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ABSTRACT

EFFECT OF CYCLIC AMP IN MODULATING CELL
DIFFERENTIATION AND SURVIVAL BEHAVIORS

By
LINXIA ZHANG

Mesenchymal stem cells (MSCs), originally identified from bone marrow, have
gained popularity due to their multilineage differentiation capability and promising
results from preclinical and clinical applications. In addition to their well established
differentiation routes to mesodermal lineage cells, such as osteoblasts, adipocytes and
chondrocytes, MSCs are also capable of differentiating into neural lineage cells. The
ubiquitous messenger cyclic adenosine monophosphate (cAMP) has been used frequently
to induce neural lineage differentiation in MSCs. However, a clear understanding of how
cAMP induces MSCs into functional neurons is lacking. Ongoing research employing in
vitro pre-differentiated MSCs to treat neuronal diseases, including the combinatorial
therapy of cAMP and MSCs for spinal cord injury repair, necessitate a better
understanding of cAMP induced differentiation of MSCs to neural lineages. Accordingly,
the goal of the current study is to determine the role of cAMP in MSC differentiation to
neural lineages. We assessed if cAMP can enable MSCs to gain neuronal function and
investigated a potential mechanism by which cAMP regulates MSC differentiation to
neural cells. The results suggested that cAMP initiated neuron-like morphological
changes early and induced neural marker expression much later. These two processes are
regulated differentially downstream of protein kinase A (PKA). The early-phase neuron-

like morphology is the result of cell shrinkage, which gradually decreased with cAMP



treatment, whereas the expression of neural markers increased with exposure time. In
addition to neural marker expression, CAMP also enabled MSCs to gain some neuronal
function, namely inducing a calcium rise upon stimulation by neuronal activators. Further
studies suggested that cAMP response element binding protein (CREB) plays a critical
role in mediating the calcium rise upon stimulation by the neuronal activators. While
CREB exerts a positive affect on calcium signaling, it appears to negatively impact the
adoption of a neuron-like morphology, since a dominant negative CREB promoted the
appearance of a neuron-like morphology.

In addition to differentiation, cCAMP also participates in various other important
cellular processes, such as cell death and survival. In a separate study we found that
saturated free fatty acids (FFAs), i.e., palmitate, initiated cell death in hepatocellular
carcinoma cells (HepG2) cells. cAMP has been shown to be protective of liver cells from
cell death due to various insults. Therefore, we also investigated the role of cAMP in
palmitate-induced cell death of HepG2 cells. However, we found that cAMP enhanced
palmitate-induced cell death of HepG2 cells. cAMP enhanced palmitate-induced
mitochondrial fragmentation and mitochondrial reactive oxygen species (ROS)
generation. Mitochondrial fragmentation precedes mitochondrial ROS generation and
may contribute to the mitochondrial ROS overproduction. Fragmentation of mitochondria
also facilitated the release of cytotoxic proteins from the mitochondria and subsequent
activation of caspases. However, the cell death induced by palmitate and cAMP was

caspase-independent and predominantly necrotic.
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CHAPTER 1. INTRODUCTION

Signaling initiated by external stimuli can greatly influence intracellular events and
impinge on cell fate choices. The ubiquitous messenger cyclic adenosine monophosphate
(cAMP) has been extensively studied due to its diverse roles in various important cellular
processes. Ongoing research continues to reveal more aspects of cAMP that have not
been appreciated before. For example, a recent study suggested that cAMP is a crucial
component for maintaining human induced pluripotent stem cells (hiPSCs) in a
previously undefined pluripotent state [1]. In contrast to this relatively new role in
maintaining pluripotency in hiPSCs, cAMP has long been indicated to exert a role on
differentiation, especially in neural lineage differentiation [2, 3]. While research using
cAMP as a component for neural differentiation has been on-going for over three decades,
its application of neural induction of mesenchymal stem cell (MSC) differentiation is less
than a decade old [4]. The underlying mechanism leading to neural differentiation by
cAMP in MSCs remains elusive. Given the emerging use of MSCs as a source for
treating neuronal diseases, such as Parkinson’s disease and spinal cord injury [5, 6], a
better understanding of the celiular behavior to external stimuli, such as agents that
induce cAMP production is necessary. Despite its frequent use, the effect cAMP may
exert on MSCs with respect to different functions, i.e., proliferation, apoptosis and
functional differentiation, has not been extensively examined or investigated. Therefore,
a major focus of this thesis is to study the effect and the underlying mechanism of cAMP-
induced neural differentiation in MSCs. In addition, cAMP culminated in apoptosis
during its induction of neural lineage differentiation in MSCs. A similar pro-apoptotic

