5) and protein levels (Fig. 4a) of neural markers. FI

treatment increased the expression of neuron markers,

NSE, and neuron-specific class b-III tubulin (Tuj1), as well

as astrocytic marker, glial fibrillary acidic protein (GFAP)

(Fig. 4a, c), but not within the first 6 h (Fig. 4b, d),

Fig. 1 a Morphology of uninduced MSCs. Microtubules (shown in

green); actin filaments (in red); nucleus (in blue). b Morphology of

MSCs treated with 10 lM forskolin and 100 lM IBMX (FI) for 1 h.

c–f Live cell images of cells treated with FI for 15 min (c), 30 min

(d), 45 min (e) and 60 min (f)
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whereas the changes in morphology peaked within the first

3 h (Fig. 2k). An increase in the expression of NSE and

Tuj1 was detected 12 h after FI treatment (Fig. 4d)

whereas an increase in GFAP was not detected until well

after 12 h (Fig. 4a), suggesting that neural marker

expression is a late-phase response as compared to the

morphology changes. Immunostaining for the neuronal

marker Tuj1 further supports the gradual increase in the

neural marker expression. Untreated cells do not express

Tuj1 (Fig. 4e), but a few cells gained Tuj1 expression after

2 days of FI treatment (Fig. 4f), with more cells expressing

Tuj1 a week after FI treatment (Fig. 4g). Nonetheless, the

cells that expressed Tuj1 look distinctly different from

primary neurons (Fig. 4h).

The induced cells also gained some neuronal function

despite their distinct lack of neuronal morphology and

features. Neuronal function was assessed with several

neuronal activators, (a) dopamine, which stimulates Ca2?

signal through the dopamine receptors [30] or through

potentiation of the N-methyl-D-aspartic acid (NMDA)

receptors [31], (b) KCl, which stimulates Ca2? signal

through voltage-gated ion channels [32], and (c) glutamate,

which induces Ca2? signal through the glutamate receptors

[33]. Figure 5a–d are representative images of FI treated

cells upon stimulation with 100 lM dopamine, with time-

dependent fluorescence intensity profiles of four individual

cells shown in Fig. 5b. Intracellular Ca2? levels remained

fairly constant before stimulation (Fig. 5a, e, position

Fig. 2 a–j Morphology of MSCs induced with 10 lM forskolin and

100 lM IBMX (FI) for different amount of time. Cells with changed

morphology appear as green dots (as indicated by the arrowheads) at

the magnification noted. a–e On day 1, cells treated with FI for 1, 3, 6,

12, and 24 h, respectively. f–j One day after FI treatment, cells treated

again with FI for 1, 3, 6, 12, and 24 h, respectively. k Quantification

of the percentage of cells with changed morphology (n = 3).

l Apoptotic and necrotic labeling by PI (propidium iodide) and Alexa

Fluor 488-conjugated annexin V, respectively, of cells treated with FI

for 1, 3, 6, 12, and 24 h. Early apoptotic cells, PI- annexin V? cells;

late apoptotic cells, PI? annexin V? cells; necrotic cells, PI? annexin

V- cells (n = 3). **p \ 0.01
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denoted by A). Shortly after dopamine supplementation

(Fig. 5e, arrow), some cells showed a Ca2? signal within

10 s (Fig. 5b, e, Cell-2 and Cell-4, position denoted by B),

and others peaked more slowly, taking up to 34 s (Fig. 5c, e,

Cell-1 and Cell-3). The pattern of Ca2? signaling also

varied, with some cells responding with a single Ca2? peak

(Fig. 5e, Cell-1 and Cell-3) and other cells being repeat-

edly excited (Fig. 5e, Cell-2 and Cell-4). Uninduced cells

and cells treated with FI for 1, 2, and 7 days were quan-

tified for their neuronal function upon stimulation by

dopamine, KCl, and glutamate (Fig. 5f). Around 40% of

the uninduced MSCs showed a response to dopamine,

which increased to 60% after 1 day and 80% after 7 days

of FI treatment (Fig. 5f). Only 12% of the uninduced MSCs

responded to KCl stimulation, which increased to 40%

after FI treatment (Fig. 5f). Few uninduced cells responded

to glutamate, with about 20% of the cells are glutamate

responsive after a week of FI induction (Fig. 5f). The

different percentage of cells that were responsive to

dopamine, KCl, and glutamate suggest that some of the

cells are able to respond to all three neuronal activators

while others respond to one or two. These results suggest

that FI induction enabled MSCs to gain some neuronal

function. However, the heterogeneity in their response to

neuronal activators (Fig. 5f), and the lack of neuronal

morphology (Fig. 4g) indicate that the cells are not ter-

minally differentiated.