effect of cAMP was observed in hepatocellular carcinoma cells (HepG2) treated with



palmitate. Given that cAMP is primarily protective in hepatocytes and islet cells
according to the literature [7-14], we sought to determine the potential mechanism by

which cAMP could be potentiating palmitate-induced cell death in HepG2 cells.

1.1 Components of the cAMP signaling pathways

The universal second messenger cAMP is recognized as an important player in
mediating a plethora of cellular processes including metabolism, differentiation,
apoptosis and immune responses [15-17]. Generation of cAMP is mainly achieved
through adenylyl cyclases, which convert ATP into cAMP [16] (Figure 1.1). At least nine
adenylyl cyclases exist, and they are mainly regulated by G-protein coupled receptors
(GPCRs) [18, 19]. While all the adenylyl cyclases (ACs) are activated by the stimulating
G protein a-subunit (Gsa), many of them are negatively regulated by the inhibitory G
protein a-subunit (G;ot) [19]. Apart from regulation by GPCRs, calcium can also regulate
the AC isoforms, either positively or negatively [20, 21]. In addition to being regulated
by ACs, intracellular cAMP levels can also be controlled by phosphodiesterases (PDEs),
which terminate cAMP signaling by hydrolysis of the 3’ cyclic phosphate bond [22]
(Figure 1.1).

The most common downstream effector of cAMP is protein kinase A (PKA), a
tetrameric holoenzyme consisting of two catalytic (C) subunits and two regulatory (R)
subunits [23]. Two types of PKA holoenzymes exit: the type I holoenzyme, which
contains the RI (Rla, RIB) subunits and the type II holoenzyme, which contains the RII
(RIIa, RIIB) subunits. The R subunit dimers associate with and inhibit the activation of

the C subunits (Ca, CB, Cy) [24]. Binding of cAMP to the R subunits releases the R



subunits from the C subunits and thereby enables the activation of the C subunits [16]
(Figure 1.1). Regulation of PKA activity is also highly coordinated by the A-kinase
anchoring proteins (AKAPs), which target PKA to distinct subcellular locations [25].
AKAPs serve as scaffolding proteins for the formation of multiple protein complexes
including kinases, phosphatases and PDEs [26]. Such compartmentalization facilitates the
generation of spatiotemporal PKA signaling as well as integration of multivalént
signaling events [25, 26].

One of the most important PKA targets is the transcription factor cAMP response
element binding protein (CREB) [16, 27] (Figure 1.1). CREB is one of the
CREB/activating transcription factor (CREB/ATF) family transcription factors that binds
to the concensus palindromic CRE sequence TGACGTCA and the half CRE sequence
CGTCA/TGACG [28]. Activation of CREB is mediated by phosphorylation at the serine
133 site in its kinase inducible domain (KID) by various kinases, such as PKA,
Ca’*/calmodulin dependent kinase (CaMK), ribosomal S6 kinase 2 (RSK2) and mitogen
and stress activated kinase (MSK) [29, 30]. Phosphorylation of CREB at serine 133 helps
the interaction of the KID domain with the KID interacting domain (KIX) on the
transcription coactivators CBP/p300, which in turn facilitates the recruitment of the basal
transcription machinery [31-33]. Transcriptional activation of CREB culminates in
expression of genes involved in various events including differentiation, proliferation and

survival [34, 35].
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Figure 1.1 Components of the classical cAMP signaling pathway.

1.2 cAMP in cell death and survival

The ability of cAMP to influence cell death and survival has been implicated in
various cell systems. Whether cAMP protects cells from cell death or promotes cell death
differs in different systems and the mechanism remains elusive. cAMP has been indicated
to be protective in the survival of various types of neurons, such as sympathetic and
sensory neurons [36], spinal motor neurons [37] and cerebellar granule neurons [38].
Further studies indicate that cAMP-mediated survival in neurons may be related to the

phosphorylation of glycogen synthase kinase 33 (GSK3p), whose proapoptotic ability is



reduced upon phosphorylation [39]. Several studies indicated that cAMP delays apoptosis
in neutrophils [40-42], which nevertheless have a short life span and will eventually die
by apoptosis [43]. Introducing cCAMP to pancreatic cancer cells [44] or pancreatic B-cells
[14] also protected these cells from apoptosis. In hepatocytes, elevation of cAMP
protected them from bile acid-induced apoptosis [7-10], which may involve both PKA-
dependent and independent mechanisms [9]. cAMP also suppressed tumor necrosis factor
a (TNF-a) [11, 12] and Fas-induced apoptosis in hepatocytes [13]. Physiological stimuli
that trigger cAMP production, such as prostaglandin E2 (PGE2) and glucagon, are also
reported to promote cell survival in many systems [45-47]. Moreover, the protective role
of cAMP was observed in hematopoietic stem cells (HSCs) [48], HSCs-derived
megakaryocytes [49], epithelial cells [50], endothelial cells [51], vascular smooth muscle
cells [52], thyroid follicular cells [53] and leukemia cells [54, 55].

While the majority of the studies suggest a positive role of cAMP on cell survival, a
negative impact of cCAMP on cell survival has also been reported. Raising cCAMP levels
was shown to promote apoptosis [56] and potentiate glucocorticoid induced apoptosis in
thymocytes [57], enhance Fas-mediated apoptosis in T lymphocytes [S8], trigger
apoptosis in B-cells [59] and enhance glucocorticoid stimulated apoptosis in
lymphoblastic leukemia cells [60, 61]. Although a protective effect of cAMP has been
observed in many different cell types, a deleterious effect of cAMP has been reported

predominantly in immune response related cells, to which MSCs are closely related.

1.3 cAMP in proliferation and differentiation



While cAMP stimulates proliferation in some cells, it is generally considered to be
growth inhibitory in most cells, especially in cells of mesenchymal origin [62]. A large
body of evidence indicates that cAMP induced growth inhibition can be mediated
through regulation of cell cycle regulators [63-69]. Cell cycle regulators, such as cyclins,
cyclin-dependent kinases (CDKs), CDK inhibitors (CKIs) and retinoblastoma protein
(Rb), act in a concerted manner to control cell progression. CDK activity is positively
regulated by cyclins and negatively regulated by CKlIs [70]. Activation of CDK4/6
phosphorylates Rb and thereby relieves the inhibitory effect of Rb on the E2F
transcription factors, promoting S phase entry [71]. vThe proliferation inhibitory effect of
cAMP has been demonstrated to be related to the down-regulation of cyclin D1 [66, 68],
upregulation of CKIs such as p27kip !and p21Cipl [63, 67], and dephosphorylation of Rb
[64, 67]. 1t is believed that the proliferation inhibitory effect of cCAMP is related also to
the down-regulation of the Ras/Raf-1/MEK1/2/ERK signaling cascade [72-76], which
can be directly or indirectly mediated by PKA [75, 77-79].

cAMP not only affects proliferation, it also influences differentiation, especially of
neural lineage cells such as neurons and glias. Early studies that showed cAMP can
induce neuronal differentiation were performed in murine neuroblastoma cell lines and
normal neuronal cells [80]. One of the most well characterized models for studying
neuronal differentiation is the rat pheochromocytoma PC12 cells [81]. cAMP is reported
to induce neuronal differentiation of PC12 cells through PKA-dependent [82] and —
independent [83] mechanisms. Regulation of cAMP induced neuronal differentiation of
PC12 cells has also been gugg&sted to be mediated by PI3K [82], p38 [84] and ERK [83].