PKA regulates both the changes in morphology

and neural marker expression

As shown above, the percentage of cells with changes in

morphology peaked an hour after FI treatment and

decreased with treatment time (Fig. 2k). The intracellular

cAMP levels paralleled the changes in morphology,

peaking also an hour after FI treatment and decreasing over

the next few hours to a constant level that was maintained

for the next 12 h (Fig. 6a). Although fresh media con-

taining FI was added on the second day, the intracellular

cAMP level did not increase (Fig. 6a), perhaps, because of

desensitization of the agonist-induced receptor [34]. Since

cAMP can trigger a variety of intracellular events through

the activation of the classical downstream component

protein kinase A (PKA) [16], we therefore assessed whe-

ther PKA activation is involved in regulating the changes

in morphology and neural marker expressions. The activity

of PKA can be determined by the level of phosphorylation

of threonine 197 on the PKA catalytic subunit (PKAc) [35,

36]. Upon FI treatment, phosphorylated PKA (pPKAc)

increased transiently and then returned to below basal

Fig. 3 a-c Phase-contrast and fluorescence images of apoptotic cells

labeled with Alexa Fluor 488-conjugated annexin V. Cells were

treated with 10 lM forskolin and 100 lM IBMX (FI) for 24 h.

a Phase-contrast image of MSCs treated with FI for 24 h. b Apoptotic

staining with Alexa Fluor 488-conjugated annexin V. c Overlay

image of (a) and (b). d Apoptotic and necrotic labeling by Alexa

Fluor 488-conjugated annexin V and PI (propidium iodide), respec-

tively, of control cells and cells treated with FI for 1 and 2 days. Early

apoptotic cells, PI- annexin V? cells; late apoptotic cells, PI?

annexin V? cells; necrotic cells, PI? annexin V- cells (n = 3).

e Caspase-3 activity of control cells and cells treated with FI for 1 and

2 days. *p \ 0.05, **p \ 0.01, ***p \ 0.001
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level, whereas the total PKAc level dropped continuously,

with both remaining stable after 1 day (Fig. 6b, c). Inhibiting

PKA activity with H89 prevented the FI-induced morphol-

ogy changes (Fig. 6d, e) as well as the neural marker

expressions (Fig. 6f, g). Similar results were obtained using

another PKA inhibitor Rp-cAMPS (Supplementary Fig. S6),

suggesting that PKA mediates the onset of both the mor-

phology changes and neural marker expression.

Morphology changes and neural marker expression

are differentially regulated

Although the changes in both morphology and neural marker

expression are regulated by PKA, the neuron-like morphol-

ogy occurs early and very quickly, whereas the neural marker

expressions appear much later and more slowly. Since the

morphology changes appear prior to changes in neural

marker expression (Figs. 1, 4), we assessed whether the

morphology changes are required and thus precede the gain

of neural marker expression. The microtubule stabilizer

paclitaxel (Ptx) was used to inhibit the changes in mor-

phology. Microtubules are dynamic polymers that undergo

polymerization and depolymerization powered by energy

from GTP hydrolysis [37]. Binding of Ptx to the microtu-

bules prevents the depolymerization and stabilizes the

microtubules [38]. Since dynamic polymerization and

depolymerization are required for the assembly of the mitotic

spindles, applying Ptx may cause mitosis inhibition and

subsequent apoptosis [39, 40]. To minimize the toxicity

induced by Ptx while still inhibiting the onset of morphology

changes, the cells were treated with FI in the presence of

0.4 lM Ptx for only 3 h and the media was subsequently

changed to FI media for another 21 h. Stabilized cytoskeletal

structure was maintained upon removal of Ptx from the FI

media (Supplementary Fig. S7). This could be due to the

inability of the media to initiate another intracellular cAMP

peak (Supplementary Fig. S8A) required for regulating the

morphology changes (Figs. 2k, 6a). The number of viable

cells 21 h after replacing the induction media (a total of

24 h including the 3-h pretreatment) remained constant,

thus Ptx exposure did not adversely affect cell viability

(Supplementary Fig. S8B). Although Ptx inhibited changes

in morphology (Fig. 7a, b), it did not prevent the increase in

neural marker expression (Fig. 7c, d), suggesting neuron-

like morphology is not required for neural markers

expression.

Fig. 4 Expression of neural markers, NSE, Tuj1, and GFAP.

a Protein levels of NSE, Tuj1, GFAP, and GAPDH of uninduced

cells (ctrl), cells treated with 10 lM forskolin and 100 lM IBMX (FI)

for 1 day (FI1d) and 2 days (FI2d). b Protein levels of NSE, Tuj1,

GFAP, and GAPDH of cells treated with FI for 0, 1, 3, 6, and 12 h.

c Quantification of NSE, Tuj1, and GFAP levels of the blots shown in

(a) (n = 3). d Quantification of NSE, Tuj1, and GFAP levels of the

blots shown in (b) (n = 3). *p \ 0.05; ***p \ 0.001. e–h Tuj1

staining of uninduced MSCs (e), MSCs treated with FI for 2 days

(f) and 7 days (g) and primary neurons (h)
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The morphology changes occur very quickly (begin-

ning minutes after FI treatment), thus it is unlikely that

gene or protein synthesis is required for this event.

Indeed, inhibiting transcription with actinomycin D

(ActD) and translation with cycloheximide (CHX) did not

impact the morphology changes (Fig. 7e, f), but did

reduce the neural marker expression upon treatment with

FI (Fig. 7g, h). Thus, transcription and translation are

required for neural marker expression. ActD and CHX

affects transcription and translation on a global level

and treatment for a long period may cause cell death.

Therefore, as with the paclitaxel treatment, the media

supplemented with ActD or CHX was replaced after 3 h

and the viability of the cells was assessed after 24 h of

treatment. Supplementing the FI treatment with ActD or

CHX did not significantly change the total number of

viable cells (Supplementary Fig. S8B).

Taken together, the early phase neuron-like morphology

changes do not rely on gene and protein synthesis, whereas

the late-phase neural marker expressions do. Correspond-

ingly, changes in morphology occur prior to but are not

required for the expression of neural markers. Therefore,

although both the morphology changes and the neural

marker expressions are regulated by PKA, they are dif-

ferentially regulated downstream of PKA.

Discussion

cAMP has been shown to play a positive role in the

regeneration of the central nervous system (CNS) [41–43].

A decrease in the neuronal cAMP level has been associ-

ated with loss in neuronal regenerative capacity [41],

whereas an increase in cAMP levels can promote axonal

regeneration [44]. In addition to directly stimulating neu-

ronal regeneration for neuronal repair, cAMP also can

indirectly facilitate neuronal repair by inducing adult stem

cells, such as MSCs, to differentiate into neural lineage

cells [11]. cAMP has been suggested to be one of the best

inducers of MSCs neural differentiation [13]. However,

the assessment of neural differentiation has been largely

based on the appearance of neuron-like morphology and

neural marker expression [11, 13]. MSCs treated with

cAMP-increasing agents (FI) achieved neuron-like mor-

phology (Fig. 1b), which was due to disruption of the

cytoskeleton and cell shrinkage (Fig. 1c–f) rather than

neurite outgrowth. Thus, the morphology changes are not

always a reliable assessment of neural differentiation. In

contrast to the early onset of changes in morphology,

expression of neural markers occurred much later. An

increase in the neural markers, such as NSE, Tuj1, and

GFAP became apparent a day after induction (Fig. 4a, c)

Fig. 5 Calcium imaging in response to neuronal modulators, dopa-

mine, glutamate, and KCl. a–d MSCs induced with 10 lM forskolin

and 100 lM IBMX (FI) for 1 day and stimulated with 100 lM

dopamine. Fluorescence images represented by a spectral table;

warmer colors indicate higher fluorescence intensities and cooler
colors indicate lower fluorescence intensities. Images were captured

before dopamine stimulation or 12, 34, and 82 s after dopamine

stimulation. e Fluorescence intensity profiles of four selected cells

shown in (b) over time. Arrow indicates the point of dopamine

addition. Annotation of A, B, C, D corresponds to the images in (a–d).