Elevated intracellular cAMP levels also promote morphological differentiation in human



neuroblastoma cells [85, 86], human neuronal progenitor cells [87] and neural stem cells
[88]. Moreover, the cAMP signaling pathway has been demonstrated to be critical in
estrogen-induced differentiation of midbrain dopaminergic neurons [89] and
corticotropin-releasing factor (CRF)-induced differentiation of catecholaminergic
immortalized neurons [90].

cAMP not only mediates differentiation of neurons, it also regulates differentiation of
glia cells, i.e., oligodendrocytes, Schwann cells, astrocytes and microglias, which are
important components of the nervous system [91]. Elevation of cAMP led to astrocytic
differentiation of cortical precursor cells [92, 93] and rat glioma cells [94, 95], mediated
perhaps by interleukin-6 (IL-6) [96]. The glial lineage differentiation induced by cAMP
is not limited to astrocytes; reports have suggested that cAMP can also induce
differentiation of progenitor cells into oligodendrocytes [97, 98] and schwann cells [99].
Taken together, these results show that cAMP is a critical component for inducing
neuronal or glial tumor cell lines as well as differentiating neural progenitor cells into

neurons or glias.

1.4 Mesenchymal stem cells and neural lineage differentiation
Mesenchymal stem cells (MSCs) were first identified by Friendenstein and co-
workers in the 1960s. When cultured in plastic culture dishes, these adherent fibroblast-
like cells formed colonies that can differentiate into osteoblasts or chondrocytes [100,
101]. This worked was later extended by other researchers in the 1980s [102, 103]. Since

then, MSCs has been actively investigated and can reportedly be obtained from various



sources, including bone marrow, umbilical cord, adipose tissue, skeletal muscle,
synovium and postnatal organs and tissues [104-106].

Characterization of MSCs is usually based on expression of surface markers, such as
Strol, CD29 (also known as B1-integrins), CD44, CD71, CD73 (also known as SH3/4),
CD90 (also known as Thyl), CD105 (also known as SH2), CD106 (also known as
vascular cell adhesion molecule-1 [VCAM-1]) and CD271 (also known as low-affinity
nerve growth factor receptor) [107-110]. While MSCs express the aforementioned
markers, they do not express HSC-specific markers, such as CD34 and CD45 [108].

As adult stem cells, MSCs have the multipotency to differentiate into various
different cell lineages [111], including osteoblasts [112-114], adipocytes [113] and
chondrocytes [115, 116] (Figure 1.2). Besides these cell types, MSCs are also capable of
differentiating into hepatocytes [117], myocytes [118] and neural cells [4, 119, 120].

In addition to their multipotent differentiation ability, MSCs can secret a plethora of
growth factors that favor tissue repair and regeneration [121]. Moreover, MSCs have
immunosuppressive features and, when used allogenically, show minimal immune
rejection [122, 123]. As such, a number of studies have reported the promising use of
MSCs in treating bone defects [124, 125], coronary artery disease [126], osteogensis
imperfecta [122, 127], hematpoietic recovery [128], myocardial infarction [129] and
graft-versus-host disease [130].

Besides the potential therapeutic applications mentioned above, the ability of MSCs
to give rise to neural lineage cells also makes them a promising source for treating
neuronal diseases such as Parkinson’s disease [5]. Both in vitro and in vivo studies

showed that MSCs can differentiate into neural lineage cells, including neurons [131-



139], astrocytes [131, 136, 138, 140] and oligodendrocytes [141]. The motivation to
induce MSCs to differentiate into neural lineage cells in vitro before transplantation is
desirable for two reasons: 1) pre-differentiation may enhance the functional integration of
differentiation cells into the lesion site and may also enhance efficacy, and 2) pre-
differentiation restricts the differentiation potential of MSCs and therefore reduces the
possibility of tumor formation [142]. Various protocols have been applied to induce
MSCs to differentiate into neural lineage cells in vitro. A list of these studies is
summarized in Table 1.1. In particular, some studies suggest that in vitro pre-
differentiated MSCs can survive and migrate to the lesion sites in animal models of
Parkinson’s disease [143]. Moreover, others have suggested that transplantation of in
vitro pre-differentiated MSCs improves behavioral recovery in a rat model of Parkinson’s
disease [144] and facilitates nerve regeneration in rat models of spinal cord injury [145,
146]. Therefore, MSCs appears to be a promising source for treating neuronal diseases
and a better understaning of their ability to differentiate into neural lineage cells will help

further their application in cell-based therapies.
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Figure 1.2 Self-renewal and multilineage differentiation ability of MSCs. MSCs
primarily differentiate into mesodermal lineages such as fat cells and bone cells.

Transdifferentiation of MSCs into ectodermal and endodermal lineage cells are also
reported (dashed lines). (Uccelli, A. et.al., Nat Rev Immunol (2008) 8, 726-736. [111]).
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1.5 Specific aims of the current study

The use of MSCs in therapeutic applications for treating neuronal diseases
necessitates a better understanding and identification of intracellular events involved
in regulating the induction of MSCs into neural lineage cells. While cAMP is
frequently used for in vitro induction of MSCs towards the neural lineage cells, little
is known regarding whether cAMP can turn MSCs into functional neurons or how

cAMRP elicits neural differentiation. Therefore, two of the specific aims are:

1. Investigate the effects of cAMP on MSC neural differentiation and determine
whether cAMP can turn MSCs into functional neurons.

Previous studies suggested that cAMP is one of the best inducers for
differentiating MSCs into neural lineages [153]. However, such evidence mostly
relied on the appearance of neuron-like morphology, which may be an artifact
rather than true differentiation as suggested with BHA/DMSO induced neural
lineage differentiation of MSCs [159]. We observed that cAMP initiated neuron-
like morphology changes quickly, which decreased with treatment time, while
expression of neural lineage markers increased more gradually, which led to our
first hypothesis that these two events may be differentially regulated. Therefore,
the first part of this specific aim characterizes the effect of cAMP on the neuron-
like morphology and neural marker expression. The second part of the aim
determines if cAMP is able to induce MSCs to achieve some neuronal function

along with neural marker expression. This is discussed in Chapter 2.
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2. Identify the intracellular signaling components that play a major role in
cAMP- initiated neural differentiation of MSCs.

The results of specific aim 1 suggested that cAMP enabled MSCs to obtain
some neuronal function in terms of calcium signaling in response to neuronal
activators, dopamine, glutamate and KCl. Preliminary results indicated that the
cAMP activated transcription factor CREB may be a critical regulator of this
process. Therefore, we hypothesized that CREB is involved in regulating calcium
signaling during cAMP-induced neural differentiation of MSCs. In this specific
aim, overexpression and down-regulation of CREB was performed to deteﬁnine
its role in calcium signaling upon stimulation by the neuronal activators. This is

discussed in Chapter 3.

The effect of cCAMP is not limited to differentiation but also has been shown to
protect many cell types from apoptosis [7-13, 36-55]. We observed that the cAMP
level was down-regulated in palmitate-treated HepG2 cells, and palmitate-induced
cell death. Given that the results gathered from the literature suggested cAMP is anti-
apoptotic in HepG2 cells [7-13], we set out to determine if cAMP can protect HepG2
cells from palmitate-induced apoptosis and, if so, the potential mechanisms involved.

Specific aim 3 is:

3. Characterize the effect of cAMP on palmitate-induced cell death in HepG2

cells.
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Saturated free fatty acid (FFA) palmitate is lipotoxic and induces cell death in
a variety of cell types [160-162]. cAMP is primarily protective in hepatocytes
according to the literature, since it reduces bile acid [7-10], TNF-a [11, 12] and
Fas induced apoptosis [13]. We observed that palmitate but not the unsaturated
FFAs oleate or linoleate, down-regulated intracellular cAMP levels [163]. Thus
we hypothesize that cAMP may attenuate palmitate-induced cell death in HepG2
cells. However, the effect of cAMP on death and survival may differ depending
on what other stimuli are occurring. For example, while cAMP reduced surface
antibody-induced apoptosis in thymocytes [47], it potentiated glucocorticoid-
induced apoptosis in thymocytes [57]. Therefore, it is likely that even though
cAMP protectes hepatocytes from bile acid [7-10], TNF-a [11, 12] and Fas-
induced apoptosis [13], it may not necessarily ameliorate the toxicity exerted by
palmitate. As such, we aim to characterize the effect of cAMP on HepG2 cell
survival during palmitate treatment and identify the potential mechanisms

involved. This is discussed in chapter 4.
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CHAPTER 2. cAMP INITIATES EARLY PHASE NEURON-LIKE
MORPHOLOGICAL CHANGES AND LATE PHASE NEURAL
DIFFERENTIATION IN MESENCHYMAL STEM CELLS