f Quantification of the percentage of uninduced MSCs, FI induced

MSCs for 1, 2, and 7 days that respond to 100 lM dopamine, 100 lM

glutamate and 50 mM KCl (n = 4). **p \ 0.01, ***p \ 0.001
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with some degree of neuronal function, i.e., rise in calcium

signaling in response to neuronal activators (Fig. 5). The

gain of neuronal function by MSCs upon induction with

cAMP alone has not been previously reported. Although

our results showed that cAMP enabled MSCs to obtain

neuronal function, the cells are at different stages with

respect to their ability to respond to the different neuron

activators. Some cells show a calcium rise upon stimula-

tion by all three neuronal activators, while others respond

to only one or two, or even none of the activators

(Fig. 5f). Since these cells do not show the morphology of

primary neurons (Fig. 4g), cAMP alone is unable to ter-

minally differentiate the MSCs into neural lineage cells.

The argument of whether MSCs can differentiate into

functional neurons in vitro and in vivo is rarely addressed.

A couple of transplantation studies indicated that MSCs

can differentiate towards neural lineage cells in vivo

[7, 45–48] and some of the differentiated cells were able

to gain neuronal functionality [48]. However, whether

these functional neurons are generated by MSCs through

differentiation or fusion of MSCs with existing neurons

remains unclear [49].

Our results point to differential regulation of the mor-

phology and neural marker expression downstream of

PKA. With respect to morphology, PKA can activate the

Src homology domain (SH)2-containing phosphotyrosine

phosphatase (SHP2) [50], which can then dephosphory-

late the focal adhesion protein paxillin and result in

Fig. 6 PKA regulates both morphology changes and neural markers

expressions. a Intracellular cAMP levels of control MSCs, MSCs

induced with 10 lM forskolin, and 100 lM IBMX (FI) for 1, 3, 6, 12,

and 24 h (Day 1), and MSCs induced again with FI for 1, 3, 6, 12, and

24 h, following a 24-h FI induction period (day 2) (n = 3). b Western

blotting results of PKAc and pPKAc levels of control MSCs, MSCs

induced with FI for 1, 3, 6, 12, and 24 h, and MSCs induced with FI

for 1, 6, and 24 h following a 24-h FI induction period. c Quantifi-

cation of PKAc and threonine 197 phosphorylated PKAc (pPKAc)

levels as in (b) (n = 4). *p \ 0.05, **p \ 0.01, ***p \ 0.001 as

compared with the corresponding control condition. d Phase-contrast

image of MSCs induced with FI for 1 h. e Phase-contrast image of

MSCs induced with FI in the presence of 2.5 lM PKA inhibitor H89

for 1 h. f Expression of neural markers, NSE, Tuj1, and GFAP, in

control MSCs, MSCs induced with 10 lM forskolin and 100 lM

IBMX (FI) for 1 day in the absence or presence of 2.5 lM PKA

inhibitor H89. g Quantification of Western-blot results as shown in

(a) (n = 3). *p \ 0.05, **p \ 0.01, ***p \ 0.001
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disassembly of the focal adhesion and subsequent loss of

actin stress fibers and cell rounding [50, 51]. Alternatively,

the cAMP-PKA signaling pathway may disrupt the cyto-

skeleton by inhibiting the Rho family GTPases, which play

important roles in modulating the cytoskeletal structure.

Rho GTPases can promote actin polymerization and stress

fiber formation by activating the polymerization factors

actin-related protein 2/3 (Arp2/3) and formin, and inhibit-

ing the depolymerization factor cofilin [52]. They can also

regulate microtubule stability by inhibiting the microtubule

disassembly factor oncoprotein 18 (Op18) and activating

the mammalian Diaphanous-related (mDia) formins [52,

53]. cAMP can promote cytoskeleton disruption in mela-

nocytes [54] mediated by RhoA inhibition [55], through

phosphorylation of RhoA at serine 188 by PKA [56].

Therefore, the cAMP-PKA pathway could modulate the

cytoskeleton by altering the phosphorylation status of focal

adhesion proteins or the Rho GTPases.