This work is in press of Cellular and Molecular Life Science:

Zhang, L., Seitz, L.C., Abramczyk, A.M. and Chan, C. cAMP initiates early phase

neuron-like morphology changes and late phase neural differentiation in
mesenchymal stem cells. Cell Mol Life Sci (2010) [Epub ahead of print].

2.1 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
morphological 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 morphological changes occurred prior to the
expression of neural markers, it is not required for neural marker expression; and the
two processes are differentially regulated downstream of cAMP activated protein
kinase A. cAMP enabled MSCs to gain neural marker expressions with neuronal
function, such as, calcium 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 these cells further lack the neuronal
morphology, suggesting that although cAMP is able to direct MSCs towards neural

differentiation, they do not achieve terminal differentiation.
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2.2 Introduction

Mesenchymal stem cells (MSCs) are adult stem cells with multipotency to
differentiate into mesodermal lineage cells such as osteoblasts [114], adipocytes [113]
and chondrocytes [115]. Studies also suggested that these cells have the potential to
transdifferentiate into other lineages, such as hepatocytes [117], cardiomyocytes [164],
neurons [165] and astrocytes [131]. Several recent studies indicated that the shape of
the cell [166] guided by surface cues [167], and matrix elasticity [168] 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 [4] or in
combination with other factors [144, 153, 169] to induce neural differentiation of
MSCs. cAMP initiated transient neuron-like morphological changes that lasted only a
few hours. These morphological changes were the result of cell shrinkage and did not
contribute to the later-phase neural differentiation. Similarly, studies using -
mercaptoethanol (BME), dimethylsulfoxide (DMSO) and butylated hydroxyanisol
(BHA) to induce neural differentiation of MSCs have attributed the neuron-like
morphology to an artifact of cell shrinkage rather than neurite outgrowth [159].
However, unlike BME, which induced changes in morphology for up to 24 hours
[159], cAMP initiated a transient change in morphology for up to 3 hrs that decreased

over time.
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The classical cCAMP signaling pathway involves activation 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 [34]. Signaling events initiated by PKAc plays
important roles in regulating cell death and survival [170, 171], cell movement and
structure [172] as well as differentiation [173, 174]. We investigated whether PKA is
involved in regulating both the morphological changes and neural differentiation and
function and whether neural differentiation is contingent upon the changes in
morphology.

Although cAMP has been shown to induce neural marker expression [4, 153], we
show cAMP also induced a calcium rise, an indicator of neural function, that persisted
for at least one week. We found MSCs showed differential responses to neural
activators (i.e., dopamine) 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 differentiated neurons.

2.3 Materials and methods
2.3.1 Materials

Forskolin (Sigma) and isobutylmethylxanthine (IBMX) (Sigma) were used to
increase intracellular cAMP levels at concentrations of 10 uM and 100 puM,
respectively. H89 (Sigma) and Rp-cAMPS (Sigma) were used as PKA inhibitors at

concentration of 2.5 uM and 10 uM. Actinomycin D (ActD) (Sigma) was used to
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inhibit transcription at concentration of 1 pg/ml. Cycloheximide (CHX) (Sigma) was
used to inhibit translation at concentration of 10 pg/ml. Paclitaxel (Ptx) (Sigma) was
used to stabilize microtubules at concentration of 0.4 uM. The three neuronal
activators used during calcium imaging were: 100 pM dopamine (Sigma), 100 pM

glutamate (Sigma) and 50 mM KCIl (J.T.Baker).

2.3.2 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 6-8 week old Sprague-Dawley female rats as described
in Appendix 1. In brief, femurs and tibias from 6-8 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 65um nylon mesh to remove
bone debris and blood aggregates. Cells were cultured in DMEM (Invitrogen)
supplemented with 10% fetal bovine serum (Invitrogen), 100 pg/mL streptomycin
(Invitrogen) and 100 U/mL penicillin (Invitrogen) and placed in an incubator with a
humidified atmosphere containing 5% CO, at 37 °C. Non-adherent cells were
removed on the second day after plating. Media was replaced every 3 to 4 days until
the cells reach 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 [175]. In brief, animal

heads were decapitated from 1-day old Sprague-Dawley rat pups. Cortical neurons
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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 pg/mL streptomycin (Invitrogen) and 100 U/mL
penicillin (Invitrogen)] in an incubator with a humidified atmosphere containing 5%

CO; at 37 °C. Cells were used within 3 days after isolation.

2.3.3 Live cell imaging

Cells were cultured in 4-well Chambered glass bottom plate (Thermo Fisher
Scientific). Before taking images, 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. 0.5 ml Liz media containing 20 pM forskolin and 200 pM
IBMX was added to the chambered well to achieve a final concentration of 10 pM
forskolin and 100 uM IBMX. Phase contrast images were captured by confocal

microscope Olympus FluoView 1000 at intervals of 5 minutes.

2.3.4 cAMP assay

Intracellular cAMP levels were measured by a competitive immunoassay from
Assay Designs (Assay Designs) according to the manufacturer’s instructions. In brief,
cells were lysed with 0.1M HCI and the supemnatant collected. The cAMP in the
samples or standards was allowed to bind to a polyclonal cAMP antibody in a
competitive manner with alkaline phosphatase-conjugated cAMP. Cleavage of a

substrate by the alkaline phosphatase is inversely proportional to the cAMP level in
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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 (ug/ml) by Bradford assay.

2.3.5 Caspase 3 activity assay

Caspase 3 activity was measured by a kit from BIOMOL (BIOMOL) according to
the manufacture’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 (ug/ml) by

Bradford assay.

2.3.6 Western blot

Whole cell extracts lysed with CelLytic (Sigma) were assayed for protein
concentrations by Bradford assay (Bio-Rad). 15-30pg protein samples were separated
by 10% Tris-HCI gel and transferred to nitrocellulose membrane. Membranes were
then blocked in 5% milk and 0.05% Tween 20-TBS (tris buffered saline) (USB
corporation) for one hour and incubated with primary antibodies, NSE (neuron-
specific enolase) (BIOMOL), Tuj1 (BIII-tubulin) (Millipore), GFAP (Glial fibrillary
acidic protein) (DAKO), GAPDH (Cell signaling), PKAc (R&D Systems), pPKAc

(Cell Signaling) and ser133 phosphorylated CREB (pCREB) (EMD Chemicals)
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overnight at 4 °C. Anti-mouse or anti-rabbit HRP-conjugated secondary antibody
(Thermo Scientific) were added the second day after primary antibody incubation.
The blots were incubated for one hour 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).

2.3.7 Immunocytochemistry

For staining against Tujl, cells were fixed in PBS containing 3.7% formaldehyde
for 15 minutes and permeabilized with 0.5% Triton X-100 (Research Products
Internationals) for 20 minutes at room temperature. After washing with PBS three
times, cells were blocked in 1% BSA (bovine serum albumine) (US Biological) for 20
min and incubated with Tujl (Millipore) antibody at room temperature for one hour.
Cells were then washed with PBS three times and incubated with Alexa Fluor 488-
conjugated anti-mouse IgG secondary antibody (Invitrogen) for one hour at room
temperature. Stained glass coverslips were washed three times with PBS and mounted
in ProLong Gold (Invitrogen). Fluorescence images were taken by confocal
microscope Olympus FluoView 1000.

Triple staining for actin filaments, microtubules and nucleus was performed as
previously described [176]. 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 (4°, 6-diamidino-2-
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phenylindole) (Invitrogen). Stained glass coverslips were mounted in ProLong Gold
(Invitrogen). Fluorescence images were taken using an Olympus FluoView 1000

confocal microscope.