Fig. 7 Morphology changes

and neural markers are

regulated differentially.

a Appearance of neuron-like

morphology of MSCs induced

with 10 lM forskolin and

100 lM IBMX (FI) for 1 h.

b Cell morphology of MSCs

induced with FI in the presence

of 0.4 lM microtubule

stabilizer paclitaxel (Ptx) for

1 h. c–d Expression of neural

markers, NSE, Tuj1, and GFAP,

in control cells, cells induced

with FI for 1 day in the absence

or presence of Ptx (n = 3). For

the FI treatment, cells were

treated with FI or FI plus Ptx for

3 h and then changed to fresh FI

media to reduce toxicity from

Ptx treatment. *p \ 0.05,

**p \ 0.01, ***p \ 0.001.

e Appearance of neuron-like

morphology of MSCs induced

with 10 lM forskolin and

100 lM IBMX (FI) for 1 h in

the presence of 1 lg/ml

Actinomycin D (ActD).

f Appearance of neuron-like

morphology of MSCs induced

with FI for 1 h in the presence

of 10 lg/ml Cycloheximide

(CHX). g–h Expression of

neural markers, NSE, Tuj1, and

GFAP, in control cells, cells

induced with FI for 1 day, in the

presence or absence of ActD or

CHX. For the FI treatment, cells

were treated with FI or FI plus

ActD/CHX for 3 h and then

changed to fresh FI media to

reduce toxicity from ActD/CHX

treatment. *p \ 0.05,

**p \ 0.01, ***p \ 0.001
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Signaling events are rapid as compared to gene or pro-

tein synthesis. Thus in contrast, expression of neural

markers takes longer and requires transcription and trans-

lation (Fig. 7g, h), suggesting that transcription factors

activated by the cAMP-PKA signaling pathway may be

involved. One such downstream factor is the cAMP

response element binding protein (CREB), which can be

phosphorylated by PKA at serine 133 [16]. FI treatment

transiently increased nuclear PKAc and pCREB levels

(Fig. 8a, b). Phosphorylation of CREB regulates neuro-

genesis by promoting survival and differentiation of

newborn neurons [57, 58]. Over-expressing the dominant

negative form of CREB, M1-CREB (the serine 133 residue

is mutated to alanine, therefore it can no longer be phos-

phorylated) in MSCs led to loss in their response to

neuronal activators, such as dopamine (Fig. 8c, d). This

suggests that phosphorylation of CREB plays a critical role

in regulating MSC differentiation towards the neural line-

age cells. Interestingly, MSCs stably expressing M1-CREB

were much smaller than the normal MSCs after a week of

FI induction (Fig. 8d), indicating that activated CREB is an

important determinant in regulating cell size. Indeed, mice

expressing dominant negative CREB are reduced in size

during embryonic development [59]. Therefore, although

the early onset of morphology changes induced by FI do

not appear to require transcription (Fig. 7a), the transcrip-

tion factor CREB is still required for regulating cell shape

during MSC differentiation (Fig. 8d), hinting as possible

cross-talk downstream of PKA.

Conclusions

The present study showed that cAMP induced changes in

morphology early and neural differentiation and function

much later and these events are regulated by cAMP-acti-

vated PKA, but diverge in their regulation downstream.

While the morphology changes are likely due to cell

Fig. 8 a Nuclear protein levels of PKAc, pCREB (ser133 phosphor-

ylated CREB), and CREB in control cells and cells treated with

10 lM forskolin and 100 lM IBMX (FI) for 1, 3, 6, 12, and 24 h.

b Quantification of nuclear PKAc, pCREB, and CREB levels (n = 3).

*p \ 0.05; **p \ 0.01 as compared with the corresponding ‘0 h’

conditions. c Quantification of responsive cells stimulated with

100 lM dopamine. MSCs (expressing control vector) and M1-MSCs

(expressing M1-CREB) were either in control media or induced with

FI for 7 days (n = 3, ***p \ 0.001). d A representative example of

calcium signal in response to neuronal activator dopamine. D-1 to D-4
MSCs (expressing control vector) induced with FI for 1 week and

stimulated with 100 lM dopamine. D-5 to D-8 M1-MSCs (expressing

M1-CREB) induced with FI for 1 week and stimulated with 100 lM

dopamine
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shrinkage, which rendered some cells to be subsequently

apoptotic, nonetheless the neural differentiation induced by

cAMP enabled the MSCs to gain neuronal function.
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