2.3.8 Annexin V and PI (propidium iodide) staining

Apoptosis and necrosis were measured by the annexin ¥ and PI (propidium iodide)
staining kit (Invitrogen), respectively, according to the manufacturer’s instructions. In
brief, cells were stained with Alexa Fluor 488 conjugated annexin ¥ 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.

2.3.9 Calcium imaging

Calcium imaging was performed according to the protocol described in [158].
Cells were cultured in 4-well chambered cover-glass (Thermo Fisher Scientific). After
the desired treatment, the cells were loaded with 4 pM Fluo-4 (Invitrogen) in ACSF-
HEPES (artificial cerebral spinal fluid with HEPES: 119 mM NaCl, 2.5 mM KCl, 1.3
mM MgCl,, 2.5 mM CaCl,, 1 mM NaH,;PO4, 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
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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
drugs were added: 200 pM glutamate (final concentration 100 uM), 200 pM
dopamine (final concentration 100 pM), 100 mM KClI (final concentration 50 mM),
or 200 uM ATP (final concentration 100 pM). 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 ca®t signal are represented as F/Fy. The percent of
responsive cells is calculated as the number of cells with a F/Fy signal greater than

20% divided by the total number of cells.

2.3.10 Cell counting

Cells were trypsinized by 0.25% trypsin-EDTA (Invitrogen) 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.

2.3.11 Stable cell line expressing dominant negative CREB
MSC 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 lipofectomine 2000 (Invitrogen).
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24 hours after transfection, cells were trypsinized and replated at low density in media
containing 500 pg/ml geneticin (Invitrogen) for selection. The geneticin-containing
media was replaced every 3 days for two weeks. Colonies formed from surviving cells
were isolated by cloning cylinders (Sigma) and maintainedr in culture media

containing geneticin.

2.3.12 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.

2.4 Results
2.4.1 cAMP induces early-phase neuron-like morphological changes

Deng et al. showed that upon exposure of human MSC to cAMP elevating agents,
1 mM dibutyryl-cAMP (db-cAMP) and 0.5 mM IBMX, for two days, the cells exhibit
neuron-like morphology [4]. However, we found the neuron-like morphology
occurred much earlier than previously reported. Uninduced MSCs exhibited flat-like
morphology (Figure 2.1A), whereas MSCs induced with 10 pM forskolin and 100 uM
IBMX (abbreviated as FI) showed neuron-like morphology within an hour of
induction (Figure 2.1B). These MSCs isolated from rat were characterized as

described previously [177]. They have the ability to self-renew as well as undergo
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multilineage differentiation to other cell lineages such as adipocytes and osteoblasts
(Appendix figure 2.1). A recent study attributed the morphological changes to an
artifact of cell shrinkage rather than neurite outgrowth [159]. 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 increase, the cytoskeleton progressively retracts
towards the cell center (Figure 2.1C-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 (Figure 2.1B and Appendix figure 2.2, arrows). As with the previous study,
the cAMP-induced neurite-like structure is due to a disruption in the cytoskeleton and

cell shrinkage rather than neurite outgrowth.

A B
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Figure 2.1 Morphological changes upon cAMP induction. (A) Morphology of
uninduced MSCs. Green: microtubules; red: actin filaments; blue: nucleus. (B)
Morphology of MSCs treated with 10 uM forskolin and 100 pM IBMX (FI) for 1 hr.
(C-F) Live cell images of cells treated with FI for 15 minutes (C), 30 minutes (D), 45
minutes (E) and 60 minutes (F).
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2.4.2 Neuron-like morphology decreases along time

A large percentage of cells developed neuron-like morphology within an hour
after FI treatment (Figure 2.2A, denoted by the arrow head), with an appreciable
number still showing neuron-like morphology three hours later (Figure 2.2B and
2.2K). However, unlike the previous study with BME which showed continuous
changes in morphology [159], the population of cells with altered morphology
decreased with increasing treatment time (Figure 2.2K), with fewer cells showing
neuron-like morphology 6 (Figure 2.2C), 12 (Figure 2.2D) and 24 hrs (Figure 2.2E)
after FI treatment. By the second day, even with fresh induction media, essentially no
change in morphology was observed (Figure 2.2F-G and Figure 2.2K), suggesting that
the neuron-like mo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>